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Abstract
Boron-nitrogen-containing heterocycles with extended conjugated π-systems such as polycyclic aromatic 
1,2-azaborines, hold the fascination of organic chemists due to their unique optoelectronic properties. 
However, the majority of polycyclic aromatic 1,2-azaborines aggregate at high concentrations or in the 
solid-state, resulting in aggregation-caused quenching (ACQ) of emission. This practical limitation poses 
significant challenges for polycyclic aromatic 1,2-azaborines’ use in many applications. Additionally, only 
a few solvatochromic polycyclic aromatic 1,2-azaborines have been reported and they all display minimal 
solvatochromism. Therefore, the scope of available polycyclic 1,2-azaborines needs to be expanded to 
include those displaying fluorescence at high concentration and in the solid-state as well as those that 
exhibit significant changes in emission intensity in various solvents due to different polarities. To address 
the ACQ issue, we evaluate the effect of a pre-twisted molecular geometry on the optoelectronic 
properties of polycyclic aromatic 1,2-azaborines. Specifically, three phenyl-substituted pyrrolidinone-
fused 1,2-azaborines (PFAs) with similar structures and functionalized with diverse electronic moieties (–
H, –NO2, –CN, referred to as PFA 1, 2, and 3, respectively) were experimentally and computationally 
studied. Interestingly, PFA 2 displays two distinct emission properties: 1) solvatochromism, in which its 
emission and quantum yields are tunable with respect to solvent polarity, and 2) fluorescence that can be 
completely “turned off” and “turned on” via aggregation-induced emission (AIE). This report provides the 
first example of a polycyclic aromatic 1,2-azaborine that displays both AIE and solvatochromism 
properties in a single BN-substituted backbone. According to time-dependent density function theory (TD-
DFT) calculations, the fluorescence properties of PFA 2 can be explained by the presence of a low-lying n-
π* charge transfer state inaccessible to PFA 1 or PFA 3. These findings will help in the design of future 
polycyclic aromatic 1,2-azaborines that are solvatochromic and AIE-active as well as in understanding how 
molecular geometry affects these compounds' optoelectronic properties.
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Introduction
Polycyclic aromatic hydrocarbons (PAHs) have been extensively studied for potential applications 

in optoelectrical devices1–3 due to their unique optical and electronic properties.4–7 In recent decades, 
researchers have incorporated various main group elements such as boron, nitrogen, phosphorus or sulfur 
into the structural backbone of PAHs to investigate their influence on the optical and electronic 
properties.8–12 In the late 1950s, Dewar and coworkers incorporated a three coordinated boron into the 
backbone of a PAH and reported the first singly boron-nitrogen (BN)-substituted aromatic compounds, 
the 9,10-dihydro-9-aza-10-boraphenanthrene system.13 These arene isosteres were constructed by 
replacing a HC=CH (or C=C) bond from a PAH with a HB-NH (or B-N) bond, respectively. Incorporation of a 
B-N bond into the structural backbone of PAHs has been known to preserve the non-flexible conjugated 
π-systems and induce modification of the electronic transition energies.14–22

Despite a nearly seventy-year gap since Dewar reported the synthesis and characterization of the first 
singly BN-substituted aromatic compounds, polycyclic aromatic compounds containing the B-N bond have 
held the fascination of the organic chemistry community due to their potential use in materials23 and 
biomedical research.24 For example, in the past two decades, researchers have focused their efforts on 
improving electroluminescent (EL) devices25–27 by pursuing BN-substituted polycyclic aromatic compounds 
that exhibit new and/or enhanced optical and electronic properties such as photochemical stability, 
tunable absorption and emission spectra, high molar absorption coefficient, high fluorescence quantum 
yields (QYs), and large Stokes shifts.25,27–54 These enhanced photophysical properties of BN-substituted 
polycyclic compounds also make them ideal candidates for potential use in organic field-effect transistors 
(OFETs)55–58 and organic light emitting diodes (OLEDs).34,59–64 There is also an increasing demand for these 
functionalities in medicinal chemistry for biological molecular sensing/indicator applications.24,65–67

In spite of the fact that heterocyclic chemists have made significant strides in the development of BN-
substituted polycyclic compounds,68 a critical drawback of polycyclic aromatic systems partially 
substituted with a B-N bond, especially three-coordinate boron species, is that they tend to aggregate at 
high concentration or in the solid-state due to significant intermolecular π-π stacking interaction, which 
in turn results in emission quenching, i.e aggregation-caused quenching (ACQ).69–75 This photophysical 
phenomenon poses significant challenges when working with systems that require the operating 
fluorescent compound to display high QYs at high concentration or in the solid-state such as in the 
construction of OLEDs and chemical sensors. To remedy this ACQ problem, researchers have taken diverse 
approaches over the years and have recently adopted the concept of aggregation-induced emission (AIE) 
which was first introduced by Tang in 2001.76 Since the introductory research on AIE by Tang, chemists 
have focused on developing new polycyclic aromatic chromophores with AIE features77–82 but have given 
little attention to BN-substituted polycyclic aromatic compounds featuring AIE, especially three-
coordinate boron species such as polycyclic aromatic 1,2-azaborines, and as result these species are still 
scarce in the literature.83 In addition to the limited report of polycyclic aromatic 1,2-azaborines featuring 
AIE, only a handful of polycyclic 1,2-azaborine compounds have been reported to display minimal changes 
in their absorption wavelength and intensity of emission in solvents with different polarities, i.e. 
solvatochromism.84,85 The study of BN-substituted polycyclic compounds such as 1,2-azaborines exhibiting 
solvatochromism are essential because they can be used as sensors for solvent polarity.86,87

Tang reported in 2022 the first and only example of a polycyclic 1,2-azaborine that exhibits both 
ACQ and AIE properties in a single BN-substituted polycyclic backbone.69 Herein, we are reporting the first 
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and only example of a polycyclic aromatic 1,2-azaborine that exhibits both AIE and solvatochromism 
properties in a single BN-substituted polycyclic backbone. This study will expand chemists’ understanding 
in overcoming the ACQ problem in BN-substituted aromatic compounds, specifically three-coordinate 
boron, and will extend the scope of solvatochromic polycyclic 1,2-azaborines and the exploration of their 
new properties and functions. In this report, we describe the design and synthesis of three phenyl-
substituted pyrrolidinone-fused 1,2-azaborines (PFAs) derivatives with similar structures and 
functionalized with diverse electronic moieties (–H, –NO2, –CN, referred to as PFA 1, 2, and 3, respectively) 
containing a pre-twisted molecular structure (Figure 1). Previously reported PFA analogs, benzo- and 
nitrobenzo- azaborines,14,15 are also included in this study to highlight the impact of intramolecular 
rotations and steric interactions within the PFA framework on the observed photophysical properties. This 
new molecular design results in marked effects of solvatochromism and switchable fluorescence that can 
be completely “turned off” and “turned on” via AIE in PFA 2. Although PFAs 1 and 3 show neither 
solvatochromism nor switchable fluorescence turn on and off via AIE, both are chemically stable with PFA 
1 in particular displays unexpectedly high QYs in the solid-state when compared to its analog, benzo-
azaborine, and is worth further investigation as a promising candidate for OLED construction.88–94

Fig. 1 The structures of PFA analogs and three new phenyl-substituted PFAs discussed in this work.

Results and discussion

Syntheses and structural characterization
The synthesis of three new phenyl-substituted PFAs was conducted via a one-pot base-catalyzed 

condensation reaction of phenyl-substituted isoindolinone derivatives with the appropriate o-
formylarylboronic acids. The PFAs were prepared using modified procedures developed by Huggins and 
coworkers.14,15 The first phase of the synthetic scheme involves the synthesis of phenyl-substituted 
isoindolinones functionalized with diverse electronic moieties (–H, –NO2, –CN) via carbon-carbon bond 
formation using a Suzuki cross-coupling transition-metal-catalyzed reaction (Scheme 1). The esterification 
of 5-bromo-2-methylbenzoic acid with methanol (MeOH) is performed to make compound 4 in high yields, 
followed by a Suzuki cross-coupling reaction with phenylboronic acid pinacol esters with corresponding 
electronic moiety substituents (–H, –NO2, –CN) at the para- position to synthesize compounds 5-7 in good 
yields. Then, selective radical bromination of the aryl methyl group is carried out using N-
bromosuccinimide (NBS) yielding both mono- and di-brominated isomers in nearly equal amount. The 
purified mono-brominated isomers 8-10 were then reacted with ammonia in MeOH to yield the phenyl-
substituted isoindolinones 11-13 in high yields. The second phase of the synthetic scheme involves the 
synthesis of the new desired end-products, phenyl-substituted PFAs 1-3, which is conducted via a one-

Page 4 of 19Journal of Materials Chemistry C



4

pot base-catalyzed condensation reaction of the conjugated phenyl-substituted isoindolinones with the 
appropriate o-formylarylboronic acids. The structures of previously unreported compounds 12, 13 and 
PFAs 1-3 were confirmed by 1H, 13C{1H}, 11B{1H} NMR spectroscopy, high-resolution mass spectrometry 
(HRMS) and FT-IR (see ESI). 11B{1H} NMR spectrum for PFAs 1, 2 and 3 show a broad peak at 31.13, 30.39 
and 29.64 ppm, respectively. The 11B{1H} resonance for PFAs 1, 2 and 3 corresponds to the boron atom 
bonded to a nitrogen atom and a hydroxyl group and are in line with previous reports of -N-B-OH π-
bonding characteristics.14,15 Additional assignments were based on 2D NMR experiments, and the spectra 
are presented in the ESI. All compounds were stable under ambient conditions.

Scheme 1 Synthetic route to synthesize phenyl-substituted PFAs 1-3.

PFA 3 crystals of X-ray crystallography quality were obtained by the slow diffusion of petroleum 
ether (PE) into a saturated tetrahydrofuran (THF) solution at room temperature (21 °C). Figure 2 depicts 
the molecular structure of PFA 3 which displays a planar three-coordinate boron bonded to C, N, and O. 
The length of the B-N bond was measured to be 1.446 Å (Figure 2A) and agrees with the sp2 type B-N bond 
length previously reported for polycyclic 1,2-azaborine derivatives and borazine (1.44 Å).14,95–97 An 
intramolecular hydrogen bond between the boron O-H and the C=O oxygen with a distance of 2.114 Å is 
also observed. Additionally, the molecular structure of PFA 3 confirms the attachment of a phenyl spacer 
to the core (benzo-azaborine) via carbon-carbon bond formation and the presence of the –CN group. As 
projected, the molecular structure of PFA 3 verifies the planarity of the core (benzo-azaborine) and shows 
rotation around the carbon-carbon bond of the biphenyl moiety with a torsion angle of 34.9° (Figure 2B).
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Fig. 2 A) Molecular structure of PFA 3 displaying the B-N bond length (1.466 Å) and the ring angles around 
the boron atom C8N1B1 = 122.7° and C6C1B1 = 118.6°. B) Molecular structure of PFA 3 displaying the 
planarity of the core (benzo-azaborine) and the rotation of the biphenyl moiety with a torsion angle of 34.9°. A 
single molecule is represented using ORTEP thermal ellipsoids drawn at 50% position probability (gray: carbon, 
red: oxygen; blue: nitrogen; white: hydrogen; yellow: boron).

Experimental photophysical properties

Absorption spectra
The relevant absorption properties for PFAs 1-3, along with analogs compounds, benzo- and 

nitrobenzo- azaborines, were investigated in various solvents with different polarities and hydrogen-
bonding abilities to examine the impact of intramolecular rotations and steric interactions within the PFA 
framework on the observed photophysical properties (Table 1). PFAs 1-3 show strong absorption bands 
lying in the region of 380-385 nm in all solvents except for PFAs 2 and 3 in dimethyl sulfoxide (DMSO). In 
DMSO, PFAs 2 and 3 show strong absorption bands in the region of 390 nm and 400 nm, respectively. 
Additionally, to fully comprehend the effect of the phenyl spacer on the optical properties of the PFAs, 
the frontier molecular orbitals (HOMO and LUMO) for 1-3 along with reference compounds, benzo- and 
nitrobenzo- azaborines and their energies involved in the electronic transition were studied theoretically 
by density functional theory (DFT) calculations at the level of B3LYP/6-311+G** (Figure 3). This level of 
theory was used to compare to past reported results that were calculated at the same level. The addition 
of a phenyl linker to benzo-azaborine, as for PFA 1, extends its π-conjugation, resulting in a red-shifted 
absorbance max in all solvents by an average of 10 nm. The DFT analysis from Figure 3 illustrates that 
increased π-conjugation of PFA 1 results in a reduction of the HOMO-LUMO gap by 0.10 eV, rationalizing 
the red-shift in absorbance seen for PFA 1 when compared to benzo-azaborine. Surprisingly, the addition 
of a phenyl spacer to nitrobenzo-azaborine, as for PFA 2, does not result in a similar red-shift in 
absorbance. Instead, PFA 2 has a similar absorbance to its analog nitrobenzo-azaborine, and DFT analysis 
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shows a very similar HOMO-LUMO profile (Figure 3). We also observe similar absorbance max for PFAs 1 
and 2 in all solvents except for DMSO, in which 2 exhibits a 15 nm red-shift in the absorbance max. Based 
on the generally similar absorbances of PFA 2 to PFA 1, it is evident that incorporation of the phenyl spacer 
to nitrobenzo-azaborine reduces the influence of the electron-accepting nature of the –NO2 group on the 
PFA core. To further understand the effect of the phenyl spacer on the electronic changes induced by 
electron-accepting substituents, the –CN group of PFA 3 was chosen for its comparable Hammett sigma 
para value (p = 0.66) to –NO2 (p = 0.78).98 The absorbance max of PFAs 2 and 3 were identical in 
chloroform (CHCl3) and THF. However, DMSO induces a 10 nm blue-shifted absorbance accompanied by 
an increase in molar absorptivity for PFA 3. The absorbances and molar absorptivities for 3 also mirrored 
that of 1 in all solvents. The addition of the –CN group to PFA 1 reduces the energy of both HOMO and 
LUMO almost proportionately, resulting in an almost identical HOMO-LUMO gap for PFA 3 and PFA 1. 
Additionally, PFA 3 has a similar HOMO and LUMO electron density distribution to that of PFA 1, with 
electron density distributed primarily throughout the PFA core and minimal electron density on the phenyl 
spacer bearing the –CN group. Based on the comparable absorbances seen for PFAs 2 and 3, and their 
similar absorbances to PFA 1, we conclude that the addition of a phenyl spacer on Acceptor-π-Donor (A-
π-D) PFAs results in a decoupling of the –NO2 and –CN groups from the PFA core due to the intramolecular 
rotation around the biphenyl moiety.

Table 1 Experimental UV-visible absorbance (max), molar absorption coefficient (), and solid-state excitation (max) 
data for PFAs 1-3 with reference compounds, benzo- and nitrobenzo- azaborines in various solvents.

Cmpds Solvents
max (nm)

In solution
()

max (nm)
Solid-State 

CHCl3 375 (1.8 x 104)
CH3OH 372 (3.2 x 104)
CH3CN 371 (2.0 x 104)
DMSO 372 (2.9 x 104)

Benzo-
azaborine

THF 370 (1.4 x 104)

389, 416

CHCl3 388 (3.7 x 104)
CH3OH 412 (1.2 x 104)
CH3CN 382 (1.8 x 104)
DMSO 404 (2.4 x 104)

Nitrobenzo-azaborine

THF 385 (1.2 x 104)

397, 424

CHCl3 385 (1.4 x 104)
CH3OH 380 (1.3 x 104)
CH3CN 380 (1.7 x 104)
DMSO 385 (2.4 x 104)

1

THF 380 (1.8 x 104)

392, 414

CHCl3 385 (1.1 x 104)
CH3OH a a
CH3CN 380 (3.7 x 103)
DMSO 400 (9.6 x 103)

2

THF 380 (2.6 x 104)

394, 420

CHCl3 385 (1.8 x 104)
CH3OH a a3
CH3CN a a

392, 416
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DMSO 390 (2.3 x 104)
THF 380 (1.7 x 104)

aAbsorption and molar absorption coefficient could not be obtained due to low solubility in solvent. bDielectric 
constant adapted from CRC Handbook of Chemistry and Physics 97th Edition (2016). CHCl3 = 4.81, CH3OH = 33.0, 
CH3CN = 36.64, DMSO = 47.24, THF = 7.52.

The solid-state excitations of the PFAs were also measured by drop-casting concentrated solutions 
of CHCl3 (Table 1). Due to aggregation in the solid-state, dual excitations are observed for all PFAs. 
Furthermore, all PFAs display red-shifted solid-state excitation λmax in comparison to being in solution due 
to solid-state π-π stacking interactions. PFAs 1, 3 and benzo-azaborines have almost identical solid-state 
excitation while the nitro-substituted PFAs, PFA 2 and nitrobenzo-azaborine, exhibit the most red-shifted 
solid-state excitation. These results demonstrate a solution trend in which extending π-conjugation via 
incorporation of a phenyl linker reduces the HOMO-LUMO gap and results in red-shifted absorbance λmax. 
We also observe a solid-state trend in which incorporation of a phenyl spacer on A-π-D PFAs results in 
blue-shifted absorbance λmax due to a decoupling of the electron-accepting –NO2 and –CN groups from 
the PFA core.

LUMO
E / eV

HOMO
E / eV

-2.54

-6.15

3.61 eV

-2.55

-6.06

3.51 eV

-6.34

3.20 eV

-3.14

-6.62

-3.39

3.23 eV

Benzo-
azaborine

Nitrobenzo-
azaborine 1 2

-6.30

3.46 eV

-2.84

3

Fig. 3 Frontier molecular orbitals (HOMO and LUMO), computed using B3LYP/6-311+G**, for PFAs 1-3 
along with reference compounds, benzo- and nitrobenzo- azaborines and their corresponding electronic 
transition energies.

Emission spectra

Table 2 Fluorescence data for PFAs 1-3 with reference compounds, benzo-azaborine and nitrobenzo-azaborine in 
various solvents and in the solid-state.

Cmpds Solvents em (nm)
(F)
In 

solution

Stokes Shift
(nm)

Stokes Shift
(cm-1)

em (nm)
(F)

Solid-State 
CHCl3       437 0.97 62 3783Benzo- 

azaborine CH3OH 430 0.94 58 3625
465

(0.09)
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CH3CN 432 1.00 61 3806
DMSO 438 1.00 66 4050

THF 434 1.00 64 3986
CHCl3 521 0.06 133 6580

CH3OH b b n/a n/a
CH3CN 563 0.002 181 8416
DMSO b b b b

Nitrobenzo- 
azaborine

THF 523 0.04 138 6853

493
(0.005)

CHCl3 443 0.77 58 3400
CH3OH 436 0.73 56 3380
CH3CN 443 0.62 63 3742
DMSO 449 0.81 64 3702

1

THF 442 0.87 62 3691

513
(0.32)

CHCl3 a a a a
CH3OH a a a a
CH3CN 447, 656 c 67, 276 3945, 11072
DMSO b b b b

2

THF 524 0.01 144 7230

476, 540
(0.01)

CHCl3 447 0.50 62 3600
CH3OH 470 0.94 n/a n/a
CH3CN 443 0.24 n/a n/a
DMSO 450 1.00 60 3418

3

THF 442 1.00 62 3690

465
(0.13)

aFluorescence could not be obtained due to low solubility. bFluorescence was not observed in selected solvents. 
cQuantum yields could not be obtained in selected solvents or in the solid-state. dDielectric constant adapted from 
CRC Handbook of Chemistry and Physics 97th Edition (2016). CHCl3 = 4.81, CH3OH = 33.0, CH3CN = 36.64, DMSO = 
47.24, THF = 7.52.

The relevant emission properties for PFAs 1-3 along with reference compounds, benzo- and 
nitrobenzo- azaborines, were studied in various solvents with different polarities and hydrogen-bonding 
abilities and are displayed in Table 2. The emission spectrum of PFA 2 in MeCN displays intriguing features 
with a very weak emission accompanied by two λmax at 447 nm and 656 nm. The QYs were very low and 
could not be quantified, as evidenced by the absence of visible emission from the vial containing 2 in 
MeCN (Figure 4A). The more intense emission λmax appears at 447 nm with a Stoke shift of 3945 cm-1 and 
the weak, red-shifted emission λmax shows up at 656 nm with a Stoke shift of 11,072 cm-1. The 447 nm 
emission λmax is similar to that of PFAs 1 and 3, which suggests that this emission occurs from a state 
common to all three PFAs. The weak, red-shifted emission λmax at 656 nm is expected to be due to an ICT 
state with complete charge separation within PFA 2 as depicted in the computed frontier molecular 
orbitals in Figure 3. Such a twisted charge-separated state is expected to be stabilized by higher polarity 
solvents such as MeCN, consistent with the broad, red-shifted spectrum with its emission λmax at 656 nm 
(Figure 4A). Such an ICT state is unique to PFA 2 in MeCN and results in a significant quenched fluorescence 
at λmax 447 nm, whereas the fluorescence of PFAs 1 and 3 is persistently visible. Despite also containing 
an electron-accepting group, the features of the emission spectra of PFA 3 show surprisingly similar 
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emission λmax and Stokes shift to PFA 1 in all solvents except from MeOH (Table 2). This result suggests 
that the ICT state accessible for PFA 2 is energetically inaccessible in PFA 3. An increase in QYs is also 
observed for PFA 3 in MeCN in comparison to PFA 2 and the weak, red-shifted emission peak at 656 nm 
is absent (Figure 4A), both of which indicate that the presence of the –NO2 group is essential to produce 
the ICT process seen in PFA 2.
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Fig. 4 Emission spectra of PFAs 1-3 in MeCN (A) and THF (B). Solutions were excited at their respective 
absorption maxima. The top panel illustrates pictures of PFAs 1-3 in MeCN (left) and in THF (right) under a 365 
nm handheld UV-light lamp. Data points for 1 and 3 are essentially overlaid.

It is important to interpret the results in Figure 3 with caution, since the B3LYP functional 
notoriously overstabilizes charge transfer excitation energies, yielding artificially lower LUMOs.99 
Therefore, we carried out DFT and time-dependent DFT (TD-DFT) calculations using the CAM-B3LYP 
functional and 6-31+G* basis set.100 The CAM-B3LYP functional includes a long-range correction that 
removes the self-interaction error of B3LYP. The CAM-B3LYP optimized ground-state structures of PFAs 
1-3 closely resemble each other, displaying the same degree of twisting of the terminal, substituted 
phenyl ring (Figure 6). In all three molecules, the torsional deformation of that ring is ca. 37° which is in 
good agreement with the biphenyl torsional angle measurement (35°) from the X-ray crystal structure of 
PFA 3. The TD-DFT calculations immediately reveal important differences in PFA 2 compared to PFAs 1 
and 3. The natural transition orbitals (NTOs) reveal that PFAs 1 and 3 possess one excited state which is 
the locally excited state (S1). Whereas, PFA 2 has the same locally excited state (S1) as that observed in 1 
and 3 and an additional, second excited state (S2) due to a prominent n-π* transition centered on the 
nitro-phenyl substituent (Figure 5).
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Fig. 5 The NTO pairs with the highest weight in describing the S1 excitations in PFAs 1, 2, and 3. The S2 excitation 
is also shown for PFA 2.

As shown from the photophysical property sections, the optical properties of the PFA core (benzo-
azaborine) and PFA 1 are independent of solvent polarity or hydrogen-bonding ability and show no 
solvatochromism. Therefore, any observed photophysical changes based on solvent effects should be 
directly attributed to a charge transfer state, which is much more sensitive to the solvent polarity due to 
its charge-separated character. The fluorescence properties for PFAs 1-3 were measured in THF, which is 
less polar than MeCN, to study their fluorescence solvatochromism and to determine whether the ICT 
process seen in PFA 2 is responsible for the fluorescence quenching in MeCN. Interestingly, we observed 
solvatochromism for PFA 2 in THF as a broad red-shift in emission λmax (from 447 nm to 524 nm) (Figure 
4B), an increase in QYs, and a large Stokes shift of 7,230 cm-1 (Table 2); however, no significant changes 
were observed for PFAs 1 and 3 in THF.

While it may be tempting to assign this broad emission in THF to less solvent-stabilized ICT state, 
the computations in Figure 6 suggest the presence of a n-π* transition on the nitro-phenyl substituent 
may be important for the solvent-dependent absorbance and fluorescence properties of PFA 2. To 
observe if such n-π* transition is energetically accessible, we optimized the excited-state structures of 
PFAs 1-3 using TD-DFT and accounted for the solvent using a polarizable continuum model (PCM) to 
account for the dielectric environment of THF. The choice of THF in the calculation is to explain the 
unusual, broad experimental emission band appearing at λmax of 524 nm. We found that upon optimizing 
the excited state structure of PFA 2, the n-π* excited state (orange in Figure 6) decreases in energy and 
becomes lower in energy than the π-π* excited-state (black). The vertical emission energy computed at 
the TD-DFT level of theory with CAM-B3LYP/6-31+G* with a THF solvent model is 2.33 eV (526 nm), in 
very good agreement with the experimental emission wavelength observed in THF (524 nm). Therefore, 
we conclude that the fluorescence observed in THF is likely due to the presence of a unique n-π* state in 
PFA 2 that does not exist in PFA 1 and PFA 3. To check the results of the CAM-B3LYP calculations, we 
performed the same calculations at the wB97X-D level of theory101 and obtained quantitatively similar 
results (with state energies within 0.1 eV of the CAM-B3LYP results). This result suggests that the relative 
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energies of PFA 2 strongly depend on the solvent polarity, causing strong solvatochromism, with emission 
being tunable by adjusting solvent polarity from MeCN to THF. It also indicates that the ICT state from 
PFA 2 in MeCN is responsible for the quenched fluorescence since the fluorescence is recovered in THF 
with no ICT band. 

Fig. 6 A diagram representing electronic states of PFAs 1, 2, and 3 schematically as harmonic potentials. The 
lower potential represents the ground state (S0). The black potentials above indicate the locally excited state, 
which corresponds to the S1 state for molecules 1, 2, and 3. The orange potential represents the n-π* S2 state of 
molecule 2. While the locally excited states have more planar excited state geometries for PFAs 1 and 3, the n-
π* transition of PFA 2 results in an excited state that remains twisted or becomes slightly more twisted relative 
to the ground state. The vertical excitation and emission energies are indicated in eV and in nm for each 
molecule. The optimized lowest energy S0 and S1 states are shown below and above the energy diagram, 
respectively, with the torsional angle of the biphenyl moiety labeled.

We were also interested to learn how the formation of aggregates will affect the fluorescence 
and ICT process of PFA 2 since its fluorescence is quenched in MeCN. We hypothesized that formation of 
aggregates by increasing fractions of water (fw) in MeCN solution will generate π-π stacking interaction 
among PFA 2 molecules, thus enhancing emission intensity, and red-shifting the fluorescence via J-
aggregation. The fluorescence spectra of PFA 2 were measured in an MeCN/water mixture with varying 
volume fractions of water fw = 0 to 0.95 at 0.10 increments. When water is added, the emission at 656 
nm, attributed to the ICT process, is weakened, and disappears at fw = 30 (Fig. 7A). The emission λmax at 
447 nm starts to increase at fw= 60 due to formation of the aggregates and continues to intensify (Fig. 7B) 
and red-shifts with increasing fw. The formation of aggregates at fw= 0.60 is coincident with enhancement 
of the emission; therefore, PFA 2 is confirmed to exhibit aggregation-induced emission (AIE). The 
photograph in Figure 7A shows a green fluorescence is recovered upon the formation of aggregates. The 
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red-shifting of emission from the aggregate sample (with monomer emission from ICT process 
disappearing and from the locally excited state moving from λem 447 nm to λem 470 nm), is a clear signature 
of J-aggregation facilitating delocalization of the excited energy over multiple PFA 2 chromophores. The 
tendency for the fluorescence to be recovered by the formation of PFA 2 aggregates suggests that 
aggregation stabilizes the locally excited π-π* state, making access to the n-π* state less energetically 
favorable. PFAs 1 and 3 were also examined for AIE and J-aggregation in MeCN/water by the same 
methods, but no evidence of AIE or J-aggregation for PFAs 1 and 3 was observed (see ESI).

We also investigated the effect of the phenyl spacer on the AIE seen in PFA 2. We conducted 
identical experiments in MeCN/water solution for nitrobenzo-azaborine (analog with no phenyl spacer). 
Unexpectedly, the opposite effect was observed for nitrobenzo-azaborine when compared to PFA 2. The 
addition of water fractions to an MeCN solution of nitrobenzo-azaborine immediately quenches the ICT 
emission due to aggregation-caused quenching (ACQ) as displayed from the photograph in Fig. 7D. This 
observation suggests that the addition of a phenyl spacer to A-π-D nitro-substituted polycyclic aromatic 
1,2-azaborine, nitrobenzo-azaborine, creating a pre-twisted molecular structure is necessary to generate 
AIE instead of ACQ. This result reinforces our hypothesis that the formation of aggregates quenches the 
ICT state and stabilizes the locally excited π-π* state for PFA 2.
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Fig. 7 The top panel A) illustrates a picture of PFA 2 in MeCN (concentration = 10-4 M) with increasing fractions 
of water under a 365 nm handheld UV-light lamp. B) Emission spectra of PFA 2 in MeCN/water mixtures (0-95% 
water). C) Plot of fluorescence intensity of PFA 2 vs. % of water fraction (fw). D) Picture of nitrobenzo-azaborine 
in MeCN (concentration = 10-4 M) upon increasing the fraction of water under a 365 nm handheld UV-light lamp.

The solid-state emission spectra of the PFAs were also investigated to get better insight into their 
intermolecular interactions (Figure 8). Due to π-π stacking interactions in the solid-state, the emission 
wavelengths of the PFAs were red-shifted when compared to being in solution (Table 2), except for 
nitrobenzo-azaborine and PFA 2 in MeCN due to the ICT process in solution. On average, the solid-state 
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emission λmax for benzo-azaborine is red-shifted by 30 nm (435 nm to 465 nm) in comparison to the 
emission λmax in solution. The addition of a phenyl linker to benzo-azaborine which extends π-conjugation, 
as for PFA 1, results in higher QYs (from 0.09 to 0.32) and red-shifts the solid-state emission λmax by 48 nm 
when compared to benzo-azaborine. Importantly, an increase in solid-state QYs is a valuable feature for 
OLED development.88–94 PFA 2 also exhibits a 70 nm red shift in solid-state emission λmax versus solution. 
Both nitrobenzo-azaborine and PFA 2 display significantly lower QYs than the other compounds due to 
intersystem crossing where addition of a –NO2 group to a fluorophore is known to decrease 
fluorescence.102 The emission λmax at 476 nm for PFA 2 in the solid-state can be attributed to a state that 
is localized on the PFA core and is common to all three PFAs. Conversely, the red-shifted emission λmax at 
540 nm is due to distinct state that is unique to the –NO2 substitution. Varying the –NO2 group of 2 with 
a –CN group of 3 allows for analysis of the electronic effect of different electron-accepting moieties in the 
solid-state. On average, the solid-state emission λmax for PFA 3 is red-shifted by 15 nm (450 nm to 465 nm) 
in comparison to solution emissions. Unexpectedly, the solid-state emission of PFA 3 is identical to that 
of benzo-azaborine (no phenyl spacer) with similar QYs, regardless of the presence of an electron-
accepting group. This result indicates that having dual emission wavelengths is unique to the compounds 
containing an –NO2 group since dual emission for PFA 3 was not observed, and only the core-localized 
excited state process was observed in the emission spectrum, consistent with the benzo-azaborine 
observations.
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Fig. 8 Solid-state emission spectra of PFAs 1-3 and reference compounds, benzo- and nitrobenzo- azaborines, 
as A-C and D-E, respectively. 

Conclusions
In conclusion, we report the synthesis, characterization, experimental and computational analysis of three 
phenyl-substituted PFAs with similar structures and functionalized with diverse electronic moieties (–H, –
NO2, –CN, referred to as PFA 1, 2, and 3, respectively) containing a pre-twisted molecular structure. This 
new molecular design results in fluorescence that can be completely “turned off” and “turned on” via 
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aggregation-induced emission (AIE) in PFA 2 and solvatochromism. The absorption and emission of both 
PFAs 1 and 3 can largely be explained by a single π-π* state due to excitation largely localized on the PFA 
core. However, the photophysics of PFA 2 are complicated by the presence of the –NO2 group; in addition 
to a locally excited π-π*state on the PFA core, the spectral features of PFA 2 also indicate the presence of 
a low-lying n-π* state centered on the –NO2 group and ICT states that can red-shift and quench 
fluorescence. The relative energies of those states strongly depend on the solvent polarity, causing strong 
solvatochromism in PFA 2, with emission being tunable by adjusting solvent polarity from MeCN to THF. 
We hypothesize that the more polar MeCN stabilizes an ICT state with strongly red-shifted and weak 
fluorescence. However, the ICT is inaccessible in the less polar THF, such that the photophysics in THF are 
instead dominated by a low-lying n-π* state that fluoresces at around 524 nm. Increasing the volume 
fractions of poor solvents such as water into dilute MeCN solution of PFA 2 induces aggregation. The 
formation of aggregates in fw 0.60 coincides with enhancement of the emission through aggregation-
induced emission (AIE). Aggregation stabilizes the locally excited PFA core π-π* state through J-
aggregation relative to the n-π* state and quenched ICT states, thereby increasing the overall 
fluorescence intensity. Although PFAs 1 and 3 show neither solvatochromism nor switchable fluorescence 
via AIE, both are chemically stable, with PFA 1 displaying unexpectedly high QYs in the solid-state when 
compared to reference, benzo-azaborine, and should be further investigated as a promising candidate for 
the construction of OLEDs.
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