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ABSTRACT: A series of windmill-shape heterocyclic mole-
cules containing three N—B«N units, TBN and its derivatives,
containing quasi-planar C3 symmetric backbone, are synthe-
sized through a threefold reaction of trisubstituted triazine and
triphenylborane. TBN shows a strongly allowed, two-fold de-
generate lowest excited state, but suffers from very low fluo-
rescence, due to efficient nonradiative decay through a conical
intersection (CI) as revealed by femtosecond transient absorp-
tion spectroscopy and quantum-chemical calculations. Intro-
ducing peripheral phenyl- and thienyl-groups in the molecular
structure (Ph-TBN and Th-TBN), pronounced bathochromic
shifts are observed. The nonradiative pathway is inhibited by
the increased energy barriers to access the CI. As a result, these
compounds are highly fluorescent. The strategy towards com-
pounds which follow such 'inverted energy gap law' might be
of interest to design novel emissive materials.

Extended heterocyclic mn-conjugated molecules have gained
great attentions for the distinguished optoelectronic proper-
ties and promising applications in organic electronic devices.!-
7 Heteroatoms, especially boron (B) and nitrogen (N) as neigh-
bor elements to carbon (C), are particularly utilized to replace
carbon atoms, which not only greatly increases the diversity of
organic materials but may also significantly improve the opto-
electronic functionality.8-11 For instance, highly efficient nar-
rowband emission was recently achieved in a BN-containing
polycyclic molecule to reduce vibronic coupling in the emission
process.!? Fast intersystem crossing (ISC) as well as efficient
thermally activated delayed fluorescence (TADF) were re-
ported in BN-containing heteroaromatics,!3.14 due to small ex-
change energies as induced by an uncommon short-range
charge-transfer (CT) character of the emitting state.15 In partic-
ular, B&N is isoelectronic to C=C, but reveals a dipolar nature

due to the coordination bond, and thus offers opportunities to
tune the molecular energy levels by the insertion of BN units,
e.g. to meet the specific demands in organic solar cells (OSCs)
as electron acceptors.1617 As a typical chromophore, boron di-
pyrromethene (BODIPY), bearing N—B«N unit in molecular
structure, is usually highly fluorescent and thereby suitable for
chemical sensors.!8-20 During the past years, a multitude of
novel N—B«<N containing chromophores were reported as flu-
orescent materials in organic light-emitting diodes
(OLEDs).21.22

The synthesis of planar BN-containing m-scaffolds is of particu-
lar interest because of extended conjugation, introduction of
multiple functional groups and favored m-packing morpholo-
gies.23.24 Bonifazi et al reported BN-containing coronene deriv-
atives with enhanced fluorescence compared to the all-carbon
isoelectric molecule.25 Previous studies by Pei et al indicated
that BN-containing heterosuperbenzene exhibit good charge
transport properties for the assembled m-stacks.26 Star-shaped
BN-containing planar m-scaffolds, especially in C3 symmetry,
however, were seldom discussed, possibly due to lack of fluo-
rescence. One of the few examples was reported by Zhang et al,
being trinaphthylene analogues with triple N—B«N units; the
very low fluorescence yield of these molecules was attributed
to efficient nonradiative deactivation, arising from the floppy
molecular structure.27.28 Finally, the synthesis of BN-containing
aromatics is usually conditionally harsh and time-consuming,
and it still remains as a great challenge to introduce multiple
boron and nitrogen atoms into a m-system.2%30 Facile synthetic
methods to construct stable and multi-BN-containing m-scaf-
folds is of essential importance for the creation of new func-
tional materials, eventually with improved fluorescence prop-
erties.

Herein, we provide a convenient synthetic route to windmill-
shaped molecules,3! termed as TBN, which contains three
N—B«N units in a €3 symmetric m-scaffold (Figure 1a). The core



unit possesses a nearly planar backbone structure and can be
easily derived by introducing various substituents on the pe-
ripheral positions. The parent TBN molecule shows low fluo-
rescence in dilute solution and solid state, but its derivatives
with rotatable peripheral phenyl and thienyl substituents (Ph-
TBN and Th-TBN) turned out to be highly fluorescent. Steady-
state and time-resolved absorption and fluorescence experi-
ments, combined with quantum-chemical calculations based
on time-dependent density functional theory (TD-DFT) and its
mixed-reference spin-flip (MR-SF-TD-DFT) variant, indicate
that the exited state of TBN undergoes efficient nonradiative
decay through a conical intersection (CI). Conversely, this non-
radiative pathway is less accessible for Ph-TBN and Th-TBN
due to an increased excited-state energy barrier to reach the CI
region, establishing a rare example for the 'inverted energy gap
law'.32
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Figure 1. a) Synthetic route of windmill-shaped TBN and its de-
rivatives. (i) Triethylamine, toluene, 110 °C, 12 h; (ii) toluene,
110°C, 48 h.b) Top view of TBN in the crystal. The bond lengths
are 1.302 A for C1-N1, 1.359 A for C2-N1, 1.602 A for B1-N2 and
1.615 A for B1-N3. ¢) Side view of TBN. The boron atoms are off
plane giving asymmetric distribution of the phenyl substitu-
ents relative to the backbone.

The synthetic route towards TBN and its derivatives, Ph-TBN
and Th-TBN, is illustrated in Figure 1a. Firstly, the intermediate
compounds (3) were synthesized through a threefold reaction
between cyanuric chloride and 2-aminopyridine; then, the
crude products (brown solid) were used directly to react with
triphenylborane to get the final target compounds. The chemi-
cal structures of the final products were well evidenced by 1H
and 13C NMR spectra (Figures S1-S6), HRMS (where are the
data?), as well as single crystal X-ray analysis (Table S1-S2, Fig-
ures S7-S8). Although the total yields are not high (~15%), all
the reactants and reagents are readily available, and also the
reaction conditions are mild. Thus, the advocated synthetic
route to such windmill-shaped molecules with extended conju-
gated heterocycles is highly efficient and time-saving. All the
three target compounds are well soluble in common solvents,
like chloroform, toluene etc., mainly owning to the six flexible
phenyl rings attached at the three boron atoms. Although three
N—B«N units are contained in the TBN compounds, the ther-
mal stability is excellent with decomposition temperatures all

above 380 °C, tested by thermogravimetric analysis (Figure S9).

Single crystals of the three target compounds were grown by
recrystallization from CH2Cl2/C2HsOH/toluene solutions, and
the crystal data are depicted in Table S1. As shown in Figure 1
and Figure S7, the heterocyclic core of TBN exhibits a large and
approximately planar m-scaffold with a spatial C3 symmetry.
Owing to the weak van der Waals’ forces in the crystal lattice,
the six phenyl groups linked to the boron atoms exhibit asym-
metric distribution relative to the backbone plane, resulting in
a slight skeletal distortion (Figure 1c). In Ph-TBN, the periph-
eral phenyl groups show the torsion angles of 25.2°, 28.7° and
32.8° relative to the central scaffold; for Th-TBN, one of the pe-
ripheral thienyl group shows positional disorder in the X-ray
structure, and the torsion angles between the thienyl groups
and the central scaffold are largely different, i.e. 1.8°, 11.6° and
25.5°, respectively; this, however, can be ascribed to packing
effects, as the DFT geometry optimizations indicate C3 sym-
metry as in TBN.

The B-N linkage in TBN is worth being explored for its unique
character of chemical bonding. For some six-member rings
containing the N—B«N unit, usually one shorter covalent bond
(of about 1.49 A) and one longer coordination bond (about 1.58
A) are found.33 However, in TBN, the average bond length from
boron to nitrogen (B1-N3) is 1.615 A, which is almost equal to
that of B1-N2 at 1.602 A (Table S2). The DFT results indeed
confirm these results (1.61 A; Table S4). Therefore, the BN
bonding situation in the TBN family is rather comparable to
that of Ph-substituted BODIPY.3435 Significantly, the average
bond length of C1-N1 is 1.302 A, which is much shorter than
that of C2-N1 bond (1.359 A), indicating double bonding for C1-
N1 and single bonding for C2-N1 as a favored Kekulé structure,
which is confirmed by the DFT results (Table S4). Hence, the
chemical structure of TBN shown in Figure 1a indeed repre-
sents the bonding situation found experimentally, although
several resonance structures are possible (Figure S10). Consid-
ering that the N2 in the pyridine ring and N3 in the triazine ring
are both electron-deficient, it seems impossible to react with
boron by covalent bonding.

The absorption and fluorescence spectra of the TBN series are
displayed in Figure 2 and the corresponding spectral and pho-
tophysical data are listed in Table 1. All compounds show vi-
bronically-structured absorption bands in the violet/blue re-
gion with molar
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Figure 2. Normalized absorption spectra (dotted line) and flu-
orescence spectra (solid line), measured in 10-> M toluene so-
lution at room temperature.

Table 1. Spectral data of the compounds, measured in toluene (10-5 M): absorption and fluorescence maxima (AabsF), maximum
molar extinction coefficients (&m), fluorescence quantum yields and lifetimes (¥, 7r), radiative and non-radiative rates obtained as

kr = @ /tr and knr = (1- &r) /TF.



Aabs/ &m AF TF Kkr Knr
Molecule @2
(nm / 104 M-1cm1) (nm) (ns) (ns1) (ns1)
TBN 393 /8.32 424 ~0.01 0.08"b ~0.12 ~12
Ph-TBN 413 /9.27 436 0.35 1.29¢ 0.27 0.51
Th-TBN 430 /9.37 453 0.47 1.59¢ 0.30 0.33

a From absolute measurements in an integrating sphere (see SI for details). b From fs-TA experiments (see text and SI for details). ¢

From TCSPC measurements (see SI for details).

extinction coefficients (&m) of about 8 to 9 x 10* M1 cm1, see
Table 1. According to our TD-DFT calculations (M06-2X/6-
31G(d); see computational details in SI), the high & values re-
sult from a two-fold degenerate electronic transition to the first
and second excited state (So—S1,2) with pronounced locally-ex-
cited (LE) character residing on the molecular core structure,
see Figure 3. The LE character is further confirmed by the weak
dependence of the optical spectra on solvent polarity (Figure
S11). Introduction of the Ph- and Th-moieties in the TBN back-
bone leads to a pronounced bathochromic shift of absorption,
i.e. from 393 nm to 413 and 430 nm, respectively, due to the
extension of the frontier molecular orbitals towards the Ph and
Th groups (Figure 3). This redshift is reproduced by the TD-
DFT calculations (Table 2), while the transition energies are
clearly overestimated by the M06-2X functional.3¢ Similar vi-
bronic features are observed for the absorption spectra of the
three compounds. This result suggests similar vibrational re-
laxation from the Franck-Condon (FC) region to the local S1
minimum structure. In addition, the S: vibrational relaxation is
associated with relaxation energies (AErel, Table 2) of 0.18 eV
for TBN and of 0.26 eV for Ph- and Th-TBN. The larger AErel val-
ues in Ph- and Th-TBN are probably related to the fact that the
So structures are quasi-planar for these two compounds,
whereas it is not in TBN (Figure S15).
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Figure 3. Frontiers molecular orbitals of TBN, Ph-TBN and Th-
TBN. The S1and Sz electronic states are degenerate at the C3
symmetric ground-state geometry, as they involve electronic
transitions from the HOMO to the pair of degenerate LUMOs. f
is the oscillator strength for the corresponding vertical transi-
tion.

In agreement with the absorption data, the fluorescence spec-
tra show a gradual redshift from TBN to Ph- and Th-TBN with
peak maxima at 424, 436 and 453 nm, respectively (Figure 2).
This redshift is well reproduced by the theoretical calculations

when one considers the 0-0 transitions (Table 2). However,
while the PL spectra of Ph-TBN and Th-TBN are vibronically
structured, the fluorescence spectrum of the parent TBN com-
pound is broad and unstructured. The approximate mirror
symmetry between absorption and fluorescence usually indi-
cates similar equilibrium geometries on the ground and first
excited states (So, S1) potential energy surfaces (PES), from
where absorption and emission, respectively, emerge.37 In this
scenario, fluorescence occurs from the minimum on the S1 PES,
close to the initially populated FC point. This is obviously the
case for Ph- and Th-TBN. However, the breakdown of the mir-
ror symmetry and structureless emission band in TBN point to
potentially larger geometrical reorganizations on the S
PES,3839 and access to conical intersections. This observation is
confirmed by our theoretical calculations (vide infra).

This pronounced difference between the Ph- and Th-TBN on
one side and the parent TBN compound on the other is directly
reflected in largely different excited state deactivation kinetics.
Indeed, while Ph- and Th-TBN are highly emissive in dilute so-
lution with fluorescence quantum yield @&r as high as 35% and
47%, respectively, TBN is little fluorescent with @r of about 1%
(Table 1). The associated fluorescence lifetime tr of TBN is be-
low the resolution of our time-correlated single photon count-
ing (TCSPC) setup (ca. 100 ps); therefore, trwas determined by
transient absorption (TA; vide infra) to 0.08 ns. In stark con-
trast, tr of Ph- and Th-TBN are 1.29 and 1.59 ns (see Table 1).
From this, the radiative rate can be calculated as kr = &/,
which are of the same order for all three compounds (Table 1),
in agreement with the TD-DFT results which indeed predict a
symmetry-allowed Si state for all compounds (Figure S16).40
Therefore, the large difference in the deactivation kinetics can
be directly traced back to a strongly enhanced nonradiative de-
cay rate knr in TBN, which is two orders of magnitude larger
compared to the Ph- and Th-substituted species, see Table 1. At
a first glance, this behavior may appear counterintuitive, as the
FC energy of TBN (reflected in the absorption maxima) is the
highest among the compounds; therefore, from the 'energy gap
law' (EGL), which is derived from a simple Fermi's golden rule
picture,*! one would expect the lowest kar for TBN. The present
results thus evidence an 'inverted EGL'". This was indeed estab-
lished earlier for other compound families324243 and was
traced back to the ultrafast deactivation kinetics through a con-
ical intersection (CI).4*

Table 2. Theoretical values for energetics (in eV) relevant to
the photophysical behavior of TBN compounds in toluene.2
Molecule TBN Ph-TBN Th-TBN
AEva/eV  3.73 3.58 3.47
Ava/ nm 332 346 357
fa 0.61 1.12 1.20
AEve/eV 296 2.97 293




Ave / nm 419 417 423

fre 0.28 0.62 0.83
AEo/eV  3.45 3.22 3.11
AEvl/eV 018 0.26 0.26
(keal/mol) ~ (4.1) (5.9) (5.9)
AE+/ev 021 0.28 0.32
(kcal/mol)  (4.9) (6.5) (7.5)
(ifaq /{n f)‘l’) -0.24 -0.17 -0.10

To investigate the ultrafast deactivation kinetics, femtosecond
transient absorption (fs-TA) spectra were recorded for TBN in
benzonitrile. The fs-TA map in Figure 4 exhibits a ground state
bleaching (GSB) at 360-400 nm (negative TA), a weak stimu-
lated emission (SE) signal at 400-450 nm (positive TA), as well
as an excited state absorption (ESA) at > 450 nm. Global analy-
sis procedure allowed to extract two time constants with 71 =9
ps and =2 =~ 84 ps. The shorter time constant is very similar to
that observed for Ph- and Th-TBN (Figure S12), and is thus as-
signed to the initial structural relaxation in S1.45 The longer
component 7z in TBN is associated with the path towards the
CI; the considerable structural changes are directly seen in the
spectral change of the SE signal. The latter develops from an
initial state with sharp spectral features, which mirror the GSB,
towards a structureless spectrum, which resembles the steady-
state fluorescence (Figure 2). Conversely, Ph- and Th-TBN miss
2 but instead display a lifetime in the TA experiment (Figure
§12), which corresponds to the fluorescence lifetime zr found
in the TCSPC experiment (Table 1). Finally, Ph- and Th-TBN ex-
hibit another long component of hundreds of nanoseconds
(Figure S12), which can be assigned to the population of the tri-
plet manifold through inter-system crossing (ISC).
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Figure 4. The fs-TA spectra of TBN in benzonitrile (top) and
the evolution-associated spectra (EAS) A—B (IC process) and
B—GS (recombination), respectively (bottom).

To rationalize the difference of photophysical behavior be-
tween the Ph- and Th-TBN compounds on one side and the par-
ent TBN compound on the other side, we investigated compu-
tationally the topography of the So and S1 PES for each system
at the TD-DFT and MR-SF-TD-DFT levels (see computational
details in SI) along the main non-radiative deactivation path-

(-5.6) (39) (2.4)
AEG/ev 023 -0.16 -0.10
(kcal/mol)  (-5.3) (-3.7) (-2.4)

aVertical absorption (AEv?), vertical emission (AEve), 0-0 tran-
sition (AEoo), S1 relaxation energy (AErel), S1 energy barrier
(AE*), S1 cyclization energy (AEw<) were computed with TD-
DFT/6-31G(d) in toluene; Si1 energy to conical intersection
(AECT) was obtained from MR-SF-TD-DFT calculations. See Fig.
5 for graphical description of the energy parameters. f: oscilla-
tor strengths for vertical absorption (fva) and emission (fve).

way leading to the CI. The potential energy profiles are sche-
matized in Figure 5 along with the main relevant parameters
considered for discussion. In particular, the excited-state bar-
rier computed at the TD-DFT level and the location of the coni-
cal intersection at the MR-SF-TD-DFT level are of critical im-
portance. The values of these parameters are reported in Table
2 for each compound.

For all three compounds, a local S1 minimum responsible for
the fluorescence has been identified (Figure S15). It corre-
sponds to an excited-state structure displaying significant out-
of-plane deformations and a substantial shortening (-0.4 A) of
the C—N distance between a Cq of a phenyl ring attached to a B
atom of one N—B«N unit to the closest N center of a nearby
N—B«N unit. In addition, its electronic structure starts devel-
oping CT character between the three N—B«N arms (Figure
$16). A striking result is the presence of a second local S1 mini-
mum displaying a cyclized structure (denoted S1 cyclized min-
imum in Fig. 5). The cyclization takes place between the afore-
mentioned Cq of a phenyl ring to the closest N center of a
nearby N—B«N unit, as illustrated in Figure 5. To populate this
transient cyclized structure, an excited-state barrier has to be
overcome, being (AE*) of 0.21 eV (4.9 kcal/mol), 0.28 eV (6.5
kcal/mol), 0.32 eV (7.5 kcal/mol) for TBN, Ph-TBN and Th-TBN,
respectively (Table 2, Figure S17). Taking into account thermal
and entropic contributions at room temperature, the activation
Gibbs free energies are 5.4, 8.7 and 10.9 kcal/mol, respectively.
The S1 cyclization energies (AE®w¢) are all negative indicating
that the S1 cyclized minima lie energetically below the Si1 local
minima. In particular, we stress that AEwe¢ is significantly more
negative (-5.6 kcal/mol) in TBN compared to Ph-TBN (-3.9
kcal/mol) and Th-TBN (-2.4 kcal/mol). The corresponding
Gibbs free energies are -0.9, 1.6 and 5.6 kcal/mol, respectively.
Combined with the information on the S1 cyclization barriers,
these results unambiguously point to a more favorable photo-
cyclization in TBN compared to Ph- and Th-TBN, both from the
energetic and kinetic aspects. Importantly, these cyclized struc-
tures are associated with more pronounced CT character and
small So-S1 energy gaps (Figure S18). We note that the So/S1 CI
are all located in the vicinity of the cyclized minimum struc-
tures (see Figure 5), where the energy difference between the
S1 cyclized minimum and the CI are less than 0.3 kcal/mol. This
implies that once the system undergoes the photocyclization in
the S1 excited state, very efficient non-radiative decay will take
place to the So state leading to reformation of the original
ground-state molecule (no cyclized structure could be identi-
fied on the So PES). The So/S1 cyclized CI thus provide an effi-
cient decay pathway for photostability.



Photocyclization coordinate

Figure 5. Schematic potential energy profile for the TBN series
of compounds showing a radiationless photophysical pathway
(yellow line) controlled by an activated photocyclization mech-
anism followed by ground-state recovery after decay at a cy-
clized conical intersection.

These theoretical results can be put into perspective with the
experimental observations. In all three compounds, the 9 ps
time constant corresponds to initial excited-state relaxation to
the first local S1 minimum (S1 min; Fig. 5) responsible for fluo-
rescence. In TBN only, the CI can be thermally reached within
84 ps, a timescale much shorter than that required for radiative
deactivation via the local S1 minimum. This can be monitored
by low temperature (LT) fluorescence spectroscopy (Figure
S13a, Table S3), which recovers the structured emission as ob-
served for Ph- and Th-TBN. Concomitantly, the fluorescence in-
tensity of TBN increases significantly at LT. On the other hand,
experiments in rigid environments (i.e. in a PMMA matrix, and
as powder) at room temperature (RT) hardly increase the flu-
orescence (see Figure S14). This clearly evidences that the
structural deformation to reach the CI does not require very ex-
tensive geometrical reorganization by large amplitude motions
as observed in floppy systems.394446 This is consistent with our
calculations showing a compact cyclized structure for the CI,
where its access is solely controlled by temperature, but not by
viscosity. Therefore, TBN is dark at RT both in solution as well
as a molecular solid (powder). Thus, no solid-state lumines-
cence enhancement (SLE) 3947 is observed, as it is commonly
found for floppy compounds.4647

For Ph- and Th-TBN, the access to the CI is more difficult, with
a substantially increased potential energy barrier and a less fa-
vorable excited-state cyclization energy. As a consequence, the
non-radiative deactivation channel through photocyclization is
inhibited in Ph- and Th-TBN, which deactivate effectively by
the radiative channel from the local S1 minimum. This mecha-
nistic picture provides a rationale for the experimentally ob-
served inverted EGL.

In conclusion, a series of windmill-shape heterocyclic BN-
based triazines were designed and synthesized. TBN, contain-
ing three N—B«N units, was rather easily obtained by a two-
step route with a series of threefold reactions. Concomitantly,
Ph-TBN and Th-TBN were obtained with peripheral substitu-
tion. The crystal structures show that the heteroatoms and sub-
stituents slightly distort the central scaffold compared to the
planar trinaphthalene, exhibiting €3 symmetry. The B—N bond-
ing situation in TBN was discussed based on the single crystal
structures and DFT calculations. All TBN compounds show
strong two-fold degenerate So—S1,2 transitions but the excited-
state deactivation differs largely. While Ph- and Th-TBN are

highly fluorescent, the emission of TBN is effectively quenched,
although the FC energy is the highest among the compounds.
This 'inverted energy gap law' behavior3? is rationalized by the
different temperature-controlled access to the rigid-core cy-
clized conical intersection (CI), as revealed by MR-SF-TD-DFT
calculations. This drives the nonradiative decay by internal
conversion, as indeed monitored by ultrafast transient absorp-
tion spectroscopy.
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