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A new fully bridged spirophenylacridine derivative:
synthesis and characterizationt
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A new spirophenylacridine (SPA) derivative, SPA-SO2, was synthesized via full bridging of sulfone, carbo-
nyl, and oxygen to the SPA core. Using its precursor molecule SPA-S as a reference, the two molecules
were systematically characterized, including single crystal structures, electrochemical properties, and
photophysical properties. Notably, SPA-SO2 exhibits a blue shift and narrowing of spectra compared to
SPA-S. Theoretical investigations provided mechanistic insights, suggesting that bridging modifications
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1 Introduction

The unique stereochemical configuration of spiro compounds
endows them with remarkable advantages in enriching func-
tionality through molecular modifications.’™® As a classic spiro
block, 9,9"-spirobifluorene can be further derivatized by incor-
porating a heteroatom, as shown in Fig. 1a.”'° These com-
pounds are characterized by a sp-hybridized carbon atom at
the core of the spiro structure, which enables the spatial exten-
sion of two distinct zm-systems in an orthogonal orientation.
Among these, the fusion of an amine with the spiro structure
has sparked broader interest in spirophenylacridine (SPA)
because of its potential to generate numerous subtypes.'*™°
To be specific, the bay areas introduced by an amine further
enhanced the tunability and functionalization of the molecule
(Fig. 1b). As a result, it has been widely applied in organic
light-emitting diodes, organic photovoltaics, and perovskite
solar cells.'” >

Bridging heteroatoms or functional groups in bay areas has
proven to be an effective strategy for modulating electronic
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can precisely modulate molecular properties by altering the electronic structure. Finally, SPA-SO2 was
applied in electroluminescence devices, exhibiting deep blue emission at 436 nm and achieving a
maximum external quantum efficiency of 9.4%. This work introduces a bridging modification strategy for
SPA, contributing to advancements in optoelectronic materials.

structures and photophysical characteristics.>*° Since the

spiro carbon atom of SPA is connected to different z-systems,
modifications can be independently performed on the amine
moiety and the other segment of the spiro structure (Fig. 1b).
On the one hand, modifications can be made by bridging the
bay areas of the amine fragment. In 2016, our research group
introduced an oxygen atom at the bay area of the amine unit,
enhancing its electron-donating ability and lowering the
energy of the singlet (S;) excited state.’® At the same time,
Poriel’s group employed sulfur modification at the same posi-
tion, which not only raised the highest occupied molecular
orbital (HOMO) energy level but also enhanced the molecule’s
spin-orbit coupling properties.* In 2023, our group further
rigidified the molecular backbone by introducing carbonyl
groups at both bay positions, thereby suppressing molecular
vibrations and improving the photoluminescence quantum
yield (PLQY).*? On the other hand, a heteroatom or functional
group can be further bridged into another segment of the
spiro structure. For instance, Lee and coworkers bridged
sulfur, oxygen, and aniline units into this segment, enabling
precise modulation of the molecular dipole moment, which in
turn led to distinct photoluminescence efficiencies in solid
thin films.** These studies suggest that bridging modifications
of SPA using heteroatoms or functional groups can effectively
modulate the properties of the molecules and are worthy of
further investigation.

In this work, we report a new derivative of SPA, designated
as SPA-SO2, in which sulfone, carbonyl, and oxygen are fully
bridged on the SPA core (Fig. 1c). For comparison, the charac-
teristics of its precursor molecule SPA-S were investigated
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Fig. 1 (a) 9,9'-Spirobifluorene structure and its derivatives, (b) bridging modification of the SPA core, and (c) this work.

together, including single crystal structures, absorption and
emission  spectra, and  electrochemical properties.
Experimental and theoretical studies show that oxidizing the
bridging sulfur atom alters the electronic structure, leading to
a variety of property changes, most notably a blue shift and
narrowing of the spectra.>*® This clearly illustrates the effec-
tiveness of bridging modifications for molecular design.
Finally, we applied SPA-SO2 in electroluminescence devices,
achieving deep blue emission at 436 nm with a maximum
external quantum efficiency (EQEp,y) of 9.4%.

2 Results and discussion

The synthetic routes of the two molecules are shown in
Scheme 1. Starting from phenothiazine, compound 1 was syn-
thesized via Friedel-Crafts alkylation (72% yield), followed by a
nucleophilic substitution to afford compound 2 (63% yield).*”

The cyclization of the cyano group with an adjacent benzene
ring in the presence of multiple functional groups presents
significant synthetic challenges, as it requires careful optimiz-
ation of both reaction yield and functional group compatibil-
ity. Therefore, selecting appropriate synthetic routes and reac-
tion conditions is particularly crucial. Initially, we attempted
to hydrolyze the cyano group to a carboxylic acid group, fol-
lowed by classical Friedel-Crafts acylation. However, com-
pound 2 exhibited poor solubility in polar solvents during
hydrolysis, resulting in only trace amounts of the product. We
then attempted direct cyclization of the cyano group using
highly acidic trifluoromethanesulfonic acid (Scheme S27).*®
Analysis of nuclear magnetic resonance (NMR) spectra
suggested that the sulfur bridge of phenothiazine is preferen-
tially cleaved (Fig. S61). In our subsequent investigation, we
employed diisobutylaluminium hydride to convert the cyano
group into the corresponding aldehyde functionality, achieving
a high yield of 89%. Then, the Lewis acid catalyzed cycliza-
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Scheme 1 Synthetic routes for SPA-S and SPA-SO2.
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tion-disproportionation process followed by reduction with tri-
ethylsilane was successfully used to give compound 4 in 81%
yield.*® Since it does not contain other reactive functional
groups that require additional protection reactions, compound
4 can be directly employed in a low-temperature lithium halide
exchange reaction and Friedel-Crafts alkylation to form an
intermediate with a spiro structure. Simple oxidation of the
intermediate with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone
(DDQ) gave SPA-S in 81% yield, and further oxidation using a
mixture of hydrogen peroxide and acetic acid afforded
SPA-SO2 in 75% yield. The target compounds were character-
ized using NMR and MALDI-TOF.

Single crystals of SPA-S and SPA-SO2 were obtained by
diffusion of a solvent mixture of ethanol and dichloro-
methane. As shown in Fig. 2a, due to the relatively large
atomic radius of sulfur, the C-S-C bond lengths in SPA-S and
SPA-SO2 molecules are longer than the C-C bond length of
1.40 A in the benzene ring, measuring 1.74/1.75 A and 1.73/
1.74 A, respectively.”®*! This elongation effect leads to the C-
S-C bond angle of 100° for both molecules, which deviates
from the conventional hexagonal internal angle of 120°. The
bond angle deviation of molecules further triggers a slight out-
of-plane bending of the located planar structure (Fig. 2b).

The advantage of the rigid spiro structure is that its di-
hedral angles are almost orthogonal, which tends to increase
intermolecular distances and reduce =---m interactions.??3°
Compared to SPA-S, SPA-SO2 contains more oxygen atoms,
leading to more O ---H interactions (Fig. S87), which further
restricts the molecular packing distance, as evidenced by the
face-to-face stacking distance of 3.56 A observed in the packing
modes (Fig. 2c). In addition, weak intermolecular interactions
can significantly influence the packing arrangement of
crystals.'®*° SPA-S displays weak interactions predominantly in

(a) C-Cl40A (b)
C-S 174 A ™
C-S1.75 A +—
6, 100°
6, 89°
6, 100°
o, 88°
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molecular pairs, leading to a regular layered arrangement,
while SPA-SO2 molecules experience weak interactions with
multiple neighboring molecules, resulting in a more complex
packing structure.

We tested the electrochemical properties using cyclic vol-
tammetry (CV) under a nitrogen atmosphere, and the data are
shown in Fig. S10.f Estimated from the onsets of oxidation
waves, the calculated ionization potential (IP) of SPA-SO2 is
—6.00 eV, significantly deeper than that of SPA-S (—5.25 eV).
This reflects the strong electron-withdrawing effect of the
sulfone group, which stabilizes the HOMO and raises the oxi-
dation potential. Their electron affinities (EA) are similar,
—2.70 and —2.88 eV, respectively. These results indicate that
the oxidation process predominantly affects the HOMO energy
level, while the lowest unoccupied molecular orbital (LUMO)
remains largely unaffected. This is attributed to the different
spatial distributions of the frontier molecular orbitals, as
further discussed in the theoretical calculations section. As the
HOMO is distributed over the altered functional groups during
the oxidation reaction, the resulting changes are more pro-
nounced, whereas the LUMO is mainly localized on the
unchanged carbonyl moieties. Compared with data from the
literature reporting the same oxidation phenomenon, the
HOMO levels of the products were decreased to different
degrees from 0.2 to 0.8 eV (Table $21).>*>**™** Consequently,
SPA-SO2 has a larger energy gap (E,) of 3.12 eV compared to
the 2.37 eV for SPA-S, indicating its potential for deep blue
emission.

The photophysical properties of the two materials were
examined, and the pertinent data are presented in Table 1.
The absorption and emission spectra of the two molecules in
toluene are displayed in Fig. 3. Consistent with previous ana-
lyses of electrochemical properties, the different E, of SPA-S

Fig. 2 (a) Top and (b) side view, along with (c) the packing mode of the single crystal structures of (top) SPA-S and (bottom) SPA-SO2.
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Table 1 The summary of physical and photophysical properties of SPA-S and SPA-SO2

IP“[eV]  EA“[eV]  E,”[eV] s [nm]  Am?[nm] FWHM?[nm] A2°[nm]  E/[ev] Erf[eV]  AEs”[eV]
SPA-S —5.25 —2.70 2.55 448 517 60 69 2.57 2.35 0.22
SPA-SO2  —6.00 -2.88 3.12 410 432 34 22 2.95 2.72 0.23

“Evaluated from CV curves. l’Eg = EA — IP. °Evaluated from absorption spectra in dilute toluene solution (107> M, at room temperature).
9 Evaluated from emission spectra in dilute toluene solution (10> M, at room temperature). ° Stokes shift, A4 = Ap;, — Aabs.” Evaluated from fluo-
rescence spectra in frozen toluene (at 77 K). £ Evaluated from phosphorescence spectra in frozen toluene (at 77 K). " AEgr = Eg — Er.
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Fig. 3 UV/vis absorption, fluorescence (298 K), fluorescence (77 K), and
phosphorescence (77 K) spectra of (a) SPA-S and (b) SPA-SO2 in toluene.
Inset: photographs in toluene solution under 365 nm UV light.

and SPA-SO2 causes their absorption peaks to be at 448 and
410 nm, respectively, which are attributed to n-n* and n-n*
mixed transitions from the conjugated skeleton.*>?*3° The
emission peak of SPA-S is observed at 517 nm with a large
Stokes shift of 69 nm, which is similar to the characteristics of
the charge transfer (CT) excited state. However, further studies
of the emission spectra in polar solvents confirmed that the S;
states of SPA-S and SPA-SO2 are locally excited (LE) states. Both
of them show slight red shifts and broadening of emission
peaks with increasing solvent polarity (Fig. S11 and
Table $31).>° The SPA-SO2 molecule exhibits deep blue emis-
sion at 432 nm in dilute toluene solution, with a much smaller
Stokes shift of 22 nm, consistent with the behavior of typical
LE states. The emission spectral FWHM values of SPA-S and
SPA-SO2 are 60 and 34 nm, suggesting greater vibrational
coupling during SPA-S emission, leading to spectral broaden-
ing and increased Stokes shift.>*>*' In addition, we studied
their spectra at 77 K. It can be seen that low temperature sup-
presses molecular vibration and rotation, and the Stokes shift
of the SPA-S fluorescence spectrum decreases to 57 nm. Using
the tangent of the onset peaks of the low-temperature spectra,
the S,/T1/AE energy levels for SPA-S were determined as 2.57/
2.35/0.22 eV and for SPA-SO2 as 2.95/2.72/0.23 eV, respectively.
SAP-SO2 obtained from oxidation exhibits higher singlet and
triplet energy levels. The small AEy indicates that the two
molecules may have thermally activated delayed fluorescence
(TADF) properties.*®

The electronic structures of SPA-S and SPA-SO2 were
studied using density functional theory (DFT) at the B3LYP-D3
(BJ)/def2-SVP level using the Gaussian 16 package and sub-
sequently the results were visualized using Multiwfn and VMD
software.*®™> The frontier molecular orbital (FMO) distri-
butions and energy levels were simulated at optimized S, geo-
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Fig. 4 (a) Frontier molecular orbital distributions and energy levels, (b)
electrostatic potential map, and (c) two-dimensional iso-chemical
shielding surfaces at 1 A above the XY plane from DFT calculations of
SPA-S (left) and SPA-SO2 (right).

metries (Fig. 4a). On the one hand, the HOMO of SPA-S shows
an irregular distribution localized on the nitrogen-containing
fused ring plane. The 3p-orbital contribution of the sulfur
atom significantly influences the n-electron delocalization
across the fused ring through resonance effects. Conversely,
the HOMO of SPA-SO2 shows a more symmetric distribution
across the fused ring, with the sulfone group disrupting

This journal is © the Partner Organisations 2025
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n-conjugation locally without significantly affecting the rest of
the ring system. On the other hand, LUMOs of both molecules
display similar distributions, suggesting that the LUMOs are
predominantly influenced by the conjugated electron-with-
drawing effect of the carbonyl group. Electrostatic potential
maps (ESP) reveal that the sulfone group, due to its strongly
electron-withdrawing nature, exhibits a highly negative electro-
static potential akin to the carbonyl group (Fig. 4b). However,
as the sulfone induces an electron-withdrawing effect primar-
ily through inductive interactions affecting inner oc-orbital
energy, the carbonyl group exerts a direct impact on the
n-orbitals, leading to its pronounced influence on the LUMO.

We further assessed the aromaticity of the fused rings,
which are mainly composed of delocalized zn-bonds in the
HOMO, by performing two-dimensional iso-chemical shield-
ing surface (2D-ICSS,,) analyses (Fig. 4c).>>** In the 2D-ICSS,,
analysis of SPA-S, both sulfur and nitrogen effectively donate
one lone pair of electrons to the conjugated system via their
p-orbitals, and the embedded six-membered ring exhibits a
strong shielding effect (less than —20 ppm), indicative of anti-
aromaticity. Neighboring benzene rings experience reduced
aromaticity due to the conjugative impact of the sulfur atom,
while the benzene rings farthest from the sulfur atom exhibit
the highest aromaticity. Focusing on SPA-SO2 molecules, two
benzene rings substituted with the tert-butyl group in SPA-SO2
display the strongest aromaticity. This is due to the fact that
the sulfone group has no 3p-orbital involved in conjugation,
effectively separating the m-electron clouds of the adjacent
benzene rings, thereby enhancing their aromatic character.

To investigate the reasons for the significant differences in
the photophysical properties of the two molecules, time-
dependent density functional theory (TD-DFT) calculations
were performed to analyze excited state characteristics. The
electron-hole distributions confirm that both the first singlet
and triplet excited states predominantly arise from HOMO-
LUMO transitions (Fig. S131). Excited state energy levels and
related properties were calculated, as detailed in Tables S4 and
S5.1 We evaluated the root mean square deviation (RMSD) and
reorganization energy and determined the values for SPA-S
and SPA-SO2 to be 0.415/0.378 A and 0.458/0.268 eV, respect-
ively (Table S7t). The larger conformational adjustments in
SPA-S upon electronic excitation are attributed to the deloca-
lized 3p-orbital electrons of the sulfur atom, which participate
in conjugation and increase the polarizability of the system,
facilitating electron cloud redistribution under external pertur-
bations. To verify this claim, the bonded and free atomic
volumes and contribution of atomic polarizability to the polar-
ized nature of the molecule are calculated. As seen from
Fig. S15,7 the atomic volumes and atomic polarizations show a
high degree of consistency, with the sulfur atom showing a sig-
nificant decrease in both atomic volume and atomic polariz-
ation after oxidation, while the other species of atoms show no
significant change. From the microscopic point of view, the
oxidation of sulfur results in a higher oxidation state and a
diminished electron cloud density, thus reducing the atomic
volumes and polarization rate contribution.

This journal is © the Partner Organisations 2025
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The theoretical analysis of SPA-S and SPA-SO2 allows us to
reasonably explain the effect of bridging modifications of SPA
derivatives on their photophysical behavior. The 3p-orbitals of
the sulfur increase the HOMO energy level and polarisability
of the molecule. This results in SPA-S exhibiting a lower
excited state energy level, higher reorganization energy, and
stronger vibronic coupling during electron transition, as
reflected in its red-shifted spectra and broader FWHM. On oxi-
dation of sulfur to sulfone, these detrimental effects are miti-
gated, resulting in a pronounced blue shift and narrower
FWHM.

In the field of organic light-emitting diodes, the oxidation
of thioxanthene within bridged structures forming dioxothiox-
anthene often results in a range of desirable properties,
including modulation of molecular vibrations and tunability
of molecular emission colors.>>?***> Building on our previous
discussion, we decided to apply SPA-SO2 in electrolumines-
cence devices. First, we investigated the photophysical pro-
perties (Fig. S161) and exciton dynamics (Table S11%) of solid
films. In the host—guest doped state, the film spectra remained
largely unchanged from those of the solution state, with a
PLQY of 58.5%. The temperature-dependent decay curves
(Fig. S17%) confirmed the TADF mechanism of SPA-SO2, with
prompt fluorescence and delayed fluorescence lifetimes of
1.57 ns and 19.5 ps, respectively. Devices were further fabri-
cated with the following multilayer structure: ITO/HAT-CN
(10 nm)/TAPC (40 nm)/TCTA (10 nm)/mCP (10 nm)/PPF:
SPA-SO2 (20 nm)/PPF (5 nm)/TmPyPB (35 nm)/Liq (2 nm)/Al
(80 nm). We used ITO as the anode, 1,4,5,8,9,11-hexaazatriphe-
nylenehexacarbonitrile (HAT-CN) as the hole injection layer,
1,1-bis[(di-4-tolylamino)phenylcyclohexane (TAPC) as the hole
transport layer, tris(4-carbazoyl-9ylphenyl)amine (TCTA) and
1,3-di(9H-carbazol-9-yl)benzene (mCP) as the electron-blocking
layer, 2,8-bis(diphenylphosphoryl)dibenzo[b,d|furan (PPF) as
the host and hole-blocking layer, 1,3,5-tri(m-pyridin-3-ylphe-
nyl)benzene (TmPyPB) as the hole-transporting layer, lithium-
8-hydroxyquinolinolate (Liq) as the electron injection layer,
and Al as the cathode, respectively. The choice of PPF as the
host is motivated by its high triplet state which matches the
excited state energy level of the guest for better energy transfer.
Relevant information is summarized in Fig. 5a and b.

As shown in Fig. 5¢, the device achieved deep blue electro-
luminescence at 436 nm with a FWHM of 52 nm at 1 wt%
doping concentration. At the same doping concentration,
SPA-SO2 demonstrated an EQEp,x of 9.4% and power
efficiency of 3.05 Im W™'. It should be noted that the com-
pound QPO, obtained by dual bridging of triphenylamine
using sulfone and carbonyl modifications, has an electrolumi-
nescence efficiency of only 2.5% EQE.,.>® Benefiting from the
spatial site-barrier modification of the spiro structure that
inhibits the interactions between the guest molecules, the
device efficiency remains consistent at different doping con-
centrations (Fig. 5d). In addition, we compared the differences
in charge transport capability between SPA-S and SPA-SO2. We
tested the voltage—current density curves of SPA-S and SPA-SO2
with the same device structure (Fig. S20t). SPA-SO2 exhibits a
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Fig. 5 (a) Energy level alignment of the device, (b) molecular structures of materials in different layers, and characteristics of devices based on
SPA-SO?2 illustrated by (c) EL spectra and (d) EQE—-luminance curves recorded at different doping ratios.

higher current density at the same voltage, indicating better
charge transport capability. This may be attributed to the
greater rigidity of the SPA-SO2 molecule with fewer geometrical
changes and smaller reorganization energies during carrier
injection and transport, which are favorable for charge trans-
port. This corresponds to the conclusions from the theoretical
calculations. Given the aforementioned, we firmly believe that
SPA-SO2 could be a viable and reliable candidate for electrolu-
minescence materials.

3 Conclusions

In summary, through fully bridging sulfone, carbonyl, and
oxygen on the SPA core, we synthesized SPA-SO2.
Characterization of properties showed that its precursor SPA-S
exhibits green emission at 517 nm with an FWHM of 60 nm,
while SPA-SO2 exhibits deep blue emission at 432 nm with an
FWHM of 34 nm. Oxidation localizes sulfur outer electrons,
leading to pronounced spectral blue shifting and narrowing. It
revealed that the delocalized 3p electrons of sulfur lead to
spectral broadening. Theoretical calculations provided
mechanistic insights, confirming that bridging modifications
directly impact the electronic structure and photophysical pro-
perties. Subsequently, the SPA-SO2 molecule was applied in
electroluminescence devices, where it maintained deep blue

Org. Chem. Front.

emission at 436 nm and achieved an EQE,,x of 9.4%. These
findings offer valuable guidance for designing SPA compounds
and highlight the potential of bridging modifications in
tuning optical and electronic properties for advanced opto-
electronic materials.
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