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Implanting heteroatoms into polycyclic aromatic molecules (PAMs) offers a great opportunity to fine-tune
their optoelectronic properties. Herein, we report a new type of nonbenzenoid PAM in which the sp? C
atoms are replaced by S and P in the azulene moiety. The synthesis harnessed modular P-chemistry and
cyclization chemistry, which afforded the first example of P-azulene-based PAMs with isomeric PN- and
PC-type structures. Photophysical and theoretical studies revealed that the P-environments have strong
impacts on the structures and properties of the P-PAMs. Different from the electronic structure of
azulene with strong w conjugation, the PC derivatives maintained effective *-7m* hyperconjugation in
the frontier molecular orbitals via the P-centers. In particular, the PC derivative with a P(i)-center
showed unexpected room-temperature phosphorescence in solution, which was attributed to the
excited-state aromaticity induced structure change at the P-center. Decoration with various aryl groups
further modified the photophysical and redox properties in another dimension. Furthermore,
bis(triarylamine)-functionalized P-PAMs formed stable radical cations in which the P-environments

strongly influenced the mixed-valence state and open-shell characters. As a proof of concept,
Received 31st August 2024

Accepted 7th October 2024 bis(triarylamine)-functionalized P-PAMs were explored as the hole-transporting layers in perovskite solar

cells, and a power conversion efficiency of 14% was achieved. As a new example of nonbenzenoid PAMs
DOI: 10.1039/d4sc058579 with intriguing optoelectronic properties, our P-PAMs are promising building blocks for diverse

rsc.li/chemical-science optoelectronic applications in the future.

a nonbenzenoid PAM with unique anti-Kasha emission prop-
erties, redox characters, and optoelectronic functionalities.”*”>*
Replacing the sp> C atoms with main-group elements (such

Introduction

Polycyclic aromatic molecules (PAMs) have attracted significant

attention in the areas of organic catalysis, bio-imaging/sensing,
and organic optoelectronic devices."® Compared with classical
benzenoid PAMs, nonbenzenoid PAMs have recently main-
tained a unique position in the applications mentioned
above.” ! Adding or removing sp” C atoms in benzenoid PAMs
is one popular strategy to build nonbenzenoid PAMs. For
example, nonbenzenoid PAMs with five-membered rings have
been extensively investigated in the field of organic radical
materials, as their open-shell characteristics can be readily
activated and tuned.***® Azulene, with a fused five-membered
and seven-membered ring, is another classical example of
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as B,'>?2726 N 72730 G31-34 G 735 P 3641 erc) is another popular
strategy to construct nonbenzenoid PAMs with diverse
chemical/electronic properties. Phosphorus (P) is a special
element among the main-group elements that exhibits rich
functionalities, such as oxidation, borylation, alkylation, and
metal coordination.***” These functionalities further facilitate
efficient o(c*)-mt(7*) hyperconjugations between the P-centers
and T-conjugated backbones, thus greatly enriching its appli-
cations in terms of two-photon emission, electron-accepting
character, and electrochromic devices. These intriguing func-
tions are not easily accessible to the traditional purely carbon-
based PAMs.

Recently, research into P-six-membered PAMs has started to
emerge due to the discovery of new synthetic protocols.**"*® For
example, Romero and co-workers recently reported phospha-
phenalene derivatives via facile cyclization chemistry.** In
another example, Yamaguchi and co-workers reported new P-
xanthene derivatives with excellent near-IR fluorescence
imaging properties. Our group also developed a new modular

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Chart 1 Nonbenzenoid PAMs in previous studies and the new non-
benzenoid P-PAMs (PN and PC derivatives) in this study.

protocol to access highly emissive diazaphosphinines with
tunable singlet and triplet emission.*

Compared with P-five-/six-membered PAMs, research into P-
seven-membered PAMs is still in its infancy, mainly because of
their synthetic challenges and/or instability.*”-** Therefore, it is
highly desirable to develop the streamlined protocols that can
efficiently construct P-seven-membered PAMs with more
complex and rich functionalities. Herein, we report new exam-
ples of nonbenzenoid PAMs with S-five-P-seven heterocycles
(Chart 1). Leveraging the efficient P-chemistry and cyclization
chemistry, the modular synthesis afforded P-PAMs with

Ar-B(OH),

S
B'W Br orArBpin
i

Br Br
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structural diversity. Distinct structures allowed us to fine-tune
the electronic structures and photophysical properties in both
the ground and excited state. Further decorating P-PAMs with
various aryl substituents systematically modified their photo-
physical properties, redox behaviors, and radical characteris-
tics. As a proof of concept, P-PAMs with triaryl amine groups
were successfully applied as hole-transporting layers in perov-
skite solar cells.

Results and discussion

The synthesis of the new P-PAMs started with tetra-
bromothiophene (1), which was converted into various 2,5-
diaryl thiophene derivatives (2a,b,c and 2d,e,f) via Suzuki
coupling reactions (Scheme 1(i)). Subsequent Suzuki coupling
reactions between 2a,b,c/2d,e,f and 2-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)-1H-indole afforded 3a,b,c and 3d,ef in
moderate yields. Using P-N and P-C bond formation protocols
reported in our previous studies,***>** we were able to synthe-
size 4a (90%), 4b (93%), 4c¢ (85%), 5d (70%), and 5e (81%) with
P-heteropine units.

Unlike 5d and 5e, 5f could not be obtained under similar
reaction conditions. Alternatively, we used a synthetic method
reported by Masahiro and coworkers with modified conditions,
in which activated phenylphosphinic acid was used as the
starting reagent (Scheme 1(v)).*®* This method gave 5fO with
a yield of 31%. Oxidation of 4a,b,c and 5d,e with excess H,0,

orv

. 5d,e and 5f0
vil, 5d0,e0

O

or viii

PC10,E=0 PC20,E=0

Scheme 1 Synthesis of new P-PAMs with isomeric structures. (i) Pd(PPhs)4, base, solvent, A. (i) PA(OAc),, Ruphos, KsPOy,, solvent, A. (iii) PhPCl,,
DBU, acetonitrile. (iv) PPhCl, (1.3 eqv.), TMSOTf (2.6 eqv.), CH3zCN, —30 °C — 70 °C. (v) PhP(O)H(OH), DMAP, —30 °C — 70 °C. (vi) H,O, (excess),
r.t. in DCM. (vii) DDQ, 365 nm LED, dry toluene, r.t. (viii) Cul, KsPO4, DMEDA, DMF, 140 °C.
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afforded 4a0/bO/cO and 5d0/5€0 in high yields (Scheme 1(vi)).
4awas chosen as the representative molecule for the sulfuration
of the P-center. After heating with Sg (10 eqv.) at 140 °C for 10
days, we were able to obtain 4aS in a yield of 96%.

To further planarize the backbones, photocyclization was
applied to 4a/b/c and 4aO/bO/cO. In previous studies, Scholl
reaction (excess oxidants and Lewis acid) and Mallory reaction
(hv, excess I, and propylene oxide) conditions showed limited
compatibility with the cyclization of P-PAMs with various P-
centers.*®*>**=¢ In our case, the photocyclizations were highly
efficient when DDQ was used as the oxidant, giving the PN
series in good yields (Scheme 1(vii)). The isomeric counterparts
PC1/2 and PC1/2/30 were obtained by applying the intra-
molecular Cul-catalyzed C-N coupling reaction to 5d/e and 5d/
e/fO (Scheme 1(viii)). The results showed that the presence of
the P(ur) and P=0 centers did not affect the Cul-catalyzed
cyclization. Compared with Pd/Ni-catalyzed cyclizations re-
ported previously,””*® the Cul-catalyzed cyclization of P-PAMs
has rarely been reported in the literature.

We also tried to synthesize PC3 with a P(m) center by
reducing PC30 with SiHCl;. However, the easy oxidation of PC3
prevented us from obtaining the pure product during the
purification. The synthesis of the new P-PAMs demonstrated
a highly modular protocol to access new nonbenzenoid PAMs
with the great structural tunability. Due to their large aromatic
structures, some of the products exhibited low solubilities in
typical organic solvents. The detailed synthesis and character-
izations are provided in the ESL.}

We were able to obtain suitable single crystals of PN1S,
PN20, PN30O, PC10, and PC3O0 for single-crystal X-ray diffrac-
tion experiments (Fig. 1 and Table S17). The single-crystal
structure of PN20 contains a disordered solvent, which resul-
ted in a low crystal data quality (Fig. S9t). In the crystal struc-
tures of PN1S and PN30O, the fused polycyclic aromatic
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Edge Article

structures induced planar backbones. However, the P-centers
were significantly twisted out of the central heteropine plane
(Fig. 1a and b), with distances between the P-center and the
heteropine plane of 0.9 A for PN1S and 0.7 A for PN30,
respectively. These results differ from those for previous six-
membered diazaphosphinines, in which the central six-
membered P-ring showed high planarity.*® The P-N bond
lengths of PN1S (1.70 A) and PN3O (1.69 A) are similar to those
of previous diazaphosphepines.**>*>*

Compared with the PN derivatives, PC10 and PC30 showed
more planarized P-heteropine planes (Fig. 1c and d). The
distances between their P-centers and the heteropine planes are
significantly shorter (PC10: 0.2 A and PC30: 0.01 A) compared
with those of PN1S and PN30O. The P-C bond lengths of PC10
(1.77 A) and PC30 (1.77 A) are at shorter end of the range for
P-C bonds (1.77-1.81 A) reported in previous P-heteropines,
which suggested a strong m-delocalization between the P-
center and heteropine backbone.”** Furthermore, strong
intermolecular -7 interactions were observed in these crystal
structures. For example, PN1S and PC30 showed dimeric -
interaction (Fig. S1 and S7t), whereas PN30 and PC10 showed
long-range intermolecular -7 interactions (Fig. S3 and S5+).

We conducted UV-vis and fluorescence spectroscopy experi-
ments on new P-PAMs (Fig. 2a, b and S10-S127). Due to their
rigid structures, both the PN and PC series exhibited small
Stokes shifts. Consistently, the absorption and emission spectra
showed the typical vibronic structures of rigid aromatic mole-
cules. Upon decoration with electron-withdrawing and electron-
donating aryl groups, the PN and PC series showed tunable
absorption and emission.

The absorption and emission spectra of the PC series were
systematically red-shifted compared to those of the PN series
(Fig. 2a and b). It is rationalized that the strong 7t-conjugation of
the PC series is responsible for the smaller LUMO-HOMO gaps,

Fig. 1 Single crystal structures of (a) PN1S, (b) PN3O, (c) PC10, and (d) PC30 (thermal ellipsoids are shown at 50% probability level; hydrogen

atoms are omitted for clarity).
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(a and b) Absorption and emission spectra of PN and PC in CH,Cl,. (c and d) Absorption and emission spectra of the PN1 series and PC1

series in CH,Cl,. (e and f) Low-temperature emission spectra of PN1 and PC1 in 2Me-THF at 77 K.

thus resulting in the red-shifted spectra (vide infra). The results
highlighted the distinct structure impacts on the photophysical
properties of the P-PAMs. Furthermore, PN1, PN10 and PN1S
exhibited similar absorption and emission spectra (Fig. 2c and
S107), suggesting that the changes in the P-chemistry scarcely
modified the optical bandgaps. This is not true for the PC series.
As shown in Fig. 2d, PC10 (s = 453 nm and Ay, = 475 nm)
with a P=O center exhibited blue-shifted absorption and
emission spectra compared with those of P1C (1, = 463 nm
and Aep,, = 511 nm) with a P() center. The emission spectrum of
PC1 is also broader than that of PC10. The photophysical
characteristics of PC1 were unexpected, since rigid P-PAMs with
a P=0 center have generally exhibited red-shifted absorption
and emission spectra compared with those with a P(ur) center in
previous studies.®* It is rationalized that P1C with a flexible P-
center underwent a significant structure change in the excited
state (vide infra), thus leading to the red-shifted emission.
Although heteropines are well-known for their conformational
dynamics in both the S, and S; states,*”>>**% the conforma-
tional dynamics of fused heteropine-PAMs have not been
addressed in the literature.

The PN series consistently exhibited lower photo-
luminescence quantum yields (PLQYs; for example, PN10: 11%
and PN20: 14%) compared with the PC series (PLQYs: 25% for
PC10, 30% for PC20), except for those with triaryl amine groups
(83% for PN30O, 81% for PN3). We further conducted low-
temperature fluorescence spectroscopy experiments on the PN
and PC series in 2Me-THF solution (Fig. 2e, f, S13 and S147). In
addition to the fluorescence emission signals, we also observed
phosphorescence emission signals at 77 K. The phosphores-
cence signals of PN1, PN10, PN1S, PN2, and PN20 were more

© 2024 The Author(s). Published by the Royal Society of Chemistry

pronounced than the fluorescence signals (Fig. S13 and S147).
Consistently, the phosphorescence lifetimes of PN series are
longer than those of PC series (Table 1). These results suggested
that the low PLQYs of the PN series are probably due to the
strong intersystem crossing.

Unexpectedly, PC1 exhibited a low-energy red emission in
2Me-THF solution at room temperature (Fig. 2f). The triplet-
state nature of the emission was further confirmed by the
long lifetime (0.45 ms) (Fig. S38t). Such observations were not
made for PN1 (Fig. 2e). There are only a few molecules that show
room-temperature phosphorescence in solution.®*** To the best

Table 1 Photophysical data of P-PAMs®

Compound?  Aups’ [nm]  ZAem [nm)] ot [%] et [ns] o1 [s]
PN1 399 404 11 1.50 0.93
PN10O 396 402 11 1.46 0.98
PN1S 398 403 7 0.88 0.95
PN2 420 438 10 1.41 0.41
PN20 421 441 14 1.27 0.40
PN3 428 453 81 1.51 0.51
PN3O 430 458 83 1.61 0.51
PC1 438 511 NAS 0.61 0.03
463 (sh)
PC10 453 475 25 0.74 0.09
PC2 454 535 1 1.16 0.04
PC20 473 501 30 1.01 0.05
PC30 492 512 53 0.48 0.04

@ Measured in CH,Cl,. ? Absog)tion maximum of the lowest absorption
band. ¢ Emission maximum. ¢ Measured by the calibrated integrating
sphere. * Measured in DCM at room temperature. / Measured in 2Me-
THF at 77 K. ¥ Not detectable by the calibrated integrating sphere.

Chem. Sci., 2024, 15, 18608-18616 | 18611
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of our knowledge, there have been no reports of P-heteropines
showing room-temperature phosphorescence in solution.
Previous studies showed that the nonbonding electron lone pair
of heteroatom groups effectively enhanced the spin-orbit
coupling (SOC), thus promoting the triplet emission.®**” The
structure change of PC1 likely enhanced the SOC, further
leading to the unexpected room-temperature phosphorescence.
At 77 K, at which the conformational changes of PC1 were
suppressed, an enhanced fluorescence signal was observed
(Fig. 2f).

To shed light on the distinct photophysical characteristics of
the PNO and PCO series, we conducted theoretical studies using
density functional theory (DFT) and time-dependent (TD)-DFT
(see the details in the ESIt). Fig. 3a shows the frontier molec-
ular orbitals (FMOs) of the PN and PC series. The presence of
electron-withdrawing substituents mainly lowers the LUMOs,
while the presence of electron-donating substituents strongly
raised the HOMOs. Consequently, the presence of electron-
withdrawing and electron-donating substituents resulted in
the lower HOMO-LUMO bandgaps (AEgomo-rumo) and Se-S;
transition energy in both the PNO and PCO series (Table S27).
Furthermore, the PC series exhibited lower AEyomo-Lumo Values
and S,-S; transition energy compared with the PN series (Fig. 3a

View Article Online
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and S27), which are consistent with the photophysical charac-
teristics described in the previous section.

Different from those of the PNO series, the HOMOs of the
central S-five-P-seven moiety clearly show m-bond character in
the PCO series, and are very similar to HOMOs of azulene (A,
Fig. 3b). However, the LUMOs of the central S-five-P-seven
moiety in the PCO series are different from those of azulene.
We further conducted natural bond orbital (NBO) analysis,
which can provide the second-order perturbation energy (E)
associated with the stabilization of hyperconjugation in P-
PAMs.%*%° For PC10, the results suggested a negative hyper-
conjugation (E = 3.09 kcal mol ') between the c*-orbital of the
P-C/O bonds and the w* orbitals of heterocycle backbone.
These results are in line with the lower-energy bandgaps of the
PCO derivatives. Similar results are also observed in the parent
PO-azulene (C, Fig. 3b).

We conducted excited-state studies to examine the unex-
pected room-temperature phosphorescence in solution. As
shown in Fig. 3c, PC1 underwent a significant structure change
in the S; state, in which the sum of the three C-P-C bond angles
(327°) increased in the S; state (cf 308° in Sp). The results
suggested that the P(m)-center adopted a more planar geometry
in the excited state. Furthermore, the lone-pair electrons of PC1
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5 ‘@ &
2 » " » 2% . a4
X “99.0 S () M
LA A }“fﬂ"f} ACCA, A LA AL
’ ‘g ), & 93" , @ ™) : . .’a. , N A 3
0% 839,%e ‘o "3:“0‘ “‘a':‘;" 93,040, %0 40,%e
4‘..4 4 4 “.‘ 3 "“ ““.l ’ ,'0“ 40“.‘ ‘.“o.. %% e .‘O.
" ’ T192 ) ‘ l
Lumo 2 bor = 237 218
2. -2.94
> 2.92 2.94
~
w
-5.12 -5.01
-5.69 - et -5.84
...‘ ‘“;',—,;" ‘i" A‘..‘Jé' é Y 4“*, 43“{
X L. o - T A L] Y J /
AR A, ,;«?‘5’ e '{ ‘.’%‘* Ay
"1 = 2AR Yo'y 2.
,a" b4 "0. ", !lqa .9, :‘ ® J:.J, “ ), @ L;“ “ ), “a
b o © d
" s 1.743
4% 0@ ‘.....: S1 €% } \ /1385 nicsi1):-1.3
S & 9% o ogle o B 0 TN NIGS(0) 40 pom
LIRS G R o G (5 ) e S
6 3 2 9 T P-center . $ 511nm © -2 /Pi\-f"'a
S5 450  <ige LL{M? _, \_ Change {:" %?‘wv (225ev) £ Ph
O \ 7 \ 7/ ‘J Y ‘," S ‘ - . . ] -4 1.761
% J s g ’...‘ Q \ /145
4 5 1 @ o
~ O L) \Ip\\/ ‘W‘. ‘930 o 0@ by NICS(1): 29.4 ppm iz 43
- M 75 8 | he 3 3 >6 NICS(0:-38.8p6m "\ o ) s
A B C  Homo LUMO 3 = 7,
. .9 @ i b @ e 2.8 oo
g '. ' % So “.‘.&.‘:“ uc.l (in ppm)
9“?? e o s 2 ‘i “ 10 b L —
! 4,2'_« 0-S1 ’ °@, 'y = 0 5 10 15
? b 2 J\‘ 469 nm ? ’ 1/2
556 696  -6.57 ss et (264ev) HOMO @ IRC / amu'?Bohr

Fig. 3

(a and b) FMOs of the PNO series, PCO series, azulene, and heteroatom-azulenes. (c) Optimized structures and FMOs of PC1in Sg and S

(TD-DFT calculated at the B3LYP/6-311+G(d,p) level). (d) Intrinsic reaction coordinate of PC1in S; (B3LYP/6-311G(d.p) level). Insert: NICS values
in Sg and T, (calculated at the (U)B3LYP/6-311+G(d,p) level in a vacuum).
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Fig. 4 (aand b) Cyclic voltammograms of new P-PAMs. (c) UV-vis-NIR spectra of ThN, PN30 and PC30 (1 x 10> M) with different amounts of
AgSbFg in DCM. (d) Solid-state EPR spectra of PN30O and PC30 monocations. (e) Spin density of PN30O and PC30 radical cations calculated at
CAM-UB3LYP/6-311+G(d,p) in a vacuum. (f) Theoretical calculated optical transitions of PN3O and PC30 cations calculated at (CAM)-(U)B3LYP/

6-311+G(d,p) in a vacuum.

displayed a strong contribution to the HOMO of the S, state.
This observation differs from that for P-azulene, in which the
lone-pair electrons display a strong contribution to HOMO of
the S, state (B, Fig. 3b). A similar structure change is not
observed for PN1 in the excited state (Fig. S40f). We further
conducted intrinsic reaction coordinate (IRC) calculations
(Fig. 3d) to visualize the excited state evolution of PC1 between
the initial S, structure and the final S, structure (see the details
in the ESIT). The IRC results showed that P-center planarization
occurred downhill, which supported the thermodynamically
favorable structure of PC1 in S;.

To probe the driving force for the planarization, we con-
ducted nucleus-independent chemical shift (NICS) calculations
of the central heteropine in PC1. According to Baird's rule,
conjugated rings with 4n 7 electrons are aromatic in Ty, which
was further demonstrated to be true for the rings in S;.”° NICS
for S;, which requires a multideterminant wavefunction, is
more complicated. Due to the limitations of computational
approaches at the current stage, we instead performed NICS
calculations at the T, state, which were used to evaluate the
excited state aromaticity in previous studies.” As we expected,
the large negative NICS values (in ppm) implied that the
aromaticity gain is likely the driving force for the excited-state
planarization (Fig. 3d).

© 2024 The Author(s). Published by the Royal Society of Chemistry

Although previous studies showed that N-heteropines™ and
As-heteropines® underwent excited-state Baird's aromaticity-
induced planarization at the As and N centers, similar excited-
state planarization of the P-center of heterocycles has not
been reported in the literature. In our case, we hypothesized
that the planarization of the P-center was more energetically
favorable than the change of the fused m-conjugated backbone
of PC1 in S;.

Cyclic voltammetry (CV) experiments were conducted to
reveal the redox characteristics of the new P-PAMs (Fig. 4a and
S417). Due to their limited solubilities, PC1, PC2, and PC20
were not subjected to the CV experiments. Compared with PN1,
PN10 exhibited a more positive reduction potential, likely due
to the presence of the strong electron-accepting P=0 center. In
the PC series, PC10 exhibited two reduction potentials. More-
over, the first reversible reduction potential is lower than that of
PN10. Based on the theoretical studies, the stronger electron-
accepting ability of PC10 is attributed to the o*-m*
hyperconjugation.

When the strong electron-donating bis(triarylamine)
substituents were installed, PN3, PN30, and PC30 exhibited
two reversible oxidation potentials (Fig. 4b). With the electron-
accepting P=0 group, the oxidation potentials of PN3O (Eox; =
0.49V, Eox, = 0.68 V) are slightly higher than those of PN3 (Eox
= 0.45 V, Egyy = 0.65 V). PC30 (Eoyy = 0.31 V, Egy, = 0.54 V)
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Fig. 5 (a) Device structure using PN30O and PC30 as the HTLs. (b)
Density—voltage curves and (c) external quantum efficiency curves of
the devices without HTL and with HTLs.

exhibited two lower oxidation potentials than both PN3 and
PN30, suggesting its easier oxidation character. Both PN3 (Eox,-
ox1 = 0.20 V) and PN3O (Eyx-0x1 = 0.19 V) exhibited larger peak
separations compared with M (Eyx-ox1 = 0.1 V), which implied
a stronger electronic communication of the bis(triarylamine)
groups in PN3 and PN3O. The peak separation was further
enlarged for PC30 (AE,y_ox1 = 0.23 V). The results implied that
changing the chemical structure of the heteropine ring signifi-
cantly influenced the electronic communication of the bis(-
triarylamine) groups, with PC30 maintaining the strongest
electronic communication in the current study.

The stable and reversible oxidation character of PN3, PN3O,
and PC30 further allowed us to conduct UV-vis-NIR absorption
spectroscopy experiments under the different oxidation states
(Fig. 4c and d). Upon the addition of AgSbF, as the oxidation
reagent, both PN30 and PC30 showed a two-step oxidation
process. In the first process, new peaks at 2000 nm and 1570 nm
were observed for PN30 and PC30, respectively. The low-energy
transitions were rationalized to the intervalence charge transfer
(IVCT) bands, which are characteristic of mixed-valence states
in bis(triarylamine) systems.’®”® Electron paramagnetic reso-
nance (EPR) spectroscopy experiments further revealed
a featureless band (Fig. 4d), thus supporting the open-shell
character of the PN30 and PC30 monocations. The theoret-
ical studies of the radical cations not only confirmed the lowest
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transition (2078 nm for PN30" and 1439 nm for PC30"), but
also revealed the different spin densities (Fig. 4e and f).
Compared with PN30", PC30" showed a broader spin distri-
bution spread over the whole molecular backbone. Particularly,
the P-center (spin density: 0.04) of PC30* showed a higher spin
density compared with that of PN30* (spin density: 0.001).
These results suggested that the P-center of PC30* has a strong
impact on the mixed-valence state. Further addition of AgSbFs
converted PN30 and PC30 to the second stage, in which new
peaks at 1000 nm for PN30 and 920 nm for PC30 emerged. The
results implied that both PN30 and PC30 underwent the
transition from the open-shell monocations to the closed-shell
quinoid dications, which was supported by the theoretical
studies (Fig. 4f).

Previous studies revealed that triaryl amines containing
PAMs are promising candidates as hole-transporting layers
(HTL) in perovskite solar cells (PSCs). Furthermore, P=0
functional groups were also demonstrated to be beneficial for
the interface coordination and passivation of PSCs.” Therefore,
PN30 and PC30 were explored as new HTLs in inverted PSCs
(Fig. 5, and see the details in the ESIf).

We first fabricated the PSC devices in an HTL-free configu-
ration (Fig. 5b and c). From the current density-voltage (J-V)
curves of the device, the HTM-free device showed a low power
conversion efficiency (PCE) of 7.68%. Then, PN30 was inte-
grated as an HTM into the device, which showed an improved
Voc (0.65 V) and FF (73%). The results indicated that PN3O
played a better role in hole extraction and hole transport. We
further used PC30 as the HTL in the PSCs. The PCE further
reached up to 14.0% with a V,,. of 0.79 V, FF of 75%, and short-
circuit current density (Js) of 23.25 mA cm ™ >. Based on the CV
experiments (Fig. 5a), the improved V. can be attributed to the
more suitable HOMO energy level of PC30 (—5.11 eV) compared
with that of PN30 (—5.28 eV).

Conclusions

Herein, we have reported a new family of nonbenzenoid PAMs
containing S-five-P-seven heterocycles. The selective P-
chemistry and cyclization chemistry are modular to afford the
target molecules with isomeric PN and PC structures. The
distinct P-environments endowed the systems with intriguing
photophysical, redox, and radical characteristics. Compared
with the PN derivatives, the PC derivatives showed more planar
S-five-P-seven heterocycles. Different from the electronic struc-
ture of azulene, the S-five-P-seven heterocycles of the PC deriv-
atives maintained the effective o*-7* hyperconjugation via the
P-centers. This was not the case for PN derivatives. Experi-
mental and theoretical results suggested that the PC derivative
with a P(m) center underwent a structure planarization in S;,
thus resulting in the unexpected room-temperature phospho-
rescence in solution. After decoration with two triarylamine
groups, the P-PAMs readily formed stable radical cations, in
which the PC derivative exhibited a stronger mixed-valence state
and more delocalized radical density. As a proof of concept,
bis(triarylamine) functionalized P-PAMs were successfully used
as the HTLs in perovskite solar cells, which showed the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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promising PCE of 14%. Overall, our work provides a new design
strategy for nonbenzenoid PAMs with intriguing optoelectronic
properties.
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