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N-Aryl substituents have an influence on the
photophysics of tetraaryl-pyrrolo[3,2-b]pyrroles
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The photophysics of two series of 1,4-dihydro-tetraaryl-pyrrolo[3,2-blpyrroles possessing N-aryl
substituents with various electronic characteristics was investigated systematically. The molecular
structure of these compounds was designed so that their solubility enabled us to study their absorption
and emission in a broad range of solvents. The presence of N-4-nitrophenyl substituents is responsible
for a weak charge-transfer absorption band and shifts the emission band hypsochromically. At the same
time, their presence quenches fluorescence; although if electron-withdrawing substituents are present
at positions 2 and 5, this effect is reduced by an order of magnitude. In the case of less electron-
withdrawing N-4-cyanophenyl and N-3-cyanophenyl groups, strong emission is present only if the
electron-withdrawing groups are located at positions 2 and 5. The combined experimental and
computational study points out the existence of a barrier between a, (bright) and aq (dark) CT states, the
height of which is the key factor governing the fate of these molecules in the excited state. Weaker

Received 8th September 2025, electronic communication at positions 1 and 4 of the DHPP core is responsible for strong charge

Accepted 3rd December 2025 separation. Polar solvents favor the formation of transient dipole moments due to excited-state
DOI: 10.1039/d5¢cp03474d symmetry-breaking, which amplifies the nonradiative deactivation of nitro-TAPPs. A large increase in
fluorescence intensity at 77 K suggests that internal conversion is a key channel for non-radiative

rsc.li/pccp electronic relaxation. Conversely, moderate to weak electron-donating groups favor strong LE emission.
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Introduction

The potential of 1,4-dihydropyrrolo[3,2-b]pyrroles (DHPPs), ori-
ginally discovered by Hemetsberger and Knittel in 1972," was
negatively impacted by their poor synthetic accessibility. This
situation abruptly changed in 2012, when tetraaryl-pyrrolo[3,2-
bpyrroles (TAPPs) became easily available.” Given the broad
scope of substrates tolerated by the discovered multicomponent
reaction,® the TAPPs became a favorite building block to assem-
ble N-doped non-planar nanographenes,”* and to study excited-
state symmetry breaking (ES-SB),*” as well as the perplexing
fluorescence of nitroaromatics.®® These studies predominantly
focused on the impact of substitution at the carbon atoms of
centrosymmetric TAPPs, due to their acceptor-donor-acceptor
(A-D-A) configuration, which promotes the population of
charge-separated states. These are crucial for applications in
organic electronics.”™* Numerous studies have explored the
photophysics of TAPPs and their m-expanded analogs through
both experimental and theoretical approaches.®™*’
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Despite their ground-state quadrupolar nature, DHPPs are
susceptible to ES-SB, inducing transient dipole moments that
explain the solvatochromism experimentally observed in the
absorption spectra.’®'* The photophysical versatility of DHPP
derivatives is further evidenced by their ability to form charge-
transfer states sensitive to solvent polarity. This effect is
observed when the chromophore is bonded to polycyclic het-
eroaromatic molecules forming double helical systems, even in
the absence of strong donor or acceptor groups bonded to the
main dye."

Interestingly, the presence of 4-NO,CcH, at positions 2 and 5
highlights how the interplay between intersystem crossing (ISC)
and IC affects the fluorescence efficiency of bis-nitro-DHPPs.
These molecules show exceptionally large fluorescence quan-
tum yields in non-polar solvents due to slow ISC and weak
electronic coupling between nitrophenyl substituents and the
main chromophore.® Analogous studies reveal that these sys-
tems exhibit complex deactivation dynamics, governed by D-A
electronic coupling, intra/intermolecular interactions, solvent
effects, and molecular symmetry - all of which affect ISC and
competing decay pathways.”'*'®'®1% For instance, electronic
coupling induced by electron-withdrawing groups in DHPP is
highly sensitive to positional isomerism (e.g., 4-NO, and 3-NO,)
and to the presence of aryl spacers between D-A subunits,
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whose fine tuning can enhance the fluorescence of nitro-
TAPPs.»?°? Because these compounds are susceptible to ES-
SB, their deactivation channel strongly depends on solvent
polarity/proticity.®®?® Interestingly, the inverse correlation
between fluorescence quantum yields and the N-aryl torsion
angle in bis-nitro-DHPPs arises from the increased charge
separated state, which quenches their fluorescence.® In addi-
tion, structural distortion controls the ISC/IC non-radiative
decay interplay, with planar geometries promoting IC through
the suppression of S;-T; spin-orbit coupling (SOC).’

In the broad portfolio of structural effects affecting the
photophysics of these dyes, one aspect has so far been
neglected, i.e. the influence of the electronic character of the
substituent linked to the DHPP core through the pyrrolic
nitrogen atom. Scattered observations have revealed that, for
example, the presence of an N-4-nitrophenyl substituent causes
quenching of emission as well as a strong bathochromic shift
in absorption.> However, these random findings lack any
systematic effect in the structure, which hampers the analysis
of data. The goal of this paper is to design, synthesize and study
the systematic series of TAPPs possessing various substituents
at positions 1, 2, 4, and 5 and to attempt to elucidate the effect
of these structural changes on absorption and emission. More
specifically, we would like to investigate the influence of N-aryl
substituents on the photophysics of TAPPs.

Design and synthesis

To rationalize the influence of different motifs showing distinct
polarized effects at positions 1 and 4, we designed two sets of
TAPPs varied at positions 2 and 5 (Fig. 1). In both sets, the N-
aryl substituents are the same, and they provide a wide range of

1R=4-O,N 2R=4-CN 3R=3-O,N
4R=3-CN 5R=4-CH,0 6R=4-tBu

C4Hg0,C

7R=4-O,)N 8R=4-CN 9R=3-O,N
10R=3-CN 11 R=4-CH,0 12R=4-t-Bu

Fig. 1 Structures of polarized TAPPs 1-12.
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electronic effects influencing the DHPP core, i.e. 4-nitrophenyl,
3-nitrophenyl, 4-cyanophenyl, 3-cyanophenyl, 4-methoxyphenyl
and 4-tert-butylphenyl. Compounds 1-6 and 7-12 differ in the
electronic character of substituents at positions 2 and 5. Dyes
1-6 bear 4-(CO,C¢H;3)C¢H, substituents as the electron-
acceptors forming a clear quadrupolar A-D-A architecture,
while in the second series (dyes 7-12), 2,5-substituents possess
the electron-neutral character. These substituents possess how-
ever the ester group electronically separated from the benzene
ring, in order to secure suitable solubility in a broad range of
solvents. All the products are easily accessible by the multi-
component reaction between an aromatic amine, an aromatic
aldehyde and butanedione, discovered in our group, giving the
desired TAPPs in 5-41% yields.>** Long alkyl chains attached
to the aldehyde substrates are necessary to ensure sufficient
solubility of the final products in organic solvents and can be
easily introduced by carboxylate alkylation. This approach, so
far unprecedented in the field of TAPPs,* allows adjusting the
solubility by using alkyl halides of various lengths.

Photophysical properties

We measured the absorption and emission spectra and fluores-
cence quantum yields for dyes 1-12 in several solvents with a
wide range of polarity to further examine this effect (Table 1,
Fig. 2-4). What first catches the eye is that generally, electron-
withdrawing groups in positions 1 and 4 shift the main
absorption band hypsochromically, while, as we have shown
previously, analogous substituents at positions 2 and 5 have the
opposite effect.>®

Absorption maxima of the main band of TAPP 1 in all the
solvents are shifted by the presence of the nitro group outside the
visible region, whereas Z,ps of 2-6 is above 380 nm in most of the
cases (Fig. 2). At the same time for TAPPs 1 and 7, there is a weak
absorption shoulder in the range of 500-600 nm. Its character-
istic features, i.e. broadness and very low intensity, prompted us
to tentatively assign it to charge-transfer (CT) character.>*>® This
charge-transfer band is partly responsible for the visible yellow
color of the solutions of these dyes. Weaker effect of that type is
also observed in the case of TAPPs 2 and 8 possessing 4-CNCgH,4
substituents. In the case of dye 8, while A, is hypsochromically
shifted as far as 316-323 nm, depending on the solvent, an
additional intriguing feature is a strong shoulder at approx.
370 nm (Fig. 3). Shifting the NO, group from position 4 to
position 3 (TAPPs 3 and 9 versus TAPPs 1 and 7) causes a small
bathochromic shift of main 2, (Fig. 2 and Table 1).

The variation of spectral properties is broader in the case of
TAPPs 7-12 than of 1-6, where the electron-withdrawing ester
groups linked with the DHPP core through biaryl linkages at
positions 2 and 5 dominate the photophysics by creating a
strong quadrupolar A-D-A system with the DHPP. Emission of
dyes 1-4, as compared to 5 and 6, is shifted hypsochromically
by the N-electron-withdrawing groups, while in the case of the
second series, there is a large bathochromic shift into deep
green in the fluorescence of 8 and 10 (compared to TAPPs 11
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Table 1 Photophysical properties of TAPPs 1-12 in a range of solvents

TAPP Solvent Jabs/NM ex10° (em ' M) Jem/NM A7 (em™) R

1 Hexane 353 — 514 8900 0.031
Toluene 364 57.8 450, 640 5300 0.0017
Propyl butyrate 363 49.9 428, 700 4200 0.0005
THF 367 62.9 — — 0.00017
CH,Cl, 368 68.1 461 5500 0.00011
Acetonitrile 365 14.1 434, 550 4400 0.00003
DMF 373 61.6 — — —
DMSO 376 20.4 489 6100 0.00012

2 Hexane — — — —
Toluene 393 24.6 447 3100 0.77
Propyl butyrate 391 — 448 3300 0.79
THF 394 — 454 3400 0.83
CH,Cl, 393 — 455 3500 0.85
Acetonitrile 389 — 469 4400 0.41
DMF 398 — 473 4000 0.84
DMSO 400 — 478 4100 0.77

3 Hexane 376 — 552 8500 0.004
Toluene 386 45.6 450, 700 3700 0.00012
Propyl butyrate 386 — 448, 780 3600 0.0002
THF 388 — 450 3600 0.00012
CH,Cl, 387 — 445 3400 0.00019
Acetonitrile 385 — 445 3500 0.00003
DMF 393 — — — —
DMSO 395 — — — —

4 Hexane 380 — 428 3000 0.61
Toluene 391 43.3 445 3100 0.78
Propyl butyrate 389 — 447 3300 0.74
THF 392 — 453 3400 0.8
CH,CI, 392 — 453 3400 0.8
Acetonitrile 389 — 470 4400 0.5
DMF 398 — 472 3900 0.75
DMSO 400 — 479 4100 0.73

5 Hexane 396 438 2400 0.72
Toluene 404 51.8 456 2800 0.82
Propyl butyrate 402 — 456 2900 0.77
THF 404 — 462 3100 0.79
CH,Cl, 404 — 473 3600 0.85
Acetonitrile 399 — 483 4400 0.74
DMF 406 — 484 4000 0.84
DMSO 408 — 492 4200 0.84

6 Hexane 394 — 438 2500 0.61
Toluene 404 53.0 455 2800 0.77
Propyl butyrate 400 — 455 3000 0.77
THF 403 — 460 3100 0.75
CH,CI, 403 — 472 3600 0.81
Acetonitrile 397 — 481 4400 0.7
DMF 404 — 482 4000 0.81
DMSO 406 — 491 4300 0.83

7 Hexane 341 — 573 12000 0.0075
Toluene 344 52.0 380, 720 2800 0.0003
Propyl butyrate 342 — 403 4400 0.0001
THF 343 — — — 0.000001
CH,CI, 342 47.2 606 13000 0.00007
Acetonitrile 339 56.9 382 3300 0.000005
DMF 343 — 407 4600 0.0001
DMSO 344 53.3 — — —

8 Hexane 316 — 426 8200 0.4
Toluene 321 54.9 455 9200 0.24
Propyl butyrate 319 — 485 11000 0.082
THF 320 — 509 12000 0.044
CH,Cl, 321 — 538 13000 0.042
Acetonitrile 318 — 581 14 000 0.0075
DMF 321 — 571 14 000 0.013
DMSO 323 — 586 14 000 0.007

9 Hexane 345 — — — —
Toluene 351 36.7 — — —
Propyl butyrate 349 — — — .
THF 349 — — — —
CH,Cl, 350 — — — —
Acetonitrile 346 — — — —
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Table 1 (continued)

TAPP Solvent Jabs/NM £ x 10° (em ' M) Jem/DM A7 (em™) R
DMF 352 — — — —
DMSO 352 — — — —

10 Hexane 347 — 425 5300 0.16
Toluene 352 30.6 480 7600 0.043
Propyl butyrate 348 — 509 9100 0.02
THF 352 — 535 9700 0.012
CH,CI, 350 — 551 10000 0.0096
Acetonitrile 348 — 590 12 000 0.0019
DMF 351 — 594 12 000 0.0031
DMSO 354 — 605 12 000 0.0019

11 Hexane 355 — 403 3400 0.63
Toluene 359 45.5 410 3500 0.65
Propyl butyrate 356 — 407 3500 0.67
THF 357 — 409 3600 0.69
CH,CI, 356 — 413 3900 0.63
Acetonitrile 351 — 411 4200 0.68
DMF 356 — 414 3900 0.72
DMSO 356 — 417 4100 0.75

12 Hexane 355 — 405 3500 0.6
Toluene 359 42.0 412 3600 0.65
Propyl butyrate 356 — 409 3600 0.63
THF 358 — 411 3600 0.63
CH,Cl, 357 — 415 3900 0.61
Acetonitrile 352 — 414 4300 0.64
DMF 356 — 416 4100 0.67
DMSO 358 — 418 4000 0.72

Quinine sulphate as a standard.

and 12), as only in the presence of the cyano groups push-pull
systems are created, however the fluorescence quantum yield
(®¢) of this emission is low (Fig. 4 and Table 1).

Nitro groups almost entirely quench the fluorescence of the
studied compounds, even in non-polar solvents, which is also
different from what is observed for TAPPs possessing 4-nitro-
phenyl substituents at positions 2 and 5, which can have nearly
quantitative emission in hexane.® Compound 9 does not show
detectable fluorescence in any solvent. The emission of DHPPs
1, 3 and 7 is also unmeasurable in some polar solvents, while in
the others it is only slightly higher than the noise level (Fig. 3).

McRae plots were computed, and the results can be seen in
Fig. S4 and Table S6. The data suggest that the most polarized
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Fig. 2 Absorption (solid line) and emission (dotted line) of dyes 1 (black)
and 3 (red) in n-hexane.

Phys. Chem. Chem. Phys.

molecules are those containing nitrophenyl and cyanophenyl
substituents.

The very low fluorescence quantum yields of some com-
pounds point to the existence of an efficient radiationless
channel of electronic relaxation. Among the weakly emissive
molecular structures, most possess the nitro group (1, 3, 7 and
9) and two CN substituents (8 and 10). This may suggest that
nitro groups introduce a low-lying singlet state of nn* character
that enhances the intersystem crossing process, as was dis-
cussed already in the Introduction. To investigate this supposi-
tion, emission spectra have been recorded at low temperature
(77 K). Comparison of fluorescence spectra recorded at room
temperature and 77 K is presented in Fig. S99. The overlap of

Absorbance

Normalized fluorescence intensity [ arb. units]

Fig. 3 Absorption (solid line) and emission (dotted line) of dyes 7 (black), 8
(blue) and 12 (red) in toluene.
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Fig. 4 Solvatofluorochromism of TAPP 8 in various solvents.

the RT absorption spectrum with the 77 K fluorescence excita-
tion spectrum proves that emission originates from monomers
and not from aggregates. The most striking difference between
the RT and 77 K emission spectra is the huge increase in
fluorescence intensity, of the 100-1000 order. Lack of any
structured phosphorescence spectrum is another observation.
Thus, we conclude that in frozen solvent internal conversion is
stopped (most likely due to restriction of twists/torsions) and
the ISC process is not very efficient. The same conclusion holds
for dyes 1, 3 and 7 bearing NO, groups as well as for dye 10
possessing CN groups. This points to internal conversion as the
very efficient channel of electronic relaxation that effectively
quenches fluorescence at elevated temperatures.

Computational studies

In order to gain in-depth insight into the factors governing the
fate of TAPP molecules in the excited state, we performed
theoretical exploration at the ab initio level of theory. Most
studies in the literature on DHPPs use density functional theory
(DFT), typically using exchange-correlation functionals such
as Mo06-2X,'°*?*° B3LYP®'® and CAM-B3LYP.® However,
wavefunction-based methods like ADC(2) outperform DFT
because they avoid functional bias and provide a more accurate
description of CT states."®?°? In this work, computations were
performed for all selected molecules in both fully relaxed and
constrained to C; point group conformations using structures
with truncated alkyl chains.

This symmetry was imposed to prevent overestimating
n-stacking between aromatic groups of TAPP branches, which
may arise from the inherent limitations of MP2/ADC(2) in
modelling dispersion forces.**?* Within the C; framework, it is
possible to optimize molecular structures of populated intra-
molecular charge transfer (ICT) excited states a, (dark) and a,
(bright) separately, enabling the estimation of barriers to non-
radiative decays of these systems. Ground state (S,) structures
optimized at the MP2/cc-pVDZ level of theory (without symmetry
constraints) correspond to near-centrosymmetric geometries.
Computed dihedral angles between the core and subunits range
from 35 to 55° (Table 2). Remarkably, S, geometries remain

This journal is © the Owner Societies 2026
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Table 2 Dihedral angles between the aryl substituents of the 1,4-
dihydropyrrolo[3,2-b]pyrrole moiety for So and Si(a,) molecular structures
corresponding to C; and C; point groups, obtained at the MP2/ADC(2)/cc-
pVDZ level of theory. Labels o, 5, 0 and ¢ are provided in the structure
below

Rz

So Sl(au)

Cy C; Cy C;
TAPP 0(p) «(f) 0=¢ a=f 0() of) 0=¢ oa=f
1 37 47 38 49 35(24) 87(55) 23(29)" 48(66)°
2 38 49 44 59 34(25)  91(55) 22 49
3 38 47 38 47 23(23)  46(46) 23 45
4 38 50 37 49 23(22) 50 22 50
5 35 53 36 54 26 56 24 57
6 36 53 36 52 24 55 24 55
7 48 55 40 48 34(22)  55(88) 28 52
8 40 48 40 48 45(34) 101(55) 36 45
9 39(46) 44 40 46 35(29)  64(53) 29 53
10 39 48 40 48 33(21)  59(55) 21 47
11 39 50 39 52 23(22) 53 20 52
12 37 52 38 51 20 52 20 52

“ Dihedral angles computed for the a, optimized structure.

non-polarized even with strong electron-accepting substituents,
consistent with previous observations.”®

Three vertical excited states were computed at the ADC(2)/cc-
pVDZ level of theory for the MP2 ground state equilibrium
structures of 1-12 (Table S1a) without symmetry constraints.
The bright Franck-Condon (FC) state shows evenly distributed
electronic density across TAPPs subunits, followed by higher-
energy dark states.””® Natural transition orbitals (Table S1b)
analysis suggests that low-lying states correspond to ICT for
dyes 1-3 and 7-10, and to locally excited (LE) in the case of
TAPPs 4-6, 11 and 12. The weak solvatochromism in 7-12
reflects suppressed D-A, whereas dyes 1-6 exhibit pronounced
bathochromic shifts from direct ester-DHPP conjugation.®®

To further characterize these FC states, excitation energies
were also computed imposing C; symmetry for the most repre-
sentative systems, i.e. DHPPs 7 and 12 (Table S3). In both these
cases, the ag/a, mixing is forbidden, preventing stabilization of
the a, bright state that would otherwise occur upon symmetry
breaking. Compound 7 exhibits ICT with small overlap mole-
cular orbitals of F°S; (Fig. 5), resulting in low oscillator
strength. Vertical excitation of compound 12 leads to intense
LE emission, with frontier molecular orbitals localized on the
DHPP core. Thus, the ratio of populating LE/ICT in non-polar
solvents from F°S; in 1-12 is modulated by the electron-
accepting strength of 1,4-substituents.

Phys. Chem. Chem. Phys.
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Fig. 5 Frontier molecular orbitals for selected compounds 7 and 12
obtained at the ADC(2)/cc-pVDZ level of theory for molecules computed
with C; symmetry.

While S, structures maintain near-C; symmetry across all
TAPPs, the S; minima are susceptible to ES-SB in dyes with
strong N-electron-accepting groups (e.g., 4-NO, and 4-CN
substituents).>”** The symmetry breaking induced upon
photoexcitation promotes stabilization of charge-separated
twisted intramolecular charge transfer (TICT), evidenced by a
~40° increase in N-aryl dihedral angles in the S; optimized
structures for unconstrained conformation (C; point group)
with respect to structures computed imposing C; symmetry
(Table 2). The weak inter-branch dispersion forces that promote
the formation of transient dipoles in compounds 1-3, and 7-10
(Table S4) stabilize dark TICT states, which, with the exception
of 2 and 8, effectively quench their fluorescence, are consistent
with experimental observations. Conversely, this behavior is not
observed for TAPPs with dominant LE character (4-6 and 11, 12).

Examining Scheme S1 revealed that the strong A-D-A elec-
tronic coupling in 1-6 decreases electron density rearrange-
ment upon excitation, promoting the population of a LE state,
leading to larger fluorescence quantum yields compared to dyes
7-12. Overall, regarding DHPPs 1-6, the N-substituent’s
electron-donating/accepting strength controls their main deac-
tivation channel, either via ES-SB or LE emission.

Upon photoexcitation in centrosymmetric TAPPs corres-
ponding to the C; point group, the S}° state relaxes into two
ICT states with distinct symmetries: a bright a,, state and a dark
a, state, with the latter decaying non-radiatively to S,. The
energy barrier between these states controls the IC rate and
consequently the fluorescence quantum yields (Table 1).*® To
estimate the a,/a; population barrier, geometry optimizations
were performed for both excited states for all molecules, and
the results were summarized in the simplified Jablonski dia-
grams (Fig. 6). Compounds 1 and 7, which possess small energy
gaps between their a, and a, states, are expected to access the
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conical intersection (CI) to the ground state in a barrierless
fashion, efficiently quenching emission from the 1a,. C; sym-
metry constraints limit large amplitude movements between
TAPP subunits. However, 1a, exhibits increased TICT state
character compared to a,, as suggested by an 18° increase in
the twist along o-bonds between the DHPP core and the 4-
NO,C¢H, substituents. Thus, the low fluorescence quantum
yields observed for these compounds arise from their strong
ICT character and symmetry breaking, which promotes seam-
less access to the S,/S, conical intersection.®?” This conclusion
corresponds well with results by Vullev and co-workers who
noticed that in TAPPs strengthening D-A electronic coupling
decreases CT and propensity for ES-SB.>°

Conversely, 6 and 12 exhibit a significant barrier for IC
(ie the a, — ay) (x0.6 eV), promoting strong emission from
the a, state. Thus, the barrier height governs the emission
efficiency of TAPPs in non-polar solvents such as hexane, with
fluorescence quantum yields equal to 0.031, 0.61, 0.0003, and
0.65 for 1, 6, 7, and 12, respectively. However, while this
approach can reasonably correlate the measured fluorescence
intensity with the height of the a,/a, barrier, in both series,
there are a few notable exceptions: compound 2 displays
intense fluorescence while 3 and 10 are barely fluorescent,
despite exhibiting small and large barriers for IC, respectively.
The strong fluorescence observed for compound 2 is attributed
to weaker electronic coupling between the N-4-cyanophenyl
group and the DHPP core, in contrast to compound 1, which
promotes the population of the LE excited state (Fig. S3) and
enhances its emission. In contrast, compounds 3 and 10 exhibit
weak fluorescence despite a predicted high barrier for acces-
sing their non-emissive a, state. Unlike para-NO,,**° the meta-
NO, group disrupts conjugation between DHPP and nitroaryl
groups, resulting in an asymmetric electronic distribution
which makes these dyes susceptible to ES-SB, promoting the
population of a non-emissive species, particularly in polar
SOlVentS.6’13’18’20'37

Nitro groups bonded to DHPPs act as pseudo-heavy atoms and
enhance spin-orbit coupling (SOC), modulating the ISC/IC branch-
ing ratio in non-radiative deactivation pathways, as observed in 2,5-
nitro-pyrrolo[3,2-b]pyrroles.® In contrast, as can be seen in Fig. 4,
no significant triplet-mediated deactivation is predicted due to the
large singlet-triplet energy gap (AEsy = 1 €V). Thus, despite having
nitroaryl groups, IC remains the main dissipation channel for the
1, 3,7 and 9 gap (AEsr = 1 eV).

Solvation effects were evaluated using the COSMO conti-
nuum approximation (DMSO was chosen as the solvent) to
compute excitation/emission energies. Computed FC states for
selected compounds 1, 3, and 8 suggest minimal solvatochro-
mism (approximately 0.1 eV between vacuum and solution),
consistent with the small redshift observed in their absorption
bands (Table 1). Emission bands for compounds 1, 3, 7, 8 and
10 were too weak to estimate their solvatochromism.

Interestingly, despite both having 4-CN substituents, com-
pounds 2 and 8 exhibit markedly distinct emission profiles.
The quadrupolar A-D-A architecture present in 2 favors strong
LE emission, as also observed for dyes 4, 5, 6, 11 and 12, which

This journal is © the Owner Societies 2026


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cp03474d

Open Access Article. Published on 10 December 2025. Downloaded on 1/10/2026 6:26:13 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

PCCP Paper
S1FC ___________
S1FC........... EEEER: = = =9 =
1 1
CT("aq) __QII@ <. ISC CT("aq) CT('a,)
----------- IC IS ISC
£ ey T.(au) = > T,Ca.)
S = o = 1008y c
« - 1] x - x ©
> 2 = o s =} S £ © — IS
o go = = > o M == 4 S SR o
< o ow® g < Nl o® S £ ™ o @ €
I — 913 ~ 2 o > 1] n JI_ = 5 9
% 3 ) 3 x % 3 &3
S S
1 2 3
14 = > 4 € =
3 So = S ;"’ -
o O <
D 1]
x x %)
g = &R o= LR
L o ® T
w— B3 2% &3
j S 5 3
4 5 6
Sl o
1 1
CT('ag) CT('a,)
'E E IC ==E========== |SC
>
c c s 3
c
v =1 gfi’ o8 g ®F T Ti(Cau)
S 8o of 2 e WA x < 3o o & o
3 oo > nhn NS g pn 28 g
o= N3 9 2% S 8 2% a>s o
3 3 x <5 N ) 3 2
7 8 9

€

% S
S N
< (se)
1l

2

i

<

K\C,\/R

£
c b E >
— —
©m I D -
N [T x Q@ e
™ .o S Go) - I
5w ~ Tl ®
3 NS 2% @
© 3 2 ~N >
< < 3
1" 12

Fig. 6 Jablonski diagrams for dyes 1-12 computed at the ADC(2)/cc-pVDZ level of theory. Solid horizontal lines represent the adiabatic energies of ag
and a,, states. Dashed lines represent vertical energies computed for S{€, a, and ag (marked in black, red and blue, respectively). Wavy straight arrows
represent internal conversion (IC), intersystem crossing (ISC), and vibrational relaxation (VR), while straight arrows show fluorescence, respectively.

Barriers for the population of ag are represented as black curves.

is redshifted by 0.1-0.3 eV with increasing solvent polarity. On
the other hand, the disruption of D-A electronic coupling by
the addition of a CH, spacer promotes ICT for 8, effectively
suppressing its fluorescence, particularly in polar solvents.'*
The absence of fluorescence in 9, regardless of solvent polarity,
is associated with the disruption of the conjugation between
DHPP and 3-nitrophenyl moieties, which promotes the near
degeneracy between the m-system and the nitrogen lone-pair
orbitals. As a result, this compound is susceptible to strong
vibronic mixing (pseudo-Jahn-Teller effect), resulting in the

This journal is © the Owner Societies 2026

population of a non-emissive chiral hybrid S, state, as can be
seen in Fig. S3.

This study extends beyond excited-state symmetry breaking,
which was investigated for DHPPs.*”*> The influence of sub-
stituents linked to the DHPP core via a nitrogen atom has a
remarkably different character compared to the influence of
C2- and C3-substituents. The strong influence of electron-
withdrawing substituents at positions 1 and 4 is reduced if
electron-withdrawing substituents are present at positions 2
and 5. The disruption of the electronic coupling increases
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charge separation between subunits. This effect is particularly
strong for N-4-nitrophenyl substituents, which are more sus-
ceptible to the formation of transient dipole moments and the
population of dark states, effectively suppressing their fluores-
cence. This effect is amplified in polar solvents, which further
stabilizes charge-separated states. While the height of the dark/
bright state barriers has a direct correlation with the measured
quantum yields, there are a few exceptions. The most interest-
ing case is TAPP 9, for which no fluorescence is observed,
regardless of the solvent polarity. Based on our computations,
the nn*-nn* near degeneracy would make this molecule sus-
ceptible to strong vibronic mixing, quenching its emission. It is
worth noting that intersystem crossing is not operating effi-
ciently for N-4-nitrophenyl derivatives, as indicated by the
absence of phosphorescence observed at cryogenic tempera-
tures. Thus, internal conversion drives the radiationless deac-
tivation of both series of compounds.

The above-described results will play a vital role in the
design of TAPPs in the future. The current results clearly
point out that the 4-methoxyphenyl substituent does not
interfere markedly with strongly emissive characteristics of
tetraarylpyrrolo[3,2-b]pyrroles possessing either electron-
withdrawing substituents or neutral substituents at posi-
tions 2 and 5. This is of paramount importance since this
type of dye is often investigated and substituting methyl
with a longer and branched alkyl chain can enable the
increase of the solubility. The latter one is critical since
tetraarylpyrrolo[3,2-b]pyrroles are notoriously poorly soluble.
At the same time, TAPPs bearing the 4-cyanophenyl or
3-cyanophenyl substituents at positions 1 and 4 have a strong
fluorescence only of electron-withdrawing groups present at
positions 2 and 5. This is a critical observation since espe-
cially 4-cyanophenyl groups help to regulate the photostabil-
ity of TAPPs.

Conclusions

The comprehensive study of photophysical properties of 1,4-
dihydropyrrolo[3,2-b]pyrroles enabled us to draw the following
conclusions. (1) If electron-withdrawing 4-(CO,R)C¢H, substi-
tuents are present at positions 2 and 5, they dominate the
photophysics of these DHPPs (fluorescence is strong across the
scale of solvents’ polarity), unless nitrophenyl substituents are
present at position 1 and 4. (2) If 4-nitrophenyl substituents are
located at positions 1 and 4, non-radiative decay is dominated
by the population of a TICT excited state (a,), which is predicted
to occur seamlessly from the bright state a,. (3) If, however, the
substituents at positions 2 and 5 are electron-neutral and N-
substituents are electron-withdrawing, strong quenching of
fluorescence is observed in polar solvents. We attribute this
behavior to ES-SB and the formation of transient dipole
moments. This, in turn, leads to the stabilization of charge-
separated states and favoring of non-radiative decay pathways.
This study provides a foundation for the design of DHPP with
fine-tuned, tailored photophysical properties.
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