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Achieving high quantum yields for organic fluorophores in both solution and
in the polycrystalline solid state is a significant yet challenging goal, as most
fluorophores typically emit effectively in only one phase. In this study, we
introduce 1,1'-(2,5-dimethoxyterephthaloyl)-bis(glutraimide) (TGlu), a novel
‘single benzene’-based organic fluorophore featuring an alkoxy donor and an
N-acyl-glutarimide acceptor. TGlu achieves close-to-unity fluorescence quan-
tum yields in both solution and in the polycrystalline state. Through systematic
studies involving four additional structural analogues of TGlu, we unveiled
that the acceptor group within the single benzene core plays a crucial steric
and electronic role in achieving high fluorescence efficiency in both phases.
Furthermore, we demonstrated the versatility of this new fluorophore in var-
ious applications. In solution, TGlu serves as a highly effective photocatalyst
for photoinduced energy/electron transfer reversible addition-fragmentation
chain-transfer polymerization while in its single-crystal form, TGlu exhibits
highly efficient waveguiding properties.

Organic fluorescent materials have garnered significant attention due
to their pivotal role in various crucial applications, including fluor-
escent probes for bioimaging"?, photocatalysis®*, organic light-
emitting devices’, laser technology®’, and others®™. To ensure that
materials perform effectively across various applications, it is essential
to tune and optimise their properties, such as the extinction coeffi-
cient, colour, bandwidth, fluorescence lifetime (t¢), and particular the
quantum yield (®g)> ™,

The selection of highly fluorescent organic materials is primarily
guided by their intended application. Notably, the choice of fluorophore

core structure is heavily influenced by whether the application occurs in
the solution phase or in the solid state, as the fluorescence of many
compounds are quenched either in fluid solution or in the solid
state”™', For instance, extended 1 conjugated dyes (e.g., polyaromatic
hydrocarbons, coumarins and xanthene dyes, etc) are highly emissive in
solution; however, they experience significant fluorescence quenching
in the poly- or nano-crystalline solid state, mainly due to trap-controlled
emission quenching” (or, in some cases, by singlet fission'®), see Sup-
plementary Fig. 1 and Supplementary Table 1. Nevertheless, single
crystals of these dyes typically display high ®f, proving that the

Department of Materials Science and Engineering, University of Michigan, Ann Arbor, Michigan, USA. 2Department of Chemistry, University of Michigan, Ann
Arbor, Michigan, USA. 3Madrid Institute for Advanced Studies, IMDEA Nanoscience, Calle Faraday 9, Campus Cantoblanco, Madrid, Spain. “Department for
Physical Chemistry, Faculty of Chemistry, University of Valencia, 46100 Burjassot, Valencia, Spain. Institute of Physical and Theoretical Chemistry, Eberhard
Karls University Tiibingen, Auf der Morgenstelle 18, Tiibingen, Germany. ®Department of Materials Science and Engineering, Research Institute of Advanced
Materials, Seoul National University, Seoul, Republic of Korea. ’"Macromolecular Science and Engineering, University of Michigan, Ann Arbor, Michigan, USA.

8Biointerfaces Institute, University of Michigan, Ann Arbor, Michigan, USA.
jinsang@umich.edu

e-mail: minsang@snu.ac.kr; johannes.gierschner@imdea.org;

Nature Communications | (2025)16:5560


http://orcid.org/0000-0002-3172-4621
http://orcid.org/0000-0002-3172-4621
http://orcid.org/0000-0002-3172-4621
http://orcid.org/0000-0002-3172-4621
http://orcid.org/0000-0002-3172-4621
http://orcid.org/0000-0001-6007-3058
http://orcid.org/0000-0001-6007-3058
http://orcid.org/0000-0001-6007-3058
http://orcid.org/0000-0001-6007-3058
http://orcid.org/0000-0001-6007-3058
http://orcid.org/0000-0002-4926-2752
http://orcid.org/0000-0002-4926-2752
http://orcid.org/0000-0002-4926-2752
http://orcid.org/0000-0002-4926-2752
http://orcid.org/0000-0002-4926-2752
http://orcid.org/0000-0002-1485-7588
http://orcid.org/0000-0002-1485-7588
http://orcid.org/0000-0002-1485-7588
http://orcid.org/0000-0002-1485-7588
http://orcid.org/0000-0002-1485-7588
http://orcid.org/0000-0001-8177-7919
http://orcid.org/0000-0001-8177-7919
http://orcid.org/0000-0001-8177-7919
http://orcid.org/0000-0001-8177-7919
http://orcid.org/0000-0001-8177-7919
http://orcid.org/0000-0002-1235-3327
http://orcid.org/0000-0002-1235-3327
http://orcid.org/0000-0002-1235-3327
http://orcid.org/0000-0002-1235-3327
http://orcid.org/0000-0002-1235-3327
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-60316-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-60316-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-60316-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-60316-0&domain=pdf
mailto:minsang@snu.ac.kr
mailto:johannes.gierschner@imdea.org
mailto:jinsang@umich.edu
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-60316-0

quenching observed in the polycrystalline phases is usually not “aggre-
gation caused”, but “trap-controlled“”. Conversely, some compound
families like a-cyanostilbenes™*? or tetraphenylethenes??* display
weak emission in solution but exhibit enhanced emission in the solid
state. In most cases, this is due to the restricted environment (i.e., also
observed in solid or frozen solution), which blocks the access to the
conical intersection (CI) and thus suppresses the nonradiative
decay>” %, Therefore, this is “aggregation-induced” (as expressed in the
AIE terminology) in only a trivial sense, and can be better termed, in a
physically sound way, as solid-state luminescence enhancement (Sup-
plementary Fig. 2)>°. Despite ongoing efforts, fluorophores with high
®r in both solution and in polycrystalline solid phases remain still
rare>™**_ It is noted that these “solution and solid-state emitters”
(SSSEs)™ are sometimes called “dual state emitters”, which is, however,
easily confused with the well-established “dual emitters“**. While there is
no universally defined threshold for SSSEs, we adopt the practical clas-
sification of ®¢>5% in both solution and solid states”. SSSE fluor-
ophores can significantly simplify the design and selection process,
reduce trial and error, and ultimately save time and effort in fluorophore
development.

One effective strategy for achieving SSSE systems utilises donor-
acceptor (DA) substituted single benzene rings as the core structure,
now often called “single benzene fluorophores” (SBFs)*. Early
examples for SBFs include the intensively studied p-dimethylamino-
benzonitrile (DMABN) and its derivatives, which are known for their
ability to emit visible light**. Different to DMABN and related com-
pounds with such dipolar para-DA motif, however, modern SBF
fluorophores typically use an alternating ortho,meta- (o,m-)bis-DA
motif, early introduced by Baeyer’***%; this gives rise to inversion
symmetry and thus to a quadrupolar structure (Fig. 1a). We remind in
this context that DA-based quadrupolar fluorophores can provoke
substantial intramolecular charge transfer (ICT) of the emitting
state’”%, as ICT is not an exclusive property of dipolar DA systems'*’.
The ICT character of quadrupolar compounds generally gives rise to (i)
bathochromic shifts of varying amounts®”*, (ii) enhanced Stokes shifts
(AEsiores) between absorption and emission®, and (iii) decreased
oscillator strengths (and, thus, extinction coefficients) of the emitting

state’”*%, while occasionally maintaining a high ®¢**%°. These features

are also observed for the mentioned quadrupolar o,m-bis-DA-type SBF
dyes, generating tunable visible light emission, and usually large
AEgiores’. Among the different suggestions to explain the large
AEgores, €VEN antiaromaticity was recently hypothesised®**>. We note
in this context that the large AEges Of benzene itself is not related to
antiaromaticity. In contrast to polycyclic aromatic hydrocarbons, the
S; state of benzene is symmetry-forbidden, so that the emission is
governed by Herzberg-Teller (HT) coupling, which gives rise to the
large AEsgokes- In general, the understanding of AEsgokes in molecules
with ICT character requires a full vibronic treatment including HT and
(linear and quadratic) FC contributions, as well as inclusion of implicit
solvent effects. Nonetheless, antiaromaticity does not explain the
strong bathochromic shifts of o,m-bis-DA-type SBFs against other
positional isomers, which are not only present in emission but already
in absorption. Such positional DA isomer considerations were early
established for DA-substituted benzenes®®*, and will be crucial in the
current context (vide infra); in fact, by now, they were not conse-
quently pursued in the current SBF literature.

Notably, non-radiative decay pathways in solution remain present
in SBFs, depending on the substituent structure, so that ®g typically
ranges from about 5% to 80% in solution (Supplementary Table 2).
Furthermore, fluorescence quenching in polycrystalline solids is an
imperative challenge, which can be overcome by rationally designed
bulky substituents (Supplementary Fig. 3)*~*%. High solid state ®¢ for
these materials can be traced back to the reduction of exciton coupling
by quasi-isolated intermolecular arrangements'?; the latter prevents
effective exciton diffusion to the trap sites'>”. This approach gener-
ated SBF-SSSE fluorophores with ®¢ of about 30% or more in both
solution and solid phases so far***, However, ®¢ exceeding 90% in
both phases are still lacking (Supplementary Table 2).

In this study, we report a novel SBF-based SSSE-active organic
fluorophore, TGlu, featuring an alkoxy donor and an N-acyl-glutar-
imide (Ac-Glu) acceptor, which achieves quantum yields exceeding
90% in both solution and solid phases (Fig. 1a). To uncover the mole-
cular basis for these high quantum yields, we synthesised four analo-
gues (TSuc, TPid, TPip, SGlu) with the same donor but somewhat
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Fig. 1| High-efficiency solid-solution emission in SBFs-based fluorophores.
a SBFs-based SSSE-active organic fluorophores, demonstrating highly emissive
properties in both solution and solid phases as developed in this work. b In solu-
tion, schematic surface energy diagram for excited state deactivation through an

invariant CI, giving rise to the Inverted Energy Gap Law (IEGL). ¢ In solid state, DFT
optimisation indicates that the bulky Glu (side group) oriented perpendicularly
prevents trapping and conserves the high fluorescence quantum yield (®g).
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Fig. 2 | Optical properties of the investigated derivatives. a Absorption (black
line), emission spectra and b fluorescence lifetime decay of TGlu in both solution
(blue) and solid state (orange). ¢ The natural transition orbital (NTO) topologies of

TGlu exhibit the partial charge transfer (CT) nature. The analogues absorption and
emission spectra of TSuc (d), TPid (e), TPip (f), and SGlu (g). The inset photo images
under 365 nm irradiation in solution and solid state.

different acceptors (Fig. 1a). Interestingly, in solution, these fluor-
ophores exhibit an inverted energy gap law (IEGL) behaviour; that is,
the smaller the optical gap between ground and excited state, the
higher becomes ®*°*%, IEGL behaviour is expected, if the variation of
the Franck-Condon energy is stronger than that of the conical inter-
section (CI), which drives the nonradiative decay via internal conver-
sion, see Fig. 1b***%, The IEGL is particularly observed in compound
families with a common core motif, in which the geometrical reorga-
nisation towards the ClI takes place. We note that the geometry change,
along which the path to the Cl proceeds, varies largely among different
families of compounds®*®*%¢, The multireference character of the CI
requires a computational treatment beyond standard density func-
tional theory (DFT); for instance, by CASSCF/CASPT2%¢*%* or (more
cost-effective) by mixed-reference spin-flip time-dependent DFT
(MRSF-TD-DFT)®, or by excited state non-adiabatic molecular
dynamics®®.

The Cl model is suggested to hold for the molecules in the present
study as well, being responsible for the high ®¢ of 94% for TGlu in fluid
solution. Moreover, the bulkiness of the acceptor moiety in TGlu
prevents trapping'>”, and thus conserves the very high ® also in the
polycrystalline solid phase, with a remarkable 95% and narrow band-
width (Fig. 1c). Thanks to its high quantum yields in both phases, TGlu
exhibits high efficiency as a photocatalyst for photoinduced energy/
electron transfer reversible addition—fragmentation chain-transfer
(PET-RAFT) polymerisation and also demonstrates excellent wave-
guiding efficiency.

Results

Design, synthesis and solid state preparation

We have designed a blue emitting fluorophore (1,1’-(2,5-dimethox-
yterephthaloyl)bis-(glutarimide) (TGlu) as shown in the inset of Fig. 2a.
Considering previously reported SBFs, we structured TGlu with two
methoxy donor (D) and two N-acyl-glutarimide (Ac-Glu) acceptor units
(A), so that each D-A (D-D, A-A) moieties are in ortho (para) position (cf.
Fig. 1a), which results in an overall quadrupolar moment; the latter is
indeed confirmed by the DFT calculations, which gave no permanent
dipole moment. TGlu can be synthesised on a gram scale without
complicated protocols, enhancing their practical applicability (see the
details in Supplementary Fig. 34). The bulky Ac-Glu acceptor is
designed to restrict molecular motions and to prevent strong exciton
coupling caused by molecular aggregation, thereby minimising non-
radiative quenching pathways in the solid state (vide infra). To gain
further evidence for our hypothesis, we optimised TGlu at the DFT
level of theory; we note that here two rotamers for the torsion 0
around the CunyCearbonyt bond are possible, that is with in anti
(180° >0 >90°) or syn (90° > 6 > 0°). According to the DFT calculations
of the free molecule in vacuum, the anti-rotamer is slightly more stable
with a planar conformation (6 =180°; see Fig. 1); the anti-rotamer is
also found experimentally in the solid state (vide infra). At the same
time, the Glu moieties are oriented perpendicular to the plane, see
Fig. 1c. This conformational locking, both in the ground and first
excited state (So, Sy), is further seen in the rigid scan for the rotation of
the Glu group (torsional angle @), displaying narrow, steep potential
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Table 1| Photophysical Properties of the Investigated Derivatives in the different phases

Compounds Phase Aabs (NM) Erc (eV) € Aem AEgiokes (€V) [0S L3 ke Knr
(10°M"' cm™) (nm) (%) (ns)® (107s™) (107s™)
TGlu solution 395 3.13 6.7 461 0.45 94 mne 8.5 0.5
polycrystalline - - - 456 - 98 7.2° 14 0.3
single crystal - - - 462 - 54 6.3° 8.6 7.3
TSuc solution 386 3.21 85 469 0.57 56 12¢ 4.6 3.6
polycrystalline - - - 457 - 79 4.7° 17 45
TPid solution 343 3.61 3.8 450 0.87 13 3.3° 3.9 26
polycrystalline - - - 454 - 53 7.0° 7.6 6.7
TPip solution 308 4.03 4.2 383 0.79 2 2.84 0.71 35
polycrystalline - - - - - - - - -
SGlu solution 321 3.86 5.4 37 0.52 1 1.44 0.7 Al
polycrystalline - - - 377 - 2 - - -

Absorption maximum A,ps and Egc, molar extinction coefficient €, emission maximum A, fluorescence quantum yield (®¢) and lifetime (t¢), radiative (ke = ®/tr) and nonradiative rates (kn, = (1-®f)/
Tr). The absorption and emission wavelengths are noted at their maximum peaks. ® Absolute quantum yields were measured using an integrating sphere. The absorption and emission data within the
integrating sphere were compared with those of a blank sample. Each sample was tested in quadruplicate, using a freshly prepared sample for each quantum yield measurement to ensure
consistency. All measurements demonstrated high repeatability, and the reported errors are given as +1 standard deviation. ° Lifetimes (tr) were measured by time-correlated single-photon counting
(TCSPC) in Supplementary Fig. 15. The ¢ are extracted from © mono-exponential fits: I(t) = Axexp(-t/T¢) and ¢ bi-exponential fits: I(t)= Ajxexp(-t/T;) + Azxexp(-t/Tz) and <Te>ing = (AxTi? + ApxT,?)/

(Aty + ApxTy).

energy surfaces (PESs) for rotation around @, see Supplementary
Fig. 4. As we will discuss further down, these structural factors play a
decisive role for the emissive character of the compound.

To gain further insight into the molecular origin of high fluores-
cence efficiency of TGlu (vide infra), we prepared four structural ana-
logues with the same donor and slightly different acceptors: TSuc,
TPid, TPip and SGlu, varying electronic and steric properties (as shown
in the inset to Fig. 2d-g). We then investigated the optical properties
(absorption and emission spectra) and photophysical properties (®f,
Tr) of the compounds both in solution (chloroform) and in the solid
phase; the latter was prepared as polycrystalline powders by a fast
evaporation method from dichloromethane; for TGlu, also a single
crystal was grown by slow solvent evaporation from a mixture of ethyl
acetate and ethanol (see Supplementary Fig. 5).

Photophysical properties in solution

In chloroform solution, TGlu exhibits an absorption maximum at
395 nm, an intense sky blue fluorescence at 461 nm (corresponding to
AEsiokes = 0.45 eV), with a high quantum yield (®f) of 94%, a full width
at half maximum (FWHM) of 0.33 eV (58 nm), and a long lifetime (t¢) of
11 ns (see Fig. 2a for the UV/Vis absorption and emission spectrum, and
Fig. 2b for the decay). The long tF is caused, on one hand, by a small
radiative rate of 8.5 x 10’ s! (obtained via kg = ®¢/1f, see Table 1), which
indicates a moderately small oscillator strength f of the emitting
state”. This agrees with our time-dependent DFT (TD-DFT) results,
which gives f,; = 0.10 for the So>S; transition of TGlu, see Fig. 2c. On
the other hand, the nonradiative rate, k.= (1-®f)/1f, is very small
(0.5x107 s™), indicating that non-radiative decay pathways, as internal
conversion (IC) (via a CI) or intersystem crossing (ISC) to the triplet
manifold, are effectively suppressed, resulting in the high ®¢ despite
the long singlet decay time of 11 ns. We note that rigidification of the
environment by freezing the solution (Supplementary Fig. 6) or
embedding in poly(methyl methacrylate) (sold solution; Supplemen-
tary Fig. 7) does not further increase ®.

The emission properties are not strongly affected by the solvent
polarity and viscosity across largely varying solvents (Supplemen-
tary Figs. 8 ~11). The emission (absorption) maxima range from
450 nm (386 nm) in cyclohexane to 488 nm (399 nm) in ethylene
glycol (Supplementary Table 3). Despite these variations, TGlu
solutions exhibited high ®, (and consistent ®f); a notable excep-
tion is DMSO (®F=2%), which points to specific solute-solvent
interactions that are currently under investigation in our labs.

Furthermore, the hypsochromically shifted emission and absorption
for cyclohexane shows a significant reduction in ®¢ with 71%; we’ll
return to this point further down.

The moderate emission shift vs. absorption is consistent with the
quadrupolar nature of TGlu, where large solvent shifts are not expec-
ted in comparison with dipolar DA-systems®’. In fact, the emitting state
exhibits partial ICT character, as seen in the natural transition orbital
(NTO) topologies given in Fig. 2c. The partial ICT character is also one
factor for the moderately large Stokes shift of AEgiokes=0.45€eV
(3600 cm™) between absorption and emission®, besides broadening
through out-of-plane vibronic coupling (vide infra)®*°.

The visible light emission of TGlu can be understood on the basis
of simple frontier molecular orbital (FMO) considerations, since the
So©S; electronic transition of TGlu corresponds to a simple (de)exci-
tation between the highest occupied and lowest unoccupied MOs
(HOMO, LUMO; see Supplementary Table 5). For this, we compare
TGlu (which corresponds to an o,m-bis-DA substituted benzene; i.e., a
quadrupolar compound with C,, symmetry) with the o,p-bis-DA
compound (dipolar, C,,). As seen in Fig. 3a, o,m-bis-DA substitution
leads to a significantly smaller HOMO-LUMO gap (AEy,; ) in comparison
with the o,p-bis-DA compound; this complies with the expectations of
the empirical “Caliezi rule,” early established for these systems®*°', One
reason for this smaller AEy, is surely the significantly larger ICT char-
acter for the o,m-bis-DA compound in comparison with o,p-bis-DA (as
easily visible in the FMOs in Fig. 3a), despite the quadrupolar character
of the former. We note that such positional isomer effects were early
established for DA-benzenes®, predicting AEy;, as m-DA = 0-DA <p-DA,
in agreement with experiment, but in contrast to resonance
considerations®*®’, Nevertheless, the ICT character was shown to be
insufficient to explain excited-state stabilisation for multiple-DA
substitution’®. Consequently, we ascribe the additional bath-
ochromic effect of o,m-bis-DA to a di(allyl radical) resonance con-
tribution; the latter indeed corresponds to the LUMO topology, and
cannot be drawn for the o,p-bis-DA isomer, see Fig. 3a. The theoretical
considerations for o,m-bis-DA vs. o,p-bis-DA are consistent with our
experimental results on the o,p-isomer of TGlu (iso-TGlu), see Sup-
plementary Fig. 14; the absorption (emission) maximum of the latter is
found at 321 nm (350 nm), i.e., showing a hypsochromic shift of about
0.7 eV (0.9 eV) against TGlu. At the same time, iso-TGlu exhibits a much
lower ®¢ with only 1% in solution (8% in the solid state); we will return
to this point further down. These results highlight the superior per-
formance of the quadrupolar DA architecture in TGlu, which reduces
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resonance structures. b Correlation of the non-radiative rate constants (k,,;) and
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elongation of the common structural unit in the excited state compared to the
ground state. d Frontier molecular orbital (MO) energies of TGlu and TPip.

e Structural analysis through single-crystal X-ray diffraction, showing separation
distance.

the energy gap, enhances ICT, and minimises non-radiative decay
pathways.

In order to understand the suppression of the nonradiative decay
channel in TGlu, we further investigated four compounds, which share
the D-A core motif but vary the molecular structure in a systematic
manner. Starting from TGlu, we first replaced the Glu moiety by Suc
(giving TSuc), then we removed one (two) carbonyl functionalities in
Glu, giving TPid (TPip), finally we removed one D and A moiety, giving
SGlu (as shown in the insets to Fig. 2d-g). These variations allow to
systematically investigate how the number and (electronic and steric)
nature of D and A impact the overall optical and photophysical prop-
erties of the molecules.

As shown in the Fig. 2d-g, we observed a bathochromic shift in
absorption and emission when going from SGlu (Aubs.=321nm;
Aem.=371nm) and TPip (308 nm; 383 nm) via TPid 343 nm; 450 nm)
and TSuc (386 nm; 469 nm) towards the target compound TGlu
(395 nm; 461 nm). At the same time, the quantum yields in solution
increase systematically as 1, 2, 13, 56 and 94% in the same order (i.e.,
SGlu, TPip, TPid, TSuc and TGlu), respectively. Plotting k,, and ®f
against the Franck-Condon energy (Egc, which corresponds, in a first
approximation, to A,,s’"), we observed an unusual trend in the corre-
lation between Egc and k,, (or ®¢) in solution as shown in Fig. 3b. In
fact, the smaller Egc the larger ®¢ and the smaller k,,; we further note

that also iso-TGlu (Erc=3.86 eV, ®r=0.01) agrees very well with this
trend. This behaviour goes against the common energy gap law (EGL),
and thus indicates that k,,, cannot be derived on the basis of Fermi’s
Golden Rule”™ Instead, such inverted EGL (IEGL) was earlier ascribed to
the appearance of a conical intersection (CI) at the So/S; PES*¢*%5;
here, for a given series of structurally related compounds, Egc largely
varies, but the CI energy is essentially invariant, see Fig. 1b*°%¢>%5 The
Cl invariance was ascribed to the localised electronic nature in that
region of the molecule, where the structural change on the path
towards the CI proceeds; the latter was in fact found to be the struc-
tural moiety which is inherent to all compounds of the given series®* .

Such an inherent common structural unit is indeed present in the
SBF series, depicted in Fig. 3c. In Sy, the benzene core is found to be
delocalised, while the carbonyl groups are connected via single bonds,
dis=1.49 A, according to the DFT calculations. In the S; state the d;,
(dy2) bonds are somewhat elongated due to the presence of the DA
motif*, while d,4 (d;4) shortens. These changes are consistent with the
change of the bonding character in the HOMO and LUMO, see Fig. 3a
(such considerations were recently detailed for different compound
families”>’*). This is associated to the dominance of polar and biradical
resonant structures in S, (vide supra), while neutral resonant structures
dominate Sy, see Fig. 3c. These changes upon Sy~S; excitation open
the path towards the Cl. In fact, according to our MRSF-TD-DFT
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calculations (see Supplementary Information for details), the CI
geometry of TGlu exhibits a quinoid structure, where dy4 shortens to
1.31A, while dy4 stays long with 1.43 A (Fig. 3c), reflecting broken
symmetry in the Cl. As this structural feature of the core is inherent to
all compounds reported here, the energetics of the Cl are expected to
vary less with respect to those in the FC energies. In order to investi-
gate this, we compared TGlu (i.e., highly emissive), with the symme-
trical low-emissive compound, TPip (see Supplementary Information
for details). In particular, we observe that for TGlu the Cl is clearly
above the FC point by AE = 0.3 eV, while for TPip the Cl is clearly below
(AE=-0.5eV) (Supplementary Fig. 16). Therefore, access to the Cl is
expected to be inhibited for TGlu, while the Cl is expected to be easily
accessible for TPip. The theoretical results thus fully rationalise, in a
qualitative manner, the experimental observation on the IEGL
behaviour.

As the So>S; electronic transition corresponds to the HOMO--
LUMO excitation in all cases, again, simple and illustrative FMO con-
siderations are sufficient to understand the energetic stabilisation
within the series of SBF compounds due to the one-electron descrip-
tion of the lowest excited state (see Supplementary Table 4). Figure 3d
compares the frontier MO energies of TGlu with that of TPip, showing a
much stronger stabilisation of the LUMO of TGlu than the HOMO. In
the first place, this stabilisation has a geometrical component, as the
core of TGlu is completely planar (6=180°; in anti-conformation),
while that of TPip is twisted (120°). To investigate this effect, we did a
rigid scan for TGlu around 6 (i.e., on both sides of the molecules, thus
keeping the C, symmetry; see Supplementary Fig. 18), which indeed
shows a significant effect of the torsional angle on the HOMO, LUMO,
and bandgap. Nevertheless, this explains only partly the large stabili-
sation of the LUMO in TGlu. We thus evoke an additional electronic
effect, enhanced resonance stabilisation (ERS)®, considering the pre-
sence of a larger number of zwitterionic resonance structures in TGlu
compared to TPip (Supplementary Fig. 19). In all, the TD-DFT calcula-
tions reproduce well the observed trends of the experimental FC
energies, allowing for a rationalisation of geometrical and electronic
contributions, which constitute the IEGL in the series of SBF com-
pounds. Notably, further evidence for the IEGL arises from the
experimental solvent dependence of TGlu fluorescence; while in more
polar solvents @ is high, as discussed (> 85%), solvation in nonpolar
cyclohexane reduces ®¢ to 71% (see Supplementary Fig. 11). This is
accompanied by a bathochromic shift of absorption to 386 nm (Sup-
plementary Fig. 8); according to Fig. 3b we thus expect a notable
decrease in ®f in good agreement with experiment. We note in this
context that solvent-dependent IEGL behaviour was previously
reported for merocyanines®; the appearance of such behaviour across
different compound families thus points to a rather general concept.

Besides the mechanistic understanding of excited state deacti-
vation, the series of SBF allows for a systematic insight into the origin
of the Stokes shift AEs,es; the latter decreases largely from TPid
(0.87 eV) via TPip, TSuc, SGlu to TGlu (0.45 eV), see Table 1. Actually,
AEgores is directly related to the spectral bandshapes®, which in turn
are determined by solvent broadening and effective vibronic coupling
(VC)*89757¢ For symmetry-allowed electronic transitions (as in the
current case), VC contains linear coupling (LC) by symmetry-allowed
in-plane modes, and quadratic coupling (QC) by out-of-plane
modes®®***”, LC is mainly influenced by the geometry change upon
electronic (de-)excitation, especially in the bond length Ag, (as
recently demonstrated for colour-pure emitters”’*), and is therefore
also sensitive to the amount of ICT character of the electronic transi-
tion. In order to investigate the influence of the substituents, we per-
formed unbiased full vibronic TD-DFT calculation on the inherent
conjugated core structure (TMe; i.e., substituting Glu in TGlu by CHs);
TMe shows substantial vibronic coupling, resulting in AEsokes = 0.44,
and with visible vibronics even at room temperature; see Supple-
mentary Fig. 20. This indicates that the unstructured features of the

experimental spectra are arising due to the presence of QC coupling of
the substituents; notably, for TGlu, this does not increase AEsyoyes as
the latter is the same for TGlu and TMe. Such behaviour is observed in
cases, when the distortion of the QC modes upon electronic (de)
excitation is small®®*¢’; in fact, the frequency for the torsional mode of
the Glu group is almost identical in Sp (23 cm™) and S; (26 cm™), arising
from the very similar PES profiles for the rotation @ in Sp and S; (vide
supra) see Supplementary Fig. 4. As a counter example we calculated
TPip with a large AEsiokes Of 0.79 €V; here the distortion is indeed
considerable between Sy (64 cm™) and S; (103 cm™); this implies an
asymmetric broadening of the spectra, and thus an increase of
AEstokes™".

Photophysical properties in solids

The emission spectrum in the polycrystalline TGlu shown in Fig. 2a is
very similar to that in solution, indicating an overall small impact of
intermolecular interactions in the solid™. This is, in fact, expected by
our molecular design concept, introducing bulky acceptors to gen-
erate quasi-isolate solid state emitters'>?. It is particularly noticed that
the onset emission is identical to solution, indicating an effective
shielding of the core units from contacting each other, so the local
polarizability is the same in solution and the solid state'>*. All this can
be directly be seen in the x-ray structure of TGlu shown in Fig. 3e,
which shows one-dimensional slipped stacks of well-separated mole-
cules (in the anti-conformation; 8 =156°) with an inter-plane separa-
tion of 4.2 A (corresponding to displacements of 6.2 A along the b-c
plane and 7.5A along the a-b plane). This diminishes specifically the
exciton coupling between the chromophores, a crucial factor for the
exciton diffusion length, which in turn is responsible for reaching trap
sites for fluorescence quenching™”. Therefore, the quasi-isolate nat-
ure of TGlu in the solid state is expected to suppress fluorescence
quenching; this is indeed the case, as TGlu maintains its high ®f in
solution also in the solid state, reaching unity (98%; see Table 1) in the
polycrystalline state. We note a significant drop in ®¢ for the measured
single crystal vs. the polycrystalline sample, which goes against the
general trend in organic materials'"; this, however, must be described
to the strong reabsorption in the large single crystal (ca. 1cm) used in
the measurement. Intramolecular factors, on the other hand, are
expected to play a minor role for TGlu, as our experiments in solid
solution had demonstrated. Conversely, TSuc and TPid exhibit mark-
edly enhanced @ in the solid state (Fig. 2d, e). For the sterically less
demanding compounds TPip, SGlu with, at the same time, high Egc, the
path proceeds essentially barrierless towards the CI, so that these
compounds show very low emission also in the solid state.

In all, the solution and solid state photophysical studies verify our
suggested design concept. The intense blue emission of TGlu with
close-to-unity ®¢ both in solution and the solid state, as well as CIE
coordinates of (0.138, 0.08) and the narrow FWHM of 0.22 eV (38 nm)
in the solid (Fig. 2a), makes TGlu an interesting compound for a wide
range of practical applications.

Design of EH-TGlu and EG-TGlu

To enhance the solubility and potential applications of the core TGlu
structure in various environments, we designed EH-TGlu and EG-TGlu.
These compounds incorporate different alkoxy donors along with
bulky hydrophobic and hydrophilic moieties (as shown in the inset of
Fig. 4a, b), respectively. Both analogues, sharing the identical core
structure with TGlu, demonstrated consistent performance with TGlu
in solution, solid and film state, all exhibiting approximately a quantum
yield 90% (Fig. 4a, b). Also, they show consistent emission properties
minimally dependent on the solvent polarity and viscosity (see Sup-
plementary Figs. 21 and 22 and Table 5 for EH-TGlu and Supplmentary
Figs. 23 and 24 and Table 6 for EG-TGlu in detail). This confirmed that
the fluorescence properties of TGlu remain stable even when different
alkoxy groups are tethered.
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Fig. 4 | Photophysical properties, stability, and PET-RAFT polymerisation.

Emission spectra of EH-TGlu (a) and EG-TGlu (b) in solution, solid, and film states.
¢ pH stability ranging from 1 to 12; three freshly prepared samples were measured
to estimate error bars. d Photostability under continuous light exposure for 50 min.
e PET-RAFT polymerisation using TGlu as a photocatalyst with CDPTA and MA, with

a summarised table of results. Supplementary Fig. 30 shows SEC trace profiles of
the polymerisations process. f Kinetic study showing the relationship between
monomer conversion and light exposure time (left), and between molecular weight
and conversion (right), indicating the living nature of the resulting polymers. g SEC
traces demonstrate block-copolymerisation without any purification.

In addition, to further evaluate the stability of TGlu, we inves-
tigated the pH stability and photostability of these fluorophores
before utilising TGlu in both solution and solid-phase applications
(Fig. 4c¢, d, respectively). As shown in Fig. 4c, EG-TGlu in tris buffer
exhibits a broad pH stability window from 2.5 to 9.2, with a hypso-
chromic shift observed at higher pH levels, around 10 (Supple-
mentary Fig. 25).H-NMR spectra indicate hydrolysis of the amide
group (Supplementary Fig. 26). Also, the emission remains stable
under continuous light exposure at the absorption maximum of
395 nm, with a slow degradation rate constant (k) of approximately
8 x10°min™ (Fig. 4d)”’.

PET-RAFT polymerisation

Given TGlu’s exceptional photostability and high @y, its largely stabi-
lised LUMO, its potential as a photocatalyst (PC) for photoinduced
electron/energy transfer reversible addition-fragmentation chain
transfer (PET-RAFT) polymerisation was investigated’®. PET-RAFT
polymerisation utilises thiocarbonylthio compounds to facilitate
degenerative chain transfer, with PCs serving as sources of energy

and/or electron transfer for radical generation”*°. In this study,
methyl acrylate (MA) was selected as the monomer, 4-cyano-4-
[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid (CDPTA) as the
RAFT agent, following established PET-RAFT methodologies. The
ground-state redox potentials against the saturated calomel electrode
(SCE) were then estimated. The photophysical and electrochemical
properties of TGlu (Eox*=-1.06V versus SCE; Eqo(S;) =2.84 eV) sug-
gest that it possesses the requisite values for effective electron/energy
transfer to CDPTA (Supplementary Fig. 27)®.. A 420nm LED light
source was employed to facilitate the excitation of TGlu (Supple-
mentary Fig. 28).

In a control experiment, polymerisation was attempted under
inert conditions for 16 h via a photoiniferter process without the
addition of a PC, which resulted in no observable polymerisation
(Fig. 4e - entry 1). This outcome is likely due to the inefficient overlap
between the 420 nm light source and the nm* absorption region of
CDPTA®. The subsequent addition of 100 ppm TGlu led to a monomer
conversion (o) of 56%, with a narrow molecular weight dispersity
(M,=7100g/mol, P=1.03) as measured by size exclusion
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chromatography (SEC) with a refractive index detector, indicating
TGlu’s effectiveness as a PC in the PET-RAFT process (Fig. 4e - entry 2).
A further increase in TGlu concentration to 500 ppm resulted in an
enhanced conversion while maintaining narrow dispersity (Fig. 4e -
entries 3-4). The living nature of the resulting polymers was confirmed
via'H NMR, which demonstrated the retention of the trithiocarbonate
functional group (3.32-3.39 ppm), indicating high end-group fidelity
(Supplementary Fig. 29). In addition, a linear relationship was observed
between monomer conversion and both light exposure time and
molecular weight (Fig. 4f). Without additional purification, block-
copolymerisation with n-butyl acrylate was successfully carried out,
yielding a distinct shift in the SEC trace while preserving narrow dis-
persity (b =1.06; Fig. 4g). In-situ thin layer chromatography (TLC)
analysis further confirmed that TGlu remained highly stable through-
out the 24h PET-RAFT polymerisation process (Supplementary
Fig. 31). These results demonstrate the highly effective performance of
TGlu as a PC in the PET-RAFT polymerisation system.

It is important to note, however, that the high ®r of TGlu, while
notable, is not the primary factor driving its photocatalytic efficiency.
Instead, the efficiency of PET-RAFT polymerisation is primarily gov-
erned by electron transfer dynamics in the photo-excited state. Com-
parative studies (Supplementary Figs. 32, 33 for TSuc, TPid,
respectively) demonstrate that TGlu surpasses other SBFs in photo-
catalytic efficiency due to its well-balanced photophysical properties,
which include an optimal excited-state lifetime and redox potential,
rather than its high emission efficiency alone.

Optical waveguiding

High quantum yield with stable emission in optical waveguiding
materials leads to stronger, more efficient, and longer-lasting light
propagation with low loss®****. To achieve minimum defects and elim-
inate grain boundaries, which is critical for reducing the light-
scattering loss, we investigated the TGlu single crystals for this pur-
pose. The well-defined one-dimensional crystal shows bright edge-
emission upon bulk excitation, indicating the potential of TGlu as an
excellent optical waveguiding material (Fig. 5a). The crystal exhibited
intense fluorescence at 464 nm, a relatively low quantum yield of 54%,
and a lifetime of 6.3 ns (Fig. 5b, c).

To accurately evaluate waveguide efficiency, we assessed the
intensity of light emitted from the tip using spatially resolved emission
spectra of an individual crystal with a focused laser. As shown in Fig. 5d,
we observed efficient optical waveguiding properties with low pro-
pagation losses (o= 6.1dB/mm).

Discussion

In this study, we successfully designed a novel single benzene
fluorophore (SBF), namely TGlu, which achieves high quantum
yields, reaching close-to-unity blue fluorescence efficiency in both
solution and solid phases. The design concept was based on the
common SBF double ortho-donor-acceptor quadrupole motif, but
with an inventive new D-A pairing, utilising sterically demanding
acceptor moieties, with the rationale to suppress both nonradiative
decay in solution and the solid state; this could be indeed fully
confirmed. Systematic studies on structural analogues elucidated
the reason for the suppressed nonradiative decay in solution, exhi-
biting an ‘inverted energy gap law behaviour’ due to thermodynamic
control on the access to the conical intersection. Finally, the versa-
tility of TGlu was demonstrated in various applications: as a highly
effective photocatalyst for PET-RAFT polymerisation in solution,
and as an efficient optical waveguide in its single-crystal form,
exhibiting low propagation losses. Overall, this study provides
valuable insights into the targeted design of small-size high-effi-
ciency organic fluorophores with potential applications in both
solution and solid phases, simplifying the design and selection
process for practical applications.

Methods

Optical spectroscopy

To study the optical properties of inverstigated chromophores (e.g.,
TGlu, TSuc, TPid, TPip, EH-TGlu, EG-TGlu), samples were preprated in
spectroscopic grade solvents (Aldrich Chemical Co.) at a concentra-
tion of 1x107° M. The optical properties of the samples were studied
through UV-visible absorption spectra, recorded on a Varian Cary50
UV/Vis spectrophotometer. Photoluminescence attributes, absolute
quantum yield, and time-resolved fluorescence lifetime were mea-
sured using a Photon Technologies International (PTI) QuantaMaster
TM spectrofluorometer. UV-visible absorption spectra were recorded
with a Varian Cary 50 spectrophotometer. Photoluminescence (PL)
emission spectra of both solutions and crystals were collected on a
Photon Technologies International (PTI) QuantaMaster spectro-
fluorometer (QM-400), equipped with a continuous 75W Xe lamp.
Emission was detected at a 90° angle using a Horiba PMT-928 photo-
multiplier tube; the spectra were corrected for the A-dependence of
the detector. For solid-state measurements, crystals were placed in
Wilmad quartz NMR tubes (Aldrich Chemical Co.) on a quartz mount.
Low-temperature measurements were carried out by immersing the
quartz mount in liquid nitrogen. Fluorescence lifetime measurements
were conducted using a time-correlated single photon counting
(TCSPC) technique attached to the spectrometer, equipped with a DD-
Cl1 picosecond diode controller, a DH-HT high-throughput TCSPC
controller, and a DeltaDiode (DD-425L) LED light source emitting at
421 nm. Mono-exponential (or bi-exponential) decay fitting was per-
formed using FelixGX software to determine the fluorescence life-
times. PL quantum yields were determined using a calibrated
integrating sphere attached to the spectrometer, with data measured
against a blank sample. Each measurement was performed four times
on freshly prepared samples to ensure consistency. All measurements
showed high repeatability, and errors are reported as +1 standard
deviation. To verify measurement reliability, rhodamine 6 G (R6G) and
coumarin 153 were studied as reference dyes following standard lit-
erature protocols®.

Structural analysis

Powder X-ray diffraction (PXRD) patterns were recorded using a
PANalytical Empyrean diffractometer in Bragg-Brentano geometry
with Cu Ka radiation, operating at 45 kV and 40 mA. The incident beam
was configured with a Bragg-BrentanoHD X-ray optic and fixed/soller
slits. X-ray detection was performed using a silicon-based linear
position-sensitive X'Celerator Scientific detector in 1D scanning mode.
PXRD data were collected over a 20 range of 3-50° with a scan rate of
0.00835° per step.

Single-crystal X-ray diffraction data were collected using a Rigaku
XtaLAB Synergy-S X-ray diffractometer with a kappa goniometer
geometry configuration. The X-ray source is a PhotonJet-S microfocus
Cu source (A =1.54184 A) operated at 50 kV and 1 mA. X-ray intensities
were measured with a HyPix-6000HE detector held 34 mm from the
sample. The data were processed using CrysAlisPro v40.82 (Rigaku
Oxford Diffraction) and were corrected for absorption. The structures
were determined and refined using OLEX2% vl.5-ac5-024 with
SHELXT®” and SHELXL®, All non-hydrogen atoms were refined aniso-
tropically with hydrogen atoms located in idealised positions.
Deposition Number 2376729 contains the supplementary crystal-
lographic data for TGlu.

Quantum-chemical calculations

Ground- and excited-state geometry optimisations were performed in
vacuum using (time-dependent) density functional theory ((TD-)DFT);
for the symmetrical molecules, the optimisation was done in the point
group C,. Energy minima were confirmed by the absence of imaginary
frequencies in the harmonic vibrational analysis. Rigid scans were
performed by fixing the torsional angle (6, @) to certain values,
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Fig. 5 | Optical waveguiding in 1-D single crystal of TGlu. a Optical microscope
images of a 1-D single crystal of TGlu with bright field (left) and focal excitation at
body (right). Emission (b) and lifetime decay (c) spectra of the crystal. d Intrinsic

loss coefficient measured from the plot of propagation distance-dependent relative
tip emission intensity (scale bar =100 um in a, d).

running single-point calculations on these geometries. MO topologies
were plotted with ChemCraft, using a contour value of 0.02. For the
optical properties, all calculations were performed at the time-
dependent DFT (TD-DFT) level in vacuum and in DCM. For all cases,
the B3LYP functional (6-311G(d) basis set) was applied, as imple-
mented in Gaussian 16 programme®® Solvent effects were described
using a polarisable continuum model (PCM)*°. system due to the
consideration of the dispersion correlation. For TGlu-DMSO optimi-
sation, the S-Ocarbony! distance was fixed to the van-der-Waals distance
(3.3 A), and the D3-B3LYP functional was used to account for disper-
sion effects.

Vibronically resolved spectra were calculated using FCclasses3,
including thermal population at 298K"; here, geometries and
vibrational modes were obtained by the D3-B3LYP functional for
the optimised geometries and vibrations in SO and S1, which was
found to perform well for the spectral position and band shapes. To
display the spectra in the wavelength scale, the calculated emission
spectrum was divided by A% Gaussian broadening with a width
of yG=0.07eV was applied in all cases to compare with the
experiment.

In order to explore the path towards the conical intersection, the
excited-state transition state was optimised at the TD-DFT level only,
for which analytical second derivatives of the energy with respect to
nuclear coordinates could be computed. The mixed-reference spin-flip
TD-DFT (MR-SF-TD-DFT) method’* was used to locate conical inter-
sections, as it allows a correct description of the potential energy
surface topology where the ground- and first excited state couple®. All
the MR-SF-TD-DFT calculations were performed with the recom-
mended restricted open-shell BHHLYP functional’* and the 6-31 G(d)
basis set using GAMESS™. MO topologies were plotted with Chem-
Craft, using a contour value of 0.02.

PET-RAFT Polymerisation

A typical PET-RAFT procedure for the reaction with a monomer-to-
RAFT agent ratio of [MAL:[CDTPA] =[100]:[1] was conducted as fol-
lows. The inhibitor in methyl acrylate (MA) was removed by passing it
through a basic aluminium oxide column. A stock solution of TGlu was
prepared at a concentration of 10 mg/mL in anhydrous DMF. A 20 mL
glass vial, equipped with a stirring bar, was charged with MA (1.0 mL,
11.1mmol), CDTPA (45.0 mg, 1.11-10-1mmol), TGlu stock solution
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(0.22mL (2.2mg), 5.55:10°> mmol for 500 ppm) and an additional
0.78 mL of anhydrous DMF as the solvent. The vial was then capped
with a rubber septum, sealed with parafilm, and purged with argon
(99.99%) for 30 min. Polymerisation was subsequently performed
under 420 nm LEDs at room temperature. After the polymerisation
process, a 0.2 mL aliquot of the reaction mixture was removed using a
syringe. The aliquot was split, with 0.1 mL dissolved in CDCl; and
0.1mL in THF. These samples were immediately analysed without
storage’:H NMR was used for conversion and end-group analysis, SEC
for molecular weight (MW) and dispersity (D) analysis. The molecular
weights (MWs) and molecular weight distributions of the synthesised
polymers were determined using size exclusion chromatography (SEC)
with a Waters 1515 isocratic HPLC pump, coupled to a refractive index
(RI) detector (Waters 2414). The analysis was performed with three
Styragel columns (HR 1, HR 3, HR 4, Waters) using tetrahydrofuran as
the eluent at 35°C and a flow rate of 0.8 mL/min. Polystyrene stan-
dards were employed for calibration.

Optical waveguiding

The optical properties of the TGlu crystal, including colour charge-
coupled device (CCD) imaging and fluorescence spectroscopy, were
measured using a custom-built laser confocal microscope (LCM) system
with high spatial resolution (< 200 nm). To accurately characterise planar
optical waveguiding effects, the LCM system was modified to separate
the positions of the incident laser from those of the detector. The precise
positioning of the incident laser was achieved using a piezoelectric 2D
positioning system (Albatross, Nanofocus Inc.). The excitation wave-
length (Ae,) was set to 395 nm for both luminescent colour CCD imaging
and fluorescence spectra acquisition, recorded using a GF-033C-IRF
(Allied Vision) and an SR-303I-B (Andor), respectively.

Data availability

The data supporting the findings of this study are available in the
Supplementary Information. Source data for the main figures are
provided in a separate Source Data file. All electronic structure files are
included in Supplementary Data 1. Additional data supporting the
Supplementary Information are available from the corresponding
authors upon request. Source data are provided in this paper.
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