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Tuning NIR Absorption and Emission of
Diphenyl-Dihydrophenazine-Based Merocyanines with Ultra

Narrow Band Gap

Katetina Teichmanova, P! Stanislav Lunak Jr. ! Karel Pauk,! Lukag St¥izik 19!
Zdenka Razickova, [ Tomas Mikysek,[! Klara Melanova,! Ales Imramovsky,*®!

and Kazuhiko Nagura*[!

Five  merocyanine derivatives with a  5,10-diphenyl-
dihydrophenazine donor and various indanone-and indandione
based-acceptors with one or two dicyanovinylene groups were
prepared by Knoevenagel condensation for tuning absorption
and fluorescence in the near-infrared region. Molecular confor-
mation, bond length alternation, and molecular packing in the
solid state were studied by X-ray diffraction of single crystals in
combination with density functional theory (DFT) calculations.
By enhancing electron-accepting ability, a considerable decrease
of lowest unoccupied molecular orbitals (LUMO) energy by 1.01
eV and retained highest occupied molecular orbitals (HOMO)

1. Introduction

The solar light falling on the Earth’s surface covers a wide spec-
tral range from ultraviolet (UV, 250 nm-380 nm) over visible (Vis,
380 nm-740 nm) to infrared (IR, 740 nm-2500 nm).!" The absorp-
tion threshold of materials is given by an optical band gap (),
that is, the difference between the highest occupied (HOMO)
and lowest unoccupied molecular orbitals (LUMO) energy lev-
els. Besides other physical properties, such as high absorptivity,
exciton dynamics, and charge transfer ability, materials utiliz-
ing infrared radiation effectively (e.g., in organic photovoltaics
(OPV)) must have at least a narrow band gap (E; = 1.6 eV-
13 eV)?! or even an ultra-narrow band gap (E; < 13 eV).

energy within 0.13 eV were estimated by cyclic and rotating
disc electrode voltammetry, relating semi-quantitatively to DFT
prediction. Optical properties in solutions with various polarity,
neat amorphous films, and crystalline powder states were stud-
ied. The absorption maxima of the neat films evolved from 545
nm to 931 nm. An ultranarrow optical band gap of DPPZ-IDD
(1.09 eV) was found from the onset of thin film absorption and
well agreed with the electrochemical gap of 0.93 eV. Detectable
fluorescence in the NIR region was observed in the film and
polycrystalline powder states.

On the other hand, the materials for biological imaging and
therapeutics (theranostics) emitting over 1000 nm are of great
importance,'**! because biological tissues are more transparent
and scatter less in so-called NIR | (650-1000 nm) and especially
NIR Il (1000 nm-1700 nm) spectral windows.[! Besides the above-
mentioned utilities, the applications like infrared detectors,””? NIR
Organic Light-Emitting Diodes (OLEDs),!®! NIR solid-state lasers!®!
and the materials for photoacoustic bioimaging!'®! are hot top-
ics of scientific research. Thus, the development of new-infrared
absorbing and emitting organic dyes is of general importance.
Except for exotic chromophores with an open electronic
shell,/™ typical organic NIR chromophores and fluorophores can
be classified as ionic (e.g., cyanines, rhodamines), intraionic
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Figure 1. A) Previous and current synthetic approaches to DPPZ-EWG derivatives, together with the nomenclature of the compounds in this study. B)
Graphical representation and bond length alternation tendency of DPPZ-EWG for A) neutral form, B) cyanine limit as an intermediate, and (c) zwitterionic

form.

(e.g., squaraines, BODIPY), or coordination complex (e.g.,
phthalocyanines).”! Widely employed molecular design strate-
gies for neutral molecules to achieve a bathochromic shift in
absorption and fluorescence are conjugation extension™ and
intramolecular charge transfer (ICT) between electron-donating
(D) and electron-accepting (A) groups through a conjugated
bridge (). If considering all three molecular components (D,
7, A) separately, their changes enable tuning of the energies
of both frontier orbitals. Typically, an increasing strength of
a donor part mainly destabilizes HOMO of a molecule, rais-
ing the strength of an acceptor moiety stabilizes LUMO, and
conjugation extension may support both trends. Furthermore,
the absolute HOMO and LUMO energy levels of materials in
electronic devices like OPV cells or OLEDs must be harmo-
nized with the energy levels of other components of a device,
which complicates achieving the required narrow band gap.>"!
Besides the simplest D-7-A arrangement, quadrupolar A-r-D-
7-A architectures are popular in organic photovoltaic materials
as various modifications of ITIC and Y6 electron acceptors."
The 3-dicyanomethylene-indanone (IDO in our nomenclature in
Figure 1) unit is typically used as a terminal electron-withdrawing
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group (EWG) in these nonfullerene electron acceptors.”?! On the
other hand, compounds with D-7-A-7-D architecture are more
frequently used in the OLEDs area, because of their ability to
emit in the NIR region in solid state.®!

Merocyanines are a special class of D-7-A chromophores
with usually a polymethine chain, typically an amine donor and
a carbonyl acceptor.'™ Polymethine dyes are characterized by
an odd number of methine (sp? hybridized) centers and an even
number of m-electrons.”! Optical and electronic properties of
merocyanines are usually interpreted via the contribution of
neutral and zwitterionic resonance structures. The formation
of centrosymmetric antiparallel stacks by strong electrostatic
interactions is frequently observed in the crystalline state and is
often considered as a main reason for the absence of solid-state
fluorescence.™ Among merocyanines derivatives, styryl dyes
(streptomerocyanines) are categorized as a distinct subclass with
a styryl unit and an even number of -electrons distributed over
an odd number of m-centers between D and A."°! Typically,
they are prepared by Knoevenagel condensation of 4-amino-
arylaldehyde with active methylene compounds. Regioisomeric
styryl dyes with an amino donor at meta position fall outside

© 2025 The Author(s). Chemistry — A European Journal published by Wiley-VCH GmbH

88UBO |7 SUOWIWOD dAIERID |qedl|dde 8y} Aq peusenob ae saole YO 8sN Jo 3N 0y Akeiqi8uluQ 8|1/ UO (SUORIPUOD-pUe-SWR}W0D" A3 | 1M Ae.q 1 BUIUO//SANY) SUORIPUOD Pue SWIB 1 8L} 885 *[S202/20/.2] uo ArigqiTaulluo A3|IM * 1o4 @imsu| luoieN -einBeN 0Xiunzey Aq 798105202 Weyd/Z00T 0T/10p/wod A8 im Ariqipuluoadoine-Ans iweyo//sdny woly papeojumoq ‘zv ‘§202 ‘S9LET2ST



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

ChemEur] doi.org/10.1002/chem.202501864

the definition of streptomerocyanines because of an even
number of m-centers between D and A. Therefore, these meta
chromophores show a bathochromic shift of the longest absorp-
tion maximum with a smaller molar coefficient and red-shifted
fluorescence compared to the para chromophores.!"!

Free-rotating propeller-like triarylamines and partially fixed
9-aryl-carbazoles are frequently used as terminal electron-
donating groups. For emitting DA derivatives, the combination
of these donor groups with a sufficiently strong acceptor can
induce solid-state fluorescence (SSF) in the NIR | region.l"
Furthermore, the bridging of the triphenylamine core by het-
eroatoms including oxygen, sulphur, and nitrogen atoms can
enhance the donating ability and cause a red shift in absorption
and fluorescence spectra.!”’ Among them, symmetrical 5,10-
diphenyl-dihydrophenazine (DPPZ) is an electron-rich unit with
a high HOMO level.”2l Symmetrically modified DPPZ derivatives
with aryl substitutions at positions 5 and 10 have demon-
strated enhanced solid-state emission'?! and thermally acti-
vated delayed fluorescence® as well as stable radical cations
formation,'®! singlet oxygen generation® and efficient pho-
tocatalytic activity.! An absorption of the reported DPPZ
derivatives always falls into the visible region and their fluores-
cence sometimes achieves between Vis and NIR borderline.2*
Direct introduction of strong EWG on dihydrophenazine core to
form asymmetrical DA compounds is limited to dicyanovinylene
(DCV)I?"! and cyanopyridine-vinylene?®! (Figure 1). However, this
strategy has the potential to shift fluorescence maximum further,
as observed for DPPZ-DCV nanoparticles (700 nm).

Previously we had developed a series of D-r-A-type stilbene
derivatives for SSF. We succeeded in tuning fluorescence colors
from visible to NIR regions by introducing diphenylamino donor
and various EWG and by controlling the polymorphism in the
crystalline states.!””! To develop novel chromophores with nar-
row band gap and fluorophore in the NIR regions, we designed
a series of merocyanine derivatives with strong DPPZ donor and
indanone-based acceptors (Figure 1A). We systematically investi-
gated the LUMO energy levels of the indanone acceptor units
by modifying the number of terminal EWG with the expected
sequence from 10 < 100 <ID < IDO < IDD.BY! Although the
effect of these units comes from a complicated influence of
(branched) conjugation extension and heterosubstitutions, con-
sidering them as the complex acceptors on styryl conjugated
bridge appeared sufficient for the interpretation of experimental
results in most cases. We envisioned that this acceptor mod-
ification affects the balance between neutral and zwitterionic
electronic structure of the merocyanine skeleton as well as their
optical and electronic properties. Here, to reveal these structure-
property relationships and the intrinsic effect of meta nitrogen
atom of DPPZ toward the merocyanine skeleton, we have estab-
lished synthetic routes for this series. Their molecular geometry
and packing structure in crystalline state were characterized
by X-ray diffraction (XRD). Their electrochemical properties as
well as HOMO and LUMO energy levels were estimated by
cyclic voltammetry (CV) and rotating disk electrode voltammetry
(RDEV). Furthermore, their optical properties, including absorp-
tion and fluorescence spectra in various environments, were
investigated in conjugation with quantum chemical calculations
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based on density functional theory (DFT) and time-dependent
(TD) DFT calculations.

2. Results and Discussion

The preparation of the target molecules DPPZ-EWG began with
the synthesis of the key intermediate DPPZ-CHO. Previously,
DPPZ-CHO was obtained through a two-step process starting
from a condensation of N,N-diphenylbenzene-1,2-diamine and
3,4-difluorobenzonitrile in the presence of sodium hydride
followed by reduction of nitrile with diisopropylaluminium
hydride.”! A direct method for preparing the monoaldehyde
derived from the N,N-dimethyl-dihydrophenazine has been
only partially described.® In contrast, our novel approach
to DPPZ-CHO was carried out according to Scheme 1 from
commonly available, safe, and inexpensive starting compounds.
Phenazine was first reduced by sodium dithionite with quan-
titative yield, according to literature.>! Arylation of obtained
5,10-dihydrophenazine using Buchwald-Hartwig amination
in the presence of a Pd catalyst afforded N,N-diphenyl-5,10-
dihydrophenazine (DPPZ) in a moderate yield of 52%.1*? As a
direct formylation approach, a straight and industrially applica-
ble method of Vilsmeier-Haack formylation provided DPPZ-CHO
as the major product (63% isolated yield). DPPZ-CHO was further
converted into six DPPZ-EWG derivatives containing different
acceptor groups with increasing electron-withdrawing ability. To
improve the electron-accepting properties, one or both carbonyl
groups in 1-indanone (I0) and indane-1,3-dione (I00) were selec-
tively functionalized by malononitrile in the presence of sodium
acetate.!®! Knoevenagel condensations between the aldehyde
group of DPPZ-CHO and the activated methylene group of
acceptors were performed in the presence of pyridine or piperi-
dine as a base, except for compounds DPPZ-IO and DPPZ-IDD.
For DPPZ-IDD, an optimized acidic media in acetic anhydride
was necessary because of the high stability of the deprotonated
intermediate IDD~ without enough nucleophilicity under basic
conditions.!*! All target compounds were purified by column
chromatography, recycling high-performance liquid chromatog-
raphy (HPLC), and subsequent recrystallization. Their molecular
structures were confirmed by 'H, ®C NMR, and high-resolution
mass spectrometry (HRMS).

Most of the compounds in this study formed single crystals
suitable for X-ray crystallographic analysis (Figure S1). Crystals of
DPPZ-CHO were formed as twins, which led to the static disorder
treated by standard operations and attributing electron max-
ima to pairs of atoms with occupancy of 66/34. Two polymorphs
of DPPZ-DCV were obtained: the reported polymorph was
obtained from ethyl acetate,'””! while the new polymorph was
crystallized from either CHCl; or CH,Cl,. The solvent molecules
(CHCI;) were present within the crystal structures of DPPZ-DCV
(parallel), DPPZ-10, and DPPZ-100. Merocyanines with only car-
bonyl acceptor often tend to accommodate solvents into crystal
lattice.!*" Except major prismatic crystals of DPPZ-I00 included
CHCl; via the weak hydrogen bond between chloroform C—H
and O=C of acceptors, further needle crystals could be manually
separated from the crystallization crop. The conformation and
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Scheme 1. Synthetic route of DPPZ-EWG. Reaction conditions: A) malononitri

le, piperidine, CH,Cl,, RT, 20 minutes; B) 1-indanone, 6M NaOH, CHCl;, rt, 18

hours; C) indan-1,3-dione, piperidine, ethanol, reflux, 18 hours; D) ID, piperidine, toluene, reflux, 18 hours; E) IDO, pyridine, ethanol, reflux, 18 hours; F) IDD,

Ac,O, reflux, 5 minutes.

packing arrangement of the needle crystals of DPPZ-I0O0 were
similar to those of prismatic crystals of DPPZ-I0 where the chlo-
roform C—H directed toward the electron-rich dihydrophenazine
ring A (Figure 2). Solvent-free crystals of DPPZ-ID and DPPZ-IDO
were obtained from ethyl acetate. Unfortunately, the attempts to
obtain single crystals of DPPZ-IDD suitable for single-crystal XRD
failed. The crystallographic parameters are summarized in Tables
S1-S7, data are stored within the CSD (Nos. 2434164-2434170).

To obtain structural insights about conformation and bond
length alternation (BLA) in solution state, we conducted DFT
calculations of DPPZ-EWG. The optimized structures in solu-
tion state were estimated at the CAM-B3LYP/6-311G(d,p) with
CHCI; involved through polarizable continuum models (PCM)
(Figure S3). Monomethine merocyanines DPPZ-EWG may exist in
either s-trans or s-cis conformation with respect to the exocyclic
single bond in neutral form.?5 The differences in the calcu-
lated energies of both conformers are comparable (Table 1), s-cis
conformations are thermodynamically a bit more stable than
s-trans conformations for all derivatives. The calculated energy
barriers with respect to ¢; rotation are slightly higher (e.g.
~9.0 kcal'mol™ for DPPZ-I00 and ~7.4 kcal-mol™" for DPPZ-
IDO) than that of a conventional single bond but are not high
enough to prevent a thermal equilibrization of both conformers
in the ground state. Thus '"H NMR spectrum of DPPZ-EWG indi-
cated averaged structures of rotamers at room temperature. DFT
calculations imply perfectly coplanar dihydrophenazine donor,
methine bridge, and acceptor, and exactly perpendicular side
phenyls C and D for DPPZ-CHO, DPPZ-DCV, DPPZ-IO, and DPPZ-
100 in both conformations. For s-cis conformations of DPPZ-
IDO, DPPZ-ID, and DPPZ-IDD, insertion of sterically demanding
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dicyanovinyl groups into indan(di)one twists a molecule mainly
around the methine single bond with dihedral angles of ¢; =
6°, 13° and 20°, respectively. Theoretically, the exocyclic methine
bonds of DPPZ-IH without an electron acceptor considerably
alternate, that is, bond lengths ¢ and d are 1.468 A and 1.334 A
(Table 1). DPPZ-10 with the weakest acceptor has the shorter sin-
gle bond (1453 A) and the longer double bond (1341 A) than
DPPZ-IH. This trend continues with the rising strength of the
acceptor; for example, for DPPZ-IDO, these bond lengths are
1433 A and 1.369 A.

We compared the molecular structures of DPPZ-EWG,
obtained from crystals, with DFT-optimized structures to reveal
the effect of intermolecular interactions on structural parameters
(Figure 2). In crystal structures of DPPZ-10 and both polymorphs
of DPPZ-DCV, DPPZ-ID, and DPPZ-IDO, the s-cis conformers
were observed in accordance with the calculation. The only
exception was found in prismatic crystals of DPPZ-I00, which
was ascribed to the blocking of a position of 100 by CHCl;,
fixed through a C—HO=C interaction instead of a CH—x
interaction for side phenyls C and D. Intermolecular interactions
led to significant deviations from the calculated structure in
dihedral angles around the side-phenyl groups and the methine
double bond (¢,). For instance, in the most distorted DPPZ-IDO,
both side phenyls C and D were rotated only about 75° from
dihydrophenazine plane, and the twists around both methine
exocyclic bonds (¢; and ¢,) were close to 20°. Such a huge twist
around the formally double bond in a neutral form relates well
with the evolution of bond lengths, when going from weaker to
stronger acceptors (Table 1). The experimental bond lengths ¢
and d semi-quantitatively agree with calculations, being 1.453(2)
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Figure 2. Molecular structures of DPPZ-EWG in ORTEP view, drawn at the 50% probability level.

with bond length equalization has equal contribution of both
neutral and zwitterionic forms and is usually achieved for mero-

A and 1.344(2) A for DPPZ-I0 and 1.428(2) A and 1.376(2) A for
DPPZ-IDO. Furthermore, the bond lengths a between para

nitrogen atoms and styryl bridges were considerably shortened
from 1398(2) A (DPPZ-10) to 1.380(2) A (DPPZ-IDO) with increas-
ing acceptor strength. Therefore, these trends in BLA apparently
indicate the increasing weight of zwitterionic resonance form
in the electronic structure both in solution and crystal states
(Figure 1Bc). Nevertheless, all compounds fall into the polyene-
like interval, not the betaine-like one."™! The cyanine limit

Chem. Eur. J. 2025, 31, €202501864 (5 of 16)

cyanines with either a pure polymethine-type bridge3**®! or
five-membered heterocycles.®%! The aromaticity of a benzene
ring in the styryl bridge probably suppresses overcoming the
cyanine limit leading to quinoidization even for a combination
of a strong donor and a strong acceptor.

Specific nearest-neighbor intermolecular interactions in
molecular packing were highlighted (Figure 3). Especially,
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Table 1. Structural parameters of DPPZ-EWG in optimized structure (DFT: CAM-B3LYP/6-311G(d,p) with CHCl; involved through PCM) and crystal structure.

~ QL
G

ot 0P gldl plcl a e
DPPZ-EWG AE,) Exp Exp Theor Exp Theor Exp Theor Exp Theor Exp
IH!4! cis 0.146 1.403 1406 1468 1334
trans 1403 1.405 1.469 1333
10 cis 0.535 11.08 —1.27 1394 1.398(2) 1.404 1.405(2) 1.453 1.453(2) 1.341 1.344(3)
trans 1.395 1404 1.454 1.340
100 cis 0.290 1.384 1.405 1.437 1.356
trans 177.65 —179.30 1.385 1.382(2) 1404 1.409(2) 1.437 1.433(2) 1357 1.365(2)
ID cis 0.499 552 1.97 1.389 1.384(3) 1.403 1.406(3) 1.449 1.443(4) 1.352 1.357(4)
trans 1.390 1.402 1.451 1.350
IDO cis 0.304 18.92 25.76 1378 1.380(2) 1404 1.409(2) 1433 1.428(2) 1.369 1.376(2)
trans 1379 1.404 1433 1.368
IDD cis 1122 1.380 1400 1.436 1364
trans 1.383 1.400 1.442 1.360

[
! Dihedral angles [°].

(9 Selected bond lengths [A].

[ Hypothetical indan compound with X = Y = H,.

2l Energy difference between s-cis (left) and s-trans (right) conformers [kcal-mol~"].

m-stacking motifs are at the center of our interest, as they con-
siderably affect the photophysical properties in solid state.[?>3!
Except for DPPZ-CHO, all compounds formed r-stacked dimeric
structures in the crystal packing. DPPZ-I0O0 (needle crystals)
formed nearly the same type of w-stacking as DPPZ-10. The
packing of the rest of the compounds is shown in Figure 3.
As for other reported monomethine merocyanines, the most
important packing motif is the formation of columns with
alternating dimers in an antiparallel arrangement.>®! The only
exception within our set was the new polymorph of DPPZ-DCV.
The infinite columns with parallel arrangement of the molecules
were formed by the m-m stacks with an overlap between B
and A of adjacent molecules and were interconnected with
adjacent columns by CH-7 interaction between side phenyls D
and unsubstituted phenazine benzene rings A. In the antipar-
allel polymorph of DPPZ-DCV, molecules in the m-m stacked
dimer interacted through a wider overlap of DCV vinyl with
unsubstituted A rings of dihydrophenazine with an interplane
distance of 3.929 A. In addition, another molecule stacked with
the B ring of dihydrophenazine with narrower overlap and
closer interplane distance (3.300 A). Close (proximal) - stacks
in DPPZ-I0 and DPPZ-I00 solvates were formed through an
overlap between the indan(di)one benzene ring with one of the
phenazine rings, while distant (distal) dimers were formed by
a mutual indan(di)one overlap. Both closer and distant dimers
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of DPPZ-ID were formed by similar interactions between DCV
and either unsubstituted benzene ring A or substituted benzene
ring B of dihydrophenazine, respectively, as in the antiparal-
lel polymorph of DPPZ-DCV. In DPPZ-IDO, both alternating
-t stacked dimers arose from an overlap of acceptor parts,
either in a benzene-vinylene (closer) or benzene-benzene (dis-
tant) fashion. Such dimers with specific 7-stacking are critical
because they significantly impact exciton coupling and related
photophysical properties.

Electrochemical measurements of DPPZ-EWG were carried
out primarily using CV and RDEV to investigate the trend of
electron donating and accepting strength. The cyclic voltam-
mograms of DPPZ-EWG derivatives showed one-electron irre-
versible reduction process and two reversible oxidation pro-
cesses (Figures 4 and S2). These results imply stability of radical
cation and dication species and instability of radical anions.!
The first half-wave redox potentials from RDEV and estimated
HOMO and LUMO energy levels are summarized in Table S8,
together with the results of DFT calculations based on the
energy differences between adiabatic neutral species in the sin-
glet ground state and charged radical ions in the doublet state
involving the solvent effect of acetonitrile.***] The first and
second oxidation potentials of DPPZ-EWG with indan(di)one
acceptors were negatively shifted compared to DPPZ-CHO and
DPPZ-DCV, probably due to the extended conjugation, even
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Figure 3. Columnar arrangement of DPPZ-EWG with alternating close and distant dimers. For DPPZ-DCV (parallel), highly disordered solvent (CHCl3)

density was removed by the SQUEEZE program.

though stronger electron acceptor groups were introduced. On
the contrary, lower reduction potentials are presumably dom-
inated by the intrinsic electron-accepting ability of acceptor
units. These experimental results agree well with the estima-
tion from DFT calculations. Results show the marginal differences
in HOMO energy within the set and dramatic differences in
LUMO energies, for example, more than 1 eV between DPPZ-
10 and DPPZ-IDD. DPPZ-ID, DPPZ-IDO, and DPPZ-IDD show
ultranarrow electrochemical gap (Figure 5). Not surprisingly, spin
densities of radical cation and anion are mainly localized on
dihydrophenazine donor and indan(di)one acceptor, respectively
(Figure 6).

The main task of the molecular design, that is, tuning
absorption and emission bands toward the infrared region
through the strength of an acceptor, was accomplished. In
Figure 7A, the absorption spectra in chloroform followed the
trend of a bathochromic shift with decreasing LUMO energy
and achieved the NIR region for DPPZ-ID (695 nm), DPPZ-IDO
(778 nm), and DPPZ-IDD (880 nm). These absorption max-

Chem. Eur. J. 2025, 31, €202501864 (7 of 16)

ima of DPPZ-EWG were significantly bathochromically shifted
compared to their analogues with triphenylamine or carbazole
donors in dichloromethane.[%3%! Especially, the bathochromic
shift of DPPZ-IDD reached up to 240 nm by introducing meta-
nitrogen atom. PMMA film of these compounds showed a similar
trend with respect to the acceptor strength (Figure S8), but
they are always slightly blue shifted with respect to the CHCl;
solutions. Absorption of amorphous thin films showed further
bathochromic shift (Figure 7B). Their longest wavelength onsets
implied narrow band gaps for DPPZ-100 (1.51 eV) and DPPZ-ID
(130 eV) and even ultranarrow optical band gaps for DPPZ-
IDO (1.16 eV) and DPPZ-IDD (1.09 eV). The exact values of all
absorption maxima are summarized in Table S10. In addition to
this straightforward dependence of the absorption maxima on
the acceptor strength, several other optical properties require
further discussion. These include the nature of the electronic
transitions between the ground and excited states, the vibronic
structure of the spectra, solvatofluorochromism, fluorescence
intensity, and the emission behavior in thin films and crystals.
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Figure 5. Graphical presentation of HOMO and LUMO energies and
electrochemical gaps of DPPZ-EWG.
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monoexcited configuration HOMO—LUMO, HOMO—LUMO+1,
and HOMO-1—LUMO, respectively. The first transition of DPPZ-
IDO, named CT;, is the same for all other compounds except
DPPZ-IDD calculated by B3LYP (Table 2). The So—Ss transition of
DPPZ-IDO, named CT,, relates to So—S, of DPPZ-ID (Figure S4).
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Table 2. Summary of electronic transitions of DPPZ-EWG with s-cis conformations calculated with TD DFT at the B3LYP and CAM-B3LYP/6-311G(d,p) with

PCM (CHCl3).

B3LYP CAM-B3LYP Exp.

So—S So—S; So—S3 So—S1 So—S) So—S3 So—S
Compounds E [eV] foscl?! E [eV] foscl?! E [eV] foscl?! E [eV] fosc!?! E [eV] fosc!?! E [eV] foscl?! E [eV]b]
DPPZ-CHO 2.56 0.12 327 0.08 3.28 0.00 3.07 0.13 3.86 0.19 42 0.00 2.62
DPPZ-10 212 0.40 31 0.05 3.18 0.00 2.84 0.48 3.70 0.29 372 0.00 229
DPPZ-DCV 2.05 0.34 325 0.00 34 0.00 253 0.45 373 0.08 3.99 0.82 2.08
DPPZ-I00 1.90 0.44 234 0.01 3.15 0.00 246 0.56 3.57 0.01 3.62 0.00 1.89
DPPZ-ID 1.66 0.55 2.87 0.49 3.04 0.06 232 0.68 349 0.42 3.61 0.02 178
DPPZ-IDO 1.60 0.45 1.98 0.10 2.83 0.48 217 071 296 0.02 3.46 0.52 1.59
DPPZ-IDD 144 0.03 158 0.50 2.60 0.8 1.99 0.49 238 on 323 0.16 1.41

lal Oscillator strength.
! The longest absorption maximum in CHCl; solution.
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Figure 8. The experimental absorption spectrum of DPPZ-IDO in CHCl; and
calculated excitation energy bars computed using s-cis geometry with TD
DFT at the B3LYP/6-311G(d,p) with PCM (CHCl3). The characters of
charge-transfer (CT) and charge-separation (CS) transitions are
demonstrated in Figure 9.

Both CT; and CT, transitions show nearly the same “particle”
natural transition orbitals (NTOs) delocalized on methine and
acceptor moieties and similar “hole” NTOs mainly delocalized on
dihydrophenazine with a bit different molecular orbital shape
between HOMO and HOMO-1 (Figure 9). The crucial charac-
teristics of both these charge transfer transitions is a more
effective depletion of an electron density from meta nitrogen
atom, as compared to para nitrogen, which is typical for sim-
ple meta chromophores, as compared to regioisomeric para
chromophores.[*®! Thus, the transition to the S; state is going on
pre-polarized electronic structure with the effect of para nitro-
gen donor in the ground state in contrast to conventional meta
chromophores. Not surprisingly, the energies of CT; and CT,
transitions of DPPZ-IDO are closer to DPPZ-ID than to DPPZ-I00
(Figures 7, 8, and S4), as the local DCV group is a consider-
ably stronger acceptor than carbonyl in complex IDO acceptor
(Figure 9). Altogether, considering two nitrogen atoms and two
acceptor terminals separately is crucial to understand these two
CT transitions. On the other hand, the S,— S, transition of DPPZ-
IDO, named CS, is significantly different from CT transitions and
re lates to So—S, of DPPZ-I00 (Figure S4). It can be character-
ized as an enhanced electron transfer from dihydrophenazine
donor to an indan(di)one acceptor, leading to partial (DPPZ-IDO

Chem. Eur. J. 2025, 31, €202501864 (9 of 16)

on Figure 9) or even full (DPPZ-I00 on Figure S4a) charge sep-
aration. On the contrary to both CT states, the CS one shows
a tendency to adopt an ortho-quinodimethane-like electronic
structure on indan(di)one benzene ring in the S, state. While
CT; and CT, transitions can be easily detected as the distinct
bands with moderate oscillator strengths (f,s) in the absorp-
tion spectrum, CS transition is too weak due to small f,s. and
manifests itself only as a shoulder on short-wavelength region
of CT; band (Figure 8). Superposition of an intense CT; band
at a shorter wavelength and a weaker CS band at a longer
wavelength would cause an asymmetrical shape of the longest
absorption band of DPPZ-IDD at 880 nm compared to all other
compounds (Figure 7).

While the absorption spectra in chloroform are blurred
(Figure 7A), well-structured absorption bands with vibronic
pattern can be observed in cyclohexane (Figure 10). The
wavenumber differences between 0-0 and 0-1 vibronic bands
in DPPZ-I0O and DPPZ-DCV were around 1200 cm~', which
corresponds well with the C—C bond stretching vibrations of
merocyanines.[**! Except for a twisted DPPZ-IDD, there is a clear
relation between the decreasing excitation energy (given by an
acceptor strength) and the raising ratio of 0-0 and 0-1 vibronic
band intensity. The closer the merocyanines are in polyene-like
region to the cyanine limit, the more suppressed is the rela-
tive intensity of 0-1 transition.?%! Therefore, the evolution of a
vibronic structure in Figure 10A is a spectral manifestation of the
trend, estimated from BLA (Table 1). Even in weakly polar toluene
solution, the absorption spectra of all compounds showed broad
bands without vibronic structure (Figure S7). While DPPZ-10 and
DPPZ-ID showed positive solvatochromism, DPPZ-IOO, DPPZ-
IDO, and DPPZ-IDD showed inverse solvatochromism, that is,
positive up to chloroform and then negative toward acetonitrile
(Figure 11 for DPPZ-100 and Table S10). Inverse solvatochromism
often implies electronic structure near the cyanine limit,3¥
but that was not observed in the more polar DPPZ-ID than
DPPZ-100. Furthermore, this inverse solvatochromism led to
broadened absorption bands without characteristic evolution,
suppressing a 0-1 relative intensity.® We speculate that the
small bathochromic shift of all three indandione derivatives in
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Figure 9. Hole and particle pairs of NTOs of DPPZ-IDO for So—S; (HOMO—LUMO), So—S, (HOMO—LUMO+1), and So—S; (HOMO-1—LUMO) transitions,
calculated with TD DFT at the B3LYP/6-31G(d,p) with PCM (CHCls), isovalue 0.02.

A 500166360860, (860 7(\)I:aveler;g;h fnm] 566 466 Table 3. Calculated bond lengths a—d [A] in the So and S states (DFT:
1.2 prprererrree e . e . . CAM-B3LYP/6-311G(d,p) with cyclohexane involved through PCM).
_ BSS:%HO Compounds States a b C d
3 10 — gsgéj%cc;/ / DPPZ-10 So 1395 1.405 1454 1340
sl — DPP 150 / S, 1390 1389 1422 1369
'E \ DPPZ-100 So 1386 1.405 1438 1355
_E 0.6 \ S 1396 1390 1.419 1386
3 \ DPPZ-ID So 1391 1404 1450 1351
E‘ 04 S 1388 1391 1430 1379
.§ DPPZ-IDO So 1380 1.405 1435 1368
B S 1393 1390 1428 1392
0.0 - L
8000 10000 12000 14000 16000 18000 20000 22000 24000
Wavenumber [em"] halogenated solvents may be caused either by an increased
Wavelength [nm] population of s-trans conformers by specific intermolecular inter-
12001001000 900 800 790 0 = actions with solvents, as observed in crystal structure, or the role
1.0k——DpPPzCHO ] of the higher refractive index.
_ :ggg?'&v /\ Fluorescence spectra and photoluminescence quantum
zovsnzgzg:go /\J/ ‘\ ] yields (PLQY) of DPPZ-EWG derivatives depended strongly
> | —pPPzIDO / both on structure and environment (Table S10 and Figure S7).
'§ \ The simplest situation was found for fluorescence in nonpolar
20'6' \‘ ] cyclohexane (Figure 10B). Except for DPPZ-IDD with a very
B \ low signal-to-noise ratio (Figure S9), all compounds showed
%0'4 I \ 1 well-resolved fluorescence bands from visible (493 nm for DPPZ-
§ ‘ CHO) to NIR regions (832 nm for DPPZ-IDO) following the same
Zo02} \ 1 sequence as their absorption maxima. The vibronic structure
\ with about a 1200 cm™" interval consistently showed a 0-0 abso-
S L . lute maximum and gradual suppression of 0-1 relative intensity

0.0 -
8000 10000 12000 14000 16000 18000 20000 22000

i (Figure 10B). As the prominent vibronic pattern relates to C—C
Wavenumber [cm™]

bond stretching, the vibronic relaxation in the excited state
Figure 10. A) Absorption and B) fluorescence spectra of DPPZ-EWG except mainly causes a dramatic extension of d bond and shortening
DPPZ-IDD in cyclohexane. of exocyclic ¢ bond according to the geometry optimization in
the S; state (Table 3). During relaxation from the Franck-Condon
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Figure 11. Solvatochromism (left) and solvatofluorochromism (right) of A) B) DPPZ-1I0 and C) D) DPPZ-100.

state with Sy geometry to relaxed S; geometry, while the
differences in d bond length Ad(S,—S,) of DPPZ-10, DPPZ-100,
DPPZ-ID, and DPPZ-IDO are relatively comparable (40.029,
+0.031, 40.028, and +0.024 A, respectively), the corresponding
Ac(S1—So) values depend dramatically on an acceptor strength
(—0.032, —0.019, —0.020, and —0.007 A, respectively). These
tendencies are consequently responsible for the decrease of the
relative intensity of 0-1 vibronic band, relating to stretching of ¢
bond according to the Frank-Condon principle.[*? We note only
a considerable shortening of b bonds, which are consistent with
a CT excitation originating mainly from meta-nitrogen atoms.
The shapes of both the absorption and fluorescence bands in
cyclohexane imply that the larger is a zwitterionic character in
the S, state; that is, the larger the proximity of a compound
to a cyanine limit, the lower the difference between S, and
S hypersurface minima with respect to prominent ¢ bond
length coordinate and, consequently, the lower is the structural
relaxation energy upon excitation.

All compounds without any exception showed positive sol-
vatofluorochromism (Figure 11 and S7). The vibronic structures of
fluorescence spectra were poorly resolved even in weakly polar
toluene solution and completely disappeared with raising polar-
ity of the solvent, due to the inhomogeneous broadening.!*”!
Sufficiently strong fluorescence intensities for PLQY measure-

Chem. Eur. J. 2025, 31, €202501864 (11 of 16)

ments were found only in a few cases (Table S10). In toluene
solutions, raising acceptor strength clearly decreased PLQYs from
DPPZ-CHO (60.0%) over DPPZ-10 (28.7%) to DPPZ-DCV (9.0%)
and DPPZ-100 (3.0%). A further decrease of PLQY was observed
in polar solvents; for example, in chloroform for DPPZ-CHO
(3.0%), DPPZ-DCV (2.2%), and DPPZ-1I00 (0.3%). But the depen-
dence of solvatofluorochromism on the molecular structure was
not as straightforward as, for instance, for PLQY. For nearly
isomorphic DPPZ-10, DPPZ-I00, DPPZ-ID, and DPPZ-IDO, the
differences between fluorescence maxima in nonpolar cyclohex-
ane and moderately polar dichloromethane (often considered as
twice the solvation energy!“®!) were 4690, 2690, 3570, and ~1680
cm™ respectively. We leave open the question of to what extent
solvatofluorochromism, that is, energies of fluorescence maxima
in each solvent, is driven by intramolecular structural relax-
ation (dominant in nonpolar cyclohexane) and intermolecular
solute-solvent, mainly dipole-dipole, interactions.
Monomethine merocyanines are well known to undergo flu-
orescence quenching via twisting in the S; state toward a conical
intersection, followed by a hot back-twist to the ground state
minimum.['® Such twisted intramolecular charge transfer (TICT)
of merocyanine often occurs around a single bond in neutral
form or around the double bond in zwitterionic form.* As
expected from TD DFT calculations,®® B3LYP, and CAM-B3LYP xc
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Figure 12. Energy dependence on the twist angle of DPPZ-100 in the
ground and excited states, calculated at the B3LYP and
CAM-B3LYP/6-311G(d,p) with PCM (CHCl3).

functionals show a dramatic difference in the dependence of an
optimized S, state energy on the twist angle ¢, as shown for
DPPZ-100 as an example (Figure 12, and see detailed analysis in
S6 Supporting Information). Regardless of the different solvent
effect models, the results revealed similarities with a benchmark
study about the simpler DA compounds.®®®! The energy profiles
for the S; state computed with B3LYP and CAM-B3LYP begin to
diverge significantly at ¢; ~ 45°. While B3LYP suggests the TICT
state as a global minimum and planar intramolecular charge
transfer (PICT. and PICT,) states as local minima, CAM-B3LYP con-
verged to PICT, and PICT, states with rotational barriers in the
excited state. And B3LYP computed transition energies relating
the fluorescence at the planar geometry (PICT,) are closer to
the experimental fluorescence energies (Table S9). As CAM-B3LYP
showed similar trends as more sophisticated QCH methods,
including EOM-CCSD!! and LCC2,°®! we conclude that the
weak fluorescence observed for the four compounds in polar sol-
vents in Figure 12 originates from planar geometries in the S
state mainly, and the twist geometry leading to the nonradiative
deactivation is limited within the small twist angles region and
prevents the TICT geometry with full charge separation.’>"
Solid-state fluorescence of polycrystalline powders was
detected for all compounds except DPPZ-IDD (Figure 13), while
an emission of DPPZ-IDO around 1100 nm was extremely weak
with a low signal-to-noise ratio (Figure S9). Among these emis-
sive derivatives, similar trends in fluorescence wavelength were
found between the solution and the amorphous films (Figure
S8). Neat film's SSF is generally red shifted with respect to PMMA
films (Table S10). Powder X-ray diffraction of the emissive poly-
crystalline samples suggested a similar packing structure with
single crystals except for DPPZ-IOO (Figure S10). The neat film
of DPPZ-DCV showed a fluorescence maximum at 761 nm, while
PMMA films exhibited maximum at a 706 nm, which is compa-
rable to the reported nanoparticles (700 nm).[?”! This significant
red shift of neat film is presumably due to the intermolecular
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than that of the parallel one at 731 nm, which we attribute to
the 0-1 vibronic maximum of the former and the 0-0 maximum
of the latter.!®? As an antiparallel arrangement generally prevails
for all compounds according to single-crystal XRD (Figure 3), 0-1
vibronic maximum may be quite common, but without a doubt
it is observed only for DPPZ-10O (Figure 13). Weak solid-state emis-
sion with structureless symmetrical bands of DPPZ-ID (975 nm)
and DPPZ-IDO (~1100 nm) is tentatively attributed to excimer
emission from isolated m-stacked dimers (Figure 3).2°2) PLQYs
of polycrystalline samples are typically too low to quantify, as
an aggregation accelerates fluorescence quenching processes,
including dissipation of excitation energy through energy trans-
fer and nonradiative decay.”3! Nevertheless, a considerable
increase in PLQY of DPPZ-I0 upon solidification was observed
from CHCl; solution (PLQY <<1%) to crystal (PLQY = 4.0%) and
doped PMMA film (PLQY = 8.4%). Similar but less pronounced
enhancements were seen for DPPZ-100 (0.3% in CHCl; and 1.1%
both in powder and PMMA film). Such an enhancement of PLQY
in the solid state may imply suppression of twist and rotational
motions leading to nonradiative decay in the solution state.l**
We note only that all DPPZ-EWG derivatives were sufficiently
stable with respect to the above-mentioned experiments, espe-
cially in the solid state under visible light. We have observed
two types of reactivity. First, upon irradiation by UV radia-
tion in solution, the compounds degraded with color changes
(Figures S11, S12). We ascribe this to the photooxidation in higher
excited states (Figure S13).2!, Second, compounds with low-lying
LUMO, like DPPZ-IDO and DPPZ-IDD, show irregular changes of
absorption in polar solvents with high donor numbers (DMSO,
methanol, pyridine). Thus, these solvents were excluded from
solvatochromism and solvatofluorochromism studies.

3. Experimental

3.1. Synthesis and Characterization

3.1.1. DPPZ-CHO

In a 250 mL round-bottomed flask, 5,10-diphenyldihydrophenazine
(DPPZ, 2.00 g, 5.98 mmol, 1.00 eq.) was suspended in anhydrous
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DMF (100 mL) and cooled to 0 °C with an ice bath. After adding
POCI; (1.12 mL, 1.9 mmol, 2.00 eq.) dropwise, the resulting mixture
was heated to 60 °C and stirred for 3 hours under a nitrogen atmo-
sphere. After cooling down to room temperature, the mixture was
poured on ice, followed by precipitation of an orange solid. Crude
product was purified by column chromatography (mobile phase
chloroform/n-hexane 1/4) and crystallized from a mixture of ethyl
acetate and n-hexane. It was obtained 1.47 g of DPPZ-CHO as orange
crystals (63%).

Rs: 0.22 (n-hexane/EtOAc = 7/1, v/v), m.p. 239.5-240.0 °C. "TH NMR
(400 MHz, C4Dg): § 9.29 (s, TH), 7.14-7.07 (m, 6H), 7.05-6.97 (m, 4H),
6.54 (d, J = 9.2 Hz, TH), 6.43 (s, 1H), 6.24—-6.21 (m, 1H), 6.19-7.16 (m,
MH), 573 (d, J = 7.7 Hz, TH), 5.69 (d, J = 7.7 Hz, 1H), 5.61 (d, / = 8.1 Hz,
1H). *C NMR (101 MHz, C4D¢): § 188.9, 142.6, 139.5, 139.4, 137.7, 1367,
135.5, 131.8, 131.6, 131.3, 130.9, 130.9, 128.7, 128.4, 127.5, 122.9, 1215, 113.8,
113.4, 111.9, 110.3. HRMS: [M]* Calcd. for CysHigN,O 362.14136; found
362.14100.

3.1.2. DPPZ-I0

In a 100 mL round-bottomed flask, a mixture of DPPZ-CHO (600 mg,
1.65 mmol, 1.00 eq.) and 1-indanone (328 mg, 2.48 mmol, 1.50 eq.) in
CHCl3 (50 mL) was treated with 6M NaOH (1.10 mL, 6.60 mmol, 4.00
eq.) and stirred at room temperature for 18 hours. The reaction was
quenched by adding water (20 mL). After the aqueous phase was
extracted with ethyl acetate (3 x 50 mL). After drying over Na,SOy,,
the organic phase was evaporated under reduced pressure. Crude
product was purified by column chromatography (mobile phase
CHCls3/n-hexane 1/3) and crystallized from a mixture of CHCl; and
n-hexane. It was obtained 400 mg of molecule DPPZ-10 as purple
crystals (51%).

R: 0.25 (n-hexane/EtOAc = 3/1, v/v), m.p. 211.4-212.0 °C. "H NMR
(500 MHz, DMSO-dg): § 7.81 (t, J = 7.5 Hz, 2H), 7.73 (t, J = 7.5 Hz, 2H),
7.69-7.61 (m, 3H), 7.58 (t, J = 7.3 Hz, TH), 7.53 (d, J = 7.5 Hz, 2H), 7.50-
7.40 (m, 4H), 6.98 (s, 1H), 6.73 (d, J = 8.1 Hz, 1H), 6.35 (t, J = 7.5 Hz, TH),
6.30 (t, / = 7.4 Hz, 1H), 5.83 (s, TH), 5.62-5.61 (m, 1H), 5.54-5.51 (m, 2H),
3.33 (overlap with signal of H,O in DMSO, 2H). ¥C NMR (126 MHz,
DMSO-dg): & 192.6, 149.0, 139.0, 138.5, 138.3, 137.6, 136.4, 135.6, 134.9,
134.4, 1327, 131.9, 131.8, 130.9, 130.5, 129.0, 128.9, 127.7, 127.5, 126.7, 126.2,
123.4, 122.0, 121.0, 112.8, 112.5, 112.4, 111.9, 55.0, 31.7. HRMS: [M]* Calcd.
for C34H,4N,0 476.18831; found 476.18887.

3.1.3. DPPZ-DCV

In a 50 mL round-bottomed flask, a mixture of DPPZ-CHO (500 mg,
1.38 mmol, 1.00 eq.) and malononitrile (0.230 mL, 4.14 mmol, 3.00
eq.) in CH,Cl, (15 mL) was treated with two drops of piperidine
and stirred at room temperature for 20 minutes. The reaction was
quenched by adding water (10 mL). After separation, the aqueous
phase was extracted with ethyl acetate (3 x 30 mL). After dry-
ing over Na,SO,, the organic phase was evaporated under reduced
pressure. Crude product was purified by column chromatography
(mobile phase ethyl acetate/n-hexane 1/3) and crystallized from a
mixture of ethyl acetate and n-hexane. It was obtained 450 mg of
DPPZ-DCV as purple powder (78%).

R¢: 0.35 (n-hexane/EtOAc = 7/1, v/v), m.p. 219.5-220.0 °C. "TH NMR
(400 MHz, C¢Dg): § 7.34-7.32 (m, 2H), 7.19-7.18 (m, overlap with C¢Dg
signal, 1H), 7.13-7.08 (m, 4H), 7.05-7.01 (m, 1H), 7.90-6.86 (m, 2H), 6.27
(d, J = 2.1 Hz, 1H), 6.24-6.18 (m, 2H), 6.15 (dt, J = 7.7, 1.5 Hz, 1H), 6.04
(s, H), 571 (dd, J = 7.8, 1.4 Hz, 1H), 5.63 (dd, J = 7.9, 1.5 Hz, TH), 5.42
(d, J = 85 Hz, TH). ®C NMR (101 MHz, C¢Ds): § 156.0, 143.0, 138.9,
138.6, 137.4, 136.6, 134.7, 132.3, 131.7, 130.7, 130.4, 129.4, 129.2, 129.1, 125.2,
123.6, 1217, 115.5, 114.3, 114.1, 113.7, 111.8, 111.1, 75.6. HRMS: [M]* Calcd.
for C28H18N4 410.15260; found 410.15337.
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3.1.4. DPPZ-I00

In a 50 mL round-bottomed flask, a mixture of DPPZ-CHO (250 mg,
0.689 mmol, 1.00 eq.) and 1,3-indandione (206 mg, 1.38 mmol, 2.00
eq.) in ethanol (20 mL) was treated with two drops of piperidine and
refluxed for 18 hours. After cooling down to room temperature, a
dark blue solid precipitated in the freezer. After filtration and wash-
ing with chilled ethanol, the crude product was purified by column
chromatography (mobile phase CHCls/n-hexane 1/4) and recycling
HPLC (mobile phase CHCl3). After final crystallization from a mixture
of CHCl; and n-hexane, 252 mg of DPPZ-I00 was obtained as a dark
blue powder (75%).

R¢: 0.29 (n-hexane/EtOAc = 3/1, v/v), m.p. 262.5-263.0 °C. "TH NMR
(400 MHz, C¢Dg): 8 7.68-7.64 (m, 1H), 7.64-7.59 (m, 2H), 7.48-7.45 (m,
2H), 7.39-7.37 (m, 2H), 7.32-7.30 (m, 2H), 7.26-7.24 (m, 1H), 7.13-7.10
(m, 2H), 7.04-7.00 (m, 1H), 6.97-6.89 (m, 4H), 6.25 (dt, J = 7.7, 1.4 Hz,
1H), 6.17 (dt, J = 73, 1.4 Hz, 1H), 5.81 (dd, J = 7.9, 1.3 Hz, 1H), 5.68
(dd, J = 7.9, 13 Hz, TH), 5.64 (d, J = 8.6 Hz, TH). ®C NMR (101 MHz,
CsDe): 6 190.3, 189.0, 145.8, 142.9, 142.7, 140.4, 139.8, 139.0, 137.2, 137.0,
135.0, 133.9, 133.9, 133.2, 131.9, 131.6, 131.3, 130.6, 128.8, 128.7, 128.2, 127.9,
1257, 123.4, 122.6, 121.3, 116.7, 114.2, 113.6, 112.5. HRMS: [M]™ Calcd. for
C34H2N,0, 490.16758; found 490.17148.

3.1.5. DPPZ-ID

In a 100 mL round-bottomed flask, a mixture of DPPZ-CHO (600 mg,
1.65 mmol, 1.00 eqg.) and ID (298 mL, 1.65 mmol, 1.00 eq.) in toluene
(50 mL) was treated with two drops of piperidine and refluxed for
18 hours. The reaction was quenched by adding water (20 mL). After
separation, the aqueous phase was extracted with ethyl acetate (3 x
30 mL). After drying over Na,SO4, the organic phase was evaporated
under reduced pressure. Crude product was purified by column
chromatography (mobile phase ethyl acetate/n-hexane 1/39) and
crystallized from a mixture of CH,Cl, and n-hexane. It was obtained
738 mg of DPPZ-ID as green crystals (73%).

Rs: 0.48 (n-hexane/EtOAc = 3/1, v/v), m.p. 282.5-283.4 °C. 'TH NMR
(500 MHz, C¢Dg): § 8.64 (d, J = 8.1 Hz, 1H), 7.89 (s, TH), 7.22-7.18 (m,
overlap with C¢Dg signal, 4H), 7.12-7.10 (m, 2H), 7.08-7.05 (m, 4H),
6.99 (t, J = 7.2 Hz, 1H), 6.88 (t, J = 7.6 Hz, 1H), 6.80 (d, J = 7.5 Hz, 1H),
6.32-6.27 (m, 2H), 6.24 (dt, J = 7.6, 1.2 Hz, 1H), 5.84-5.83 (m, 2H), 578
(dd, J = 7.8,12 Hz, TH), 5.61 (d, J = 8.3 Hz, 1H), 2.82 (s, 2H). ®C NMR
(126 MHz, C¢Dg): § 165.5, 146.7, 140.0, 139.7, 139.3, 137.5, 137.4, 137.0,
136.5, 135.5, 132.9, 132.8, 131.7, 131.6, 131.4, 130.9, 129.0, 128.3, 128.6, 128.3,
127.5, 125.8, 124.6, 122.8, 121.7, 116.4, 116.2, 114.0, 113.3, 113.1, 112.8, 67.6,
37.1. HRMS: [M]* Calcd. for Cs7Hy4N4 524.20010; found 524.20036.

3.1.6. DPPZ-IDO

In a 100 mL round-bottomed flask, a mixture of DPPZ-CHO (200 mg,
0.551 mmol, 1.00 eq.) and IDO (161 mg, 0.837 mmol, 1.50 eq.) in CHCl;
(20 mL) was treated with two drops of pyridine and refluxed for 18
hours. After cooling to room temperature, solvent was evaporated
by reduced pressure. 10 mL of ethanol was added and sonicated for
1 minute. After filtration and washing with chilled ethanol, the crude
product was purified by column chromatography (mobile phase
CHCl5/n-hexane 4/1) and recycling HPLC (mobile phase CHCl;). After
final crystallization from a mixture of CHCl; and n-hexane, 217 mg of
DPPZ-IDO was obtained as a dark green powder (73%).

R¢: 0.31 (n-hexane/EtOAc = 3/1, v/v), m.p. 245.6-246.2 °C. '"H NMR
(400 MHz, C¢Dg): 6 7.41-7.40 (m, TH), 7.83 (s, TH), 7.46-7.44 (m, TH),
7.41-7.37 (m, 2H), 7.32-7.31 (m, 2H), 7.25-7.21 (m, 2H), 7.20-7.19 (m, TH),
7.14-7.12 (m, 2H), 7.05-7.03 (m, 1H), 6.94-7.92 (m, 2H), 6.85-6.82 (m,
2H), 6.25 (dt, J = 7.6, 1.4 Hz, TH), 6.16 (td, J = 7.2, 1.8 Hz, 1H), 5.80 (dd,
J = 8.0,13 Hz, 1H), 570 (dd, J = 7.9, 1.3 Hz, 1H), 5.55 (d, J = 8.4 Hz,
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1H). ¥C NMR (126 MHz, C¢D¢): 6 186.5, 162.1,146.0, 144.6, 143.5, 139.9,
139.5, 138.5, 137.7, 137.1, 136.8, 135.0, 134.4, 134.0, 133.2, 132.0, 131.6, 131.2,
130.4, 129.0, 128.9, 125.1, 124.6, 124.0, 123.1, 121.4, 116.5, 115.6, 115.2, 114.6,
113.6, 1125, 69.4. HRMS: [M]* Calcd. for C3;H»N4O 538.17881; found
538.17963. Minor isomer (not separable): 'TH NMR (400 MHz, C¢Ds)
8 820 (d, J = 7.8 Hz, 1H), 7.50-6.77 (overlap with aromatic peaks of
major isomer), 6.76 (dd, J = 8.4, 1.4 Hz, 2H), 5.96 (d, J = 2.0 Hz, TH),
5.89 (s, TH), 573 (d, J = 1.3 Hz, 1H), 5.64 (dd, J = 7.8, 1.3 Hz, TH), 5.50
(d, J = 83 Hz, TH).

3.1.7. DPPZ-IDD

In a 50 mL two-necked flask, a mixture of DPPZ-CHO (150 mg, 0.414
mmol, 1.00 eqg.) and IDD (120 mg, 0.497 mmol, 120 eq.) in acetic
anhydride (10 mL) was refluxed under an argon atmosphere for
5 minutes. After cooling down to room temperature, solvent was
evaporated under reduced pressure. 10 mL of ethanol was added
and sonicated for 1 minute. After filtration and washing with chilled
ethanol, the crude product was purified by column chromatogra-
phy (mobile phase CHCls/n-hexane 1/7) and recycling HPLC (mobile
phase CHCI;). After final crystallization from a mixture of CHCl; and
n-hexane, 50 mg of DPPZ-IDD was obtained as black powder (21%).
Rs: 0.24 (n-hexane/EtOAc = 3/1, v/v), m.p. 240.0 °C decomposed.
"H NMR (400 MHz, CgDg): § 8.14-8.10 (m, 2H), 8.10 (s, 1H), 7.43 (t, J =
7.7 Hz, 2H), 7.21 (tt, J = 7.6, 1.0 Hz, 1H), 7.11-7.09 (m, 2H), 7.06-7.04 (m,
2H), 7.02-6.98 (m, TH), 6.79-6.77 (m, 2H), 6.75-6.72 (m, 2H), 6.35 (dd,
J = 85,20 Hz, 1H), 6.24 (dt, ] = 7.6, 1.2 Hz, 1H), 6.15 (dt, / = 7.6, 1.3
Hz, 1H), 5.76 (d, J = 1.3 Hz, 1H), 5.67 (td, J = 8.0, 1.2 Hz, 2H), 5.41 (d,
J = 8.4 Hz, TH). BC NMR (101 MHz, C¢Ds): § 160.0, 143.4, 143.0, 138.0,
137.7,137.6, 136.4, 133.8, 133.1, 133.0, 131.6, 130.6, 130.0, 123.0, 129.2, 129.1,
125.7, 124.6, 124.3, 121.8, 115.0, 114.9, 114.3, 113.7, 113.4, 110.7, 67.8. HRMS:
[M4-HI* Calcd. for C4oH,3Ng 587.1979; found 587.1962 (APCI).

Single-crystal X-ray diffraction: Full sets of diffraction data were
collected at 150(2) K with a Bruker D8-Venture diffractometer
equipped with Cu (Cu Ka radiation; A = 154178 A) or Mo (Mo
Ko radiation; A = 071073 A) microfocus X-ray (IuS) sources, Pho-
ton CMOS detector, and Oxford-Cryosystems cooling device. The
frames were integrated with the Bruker SAINT software package
using a narrow-frame algorithm. Data were corrected for absorp-
tion effects using the Multi-Scan method (SADABS). Obtained data
are treated by XT-version 2017/1 and SHELXL-2014/7 software imple-
mented in APEX3 v2017.1-0 (Bruker AXS) system.!**) Hydrogen atoms
were mostly localized on a different Fourier map; however, to ensure
uniformity of treatment of the crystal, all hydrogen atoms were
recalculated into idealized positions (riding model) and assigned
temperature factors Hiso(H) = 12 (1.5 for methyl) Ueq (pivot atom).
H atoms in methyl and vinylidene moieties and hydrogen atoms in
aromatic rings were placed with C-H distances of 0.98 and 0.94 A,
respectively.

Rint f EFo2 - Fo,mean2|/EF02r S = [E(W(Fo2 - Fcz)z)/(Ndiffrs -
Nparams)] 2 for all data, R(F) = Z||Fs - |Fc|/Z|Fo|for observed data,
WR(F?) = [Z(w(Fo? - FCZ)Z)/(ZW(FOZ)Z)]% for all data.

Crystallographic data for structural analysis have been deposited
with the Cambridge Crystallographic Data Centre, CCDC nos.
2434164-2434170. Copies of this information may be obtained free of
charge from The Director, CCDC, 12 Union Road, Cambridge CB2 1EY,
UK (fax: +44-1223-336033; e-mail: deposit@ccdc.cam.ac.uk or w w w:
http://www.ccdc.cam.ac.uk). The structure of DPPZ-CHO is twinned,
producing static disorder of all atoms, which was treated by splitting
by standard methods into two parts with occupancies of 66:34. Sol-
vent disorders (CHCls) are treated in DPPZ-10 and DPPZ-100 (prism).
For DPPZ-DCV (parallel), the PLATON/Squeeze program was used to
eliminate disordered unassignable solvent (CHCl;) densities.!®!
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Powder X-ray diffraction: Powder X-ray diffraction data (Cu Ko, A
= 15418 A) of powdered samples were collected on a Diffractometer
D8 ADVANCE.DAVINCI (Bruker AXS, Germany) with Bragg-Brentano
®-0® goniometer (radius 280 mm) equipped with a LynxEye XE-
T detector. The generator was operated at 40 kV and 30 mA.
The scan was performed at room temperature from 2 to 50° (20)
in 0.01° steps with a counting time of 1 second (total step time
192 seconds).

Deposition of thin films: Neat films were prepared by spin coat-
ing (1000 rpm for 20 seconds, followed by 2000 rpm for 20 seconds)
using 10 mM solution in chloroform on quartz plate. PMMA films
were prepared by dissolving 140 mg PMMA an d 250 mg of tar-
get compounds in 2.60 mL dichloromethane, and spin-coated (1000
rpm for 10 seconds, followed by 2000 rpm for 30 seconds) on quartz
plate.

Electrochemical measurements: Electrochemical measurements
were carried out in acetonitrile containing 0.1 M BusNPFs in a
three-electrode cell by CV and RDEV with rotation frequency f =
500 min~'. The scan rate was 100 mV/s. The working electrode
was a glassy carbon disk (3 mm in diameter) for CV and RDEV
experiments. A saturated calomel electrode (SCE) separated by a
bridge filled with supporting electrolyte and Pt wire was used as
the reference and auxiliary electrodes. All potentials are given vs.
SCE. Voltammetric measurements were performed using a poten-
tiostat PGSTAT 128N (AUTOLAB, Metrohm Autolab B.V., Utrecht, The
Netherlands) operated via NOVA 1.11 software.

Absorption and fluorescence: UV-Vis-NIR spectroscopy has been
employed for measurements of optical transmittance in the spec-
tral region of 250-1200 nm with a step 0.5 nm by using a JASCO
V-770 and a Jasco V-570 spectrometers. Photoluminescence emis-
sion spectra were measured by spectrophotometer JASCO FP-8300
in the spectral region of 400-800 nm. Emission in the NIR region
was recorded using a Fluorolog-3 spectrophotometer (HORIBA
JOVIN IVON INC) equipped with a Hamamatsu-photonics InGaAs
NIR photomultiplier tube detector R5509-43 (550-1300 nm) and
a liquid nitrogen cooler C9940. Additionally, an FLS1000 (Edin-
burgh Instruments) using the Xe lamp (450 W) as an excitation
source and a liquid-nitrogen-cooled InGaAs photomultiplier tube
as a detector in the spectral region of 400-1350 nm was used.
All emission spectra have been corrected to monochromator and
detector system response. Photoluminescence quantum yield of
samples has been determined by using the integrating sphere
coated with BaSO4 on a Quantaurus-QY" C11347(Hamamatsu Pho-
tonics) and FLS1000 (Edinburgh Instruments). The reference for
liquid samples was quartz cuvettes with pure solvent, and those
for solids, BaSO, powder of spectral quality covered with a quartz
lid.

Quantum chemical calculations: Monomer geometries in the
ground (neutral, radical cation, and radical anion) and the low-
est excited state were optimized by DFT and TD DFT, respectively.
B3LYP or CAM-B3LYP!*2! XC functionals with 6-311G(d,p) basis sets
were used. Vibrational analysis was carried out for all optimized
geometries, and only the minima with no imaginary frequency were
considered. Solvent effect was introduced by the polarized contin-
uum model (PCM). All calculations were carried out with Gaussian
09 software.l””!
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4, Conclusion

The study presents a novel strategy for chromophores exhibit-
ing long-wavelength absorption and NIR fluorescence, that is,
streptomerocyanines with dihydrophenazine and strong accep-
tors. The key design principle is based on a different and specific
role of both dihydrophenazine nitrogen donors. The resonance
effect of para-nitrogen atom in DPPZ to the acceptor enabled
to tune a zwitterionic contribution by a strength of an accep-
tor, forming the pre-polarized electronic structure within the
polyene-like region toward the cyanine limit in the ground
state. On the other hand, meta-nitrogen atom in DPPZ played
a key role in intramolecular charge transfer to form a highly
polarized electronic structure in the first excited state. Such
streptomerocyanines realized considerably narrow optical and
electrochemical band gaps compared to any reported DPPZ and
IDD derivatives, to the best of our knowledge. Especially, a thin
film of DPPZ-IDD with the lowest LUMO energy level exhibited
an ultranarrow optical band gap close to 1 eV. Their generated
excited state emitted fluorescence in visible to NIR regions in var-
ious environments. Although further improvements for higher
PLQY are required, enhanced fluorescence in the aggregation
state would have potential for use in theranostics.
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