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ABSTRACT: This paper presents the relationship between the fluorescent properties of
(E/Z)-(N-alkylpyridyl)enamino-pyrrolo[2,3-b]quinoxalin-2-one derivatives in the crystal-
line state and the molecular packing governed by the conformation of the molecules,
hydrogen bonding, and 7— interactions. In particular, the type of 2-pyridyl alkyl chain (2-
Py(CH,), with n = 0,1,2) is responsible for the molecular packing and influences the
fluorescence properties of crystalline pyrrolo[2,3-b]quinoxalines. The molecules studied
exhibit permanent dipole moments that, in the crystalline phases, promote either the
formation of dimers with an antiparallel orientation or stacks with a parallel dipole moment
orientation. In dimers and stacks, the main observed interaction is the 7—x type. The
conformations of both (E)- and (Z)-enamines are stabilized by intramolecular hydrogen
bonds from the NH group of the enamine to either the nitrogen atom N4 of the quinoxaline
(E)-diastereoisomer or the oxygen atom of the amide carbonyl group in the (Z)-
diastereoisomer. When an additional intramolecular hydrogen bond from the enamine NH
group to the pyridyl nitrogen atom forms, it affects the conformation of the molecules, causing the reorientation of the molecular
permanent dipole moment. Density functional theory (DFT) calculations performed for two neighboring molecules in dimers or
stacks indicate two charge transfer mechanisms: intra- and intermolecular mechanisms. For centrosymmetric dimers, charge transfer
occurs within each component molecule (intramolecular charge transfer). For stacks with molecules arranged by translation and
noncentrosymmetric dimers, charge transfer is of an intermolecular nature. Higher absolute fluorescence quantum yields (®; =
12.06—13.77%) are exhibited by the (E-diastereoisomers, which contain methylene or ethylene chains and form either translational
stacks of the molecules or noncentrosymmetric dimers. The lowest absolute fluorescence quantum yields (@ = 3.80—4.00%) are
typical for the centrosymmetric dimers present in crystalline (Z)-(N-pyridyl)enaminopyrrolo[2,3-b]quinoxaline and (E)-(N-
ethylpyridyl)enamino-pyrrolo[2,3-b]quinoxaline. The fluorescence liftimes 7 were determined for single crystals of the studied
phases (from 13.3 to 15.6 ns) and revealed one single process of radiative energy transfer.

1. INTRODUCTION the stabilization of the crystal structures and influence the

: 7
Single crystals of 7-conjugated fused heteroaromatic systems conformation of the parent molecules.” Intramolecular hydro-

have become an important target of research aimed at gen bonds restrict the vibration and rotation of a molecule,

determining the relationship between the structure and the making its conformation more rigid. These phenomena are
fluorescence of crystalline molecular materials"? as well as the crucial for molecular solid-state fluorescence enhancement.®’
charge transport in organic semiconductors.”* The properties Noncovalent interactions such as dispersion (London dis-
of the crystals are closely associated with both their molecular persion forceslo) and van der Waals repulsion are responsible
packing and the electronic properties of the parent molecules. for 7—x interactions. For dimers, the interactions may be
The shape of the assembled molecules and their short-range regarded as attractive interactions of electrical quadrupoles,

intermolecular interactions have a key influence on the packing 11

in molecular crystals. According to the dense-packing theory,
when “bumps and hollows” in the shapes of adjacent molecules - T
fit together to form a periodic crystal structure, intermolecular Received: August 19, 2021 YIS

contacts among organic molecules are maximized and void Revised:  February 11, 2022 E" q
4

which overpower the repulsion of z-electron clouds.

spaces are minimized.”® The mutual arrangement of the Published: February 21, 2022
molecules is conditioned and stabilized by directional and
nondirectional interactions due to Coulombic forces. Among
directional interactions, hydrogen bonds have a pivotal role in
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Electron-donor and electron-acceptor substituents'”~'* or

heteroatoms inserted into aromatic hydrocarbon skeletons'”
change the charge distribution in z-conjugated systems and
generate a permanent dipole moment. The appearance of
additional electrostatic dipole—dipole (Keesom forces'®) and
dipole—induced dipole (Debye forces'®) interactions between
component monomers results in the formation of relatively
strong 7—7 interactions in dimers that decrease the interlayer
distance between monomers."”

The relative orientation of #z-conjugated fluorophores,
including the area of z-overlap and the intermolecular distance
in the dimers, strongly influences the solid-state fluorescence
emission enhancement. In general, increasing the distance
between z-stacking molecules and decreasing the z-overlap in
the molecule can facilitate fluorescence via limiting exciplex or
excimer formation in the excited states, which usually results in
the dynamic quenching of emission."”

Our previous studies have shown the correlation between
the crystal structure and photophysical properties of (E)-(N-
alkyl-2-thienyl)enamino-pyrrolo[2,3-b]quinoxalin-2-one deriv-
atives,'® where the 2-thienyl group controls the arrangement of
monomers, dimers, and stacks of dimers in the appropriate
crystal structures due to weak CH—7x and S—7 interactions.
Here, we present the impact of the 2-pyridyl alkyl chain
Py(CH,), for n = 0, 1, or 2 on the solid-state fluorescence
enhancement of (E/Z)-(N-alkylpyridyl)enamino-pyrrolo[2,3-
b]quinoxalin-2-one derivatives in the crystalline state, which
were tuned by intramolecular hydrogen bonds and 7z—x
interactions. The alkyl linker and pyridyl group induce the
specific mutual orientation of the enamino-pyrroloquinoxaline
systems in the crystal structure and the 77—z interactions
between molecules in either dimers or stacks. The nitrogen
atom of the pyridyl group allows the formation of an additional
intramolecular hydrogen bond (N—H--N, ) apart from N—
H:N4(Ng,;), affecting the conformation of the molecules. Ab
initio calculations'” and the subsequent quantum theory of
atoms in molecules (QTAIM) analysis’>*' confirmed the
existence of the aforementioned interactions and their
influence on the fluorescence properties of the studied
crystalline phases.

2. METHODS AND MATERIALS

2.1. Ultraviolet—Visible (UV—Vis), Fluorescence, and Infra-
red (IR) Spectra. UV—vis diffuse reflectance spectra of the single
crystals of (Z)-2(P2,/c), (E)-2(P2,), (E)-3(P2,/n), (E)-4(P2)),
(E)-4(Cc), and (E)-4(P1) were recorded in the range of 190—900
nm using an Evolution 600 (Thermo) spectrophotometer. To obtain
high-quality spectra, the following parameters were used: a resolution
of 2 nm, a bandwidth of 4 nm, and a scan speed of 60 nm/min. The
fluorescence measurements for (Z)-2(P2,/c), (E)-2(P2,),
(E)-3(P2,/n), (E)-4(P2,), (E)-4(Cc), and (E)-4(PI) were carried
out using a Hitachi F-4500 spectrofluorometer. All solid-state spectra
were recorded at 25 °C with an excitation slit width of 2.5 nm, an
emission slit of 2.5 nm, and a 600 V photomultiplier tube voltage. IR
spectra were recorded on a Thermo Scientific Nicolet IR200 fourier
transform infrared spectrometer.

2.2. X-ray Diffraction Measurements. Crystals of (E)-3(P2,/n)
and (E)-4(P1) for X-ray diffraction (XRD) experiments were
obtained from acetonitrile solutions by slow evaporation under
ambient conditions. Diffraction data sets were collected for single
crystals with a Rigaku SuperNova diffractometer (low-temperature
Cryo-Jet device and an Atlas CCD detector) using Cu Ka radiation
for (E)-3 and Mo Ka radiation for triclinic (E)-4. Data collection, cell
refinement, and data reduction were performed using the CrysAlisPro
program.”” The data collection and crystal structure refinement details
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are summarized in the Supplementary Information. The SIR92
program was used to solve the structures with direct methods.”®
SHELXL.2013 was used to refine the structures with full-matrix least-
squares methods (F* values against all reflections and anisotropic
displacement parameters for nonhydrogen atoms).** The positions of
the hydrogen atoms (found from Fourier difference maps) were
refined in the riding model with U(iso) = 1.2U(eq) of the parent
atom. Graphical programs ORTEP-3 (operating under WinGX suite)
and Mercury 2.3 were used to prepare the molecular graphics.”>™>’
The structural details for (E)-3 and (E)-4(P1) were deposited in the
Cambridge Structural Database at the Cambridge Crystallographic
Data Centre under CCDC number 1519234 and 2086613,
respectively.

2.3. Computational Details. The presented density functional
theory (DFT) calculations concerning the dimer and the monomer
structure were based on the Amsterdam Density Functional (ADF)
program, ver. 2017.*° The Becke—Perdew exchange-correlation
functional””*® was used together with the dispersion correction
scheme by Grimme et al.>" A standard triple-{STO basis set with one
set of polarization functions was used for all atoms. The relativistic
effects were included at the scalar relativistic ZORA level of
approximations,®” as implemented in the ADF package. The bonding
between two monomers in the dimeric structures was analyzed with
the ETS bond energy decomposition scheme.*® In this approach, the
overall bonding energy (AE,,) is decomposed into the electrostatic
interaction energy (AE,,,) between the frozen charge distributions
of the two distorted fragments as they are brought together, the
repulsive interaction between occupied orbitals on the two monomers
(Pauli, AEp,;), the stabilizing dispersion interaction between the two
fragments (Edisp), and the orbital stabilization term (AE_;) that
allows us to analyze the virtual orbitals on both monomers in the
dimeric structure, which participate in the bonding, as a change in the
density (Ap).**

Additionally, the time-dependent density functional theory (TD-
DFT) calculations®>® for dimer structures were performed in the
ADF package. To visualize the transition, natural transition orbitals
(NTO) were analyzed.”’

The approximation of the solid-state spectroscopic features of the
considered crystal structure was based on CP2k.** TD-DFT
calculations were performed to consider the excited states.’® The
Becke—Lee—Yang—Parr (BLYP) functional was used as the exchange-
correlation functional with Grimme’s dispersion corrections
(D3).*"***! Periodic boundary conditions (PBCs) were used to
approximate the crystal field. A mix of double-{ valence-polarized
(DZVP) basis sets and plane waves (cutoff of 450 Ry) was used. The
trajectory was visualized and analyzed by VMD software.* The DFT
calculations performed for (E)-4(P2,) considered the presence of the
water molecule.

2.4. Fluorescence Quantum Yield and Lifetime. Absolute
luminescence quantum yields (®;) were determined by the direct
excitation method using an integrating sphere module and barium
sulfate as the reference material. An FSS spectrofluorometer
(Edinburgh Instruments) equipped with a Xe (150 W) arc lamp
was used as an excitation source, and a Hamamatsu photomultiplier of
the R928P type was used as a detector. Emission lifetime
measurements were conducted on an FSS spectrofluorometer using
a time-correlated single photon counting method with an EPLED-380
(Edinburgh Instruments) picosecond pulsed light emitting laser diode
(374.4 nm).

3. RESULTS AND DISCUSSION

3.1. Synthesis and UV Data in Solution. The syntheses
of push—pull chromophores (E/Z)-2,*> (E/Z)-3,** and
(E/Z)-4* were published earlier, and the crystal structures
of compounds (Z)-2, (E)-2, (E)-4(P2,), and (E)-4(Cc) are
available in the Cambridge Structural Database under
REFCODs LUYWAF, LUYJIA, KOPZEW, and KOPZAF,
respectively. The synthetic procedure for the new phase,
namely (E)-3(P2,/n) and (E)-4(P1), was based on the
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Scheme 1. Synthesis and E/Z Isomerization of Enamines
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Figure 1. Enamine molecules drawn with the space-filling model (Table S5).

enamination of 3-thiobenzoylpyrrolo[2,3-b]quinoxaline with
an excess amount of of 2-alkylaminopyridine in propan-1-ol*®
(Scheme 1).

The compounds occur in the equilibrium of (E)- and (Z)-
diastereoisomers,””*® with the E-form predominating in the
solutions. As a result of E/Z-isomerization, the enamines
exhibit very weak dual fluorescence (®; < 0.1%) in organic
solvents.*” The spectral properties (UV—vis, fluorescence, and
"H NMR spectra) of enamines (E/Z)-2, (E/Z)-3, and (E/Z)-4
in solutions are described in the SI (Table S1 and Figures S1—
S3).

3.2. Crystal Structure and QTAIM Analysis. During the
crystallization processes, the E/Z-equilibrium of the enamines
shifted to the E-isomer for (E)-2(P2,)," (E)-3(P2,/n),
(E)-4(P2,)," (E)-4(Cc),” and (E)-4(P1). Single crystals of
(E)-2(P2,) were isolated from either MeOH or dimethyl
sulfoxide (DMSO)-dg; those of (E)-3(P2,/n) were isolated
from DMSO-ds; and those of the three conformational
polymorphs®® with ethyl-(2-pyridyl) groups, namely
(E)-4(P1), (E)-4(P2,), and (E)-4(Cc), were isolated from
CH,CN, CH;CN with several added water droplets, and a 50%
water—acetonitrile solution, respectively. The diastereoisomer
(Z)-2(P2,/c) was isolated from solution in CH,CN upon
exposure to daylight. The data collection, crystal structure
refinement, and structural analysis details for two new crystal
structures, i.e., monoclinic (E)-3(P2,/n) and triclinic
(E)-4(P1), are summarized in the Supporting Information
(Tables S2—S4 and Figures S4—S9). X-ray crystal structure
analysis for the single crystals of (Z)-2(P2,/c), (E)-2(P2,),
(E)-3(P2,/n), (E)-4(P2,), (E)-4(Cc), and (E)-4(P1) revealed
that all the molecules exhibited planar chirality, either pS or
pR, and formed either dimers or stacks with molecules of the
same or opposite chirality depending on the space group
symmetry. The absolute configurations pR and pS for the
molecules were assigned according to the CIP rules.”’ The
pyrroloquinoxaline heterocyclic system defines the planar
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chirality of the molecules, whereas the nitrogen atom of the
pyridyl group acts as the pivot atom. The molecules drawn
with the space-filling model are shown in Figure 1.

Racemic aggregates (Z)-2(P2,/c) contain a pair of
enantiomers, pR and pS, in a head-to-tail arrangement, a
gravity center distance of the pyrroloquinoxaline heterocyclic
system from Cg7 to Cg7’ (for the molecules related by the
center of symmetry) equal to 3.844 A, and a 7—7 interplanar
separation of 3.668 A. The single crystals of (E)-2(P2,)
exclusively include either the pR or pS configuration of the
molecules, forming translational stacks of dimers. The dimer is
formed by molecules with a parallel mutual orientation in a
head-to-tail fashion following a twofold screw axis and a 7—7
separation of 3.287 A. Here, the Cg7—Cg7’ distance is equal to
3.654 A and the offset distance is 1.596 A. Enamine (E)-3
crystallizes in the monoclinic system following space group
P2,/n (the crystal structure is centrosymmetric). The racemic
structure of the (E)-3 crystals contains molecules with both pS
and pR configurations in a 1:1 ratio. Each enantiomer forms a
separate stacking arrangement along [010] in a face-to-face
fashion due to z—r interactions between the benzene and
pyrrole rings of the adjacent pyrroloquinoxaline systems, with
distances from Cg3 (the benzene gravity center) to Cgl’ (the
gravity center of the pyrrole ring moved by b) of 3.527 A. In
the noncentrosymmetric crystal structure of (E)-4(P2,),
aggregates are formed in the same manner as those in the
(E)-3 crystal structure, but stacks of pS and pR molecules are
present in separate crystals. The compound crystallizes as a
hydrate, and the water molecules stabilize the helical chirality
of the molecular arrangements through hydrogen bonds, M for
crystals built of pS molecules and P for crystals built of pR
molecules. The stacks are governed by 7—r interactions (3.411
A) along [100]. The racemic single crystals (E)-4(Cc) contain
chiral dimers formed by two symmetrically independent
enamine molecules with the same configuration but two
different conformations, C and D, due to the different

https://doi.org/10.1021/acs.cgd.1c00947
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Table 1. Intramolecular Hydrogen Bond Geometry, Energy, and IR Data for the Studied Molecules in the Crystalline State

space group and  experimental geometrical parameters of intramolecular hydrogen bonds D—H--A,  Exy_n/NH-0 C=O0 stretchin
ID crystal system D-H, H-+-A, and D--~-A (A) and «DHA (°) (kcal/mol) vibration (cm’l§
(2)2 P2,/¢ monoclinic N—H--0=C, 0.90(1), 1.98(1), 2.715(1), 137(1) —621 1661
(B)-2 P2, monoclinic N—H-Ngy, 091(1), 2.05(2), 2.839(3), 143(3) -5.15 1695
(E)-3 P2,/n monoclinic N—H-Ng,; 0.89(1), 2.12(2), 2.813(4), 135(3) —5.60 1693
N-H-N,, 0.89(1), 2.23(3), 2.688(4), 111(3) —4.49
(E)-4(P2,) P2, monoclinic N—H:-Ng,; 0.86(1), 2.12(2), 2.859(2), 143(2) —4.33 1699
N-H-N,,, 0.86(1), 2.25(2), 2.716(3), 114(2) —4.30
(E)-4(Cc)  Cc monoclinic (C) N=H-N,, 0.90(1), 2.22(2), 2.908(1), 134(1) -5.32 1700
(D) N—H~N,,, 0.89(1), 2.05(2), 2.811(1), 142(1) -337
(D) N—H--N,,,, 0.90(1), 2.42(2), 2.939(2), 117(1) —243
(E)-4(P1) PI triclinic N—H-Ng,; 0.86(1), 2.15(1), 2.857(2), 139(2) —4.46 1698

conformations of the ethylpyridyl chain. The molecules of the
same enantiomer are arranged in a head-to-tail manner with a
Cg7(C)—Cg7(D) distance of 3.507 A and an offset distance of
0.687 A, forming a chiral dimer. Another polymorph of (E)-4
crystallizes in the triclinic centrosymmetric space group P1.
The structure of (E)-4(P1) is built of centrosymmetric dimers
formed by two molecules of opposite configurations, namely
pS and pR, with a Cg7—Cg7’ distance of 3.450 A and an offset
distance of 1.018 A.

Single-crystal X-ray structure analysis indicated that
enamines with an E-configuration are stabilized by the
moderate intramolecular hydrogen bond between the enamine
group NH and the nitrogen atom N(4) of the pyrazine ring in
the quinoxaline system (i.e, Ng,), whereas the (Z)-
diastereomer has an appropriate hydrogen bond between the
enamine group NH and the amide carbonyl oxygen atom
O(2). The formation of these hydrogen bonds imposes a
planar conformation of the molecules that, in the cases of
(E)-3(P2,/n), (E)-4(P2,), and (E)-4(Cc), is additionally
stabilized by hydrogen bonds formed between the enamine
NH and the nitrogen atom of the pyridyl substituent (N,,)
(Tables 1 and S4). The presence of hydrogen bonds in
CD;CN solutions is also manifested by chemical shifts for the
(E/Z)-NH proton and the (E/Z)-H,, proton at the C atom in
the position adjacent to N, (Table S1 and Figure S3c). The
chemical shift value for the H,, proton also indicates the
strength of the hydrogen bond between NH and N, as the
acceptor. The stronger the N—H:N,, hydrogen bond, the
more deshielded the H,, proton, as the N,,—C—H,, bonds in
the pyridyl substituent are more polarized. The (E/Z)-H,,
protons appeared to be most deshielded in the case of
(E/Z)-3, for which the formation of the intramolecular
hydrogen bond N—H--N,, was detected even in solution. As
the strength of this interaction increases, the conformation of
the enamine substituent becomes more rigid, and the
intramolecular vibrations and rotations become more
restricted. By comparing the chemical shifts for the C(5)—H
proton of the E- and Z-isomers, it is also possible to estimate
the formation of an intramolecular hydrogen bond between
NH and Ng,,;, which is broken during the E/Z-interconversion
in solution. In the lowest field range of the 'H nuclear
magnetic resonance (NMR) experiment, the C(5S)—H proton
was observed at 8.0, 7.97, and 7.76 ppm for (E)-2, (E)-3, and
(E)-4, respectively (Figure S3).

To confirm the existence of the geometrically predicted
inter- and intramolecular interactions responsible for the
structural features, the QTAIM analysis was performed for
dimers of the enamine (E)- and (Z)-diastereisomers. The
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calculations were performed for the dimers at the B3LYP/
6311-G** level using the experimental geometry (Table 2 and
Figures S10 and S11). The electron density, the Laplacian
electron density, and the local kinetic and potential energy
densities are given in Table S6. The energies for weak
intermolecular interactions were estimated from the potential
energy density using the approach described by Espinosa.”
Molecular graphs with the critical points marked for (E)-3 and
(E)-4(P1) are shown in Figure S10.

A moderate hydrogen bond (N—H:--O=C) was found for
the (Z)-diastereoisomer (Z)-2 (—6.21 kcal/mol). The IR
spectra of (Z)-2 show that the formation of the N—H---O
hydrogen bond shifts the amide carbonyl stretching band to a
lower frequency, i.e., from 1695 cm™! for the E-isomer to 1661
cm™' for the Z-isomer (Table 2 and Figures S12—S16). The
elongation of the linker between the pyridyl and enamine
groups due to the methylene spacer facilitates the formation of
bifurcated hydrogen bonds (N—H---Ng,; and N—H---N,,,) and
slightly increases the energy of the N—H:--Nq,; bond of the E-
isomer from —5.15 kcal/mol for (E)-2 to —5.60 kcal/mol for
(E)-3. The energy for N—H-N,, is equal to —4.49 kcal/mol.
The ethylene linker also facilitates the formation of bifurcated
hydrogen bonds, but because of the more labile conformation
the formation of bifurcated hydrogen bonds does not
significantly affect the bond strength or energy value in the
case of polymorphs (E)-4(P2,) and (E)-4(Cc) (Table 2).

The presence of intramolecular bifurcated hydrogen bonds
(N—H---NQui and N—H---pr) additionally stabilizes the
conformation and facilitates the planarization of the molecule
(Figure 1). The mutual antiparallel orientation of chromo-
phores is caused by dipole—dipole interactions between
molecules with permanent dipole moments (Table 2 and
Figure S11). Chromophores in dimers and stacks are arranged
in either a head-to-tail or head-to-head manner, with a parallel
alignment in either case. The energy of m—n interactions
between molecules in the dimers, which were cut from the
crystal structure and taken without further optimization of the
geometry, as assessed by QTAIM analysis are given in Tables 2
and S6.

The energy of the n—x interaction was estimated by
QTAIM analysis to be —3.13 kcal/mol for dimer (Z)-2, with a
head-to-tail orientation, an interplanar distance of 3.668 A, and
an overlapping fraction of fluorophore surface area (fso) of
66%.>° (Table 2). Among the enamino-pyrroloquinoxalines
with the E-configuration, the lowest energies were found for
(E)-3 and (E)-4(P2,) as —3.39 and —4.01 kcal/mol, fso values
of 29% and 35%, and interplanar distances of 3.527 and 3.411
A, respectively. In the case of dimers with molecules oriented
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Table 2. Geometric Parameters and Spectral Properties of Enamine for Isolated Single Crystals (Z)-2, (E)-2, (E)-3,

(E)-4(P2,), (E)-4(Cc), and (E)-4(P1).”

Drawing of enamine ID/ n-r/ Dipole® E(r-7) Emission (TS Fluorescence
dimer/stack space group/ Cg-Cg moment: [keal/moll/  Aex/hem[nm]/ (Ae=374/ Lifetimes'
in single crystal arrangment of Distance/ monomer/ Fraction of  Absorption® 360 nm) [%] t kel Ko
structure® molecules off-set dimer/ =T hmalnm)/ [ns)/[s1]
1A trimer overlapping  Stokes shift [em™]
(D] surface [%]
(2)-2 3.668/ 4.86/ -3.13/66% 440/542/ 3.80/1.97 14.8 (+0.12)
P2i/c Cg7-Cg?’ 0.00 428/ /0.0025
ﬁ centrosym. 3.844/ 4914 /0.065
] ; dimer 0.725
'@, head-to-tail
(E)-2 3.287/ 4.73/ -5.42/40%  440/505/ 8.49/5.17 14.4 (+0.15)
P2 Cg2-Cg3’ 2.90/ 461/ /0.0059
stack of dimer 3.654/ 5,86 1890 /0.063
head-to-tail 1.357
(E)-3 3.527/ 7.48/ -3.39/ 29% 430/491/ 12.06/18.50 13.3 (+0.09)
P 2i/n Cgl-Cg3’ 14,77/ 420/ /0.0090
translational 3.602/ 20,55 3443 /0.066
stack 1.069
head-to-head
(E)-4(P 2,), 3.411/ 3,77/ -4.01/35%  430/480/ 13,77/6.93 15.6 (0.16)
translational Cgl-Cg3’ 7.01/ 401/ /0.0088
stack 3.515/ 10,45 4104 /0.055
head-to-head 0.865
(E)-4(Cc) 3.439/ 6,57/ -6.03/67% 455/509/ 12.69/5.98 14.8 (0.07)
non-centrosym.  Cgl-Cg3’ 227 488/ /0.0081
dimer 3.507/ 843 /0.059
head-to-tail 0.687
(E)-a(P-1) 3.449/ 5.18/ -4.65/54%  360/460,551/ 4.00/5.87 15.3 (0.15)
centrosym. Cg2-Cgd’ 0.00 354, 509/ /0.0026
dimer 3.597 1112 /0.063
head-to-tail 1.018

v

“@y(.;) represents the fluorescence quantum yields. Cg7 is the gravity center of the pyrroloquinoxaline fluorophore. Ring gravity centers for the
fluorophore are as follows: Cg7 for N(1)C(2)C(3)C(3a)N(4)C(4a)C(5)C(6)C(7)C(8)C(8a)N(9)C(9a) Cgl for N(1)C(2)C(3)C(3a)C(9a),
Cg2 for C(3a) N(4)C(4a)C(8a)N(9)C(9a), and Cg3 for C(4a)C(5)C(6)C(7)C(8)C(8a). Overlappmg surfaces of fluorophores are marked in
color. “Dipole moments for the monomers, dimers, and trimers were calculated at the B3LYP-6311-G** level using experimental geometries of the
molecules without optimization. IUV—vis spectra are included in the SI (Figures S27—S31). “Fluorescence quantum yields for single crystals were
determined by a direct excitation method using an integrating sphere and for powders using a procedure described previously>* for 4, = 360. P =
374.2 nm, k; is the radiative rate constant, and k,, is the nonradiative rate constant.

head-to-tail, a moderate 7—x interaction (—6.03 kcal/mol) was
observed for the noncentrosymmetric dimer (E)-4(Cc), with
n—n distances of 3.439 A and fso = 67%.

The shortest interplanar distance between chromophores
(n—m = 3.287 A) was observed for the (E)-2 dimer. This
distance is smaller than both the sum of the van der Waals radii
of the two sp*hybridized carbon atoms and the 3.345 A the
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interlayer distance in graphite.” In the (E)-2 dimer, the fraction
of the overlapping surface area for the two pyrroloquinoxaline
systems in the dimer is 40%, and the 7— interaction energy is
—5.42 kcal/mol.

3.3. Density Functional Theory (DFT) Calculations. To
shed additional light on the fluorescence properties of the
studied crystals, the electron properties of the systems were

https://doi.org/10.1021/acs.cgd.1c00947
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Table 3. Results of DFT Calculations for Monomers and Dimers and the ETS Analysis for the Considered Dimer Structures”

ID
space group
DFT calculations for monomer (point group 1)
Dipole moment (D)
HOMO (eV)
LUMO (eV)
HOMO-LUMO gap (eV)
DFT calculations for dimers
AEp,
AE,
AEeric
AE,,
Egiop
AE(D(
dipole moment (D)
HOMO (eV)
LUMO (eV)
HOMO-LUMO gap (eV)
excitation energy (TD-DFT)

(2)2 (B)-2%* (B)-3*  (E)-4(P2))* (E)-4(Cc) (E)-4(P1)
P2, /c P2, P2,/n P2, Ce P1
470 4.62 7.45 521 5.84 5.14
—5.552 -5.537 —-5.241 —5.388 -5.328 -5.331
-3.142 —3.081 —2.760 —3.187 -2.713 —2.713
2.410 2456 2.481 2211 2,615 2,618
20.32 26.63 18.52 29.73 26.16 20.45
—-9.56 —11.31 —7.38 —12.45 -10.1 —8.87
10.76 15.32 11.14 17.28 16.06 11,58
—5.65 —6.46 —5.44 —8.69 -7.06 —6.41
—33.79 —30.02 —30.96 —40.26 —38.61 —34.56
—28.68 -21.16 —25.26 —31.67 —29.61 —29.46
0.00 2.87 13.87 9.83 2.30 0.00
—5.548 —5.539 —5.154 —5.547 -5.166 —5217
—3218 —3.088 —2.882 -3.036 —2.782 —2.735
2.330 2.451 2272 2.511 2.384 2.482
2.391 2.424 2297 2233 2.512 2.629
519 511 540 555 494 471

calculated absorption maximum (based on the excitation energy for the dimer)

(nm)

“Energies are in kilocalories per mole. Note that in some structures there are stacks (*) or stacks of dimers (**) instead of the considered dimers.

Total bonding energy was calculated as follows: AE,, = AEp,; + AEg + AEgy, + Eg, where AE, + AEp,; = AE

steric*

calculated using density functional theory (DFT). The
calculations were carried out based on the three molecular
models for all studied systems: a single molecule, the dimer
structure present in crystalline state, and the unit cell with
periodic boundary conditions. The elucidation of the
interaction patterns in the studied crystals was the main goal
of the calculations presented. For this reason, the analysis was
performed based on the geometries extracted from crystal
structures. The DFT results for monomers and dimers are
presented in Table 3, whereas the DFT results for the unit cell
with periodic boundary conditions are given in Table S7.
(E)-3(P2,/n) has the largest dipole moment (7.45 D) (Figure
S17), while (E)-4(P1) has the largest HOMO—LUMO gap
(2.618 eV). The representation of molecular orbitals (HOMO
and LUMO) characteristic of the dimer of (E)-4(P1) and a
scheme showing the first three electronic transitions are shown
in Figure S18. The calculated highest occupied molecular
orbitals (HOMOs) and lowest unoccupied molecular orbitals
(LUMO:s) for the (Z)-2, (E)-2, (E)-4(P2,), and (E)-4(Cc)
dimers are presented in Figures S19—S22, respectively. The
orientations of the dipole moments for (Z)-2, (E)-2, (E)-3,
(E)-4(P2,), (E)-4(Cc), and (E)-4(P1) are shown in Figures
§23—-S25, respectively. After comparing all the HOMO—
LUMO gaps and dipole moments, no strong correlation was
elucidated. Electronic structure analysis of the dimers was
performed based on energy decomposition analysis and
extended transition state (ETS) analysis.

The interaction energy ranges from —21.16 kcal/mol for
(E)-2(P2,) to —31.67 kcal/mol for (E)-4(P2,). The
fluctuation of the interaction energy between the considered
systems clearly originates from the dispersion energy, which
ranges from —30.02 kcal/mol for (E)-2(P2,) to —40.26 kcal/
mol for (E)-4(P2,). As discussed above, the mutual orientation
of the single molecules is different in the studied systems. Let
us compare two neighboring molecules in the stack of the
(E)-3(P2,/n) structure (related by head-to-head orientations)
with the dimer in the (E)-4(P1) structure (related by head-to-
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tail orientations). The head-to-tail system has a dipole moment
equal to zero because the dimer is centrosymmetric. Two
molecules in the stack of (E)-3(P2,/n) accumulate a dipole
moment of 13.87 D. Unfortunately, considering only two
neighboring molecules is not a good choice replicating
interactions in stack systems. The tetramer model (four
neighboring molecules in the stack) would be the better
choice; however, that model has many disadvantages. First,
analyzing the electron flow and understanding the relationship
between the electronic structure and spectral properties is
challenging. Second, all systems should be recalculated at the
same size of the model systems, which would dramatically
increase computational costs. However, an analysis of frontier
orbitals of the dimer structures could provide knowledge on
the charge transfer between molecules. The main differences
between systems are elucidated in the sum (AEg,,.) of the
electrostatic energy (AE,) and Pauli repulsion (AEp,,;) terms.
The lowest energies, and thus the weakest destabilization by
Pauli repulsion, were observed for (Z)-2, (E)-3(P2,/n), and
(E)-4(P1).

The orbital interaction energies (AE,) of (E)-3(P2,/n) and
(E)-4(P1) were visualized as deformation densities®® in Figure
2a and b, respectively. The deformation densities visualize the
charge flow based on calculations exclusively for a fragment of
the structure, either for two molecules in the stack or for the
dimer.”® The deformation density for (E)-3(P2,/n) elucidates
the charge transfer between two neighboring monomers. The
chromophore group participates in the charge transfer. Figure
2a depicts the charge flow from the top monomer to the
bottom monomer. The charge flow observed for the dimer of
(E)-4(P1) is completely different. In that case, the charge flow
is localized on each molecule of the dimer. There is strong
polarization in the dimer structure, especially between the
chromophore center and the phenyl substituent at N1 of
pyrroloquinoxaline. Polarization is also indicated by the
accumulation of a negative charge (red color) in the molecular
electrostatic potential (MEP, Figure 2d). However, some
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Figure 2. Deformation density Ap (Ap = Pgmer — (Pmonomer 1 +
Prmonomer 2)) for (a) two neighboring molecules in stack of (E)-3(P2,/
n) and (b) the dimer of (E)-4(PI). The blue color indicates the
accumulation of electron density, and the color red indicates
depletion. The molecular electrostatic potential (MEP) color-coded
at the electron-density isosurface (p = 0.002 au) for (c) (E)-3(P2,/n)
and (d) (E)-4(P1). The color scale is indicated in the bottom-right
corner of the figure.

relatively small attractive interactions can also be seen between
monomers in (E)-4(P1) (notice the accumulation of electron
density in Figure 2b). The deformation density clearly shows
the strong electronic conjugation between molecules in the
dimer in the ground state for (E)-4(P1) (see Figure 2b).
Figure 3 presents the first excitations in terms of NTO
(Table S8, Figure S26) for (E)-4(P1) and (E)-3(P2,/n). First,

Figure 3. Natural transition orbitals (NTOs) for the first excitations.
Panels a and b show the virtual orbitals, and panels ¢ and d depict the
occupied orbitals. Panels a and c depict the excitation for (E)-3(P2,/
n), and panels b and d depict the first excitation for (E)-4(P1).

the depicted orbitals are the major orbitals. The other NTO
involved in this transition plays only a marginal role. The
elucidated transitions are in line with the previous observation
concerning the charge flow (Figure 2a and b). Excitation in
(E)-4(P1) is localized in the chromophore group, while
excitation in (E)-3(P2,/n) spreads to the phenyl substituent at
N1 of pyrroloquinoxaline.

Figures S18 and S17 depict the approximation of the
electron transitions from the ground state to the three lowest
unoccupied molecular orbitals for (E)-4(P1) and
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(E)-3(P2,/n), respectively. The HOMO orbital is mostly
localized on one molecule; however, the LUMO orbitals are
localized on the second molecule of the fragment of the stack
taken for calculations. LUMO + 1 and LUMO + 2 orbitals are
spread over the chromophore center and the pyridyl group.
The frontier orbital analysis is in line with the deformation
density calculations.

3.4. Fluorescence Properties of Single Crystals. As
indicated before (Section 3.1), E/Z-interconversion, which is
related to the rotation around the C(3)—C(30) bond of the
zwitterion intermediate form, quenches the enamine fluo-
rescence in solutions. In the solid state, conformational
changes and vibrational motions are suppressed, and the
rigidity of the structure leads to the radiative deactivation of
the excited states. The single crystals of the studied enamines
show fluorescence emissions with one band (Figure 4a) except
for (E)-4(P1), where two bands are present due to symmetry-
forbidden (551 nm, Laporte rule) and symmetry-permitted
(460 nm) transitions (Table 2 and Figure S27—31). For all
crystalline enamines, red-shifts of the emission bands were
observed at approximately 10—30 nm compared to those in
acetonitrile solutions except for (E)-2 (the stack of dimers is
present in its crystalline state), where a blue-shift was observed.
The fluorescence quantum yields (®;) were determined using
two methods: a direct excitation method using integrating
spheres (Table S9) for single crystals and the procedure
described by Ware for the powdered samples mixed with KCI
(Figure S32—S37). Single crystals of enamines exhibit higher
absolute fluorescence quantum yields than the crystals of
enamines in solutions. The lowest absolute fluorescence
quantum yields are 3.80% and 4.00% for (Z)-2 and
(E)-4(P1), respectively. The highest yields of 12.06—13.77%,
were exhibited by (E)-3, (E)-4(P2,), and (E)-4(Cc). For
(E)-2, ®; amounts to 8.49% (Table 2). Some regularity can be
noticed here. Centrosymmetric single crystals with head-to-tail
dimers have lower fluorescence quantum yields than those with
two molecules in stacks or dimers in non-centrosymmetric
crystal structures. Considering the phenomenon described in
the literature,”>° we can conclude that similar fluorescence
quantum yields were observed both for the powdered samples
(diluted in KCI) and those determined for single crystals using
the integrating sphere (absolute fluorescence quantum yields).

The measurements of fluorescence lifetimes for all studied
compounds gave values from 13.3 to 15.6 ns and revealed one
single process of radiative energy transfer in the crystalline
state (Tables 2 and S10).

3.5. Discussion. The electron density distributions of
HOMOs and LUMOs of the structures obtained by DFT
calculations (Section 3.3) showed that the HOMOs were
delocalized over the pyrroloquinoxalin-2-one system in the
case of the head-to-head molecular stacking in (E)-3. However,
the LUMOs were delocalized over only one of two molecules
in the stack, with the maximum component on its pyridine
ring. The calculations indicated that intermolecular charge
transfer from both molecules of the dimer occurred to the
pyridyl group of one component only. The pyridine ring is
almost coplanar with the fluorophore core due to the N—H-:
N,, hydrogen bond, which enables both the extension of #-
electron transfer and coupling between the heterocyclic
moieties. The direction of the electron transfer is consistent
with the orientation of the dipole moment. The value of the
dipole moment estimated for one molecule (monomer) is 7.45
D, that for two molecules in the stack is 13.87 D (Table 3 and
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Figure 4. (a) Normalized fluorescence spectra of single crystals. (b) The overlap of the absorption and fluorescence spectra for single crystals of

(E)-3 (blue) and (Z)-2 (orange).
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-7 distance [A] = 3.668 3.287 3.527
u.= 486D 473D 7.48D
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Figure 5. Schematic representation of different energy contributions to the interaction between the studied molecules in dimers or stacks induced
by 7—n repulsion, excimer formation, and other interactions, including the z—x interaction (E,_, (eV)), the fraction of the 7z—z-overlapping
surface (fso (%]), the dipole moment for the monomer (u,, (D)), the HOMO and LUMO for monomer (HOMOm and LUMOm, respectively),
and the HOMO and LUMO for dimer or stack (HOMOd and LUMOJ, respectively).

Figure S24a), and for three molecules in the stack is 20.55 D
(Table 2 and Figure S11). Similar intramolecular charge
transfer was found for head-to-head molecular stacking in the
polymorph (E)-4(P2,) for which the calculations were
performed for two neighboring molecules of the stack. Here,
the HOMOs were mainly delocalized over the pyrroloquinox-
alin-2-one system of one molecule (including the intra-
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molecular hydrogen bond N—H- Ng,;), whereas LUMOs
were delocalized over the heterocyclic system, including the
phenyl ring at C(30), with the exception of the carbonyl group
of the second molecule in the stack. The direction of the
electron transfer was consistent with the orientation of the
dipole moment estimated for one molecule (5.21 D) and for
two molecules in the stack (9.83 D, Table 3 and Figure S24b).
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However, in the case of stacks in E-4(P2,), the dihedral angle
between the phenyl ring and the fluorophore plane is ca. 62°,
which causes charge separation in the LUMOs.

In the polymorph (E)-4(P1) containing the ethylene linker,
the presence of a center of symmetry in the crystal structure
causes the same delocalization of the HOMOs over the
pyrroloquinoxalin-2-one system on both molecules of the
head-to-tail dimer, whereas the LUMOs delocalize over
pyrroloquinoxaline and only C(31) of the phenyl ring. In
such cases, intramolecular charge transfer occurs within each
molecule in the dimer, including the intramolecular hydrogen
bond N—H:"Ng,;. In the polymorph (E)-4(Cc), the dimer is
formed by two symmetrically independent molecules of the
same chirality in a head-to-tail arrangement, and the
delocalization of the HOMOs is similar to the delocalization
observed in (E)-2 (compare Figure S21 and $23). The LUMO
of the dimer of (E)-4(Cc) unevenly delocalizes into two
heterocycles, and the direction of charge transfer is consistent
with the orientation of the dimer dipole moment (Figure
S26a), with a value of 2.30 D.

The (E)-2 single crystal does not contain a linker between
the pyridyl group and the pyrroloquinoxaline system, which
prevents the formation of an intramolecular hydrogen bond
N—H-- N,, and the extension of z-electron coupling. The
HOMOs for the (E)-2 head-to-tail dimer were delocalized
over the pyrroloquinoxaline system, including the intra-
molecular hydrogen bond N—H-- Nq,; on both molecules of
the dimer, whereas the LUMOs were almost delocalized over
only one molecule of the dimer, with maximum components
on Nq C(3), C(30), enamine N(30), the pyridine ring, and
the phenyl ring at C(30). Here, DFT calculations indicated
that intermolecular charge transfer occurred from both
molecules of the dimer to only one component. The (Z)-2
single crystals contain a center of symmetry, which causes the
same delocalization of the HOMOs over the pyrroloquinox-
alin-2-one system and the intramolecular hydrogen bond N—
H---O=C for both molecules in the dimer, and the LUMOs
are delocalized over the pyrroloquinoxaline moiety, the pyridyl
ring, and the phenyl ring at C(30).

The HOMO-LUMO gap analysis for the studied
monomers shows the influence of the intramolecular hydrogen
bonds on the stabilization of the HOMO for the Z-isomers
(NH---O=C) and E-isomers (NH--N). The formation of
hydrogen bonds to the oxygen acceptor (O=C) strongly
stabilized the HOMO (—5.552 eV). The difference between
the HOMO—-LUMO gaps of the monomers and dimers in
each case shows the influence of 7—n, hydrogen bond, and
weak C—H--7 interactions, which are present between
monomers in the dimer, on the stabilization or destabilization
of the dimer in the ground and excited states (Figure S). The
7— interaction has almost no influence on the stabilization of
the HOMO for the (Z)-2 and (E)-2 dimers. For the Z-isomer,
there is a moderate stabilization of the excited state due to 7—x
interactions and excimer formation (note the large fraction,
66%, of m—n overlap). Although the energy of the 7—x
interactions for (Z)-2 and (E)-3 is comparable, their quantum
yields of fluorescence differ significantly (Table 2). The
difference in quantum yields is influenced by the mutual
arrangement of the molecules in the (Z)-2 dimer and the
(E)-3 stack. In the dimer, the distance between fluorophore
planes is the largest (3.668 A) among the studied enamine
single crystals despite the dipole—dipole interactions as a result
of the different conformations of the molecules. A relatively

1579

long interplanar distance in the (Z)-2 dimer weakens the 7—x
interactions. However, the fraction of the superimposition of
the molecule surface in the dimer is similar to the fraction of
the superimposition of the molecule surface observed in
(E)-4(Cc) (67%). The difference between the fluorescence
quenching of single crystals of (Z)-2 and that of (E)-3 is
caused by the reabsorption of re-emitted photons®® (see the
overlap of the normalized absorption and fluorescence spectra
for the single crystals in Figure 4b). For the (E)-4(Cc)
polymorph, the greatest destabilization of the HOMO induced
by zn—n repulsion (by 0.169 eV) and the relatively small
stabilization of the LUMO (0.069 eV) were found, which may
result from both 7—7z and C—H---x interactions between the A
and B molecules in the dimer (C(43B)—H(43B)---Cg4(A) =
0.95, 2.58, and 3.392 A and 162°, where Cg4(A) is the center
of gravity of the phenyl ring at N(1A))*. The HOMO—
LUMO gap for the AB dimer is 0.231 eV lower in relation to
the monomer HOMO—-LUMO gap, which enables charge
transfer between A and B molecules in the dimer. In the case of
(E)-3, the 7—r interaction energy of the dimer and the surface
area of the fluorophore overlap are relatively small (—3.39
kecal/mol and 29%, respectively). The HOMO is destabilized
by 0.0096 eV, whereas the LUMO is highly stabilized by 0.122
eV; thus, the HOMO—-LUMO gap for the dimer decreases by
approximately 0.209 eV. Therefore, the stabilization of the
dimer in the excited state is influenced mainly by excimer
formation that is amplified by the C—H:-N interaction
(C(12)=H(12)-N9(x, y — 1, z) = 093, 2.69, and 3.633 A
and 177°). A small HOMO-LUMO gap enables intermo-
lecular charge transfer between molecules in the stack. For
(E)-4(P2,), the polymorph that exhibits helical chirality, the
HOMO is stabilized by 0.159 eV and the LUMO is
destabilized by 0.151 eV. The HOMO—-LUMO gap for the
dimer increased by approximately 0.300 eV. In these cases, the
weak overlap between the absorption and emission spectra and
the large Stokes shift of 4104 cm™ prevent reabsorption.

In this case, the water molecule stabilized the ground-state
bridging two neighboring molecules in the stack due to the
hydrogen bond [(045—H451--02 = 0.91, 1.98, and 2.809 A
and 151°) and the interaction of its lone pair with the pyrrole
ring (045--Cgl(x+ 1, y, z) = 3.134 A). For (E)-4(P1), the
destabilizing effect of 7—n interactions was observed for the
HOMO, whereas their influence on LUMO stabilization was
very small. In this case, the reabsorption phenomenon is
present due to the centrosymmetric relationship between the
two molecules forming dimers and the 54% fraction of 7—x
overlapping surfaces.

B CONCLUSIONS

The length of the linker (CH,), (n =0, 1, or 2) between the
enamino-pyrroloquinoxaline system and the pyridyl group
influences the general shape of assembling molecules and the
packing of the molecules in the crystal structures. Each of the
studied enamino-pyrrolo[2,3-b]quinoxaline derivatives exhibits
a permanent dipole moment. The reorientation of the
molecular permanent dipole moment in some cases is caused
by an additional intramolecular hydrogen bond interaction
(N-H-N,, apart from N—H--Ng,) that affects the
conformation of the molecules.

The mutual orientation of the fluorophores in dimers or
stacks is induced by dipole—dipole interactions. We have
shown the significant influence of the methylene linker on the
formation of intramolecular bifurcated hydrogen bonds,
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favoring the coplanarity of the pyridyl ring with the
fluorophore and causing the extension of z-electron coupling
between these moieties.

For enamino-pyrrolo[2,3-b]quinoxaline derivatives, two
mechanisms of intra- and intermolecular charge transfer are
responsible for the fluorescence properties of the single
crystals. Crystals that contain centrosymmetric dimers exhibit
1 quantum fluorescence yields (®;) lower than those of crystals
containing stacks of molecules in translational arrangements or
noncentrosymmetric dimers. The highest ®; values were
observed for the (E)-3 and (E)-4(P2,) crystals containing
stacks of molecules and (E)-4(Cc), where the dimer was
formed by two molecules of the same chirality in a head-to-tail
arrangement.

The calculated frontier orbitals (HOMO and LUMO) and
deformation densities indicate that the intermolecular charge
transfer, which was observed for crystals containing stacks of
translationally arranged enamino-pyrrolo[2,3-b]quinoxaline
molecules or noncentrosymmetric dimers, influenced the
fluorescence properties of the molecules in the crystalline
state. In the case of centrosymmetric dimers, DFT calculations
elucidate intramolecular charge transfer within each molecule
of the dimer.
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