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The current work focuses on the investigation of two function-
alized naphthyridine derivatives, namely ODIN-EtPh and ODIN-
But, to gain insights into the hydrogen bond-assisted H-
aggregate formation and its impact on the optical properties of
ODIN molecules. By employing a combination of X-ray and
electron crystallography, absorption and emission spectroscopy,
time resolved fluorescence and ultrafast pump-probe spectro-
scopy (visible and infrared) we unravel the correlation between
the structure and light-matter response, with a particular
emphasis on the influence of the polarity of the surrounding
environment. Our experimental results and simulations confirm
that in polar and good hydrogen-bond acceptor solvents

Introduction

The manipulation of intermolecular interactions represents a
widely explored strategy for tuning the optical properties of
supramolecular structures formed by independent molecular
units.? Various approaches have been employed in this
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(DMSO), the formation of dimers for ODIN derivatives is strongly
inhibited. The presence of a phenyl group linked to the ureidic
unit favors the folding of ODIN derivatives (forming an intra-
molecular hydrogen bond) leading to the stabilization of a
charge-transfer excited state which almost completely
quenches its fluorescence emission. In solvents with a poor
aptitude for forming hydrogen bonds, the formation of dimers
is favored and gives rise to H aggregates, with a consequent
considerable reduction in the fluorescence emission. The urea-
bound phenyl group furtherly stabilizes the dimers in chloro-
form.

endeavor, including the introduction of suitable substituents to
optimize steric hindrance® and the precise control of the
distance and positioning of the molecular units.”’ Chromophore
aggregation is a well-known approach to adjust the optical
properties of materials, particularly when medium-strong inter-
molecular dipole-dipole coupling is involved.*® Such coupling
gives rise to the formation of exciton molecular aggregates.
However, while exciton molecular aggregates are easily formed
through weak intermolecular interactions between molecules
possessing an extended distribution of n-electrons, such as Van
der Waals and stacking interactions,”'? they provide limited
control over the conformational geometry of the aggregate. To
gain precise control over the coupling between chromophores
and manipulate their absorption and fluorescence propetrties, it
is essential to control the geometry of the aggregate. This can
be achieved using a wide palette of directional weak inter-
actions, among which H-bonding is one of the preferred
options.™? Hydrogen bonds offer the advantage of maximizing
interactions in specific directions while minimizing them in
other directions.”" Furthermore, hydrogen bonds can be
exploited in a multiple bonding strategy to leverage the chelate
cooperative effect™ leading to a preferential network forma-
tion among certain hydrogen interactions over others."*'”’ The
precise arrangement of donors (D) and acceptors (A) in
complementary units can further increase the strength of the
resulting H-bond pattern,"® according to the Jorgensen rules."”

In general, the formation of a new molecular aggregate,
composed of two or more coupled molecules, results in the
emergence of new electronic states that are delocalized across
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all the involved molecules. These states arise from the in-phase
or anti-phase combination of the excited states of the individual
molecules. Moreover, depending on the sign of the coupling
constant between molecular units, two distinct types of
interaction can occur. In case of negative coupling constant, the
in-phase combination has the lowest energy, while for positive
coupling constant, the out-of-phase combination exhibits lower
energy. These types of interaction give rise to J and H excitonic
aggregates, respectively. J aggregates are characterized by
having the lowest energy state as the optically permitted one,
while H aggregates often exhibit low fluorescence emission due
to the optically dark nature of their lowest energy excited state
91

In a previous work, we reported the design and synthesis of
a functionalized naphthyridine unit, named ODIN, which
possesses the ability to self-dimerize through six intermolecular
hydrogen bonds, forming a DDADA bonding motif, in which
two H-bonds are bifurcated.”” We demonstrated the self-
dimerization of ODIN in the solid state through X-ray crystal
structure analysis, providing insights into its supramolecular
arrangement. Furthermore, we successfully incorporated ODIN
into a polyolefin matrix to create a dynamic cross-linked
polyethylene material, where ODIN acts as a physical cross-
linker.”™ Subsequent investigations focused on studying the
tendency of ODIN to tautomerize, self-dimerize, or form intra-
molecular hydrogen bonding, and the role played by solvents
in favoring inter- or intra-hydrogen bond formation.”" However,
a comprehensive rationalization of the interplay between the
structural and optical properties, with a clear reference to the
intermolecular interactions, is still missing. Therefore, the
objective of the present work is to shed light on the correlation
between the structure and light-matter response of ODIN
molecules, with particular attention to the influence of the
polarity of the surrounding environment.

To accomplish this, various characterization techniques
were used, including X-ray crystallography, 3D electron
diffraction,?** UV-vis spectroscopy, fluorescence spectroscopy,
time resolved fluorescence spectroscopy and ultrafast pump-
probe spectroscopy. X-ray and electron crystallography allowed
us to obtain precise structural information, highlighting the
supramolecular arrangement and hydrogen bonding interac-
tions of ODIN molecules, while the spectroscopic analyses let us

elucidate the type of aggregates present in different solvents
and the corresponding optical properties.

Results and Discussion

Two different ODIN derivatives, namely ODIN-EtPh and ODIN-
But, were synthesized.”” ODIN-EtPh features a butyl chain
attached to the naphthyridine ring and a 4-ethylphenyl unit
directly linked to the urea group (Scheme 1, left), while ODIN-
But is characterized by a butyl chain attached to the urea group
(Scheme 1, right). These derivatives were specifically designed
to investigate the structural and optical properties of ODIN
molecules under different solvent environments, thereby
providing valuable insights into the influence of environment
polarity on the hydrogen bond-assisted H-aggregate formation
of ODIN.

In particular, we focused our attention on the effect of the
substituent linked to the ureidic group on the stability of the
intermolecular interactions. We decided to insert in one
derivative a rigid group (4-Ethylphenyl group) able to limit the
number of conformational degrees of freedom of the system
and, possibly, to stabilize the formation of aggregates, and in
the other one a small aliphatic chain, to simulate a condition
very similar to that found when ODIN is linked to polymeric
systems. The presence of the aliphatic chain linked to
naphthyridine has the purpose of increasing the solubility of
the system, quite low in the case of ODIN-EtPh. The effect of
such chain related to the electronic properties of the monomer
molecular system is negligible, and we also verified that the
behavior of ODIN-EtPh in absence and in presence of the
aliphatic side chain is identical in terms of aggregates optical
properties and stability (see Supporting Information, Section 5.1
Figure S15).

Synthesis

ODIN-EtPh (Scheme S1) was obtained following our previous
work,”” while ODIN-But was synthetized by reacting 7-Amino-
1,8-naphthyridin-2(1H)-one, prepared according to the
literature,*® with butyl isocyanate in DMF, in presence of
dibutyltin dilaurate (DBTDL) as catalyst, and pyridine as base

o7y P WS
H H H H H H

ODIN-EtPh

ODIN-But

Scheme 1. Molecular structures of ODIN-EtPh and ODIN-But, both based on the 1-(7-oxo-7,8-dihydro-1,8-naphthyridin-2-yl)urea (ODIN) scaffold.
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(Scheme S2). The mixture was stirred overnight at 80°C, then
cooled to room temperature and the product precipitated with
hexane. The crude was filtered, washed with hexane and the
final product recovered with 75% yield. ODIN-But was charac-
terized via 'H NMR, *C NMR and HR-ESI MS spectroscopy, and
3D electron diffraction (3D ED) analysis.

Crystallographic analysis

The solid-state characterization was carried out to investigate
ODIN H-bond pattern in crystals grown from polar and non-
polar solvents.

The ODIN-But crystallized from a chloroform solution
exhibits thin micrometric rod-shaped crystals (Figure S4). The
small crystalline domains hampered its structural analysis by
single-crystal X-ray diffraction, requiring the use of 3D electron
diffraction (3D ED).*?*¥ Due to the sensitivity of the ODIN-But
crystals to the electron beam, diffraction data were collected
from three separate crystal areas using a special low-dose setup,
in which the electron dose is below 0.05 el s™' A2 The
diffraction patterns were recorded using a Timepix single
electron detector® and for each crystal region, a full 3D ED
experiment was performed without partial amorphization of
the sample or considerable loss in diffraction data resolution.

In order to track the crystal position, while the sample is
rotating, the 3D ED data have been collected in nano-diffraction
mode with a particular continuous rotation (cRED) protocol, in
which the parallel electron beam is not fixed in one point, but it
is scanning a square area of 200 x 200 nm2?* During the crystal
rotation, the diffracted electrons pass through the central hole
of the high-angle annular dark field (HAADF) STEM detector
and are collected by the Timepix below, while the HAADF
records real-time images of the scanned area, allowing live-
tracking of the crystal position (Figure S5). The small size of the
imaged area guarantees that the diffraction signal comes from
a coherent domain. To our knowledge, this is the first time that
this combined STEM-cRED data collection protocol has been
successfully applied to a fully organic system. The collected
diffraction data were merged, allowing for the ab-initio
structure determination and kinematical refinement of the
ODIN-But crystal structure (Figure S6).

The ODIN-EtPh crystal structure, obtained in the same
crystallization conditions of ODIN-But, was previously published
proving that in the solid state the ODIN molecules form a dimer
via a sextuple H-bonding network in a DDADA fashion (CCDC
Ref Code: PIWVEZ).* The molecular arrangements of ODIN-But
and ODIN-EtPh, in crystals produced from chloroform solution,
exhibit the same propensity to produce linear DDADA dimers
(Figure 1). In agreement with the computational calculations, in
both dimers, the ureic groups are involved in an intermolecular
bifurcated N—H--O contact with the lactam C=0 while the N-H
of the latter in an NH-N interaction with the pyridyl ring
(Table S1). Since ODIN-But and ODIN-EtPh crystal structures
present an inversion centre in the middle of the ODIN dimer,
three of the six hydrogen bonds are symmetrical equivalent.
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In order to elucidate the influence of a strong H-bond
acceptor solvent on the ODIN molecule conformation and its
dimeric aggregation at the solid state, crystals of ODIN-EtPh
were grown from a DMSO solution and characterized by single
crystal X-ray diffraction (Figure 2). (Deposition Number(s)
1825490 (for ODIN-EtPh) contain(s) the supplementary crystallo-
graphic data for this paper. These data are provided free of
charge by the joint Cambridge Crystallographic Data Centre
and Fachinformationszentrum Karlsruhe Access Structures serv-
ice.) The structural model shows in the asymmetric unit a DA
dimer composed by two bent ODIN isomers respectively
interacting with two intermolecular hydrogen bonds (Figure 2B,
C). The bent form of ODIN-EtPh also presents an intramolecular
N—H--N hydrogen bond between the ureic and pyridyl
functions. The bent ODIN dimers interact at the solid state
through the N3A—H--02B and N3B—H:-OAB contacts between
their ureic groups, interactions that are responsible for a linear
hydrogen bond network (Figure 2A). The reported crystal
structure confirms that the bent ODIN isomers, also hypothe-
sized by Loos et.al.,”" could be generated from a polar and
strong H-bond acceptor solvent such as DMSO.

Attempts to grow crystals of ODIN-But from a DMSO
solution unfortunately failed.

Absorption emission and fluorescence relaxation properties

The optical properties of ODIN-But and -EtPh have been
investigated via the help of UV-Vis absorption, steady-state
fluorescence, time-resolved fluorescence, femtosecond transient
absorption both in the visible and in the infrared spectral range.
As already reported,”” ODIN has a well-documented tendency
to establish intermolecular hydrogen bonds giving rise to a
maximum of 6 intermolecular hydrogen bond interactions in a
bi-molecular structure (Figure 1E).%" Here, our attention is
focused on how the solvent polarity and capability to donate or
accept hydrogen bonds influences the aggregation status and,
consequently, ODIN’s spectroscopic properties. Absorption and
emission spectra are expected to be very sensitive probes of
intermolecular interactions,?** but to fulfill a complete under-
standing of the aggregation status and its consequences on
photo-physics, ultrafast transient absorption spectroscopy, tran-
sient infrared spectroscopy and quantum chemical calculations
(density functional level of theory, DFT) have been used. DMSO
and CHCI; have been chosen as solvents, respectively represent-
ing a polar and highly prone to accept hydrogen bonds
environment and a scarcely polar and poorly capable of
forming hydrogen bonds environment.

UV-Vis and emission spectra: probing the presence of
aggregates in CHCl,
Absorption and steady state emission spectra of ODIN-EtPh and

ODIN-But have been recorded in DMSO and CHCl; and are
reported in Figure 3 and summarized in Table 1.
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Figure 1. Dimeric assembly of A) ODIN-But and B) ODIN-EtPh in crystals grown from a CHCI; solution and obtained by Molecular Dynamics simulation C)
ODIN-But and D) ODIN-EtPh performed in chloroform (See Computational Section and Supporting Information). The hydrogen bonds are highlighted with
dashed lines. Oxygen atoms are represented in red, nitrogen in blue, carbon in light grey and hydrogen in white. E) Representation of the H-bonded dimeric
assembly of ODIN molecules in a DDADA arrangement. The hydrogen bonds are represented as dotted lines (intramolecular, green; intermolecular, orange).
(F) The schematization of hydrogen bond donor, D, and acceptor, A, in which the secondary repulsive electrostatic interactions are illustrated as red dashed

lines.

Table 1. Spectroscopic data relative to ODIN-EtPh and ODIN-But in DMSO and CHCL,. * Referred to diluted spectrum reported in Figure S14.

Molecule Solvent 225 [nm] L) Ay [nm] (] 7 [ns] k. [ns™]
[I/(M cm)]
ODIN-EtPh DMSO 363 28153 368 0.06 2.5 0.024
CHCl, 338 377 0.02 1.7 0.012
ODIN-But DMSO 359 22368 383 0.78 2.1 0.37
CHCl, 339 377 0.47° 1.9 0.25

Absorption and emission spectra in DMSO of both com-
pounds (top panels) show a well-resolved vibronic structure
and a weak Stokes shift. The excitation spectrum is almost
perfectly superimposed with the absorption one, an indication
that in solution only one emissive species is present. The
striking difference between ODIN-EtPh and ODIN-But regards
the fluorescence quantum yield: ODIN-EtPh is a weak emitter,
having ¢ ~ 6%, while ODIN-But is a very good emitter with
¢ ~ 78 %. However, the variation of fluorescence lifetime (time

Chem. Eur. J. 2024, 30, €202302619 (4 of 10)

constant reported in Table 1, decay curves in Figure S16) in
DMSO between ODIN-But and ODIN-EtPh is negligible, trans-
lating into a 15-fold factor decrease of k, in DMSO between
ODIN-EtPh to ODIN-But, suggesting a sizeable decrease of the
transition dipole moment.

TD-DFT calculations were run to investigate the different
spectroscopic properties (technical details in the Supporting
Information) of the two compounds. Ground-state optimization
at the DFT level reveals that two structures are accessible for
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Figure 2. Dimeric assembly of A, B) ODIN-EtPh in crystals grown from a DMSO solution. The intramolecular and intermolecular hydrogen bonds are
respectively highlighted with orange and green dashed lines. Oxygen atoms are represented in red, nitrogen in blue, carbon in light grey and hydrogen in
white. C) Representation of the H-bonded dimeric assembly of ODIN molecules in a DA arrangement. The hydrogen bonds are represented as dotted lines

(intramolecular, green; intermolecular, orange). D) The schematization of hydrogen bond donor, D, and acceptor, A, in which the secondary repulsive

electrostatic interactions are illustrated as red dashed lines.

both compounds: a bent and a linear structure (Section 4.1
Supporting Information Figure S9). The bent structure is stabi-
lized by an intramolecular H-bond, and is expected to be the
dominant structure at room temperature (more details are
reported in Supporting Information). Table S2 reports the
results of TD-DFT calculations on the bent and linear structure
for both compounds. For ODIN-But, bent and linear conforma-
tions have very similar spectroscopic properties: the first
transition has a sizeable oscillator strength, and is dominated
by a HOMO-LUMO transition, mostly localized on the naphtyr-
idine moiety (Figure S10 in Supporting Information).

The excited state landscape is different for the two
conformations of ODIN-EtPh: in the linear conformation the first
excited state has a sizeable oscillator strength (0.63), while in
the bent conformation the oscillator strength decreases by a
six-fold factor. Furthermore, the transition energy shifts to the
red and the second excited state acquires a relevant oscillator
strength. Looking at the molecular orbital contributions to the
first excited state of the linear conformation of ODIN-EtPh, we
notice a sizeable charge transfer (CT) from the phenyl-urea to
the naphtyridine unit (Figure S10), that is almost absent in
ODIN-But. More interestingly, in the bent form of ODIN-EtPh
the first excited state still has HOMO-LUMO character, but now
the HOMO is localized mostly on the phenylurea moiety, while

Chem. Eur. J. 2024, 30, €202302619 (5 of 10)

the LUMO is still on the naphtyridine moiety, conferring an
almost pure CT character to the transition, with consequent
decrease of the oscillator strength (from 0.63 in the linear form
to 0.11 upon bending). The different nature of low energy
excited states of bent ODIN-EtPh and ODIN-But is the key to
rationalize the difference in quantum yields and the radiative
constant k, (Table 1).

Absorption spectra of ODIN-EtPh and ODIN-But collected in
CHCI; (Figure 3, bottom panels) show different band-shapes
with respect to absorption spectra in DMSO. The two peaks at
~340 nm and /360 nm do not resemble a vibronic structure.
The marked differences observed between absorption and
excitation spectra (black and green lines) points to the presence
of different species in solution, which can be reasonably
attributed to the formation of aggregates. In fact, as shown in
Figure S14, the absorption spectrum of ODIN-But changes in
shape upon dilution, and the absorption spectrum of the
diluted solution compares better with the spectral shape in
DMSO.

No significant spectroscopic effects are observed for ODIN-
EtPh upon dilution, suggesting that intermolecular interactions
are stronger in aggregates of ODIN-EtPh than ODIN-But.

The variation of fluorescence lifetime in DMSO between
ODIN-But and ODIN-EtPh is slightly observable, whereas the
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Figure 3. Absorption (black), emission (red) and fluorescence excitation (green) spectra of ODIN-EtPh (left) and ODIN-But (right) in DMSO (upper panels) and
CHCl, (lower panels). Concentration of the DMSO solutions are: ODIN-EtPh 2.84x107° M, ODIN-But 3.13x107° M. The Concentrations of the CHCl, solutions are

ODIN-EtPh 3.55x10° M, ODIN-But~10"* M.

quantum yields differ by a 13 factor (Table 1. This translates into
a 15-fold factor decrease of k, in DMSO between ODIN-EtPh to
ODIN-But. This behavior suggests that an additional deactiva-
tion pathway, possibly involving different structural conformers,
is present for ODIN-EtPh with respect to ODIN-But even in a
polar solvent where aggregation is disfavored. To investigate
the excited state dynamics we performed ultrafast transient
absorption measurements.

Aggregation MD simulations

Aggregation in CHCl; is also confirmed by molecular dynamics
(MD) simulations. MD calculations (Supporting Information,
Section 4.1 for details) show that both ODIN-EtPh and ODIN-
But in chloroform tend to aggregate in stable dimers showing a
well-defined scheme of hydrogen bonding similar to that found
in the crystal obtained from the same solvent (Figure 1). On the
other hand, MD simulations confirm both ODIN-But and ODIN-
EtPh remain in monomeric form in DMSO, starting either from a
bent or linear conformation. Dimer stability is evidenced by the
evolution of the inter-chromophores distance as a function of
the simulation time reported in Figure S12 for ODIN-EtPh.
Exploiting a counterpoise calculation, we obtained the stabiliza-
tion energy of the array of hydrogen bonds formed in the dimer
(6 hydrogen  bonds, four being bifurcate) as
AE g = Egimer — 2Emonomers finding 192 kJ/mol stabilization for
the dimer of ODIN-EtPh and 179.5 kJ/mol stabilization for

Chem. Eur. J. 2024, 30, €202302619 (6 of 10)

ODIN-But. Calculations seem to qualitatively corroborate the
experimental observation that ODIN-EtPh aggregates are more
strongly bound which makes them less sensitive to dilution.
The reason resides in the higher acidity of ureidic NH protons
which form stronger HB with the lactam C=O. In fact, bifurcate
HBs formed by ODIN-EtPh are shorter and closer to linearity of
the D—H—A angle.

Ultrafast spectroscopy

Excited state evolution has been characterized by ultrafast UV-
Vis transient absorption spectroscopy (TAS) and ultrafast visible
pump-infrared probe spectroscopy (TRIR). Time resolved infra-
red spectra and their analysis are reported in Supporting
Information Section 5.4.

Transient absorption

Pump-probe transient absorption measurements have been
performed with the experimental setup described in the
Supporting Information. The data have been analyzed with a
target analysis procedure, selecting for each measurement a
kinetic scheme taking into account the presence of different
conformers and aggregates in solution. The analysis results with
the main spectral components are reported in Figure 4, while
the raw data and further details about the fitting procedure by
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Figure 4. Target Analysis of the transient absorption spectra reported in Figure S17; a-c) ODIN-But and d—f) ODIN-Et-Phen in: a, d) DMSO following 350 nm
excitation, b, e) in CHCl, following 350 nm excitation and ¢, f) 340 nm excitation. The kinetic models adopted are schematically represented inside the graph.
Spectral components are reported in the main graphs; temporal evolution of each spectral component is reported in the inset.

target analysis are reported in the Supporting Information
(Figures S17—S19).

The transient absorption spectra of ODIN-But in DMSO are
characterized by a bleaching plus Stimulated Emission (SE)
signal on the low-wavelength side of the spectrum and by a
broad absorption band that covers the entire range between
450 nm and 750 nm. Measurements have been performed with
340 nm (see Supporting Information) and 350 nm excitation
wavelength and the results obtained are almost superimpos-
able. The temporal evolution has been fitted by using the
dedicated target kinetic model reported in Figure 4(a). We
assumed, as it was evidenced by the simulations, that the
solution is formed by a mixture of bent (70—80%) and linear
(30—20%) monomer molecules in the ground state. Both bent
and linear species contribute to the black spectral component
of Figure 4(a). Such spectrum evolves with a time constant of

Chem. Eur. J. 2024, 30, €202302619 (7 of 10)

8 ps in the red spectrum. The time scale and the spectral
changes (slight narrowing) are fully compatible with a vibra-
tional cooling. At this point we consider a branched evolution,
giving rise to the blue and the magenta spectral components.
Such bifurcated evolution is related to a) the linearization of a
small fraction of bent molecules (inducing a slight increase of
the stimulated emission signal (blue spectral component) and
b) to the population of the magenta long living excited state
(possibly a triplet state). Finally, the blue component relaxes
back to the ground state through fluorescence emission.
Concerning ODIN-EtPh in DMSO, the most significant
feature is a “transient decrease” in the intensity of the bleaching
plus stimulated emission signal (see Figures S17f and S19f) on
the hundreds picoseconds time scale, intensity partially recov-
ered around one nanosecond. This “transient decrease” is due
to the superimposition of an excited state absorption, that
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decays in the hundred picoseconds time scale, on the
stimulated emission. Target kinetic model is reported in Fig-
ure 4(d) and is based, as for ODIN-But on the results of
computations, indicating the species present at the ground
state. The first spectral component (black Figure 4d) is ascribed
to the presence of two excited species: bent molecules (80—
90%) and a small fraction of linear molecules (20—10%). On
the picosecond time scale, the excited bent molecules undergo
relaxation towards an excited state showing the transient
absorption depicted in green in Figure 4(d). Based again on the
results of computations, this state has been assigned to the
Charge-Transfer and not emissive state (CT). On the same time
scale, linear molecules cool down giving rise to the blue
spectrum (in ODIN-But the cooling process was observed on
the 8 ps time scale). The CT relaxes back to the ground state
with a time constant of 302 ps while the emissive state of linear
molecules undergoes a partial population transfer to a long-
living state (possibly a triplet state, magenta component in
Figure 4d) and the back relaxation to the ground state.

The excited state evolution of ODIN-But in CHCI, excited at
350 nm (Figure 4b) very well traces the trend observed for the
ODIN-But in DMSO and the target analysis follows the same
kinetic model. On the contrary the excitation at 340 nm
(Figure 4c) shows a different excited state absorption pathway.
When ODIN-But is pumped at 340 nm, the dimeric form it is
preferentially excited. The bright excitonic state of the dimer
highly contributes to the black spectral component in Fig-
ure 4(c). The red spectral component is assigned in terms of
different contributions: broad absorption and stimulated emis-
sion from the monomer species and an excited state absorption
on the red part of the spectrum, from the dark excitonic state
(H*) of dimers. The state H* than relaxes back to the ground
state on several tens of picoseconds timescale (r = 62 ps),
leaving the residual spectral contribute from the monomeric
species (blue and magenta spectral components in Figure 4c),
similar to the monomer species in DMSO (blue and magenta
spectral component in Figure 4a).

Excited state absorption spectra of ODIN-EtPh in CHCl,
evidence a different pattern, independently from the excitation
wavelength. The main spectral feature is a well-structured
excited state absorption spanning the 400-500 nm spectral
range (red spectral component Figure 4e, f). It is formed with a
time constant of roughly 1-2 ps, and decays to the ground
state with a time constant of 10-11 ps. It has been assigned to
the transient absorption from the dark exciton state (H*) of the
dimer. The time scale for the formation, as well as its decay
time are in reasonable agreement with the excited state
evolution observed for the excitonic states of some Perylene-
dicarboximide (PDI) derivatives.”®*% A small percentage of
monomers in the ground state cannot be excluded, giving rise
to the characteristic CT excited state absorption (green spectral
component in Figure 4e, f) that relaxes back to the ground state
with time constants of 85 ps (4., =350 nm) and 75 picoseconds
(Aexe =340 nm). Furthermore, it is worth mentioning that a
residual signal, not fully recovering on our accessible maximum
temporal delay time (1.5-1.6 ns), is observed (see the fitted
kinetic traces reported in Figure S19 Supporting Information).
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Careful target analysis allowed us to disentangle two different
contributions: namely the blue and the magenta spectral
component reported in Figure 4(e and f). The spectral shape
(Figure 4e, f) of blue component very well matches, spectrally
and temporally, the blue nanoseconds decaying component
observed in DMSO (Figure 4d), leading us to assign such
component as the emissive one. The long living component,
represented by the magenta spectra in Figure 4(e, f) and that
does not decay on our accessible time scale, very well
resembles the magenta spectrum obtained from the target
analysis of ODIN-But in CHCl, after 340 nm excitation, suggest-
ing the population of a triplet state also for ODIN-EtPh. Further
information on the excited state dynamics is obtained from the
analysis of transient absorption data in the infrared (see SI: FTIR
in Figure S20, time resolved data in Figure S21-524 and
discussion there reported). These data confirm the dynamic
evolution observed in the visible for both molecules, and
further suggest that the systems do not undergo any conforma-
tional change, supporting the observation that the different
conformations-aggregates in solution do not interconvert
between each other, but decay following independent path-
ways.

Conclusions

The ODIN motif object of this study is a functionalized
naphthyridine unit designed to self-dimerize through intermo-
lecular hydrogen bonds as demonstrated in the solid state
through X-ray crystal structure analysis.

Crystals of ODIN-EtPh were obtained both from CHCl; and
DMSO. However, while the crystals obtained from CHCI,
evidenced dimerization by linear conformers of ODIN-EtPh with
the formation of six intermolecular hydrogen bonds (Figure 1A,
B), the crystals obtained from DMSO showed bent ODIN-EtPh
conformers forming dimers with only two intermolecular and
one intramolecular hydrogen bond (Figure 2A, B). Such exper-
imental evidence is related to the strong hydrogen-bond
acceptor properties of DMSO with respect to chloroform. MD
simulation performed in chloroform strongly support the X-Ray
evidence for both compounds, as shown in Figure 1(C, D).

In DMSO, ODIN-EtPh and ODIN-But exhibit distinct absorp-
tion and emission spectra, with ODIN-But showing high
fluorescence (¢~78%) and ODIN-EtPh being nearly non-
emissive (¢ <6%). MD simulations showed that ODIN-But and
ODIN-EtPh are stable as monomer in DMSO. The fluorescence
quenching in ODIN-EtPh is attributed to an intramolecular
distortion leading to the population transfer towards a non-
emissive state during the relaxation process. Computational
analysis reveals that ODIN-EtPh possesses an excited state,
lower in energy than the bright state, with pronounced charge
transfer character and a very low transition dipole. Transient
absorption spectroscopy confirms these results, showing the
presence of an excited electronic state that decays with a time
constant of 320 ps. Finally, our data strongly indicate that both
ODIN-EtPh and ODIN-But are present as monomer species in
DMSO.
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In CHCl;, both ODIN-EtPh and ODIN-But display optical
properties indicating intermolecular interactions. The absorp-
tion spectra for both compounds suggest the formation of H-
type intermolecular aggregates. MD simulations support this
evidence, indicating that ODIN-But and ODIN-EtPh form stable
dimers in chloroform with the hydrogen bond pattern DDADA.
However, the excitation spectra of ODIN-But are strongly
concentration-dependent, while ODIN-EtPh shows little de-
pendence, suggesting that ODIN-EtPh form more stable
intermolecular interactions. On the other hand, for ODIN-EtPh
we evidence the formation of a dark excitonic state on a
timescale of 1-2 picoseconds, which decays back to the ground
state on a timescale of 10-11 picoseconds, further contributing
to the quenching of fluorescence emission.

This study highlights the selective effect of multiple hydro-
gen bonds on dimer formation and the influence of the
substituent attached to the ureidic group. The presence of a
phenyl group stabilizes the aggregates, as demonstrated by the
strong dependence of ODIN-But’s excitation spectra on concen-
tration, as compared to ODIN-EtPh. Additionally, the introduc-
tion of a phenyl group leads to the formation of charge transfer
excited states, altering the distribution of excited electronic
states in the molecules.

Supporting Information

The authors have cited additional references within the
Supporting Information.?'
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