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Abstract. Hydrogen bond interactions significantly affect the coumarin-153’s (C153) photophysics,
including its ability to act as a donor of weak hydrogen bonds via its 14 C-H bonds and as an acceptor
via its O atoms in the ester and the carbonyl groups, as well as via its F atom in the trifluoromethyl
group. The distances between the donor atoms and their closest electronegative neighbor atom served
as descriptors of the hydrogen bond interactions. These descriptors were calculated using the nearest
neighbor radial distribution approach. Principal component analysis (PCA) was then performed
on these distances to compare the unique structures surrounding donor bond atoms and identify
patterns in the interactions between C153 and various solvent, such as acetonitrile, butyrolactone,
propylene carbonate, methanol, ethanol, propanol, and butanol.

Our findings demonstrate that, when C153 acts as a hydrogen bond donor, the interaction behavior
of the H atoms that are close to the N atom and that of the H atom close to the trifluoromethyl F atom
of C153 is substantially different. More specifically, the former H atoms interact preferentially with the
hydroxyl oxygen atom of the solvent while the Hj( atom interacts preferentially with the ester oxygen
atoms of propylene carbonate.

Moreover, when C153 behaves as a hydrogen bond acceptor, PCA shows that the carbonyl O atom
of C153 interacts preferentially with the hydroxyl H atom of the alcohols, while the F atoms mostly
interact with the other ethyl and methyl H atoms of the solvent.

~ Corresponding author

ISSN (electronic): 1878-1543 https://comptes-rendus.academie-sciences.fr/chimie/


https://doi.org/10.5802/crchim.314
https://orcid.org/0000-0001-9913-4938
https://orcid.org/0000-0002-2556-8036
https://orcid.org/0000-0003-1131-8287
https://orcid.org/0000-0003-3273-9259
https://orcid.org/0000-0002-1975-5476
https://orcid.org/0000-0002-7497-1673
https://orcid.org/0000-0002-6924-6434
mailto:nacer.idrissi@univ-lille.fr
https://comptes-rendus.academie-sciences.fr/chimie/

2 Kateryna Goloviznina et al.

Keywords. Coumarin-153, Solvation, Molecular dynamics, Photophysics, Hydrogen bond interac-
tions, Nearest neighbor radial distribution, Principal component analysis (PCA).

Funding. French National Agency for Research (ANR-19-CE05-0009-01).
Manuscript received 25 December 2023, revised 7 March 2024, accepted 25 April 2024.

1. Introduction

Solvent environment and, particularly, the presence
of hydrogen bonds-donating or -accepting inter-
actions as well as the occurrence of stacking and
dipole-dipole interactions are expected to have a sig-
nificant impact on the photophysics of fluorophores
like coumarin 153 (C153) [1-4]. For this reason, the
effect of the solvent on the photophysics of C153
has been explored in a range of solvents, includ-
ing alcohols [5-7], acetonitrile [2,8-10], propylene
carbonate [6], dimethyl sulfoxide, formamide, ni-
tromethane, acetone [2], methanol, ethanol and
fluorinated ethanol solvents [11], in mixtures such
as dioxane-water [12], acetonitrile-benzene [13],
hexane-propionitrile [12], tert-butyl alcohol-
water and trimethylamine N-oxide-water [14],
acetonitrile-propylene carbonate [15] dimethyl
sulfoxide—glycerol [16,17], toluene-acetonitrile [18],
and cyclohexane—phenol solvent [19]. These studies
were extended to aqueous and non-aqueous reverse
micelles [20], Triton X-100-cyclohexane microemul-
sions [21], and also to various ionic liquids, such
as 1-butyl-3-methylimidazolium hexafluorophos-
phate [22], 1-hexyl-3-methylimidazolium hexaflu-
orophosphate [8], 1-butyl-3-methylimidazolium
tetrafluoroborate  [10],  hydroxylfunctionalized
ionic liquids [23], ionic liquids containing fluo-
roalkylphosphate [24] and tetraalkylammonium
bromide [25], 1-dodecyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)amide with benzene,
chloroform, propylene carbonate solvents [26], and
deep eutectic solvents such as choline chloride [27]
and acetamide—urea [28]. One should notice that the
properties of the mixtures are modulated through
the change of the mixture composition. The afore-
mentioned works showed that the strength and na-
ture of the hydrogen bonds can influence the elec-
tronic transitions of C153, resulting in either fluo-
rescence quenching or enhancement. Indeed, the
efficiency of fluorescence, expressed in terms of
quantum vyield, can be affected by hydrogen bond
interactions as they may promote non-radiative de-
cay processes and reduce the quantum yield. It is
therefore essential to take into account the specific

molecular structure of C153 (namely, the donor or
acceptor nature of its atoms) and the characteris-
tics of the solvent in experimental studies to under-
stand how hydrogen bond interactions influence
C153 photophysics in a given environment. This
can be illustrated through the following examples.
First, Maronceli et al. showed that the presence of
hydrogen bonds between C153 and alcohols results
(beyond the effects of solvent polarity) in a small
additional shift in both the absorption and emission
spectra of C153. However, when examining the sol-
vation dynamics of C153 in N-methylpropionamide,
a solvent with hydrogen bond donor ability, distinct
differences in dynamics were observed compared to
the case when alcohol solvents were considered [6].
On the other hand, in propylene carbonate, a non-
associated solvent lacking hydrogen bond donor
capability, the behavior of the solvation function
closely resembles that observed in alcohols. Other
studies, instead, showed that coumarin 102 and C153
have different photophysical behaviors in the same
solvent and that these different behaviors are due
to their methyl CH3 and trifluoryl CF3 substituents,
respectively [29,30]. Computer molecular modeling
could corroborate these experimental results, since
simulation approaches can provide deep atomistic
insights into the local structure of the solvent around
the donor and acceptor regions of C153, insights
that cannot be obtained by any kind of experimental
strategy. As a matter of fact, the microscopic environ-
ment surrounding the C153 molecule was also inves-
tigated through quantum-chemical calculations and
molecular dynamics (MD) simulations [11,31], which
permitted to analyze interatomic and intermolecular
radial distribution functions (RDF)—considering ei-
ther the center-of-masses or specific atoms like O, E
N, and C—without explicitly accounting for the hy-
drogen atoms of C153 and the solvent molecules. No-
tably, these investigations were conducted for both
the ground state (GS) and excited state (ES) of C153.
Based on molecular dynamics simulations of C153
in 1,4-dioxane, Cinacchi et al. [32] suggested that
changes in the solvation shell around the GS and ES
of C153 are primarily due to alterations in the orien-
tation of the solvent molecules. In other MD studies,



Kateryna Goloviznina et al. 3

the local structure around the hydrogen atoms of
C153 has been explored [26,31]. It has been observed
that C153 is solvated by alcohols or water through
hydrogen bonds, specifically between the hydroxyl
OH group of the solvents and the carbonyl oxygen
atom of C153. Furthermore, MD simulations of C153
in dimethyl sulfoxide (DMSO)-water mixtures have
shown that the hydration structures in GS and ES dif-
fer from those in pure water due to the significant in-
fluence of DMSO molecules [27]. This was attributed
to the formation of a hydrogen bond network be-
tween DMSO and water molecules upon mixing. In
the case of imidazolium ionic liquids (ILs), MD stud-
ies of C153 in 1-ethyl-3-methylimidazolium tetraflu-
oroborate (EmimBF,) [22] demonstrated a preferen-
tial solvation of C153 by the Emim cation. In a study
by Barman [33], MD simulations, quantum-chemical
calculations and infrared (IR) spectroscopy were
combined to investigate the formation of hydrogen
bonds between aniline and C153. It was concluded
that the carbonyl group of C153 serves as a primary
hydrogen bond-accepting site and shows a higher
bond strength in the ES. Furthermore, the forma-
tion of a C~ O¢t¢t¢H-N hydrogen bond was confirmed
by the observation of the IR absorption band at
1736 cmi! in the IR spectrum of C153 in the aniline-
cyclohexane mixture, shifted compared to the
stretching band of the C~0 group (1748 cm!) which
is commonly measured in pure cyclohexane. Similar
experiments were conducted for the coumarin C102-
aniline system [34], and the formation of the stronger
hydrogen bond for C153 in the ES was also observed
in methanol solutions [35]. Furthermore, the solva-
tion of C153 in ionic 1-butyl-3-methylimidazolium
tetrafluoroborate-propylene carbonate mixtures
was investigated by coupling MD simulations, time-
correlated photon counting and fluorescence up-
conversion techniques. It was established that the
solvation of C153 is determined by its interaction
with the ions at high IL content, and with the solvent
molecules at a IL molar fraction lower than 0.2 [36].
Xu et al. [37] conducted B3LYP/TZVP calculations
to thoroughly explore the formation of hydrogen
bonds between C153 and ethanol in both GS and ES.
They observed that the hydrogen bond C~Ott¢H-O
is strengthened in the electronic ES, i.e., the bond
length decreases from 1.867 A in GS to 1.813 A in ES,
as also shown by Han and coworkers [38], This obser-
vation suggests that the hydrogen bond O¢t¢¢H-O in

Figure 1. Definition of the distances describ-
ing the hydrogen bond interactions between a
generic donor D-H and a generic electronega-
tive acceptor A. The distances dy_a and dp_a
are calculated using molecular dynamic simula-
tions relying on the nearest neighbor approach.

the C153-EtOH complex in the ES must be strength-
ened. This suggestion was also substantiated by IR
experiments conducted in this study [38].

In order to retrieve essential information about
hydrogen bond interactions, geometric data [39,40],
spectroscopic data [41-47], physical chemical
data [48], and MD simulation data [49-53] have
been usually analyzed by means of principal compo-
nents analysis (PCA). PCA can provide a comprehen-
sive overview of hydrogen bond interactions offering
insights into dominant spectral features, their vari-
ations, global trends, and correlations, and aiding
in the identification and understanding of hydrogen
bond-related patterns in the collected data.

This article provides a thorough study of the hy-
drogen bond interactions between C153 and various
solvents, including methanol, ethanol, 1-propanol,
1-butanol, acetonitrile, -butyrolactone, and propy-
lene carbonate. These solvents exhibit distinct prop-
erties such as dipole moment, viscosity, dielectric
constant, density, and the capacity to form hydrogen
bonds, as well as stacking interactions and dipole-
dipole interactions. In this study, we combine MD
simulations with PCA. Atomistic simulations provide
the coordinates of atoms that are involved in the
hydrogen bond interactions. The generic hydrogen
bond between a donor D-H and acceptor atom A is
described by the configuration given in Figure 1.

The D-H and A moieties may belong to any of the
mixture’s constituents. The intramolecular distance
dp_g is assumed to remain constant in our simula-
tions, while dy_ 4 and dp_a are determined as the av-
erage distances of the nearest neighbor radial distri-
butions of the first neighbor electronegative atom A
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Figure 2. Atomic labels for Coumarin-153 (a) and the investigated solvents ((b) methanol, (c) ethanol,

(d) 1-propanol, (e) 1-butanol, (f)

with respect to the H and D, respectively. It is worth
noting that once dp_y, dy..a and dp._a are deter-
mined, the angle ® can be calculated using the law
of cosines (see Figure 1).

The average values of distances dy_ . a and dp_ a
were calculated for both GS and ES of C153 and serve
as indicators of the strength of the hydrogen bond in-
teractions between C153 and the solvent molecules.
Importantly, the GS and ES of C153 were simulated
by considering their corresponding charge distri-
butions, which were determined through quantum
calculations (see Figure 3). These distances were

-butyrolactone, (g) propylene carbonate, (h) acetonitrile).

calculated for cases where C153 acted as either a
hydrogen bond donor or acceptor. In the former
scenario, the 14 C—H bonds of C153 were considered,
and these distances were calculated from electroneg-
ative atoms such as the N 1 atom of acetonitrile, the
O atoms of the alcohol solvents, and the O 1, O,, and
O3 of the other solvents. In the latter case, these dis-
tances were calculated between each of the 39 C-H
bonds of the solvent molecules and the 6 electroneg-
ative atoms of C153, i.e., the N 1, O1_» and F1_3 atoms
(see Figure 2 for more details on the numbering of
the atoms).
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