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Fluorescent molecular rotors (FMRs) have emerged as versatile tools for assessing microviscosity
in biological and physicochemical environments. This study presents the design, synthesis, and
characterization of two novel ratiometric viscosity sensors based on BODIPY-coumarin derivatives, in
which the chromophores are electronically isolated by an ester bridge. This structural feature aims to
mitigate polarity-dependent effects and optimize their ratiometric performance. The synthesis was
carried out through a multistep approach, including microwave-assisted esterification, achieving high
yields. Structural characterization, based on single-crystal X-ray diffraction and DFT calculations,
confirmed the electronic isolation of the chromophores, while photophysical studies revealed polarity-
independent emission from the BODIPY fragment. Both sensors exhibited high sensitivity to viscosity
variations over a broad range in DMSO/glycerol mixtures. These findings highlight the potential of these
FMRs as advanced tools for microenvironment studies, providing a promising platform for future
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Introduction

In recent decades the development of optical sensors has
advanced considerably, driven by the need for more precise
and versatile tools for analyzing biological systems and
complex materials such as liquid crystals," polymeric gels,
emulsions,® and micelles,* among others. The optimization of
fluorophores and detection strategies has enhanced the sensi-
tivity and selectivity of these sensors, expanding their applica-
tion to the study of microenvironments and dynamic processes
at the molecular level. Among these tools, ratiometric sensors
have proven highly useful due to their ability to provide a highly
accurate and reliable measurement by minimizing the effects of
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applications in biochemistry and materials science.

sensor concentration and experimental conditions. These sen-
sors, based on the ratio of optical signals from different
submolecular fragments, have found applications in areas such
as bioimaging,” monitoring cellular processes,® and analyzing
physicochemical properties in biological media.”

One of the most relevant parameters that can be detected
using ratiometric sensors is microviscosity, which along with
molecular crowding, is a critical factor in the biological
environment for proper cellular function. Subtle alterations
in these parameters have been linked to various pathologies,
including diabetes,® malaria,® cancer,'® and neurodegenera-
tive diseases such as Parkinson’s,"' Huntington’s,"”> and
Alzheimer’s.”® In this context, ratiometric sensors based in
fluorescent molecular rotors (FMRs) have emerged as key tools
for addressing microviscosity in biological contexts, with
bichromophoric ratiometric FMRs, where only one of the
chromophores is viscosity-dependent, lying among the most
studied types of ratiometric sensors'* due to several advantages
of these molecular devices."> Among other characteristics, an
ideal ratiometric sensor should exhibit both high sensitivity
and selectivity to small microviscosity fluctuations, remaining
unaltered upon changes in other physicochemical parameters
of the surrounding media.

Among the fluorophores used to build ratiometric sen-
sors, coumarins and BODIPYs (boron-dipyrromethenes) have
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Scheme 1 Molecular structure of the investigated fluorescent molecular
rotors (FMRs).

demonstrated exceptional versatility due to their exceptional
properties such as high chemical stability'®® and efficient
optical absorption and emission properties in the visible
region."”>! Because of their well-separated emission, com-
bining these two chromophores into a single molecule can
enable the obtention of bichromophoric ratiometric FMRs.
In a previous study by our research group, we reported on
microviscosity sensors based on the conjugation of these two
molecular scaffolds.>® While the developed sensors turned
out highly sensitive to changes in viscosity, with a ratiometric
response over a broad viscosity range, both chromophores
were conjugated, resulting in a high static dipolar moment and the
emission from the BODIPY fragment being highly sensitive to
polarity, as an analytical limitation of these FMRs.

In this work we explore an alternative way to link the
BODIPY and coumarin chromophores, aiming at electronically
isolating them from each other and thus obtaining polarity-
independent viscosity sensors. The molecular structure of the
investigated compounds is shown in Scheme 1, where the
viscosity-sensitive BODIPY fluorophore is attached to two dif-
ferent coumarin derivatives, employed as viscosity-independent
reference fluorophores. An ester bridge is used to avoid con-
jugation between both submolecular fragments. The paper is
organized as follows: first we present the synthesis and char-
acterization of the molecules, followed by a structural analysis
with support from single-crystal X-ray diffraction (SXRD) and
DFT computations. Then, we discuss the optical absorption
and emission properties and the viscosity sensing of the
fluorophores. We end by summarizing our findings and high-
lighting the strengths and limitations of the developed sensors.

Results and discussion
Synthesis and characterization

The synthetic route towards the target compounds is shown in
Scheme 2. The synthesis started by the preparation of BODIPY
derivative 2 bearing a coordinated BPh, moiety and a
4-hydroxyphenyl group at the meso position. This compound
was conveniently accessed following the two-step procedure
reported by our group for structurally-related fluorophores.*®
It involved the condensation of 4-hydroxybenzaldehyde (1)
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Scheme 2 Synthesis and numbering of fluorescent molecular rotors
FMR-1 and FMR-Il. Reagents and conditions: (i) Pyrrole, TFA, DCM, rt;
(i) DDQ, diphenylborinic acid, THF, reflux; (iii) DCC, DMAP, DCM, micro-
wave irradiation (100 W, 80 °C).

with pyrrole in acidic media to give the corresponding meso-
(4-hydroxyphenyl)-dipyrromethane,> which was isolated and
further oxidized with 2,3-dichloro-5,6-dicyano-1,4-benzoqui-
none (DDQ) and coordinated with diphenylborinic acid to give
BODIPY 2 in a moderate yield. Then, BODIPY 2 was esterified
using dicyclohexylcarbodiimide (DCC) as coupling agent and
carboxy-functionalized coumarin derivatives 3a-b as coupling
partners, yielding the target fluorophores FMR-I and FMR-II in
excellent yields. It should be noted that the final synthetic step
was challenging, forcing us to optimize the reaction conditions
with both conventional heating and microwave irradiation
being explored.

The identity of BODIPY 2 and of the target fluorophores
(FMR-I and FMR-II) was corroborated employing a combination
of spectroscopic and spectrometric techniques, featuring multi-
nuclear (*H/**C/*'B) NMR, FT-IR (ATR) and mass spectrometry
analyses. Furthermore, we were able to grow crystals of FMR-I
that were analyzed by single-crystal X-ray diffraction (SXRD),
with the crystal structure corroborating the identity of the
fluorophore, as discussed in detail in the following section.
An unambiguous assignment of the NMR spectra of these
compounds was carried out employing a combination of homo-
nuclear (*H/"H) COSY and heteronuclear (*H/**C) HSQC/HMBC
2D-NMR experiments. Ambiguity found in the assignment of
some of the ">*C-NMR signals was further circumvented using
Gauge-invariant atomic orbital (GIAO) computations®>® of
isotropic magnetic shieldings on DFT-optimized conforma-
tions of these molecules.

These NMR studies offered a first glance into the ground-
state electronic structure of the target fluorophores, for which
our design strategy required the coumarin and BODIPY sub-
molecular fragments electronically isolated from each other.
As exemplified with FMR-I in Fig. 1, upon esterification the
chemical shift for most of the 'H- and C-NMR signals
remained relatively unchanged, with only hydrogens H-7 and
H-8 resonating at higher frequencies when compared with their
homologue signals in BODIPY 2. Contrary to our above
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Fig. 1 Comparison of the aromatic region of the 'H-NMR spectra for FMR-I (top) and BODIPY 2 (bottom), showcasing the limited electronic influence of
the coumarin fragment on the BODIPY core, as evidenced by the relatively unaltered chemical shifts for hydrogens H-1to H-3. Spectra were recorded at

298 K in CDClsz in a 500 MHz spectrophotometer.

expectations, the deshielding of these hydrogens suggests an
electron-withdrawing effect introduced by the carboxy-coumarin
fragment on the BODIPY fluorophore. The effect, however, is
limited to the phenyl ring and arises due to the fact that the
—-OH group in BODIPY 2 (an electron donor) becomes part of an
ester group (an electron withdrawing group) in FMR-I and FMR-II.
Furthermore, signals corresponding to hydrogens H-1 to H-3,
belonging to the BODIPY core remained unaltered, indicating
the localized nature of this effect. These observations gratifyingly
confirmed a ground-state electronic structure for FMR-I and
FMR-II where both the coumarin and BODIPY submolecular
fragments are electronically isolated from each other thanks to
their association through the ester linker, which hampers electro-
nic delocalization. As detailed later in the manuscript (vide infra),
optical absorption studies and TD-DFT computations offered
additional concurring evidence on the absence of electronic
transitions between these fragments in the ground state, thus
ratifying our molecular engineering approach for these molecules.

Structural analysis

Having discussed the synthesis and characterization of the
target fluorophores, here we will present a structural analysis
of these molecules with support from single-crystal X-ray dif-
fraction (SXRD) and DFT computations. Crystallization experi-
ments for both fluorophores were conducted by slow
evaporation of saturated solutions of the analytes in various
solvents. These experiments proved successful for FMR-I, which
yielded orange plates when crystallized from chloroform.
Contrarywise, FMR-II produced either amorphous or poorly crys-
talline samples, thus precluding SXRD studies on this compound.

10540 | New J. Chem., 2025, 49, 10538-10550

Fig. 2 Asymmetric unit for fluorophore FMR-1 with thermal ellipsoids
drawn at 50% probability. Hydrogen atoms were omitted for clarity.
Selected bond lengths [A] and angles [*]: B1-N1 1.571(3), B1-N2 1.574(3),
B1-C30 1.614(3), B1-C36 1.623(3), N1-B1-N2 102.67(15), N1-B1-C30
109.44(17), N1-B1-C36 109.66(18), N2-B1-C30 111.15(18), N2-B1-C36
110.16(17).

The crystal structure of FMR-I was solved in the triclinic P1
spacegroup. The molecule crystallized solventless with two
molecules of the fluorophore per unit cell (Z = 2), related to
each other by inversion symmetry. The asymmetric unit is
depicted in Fig. 2, while the associated crystallographic data
is included as ESIi (Table S2). As further detailed in the ESI¥
(Section S3), the crystal packing of FMR-I is dominated by the
formation of symmetric dimeric self-assemblies where the bulky
phenyl groups attached to the boron atom inhibit the stacking of
adjacent BODIPY fragments, an interesting feature that can explain
the emissive properties that were qualitatively observed for FMR-I
and FMR-I, that parallels previous studies where the introduction
of bulky substituents on BODIPY fluorophores has been exploited
for obtaining solid-state emissive BODIPY derivatives.”

The asymmetric unit of FMR-I shows disorder in the carbo-
nyl of the ester bridge and in one of the alkyl chains of the

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025


https://doi.org/10.1039/d5nj00899a

Published on 02 6 2025. Downloaded on 2026/06/11 13:11:13.

Paper

diethylamino group, potentially arising from thermal vibra-
tions, considering that the data was collected at 293 K. The
crystallographic conformation shows an overall non-planarity
due to the nonplanar connection between the phenyl-BODIPY
fragment and the ester bridge, as evidenced by a significant
C14-C13-01-C16 torsion angle of 56.3°. While the fused bicyc-
lic system of the coumarin fragment is planar, the BODIPY
fragment displays a 48.98° (C4-C5-C10-C11) torsion angle
between the phenyl ring and the dipyrrin core, associated with
steric hindrance.

More remarkably, the boron atom in the crystal structure of
FMR-1 is slightly shifted above the dipyrrin plane, an interest-
ing feature that is not observed for BODIPY derivatives with
fluorine substitution at the boron.?®*° This is accompanied by
a distorted tetrahedral geometry for the boron atom with a N1-
B1-N2 angle of 102.67°. The two phenyl groups attached to the
boron atom show significantly different orientations with
respect to the dipyrrin core, with 37.32° (C4-C5-C6-C36) and
4.76° (C4-C5-B1-C30) dihedral angles for the phenyl rings
‘above’ and ‘below’ the dipyrrin plane, respectively. Although
these observations follow a recent report on structurally-related
BODIPY fluorophores,®* no explanation for these interesting
features has been informed.

In order to understand the origins of the structural features
observed in the crystallographic structure of FMR-I, DFT com-
putations were performed at the M06-2X/6-31+G(d,p) level of
theory in vacuum following two approaches. In the first
approach, hydrogens and disordered heavier atoms were freely
optimized, with the resulting ‘relaxed’ geometry consequently
closely resembling the crystallographic conformation. In the
second approach, the molecule was optimized without impos-
ing any constraints, thus precluding any effects from the crystal
packing.

The obtained geometries are illustrated in Fig. 3(a), with the
most significant difference being a co-planar configura-
tion between the BODIPY and coumarin fragments for the

1

(b)

Fig. 3 (a) Overlay of DFT-computed conformations for FMR-I (M06-2X/
6-31+G** in vacuum), with a ‘relaxed’ single-crystal X-ray diffraction
(SXRD) conformation in orange (hydrogen and disordered heavier atoms
optimized) and a freely-optimized conformation in blue. (b) Molecular
graphs for both conformers with bond critical points (3, —1) in orange and
ring critical points (3, +1) in yellow.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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freely-optimized gas-phase conformer. The deviation from pla-
narity for the SXRD conformer makes it ca. 8.3 kcal mol " less
favorable than the gas-phase conformation, as an energy dif-
ference easily overcome by the various supramolecular interac-
tions stablished by the fluorophore in the solid state. It is
important to remark that asides this deviation, both the SXRD
and the gas-phase conformers are strikingly similar regarding
the conformation around the boron center, which displayed
negligible differences in bond distances and angles for its
distorted tetrahedral geometry. The sole significant difference
in this regard is that the phenyl ring lying ‘above’ the dipyrrin
plane is rotated towards a pyrrole ring in the gas-phase con-
former while it heads towards the center of the BODIPY core in
the crystallographic conformation.

To further unveil the origins of these structural features, the
bonding in both conformers was analyzed through topological
analyses of the electron charge density within the framework of
the quantum theory of atoms-in-molecules (QTAIM), a robust
methodology for identifying and characterizing covalent and
non-covalent interactions in molecular systems.**"*

As depicted in Fig. 3(b), the molecular graphs for both
conformers are very similar, with the most significant difference
being that in the SXRD conformer the phenyl ring ‘above’ the
BODIPY plane stablishes C37-H37---N1 and C41-H41.- -t non-
covalent interactions. Due to their poor directionalities and long
D-H- - -A distances, these interactions can be considered as weak
nonclassical hydrogen bonding interactions.*>*® Indeed, the
interaction energies (Ei,), as evaluated from the potential energy
density, Vr), at the bond critical points (BCP-1 and BCP-2,
respectively) using the Espinosa-Molins-Lecomte relationship®”
leads to Ej,. values of —8.37 and —7.52 kcal mol™*, respectively.
Interestingly, due to the different orientation of the phenyl ring,
these stabilizing interactions are absent in the gas phase con-
former, which can be ascribed to a preference towards a more
efficient orbital overlap of the phenyl ring with the n-system of the
dipyrrin core. Because of the net positive charge delocalized
within the dipyrrin core, this alternative interaction can be
expected to be highly stabilizing, as it can help further delocalize
the positive charge through hyperconjugative interactions.

It is important to remark that although as mentioned above
we were unable to obtain crystals of FMR-II of enough quality to
be structurally characterized by SXRD, due to the lack of
conjugation between the BODIPY and coumarin submolecular
fragments, the conclusions from the above structural analysis
on FMR-I can be largely extrapolated to FMR-II In fact, as
shown in ESL Fig. S1, the freely-optimized molecular structure
and the corresponding molecular graph for FMR-II showed
largely equivalent features to those found for FMR-I in the
gas phase, evidencing the structural similarity between both
fluorophores.

To summarize, in this section we presented a structural
analysis of the target fluorophores with support from DFT
computations and SXRD data in the case of FMR-I. These
analyses evidenced a unique structural feature of the BODIPY
fragment in these fluorophores when compared to structurally-
related BODIPY fluorophores that bear fluorine substituents at

New J. Chem., 2025, 49,10538-10550 | 10541
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the boron instead of phenyl groups as in the present study. The
presence of these phenyl substituents induces a displacement
of the boron atom above the dipyrrin plane and an orientation
of a phenyl group towards a pyrrole ring, an effect accounted to
an enhancement of electron delocalization via hyperconjuga-
tion of the phenyl ring with the positively-charged dipyrrin
core. As discussed in detail in the following section, TD-DFT
computations in DMSO for both FMR-I and FMR-II provided
further evidence of this effect, with a significant participation
of the Ph,B moiety as an electron donor in the electronic
transitions associated with the optical spectra of these com-
pounds, thus providing support for the proposed hyperconju-
gative donor role of the Ph,B fragment.

Photophysical properties and TD-DFT computations

Following our structural analyses on the target fluorophores,
here we will present an investigation of their optical absorption
and emission properties with the dual aim of (a) understanding
the nature of the electronic transitions involved in the optical
absorption and emission spectra and (b) discussing the beha-
vior of both fluorophores in different solvents, to evaluate their
potential impact on the fluorescent viscosity sensing properties
that are discussed in detail in the following section.

The photophysical properties of the target fluorophores were
first studied in DMSO by UV-Vis spectroscopy and steady-state
fluorescence spectroscopy. DMSO was chosen as low concen-
trations of this solvent typically display negligible toxicity,*®
and is therefore frequently employed in biological studies.

The absorption and emission spectra for the target fluoro-
phores and the associated data are presented in Table 1 and
Fig. 4(a). The corresponding data for the starting fluoro-
phores (BODIPY 2 and coumarins 3a-b) are included as ESIf
(Fig. S17-519 and Table S2). As can be seen, both FMR-I and
FMR-II displayed similar absorption spectra, with two intense
bands centered around A = 500 and 431 (FMR-I)/451 (FMR-II)
nm and a lower intensity band around A = 350 nm. According
to TD-DFT computations at the M06-2X/6-31+G(d,p) level in
DMSO, in both fluorophores these bands are ascribed to the
So = S1, So — S, and S, — Se transitions, respectively.

View Article Online
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As depicted in the frontier orbital energy diagram presented
in Fig. 4(b), none of these transitions involve electronic polari-
zation between the coumarin and BODIPY fluorophores, in
good agreement with the NMR analyses discussed previously,
which also showed both fluorophores being electronically iso-
lated in the ground state, thus providing support to the
molecular design strategy for these FMRs. Further evidence of
the electronic isolation of both fluorophores in FMR-I and
FMR-II arise by comparing their UV-Vis spectra with those of
the starting fluorophores (2, 3a-b), with the spectra of the target
fluorophores constituting roughly the sum of their starting
materials.

The nature of the electronic transitions in the target fluor-
ophores are strikingly similar in both compounds, with the
So — S;and Sy, — S, transitions representing local excitations
within the BODIPY and coumarin fragments, respectively. A
charge transfer character is observed in the case of the So — S,
transition, as it involves electron density polarization from the
amino-substituted phenyl ring towards the benzannulated lac-
tone ring of the coumarin, as a consequence of the evident
push-pull architecture of this submolecular fragment. Finally,
the Sy — Se transition in both compounds is located at the
BODIPY fragment and has a charge transfer character, where
the positively-charged dipyrrin core acts as a strong electron
withdrawing group and both the phenyl ring attached to the
meso-position and the phenyl groups from the Ph,B moiety act
as electron donors. This interesting observation is in good
agreement with our earlier structural discussions, where we
proposed that the geometry of the Ph,B moiety is stabilized by
hyperconjugative interactions with the dipyrrin core.

The fluorescence spectra of FMR-I and FMR-II in DMSO,
registered at Aexe = 440 nm, depicted the presence of both the
coumarin and the BODIPY fluorescent bands, centered around
Aem = 480 and 520 nm, respectively, with the coumarin band in
FMR-II being more intense due to a significantly higher fluor-
escent quantum yield (@) of the parent carboxy-coumarin
fluorophore in DMSO (3b, ¢ = 0.737) when compared to its
counterpart in FMR-I (3a, @ = 0.098). It should be noted that
the @p values for FMR-I and FMR-II are particularly low
(2 x 107" and 4 x 10™*, respectively), which can tentatively

Table 1 Experimental (107> M in DMSO) and computed (M06-2X/6-31+G**/PCM:DMSO) UV-Vis data and experimental fluorescence data (107> M in

DMSO, Jexc = 440 nm) for the target fluorophores

UV-Vis TD-DFT Fluorescence
Jmax [NM] (e M~ em™]) Jmax [NM] (f) transition ~ CI expansion Dominant character Jem [NM] by
FMR-I 501 (46 700) 424 (0.410) 97% Y168 — 170 BODIPY — BODIPY 519, 480 2 x 107*
So — S1
431 (49 000) 367 (1.327) 93% Y160 — 171 Coumarin — Coumarin
So = Sy
346 (9700) 309 (0.144) 27% Y162 — 170 Phprigge/Ph,B — BODIPY
So = Se +27% Y165 > 170
FMRII 500 (66 400) 424 (0.416) 97% Y174 — 176 BODIPY — BODIPY 516, 485 4x107*
So = S
451 (74 000) 380 (1.177) 96% Y175 - 177 Coumarin — Coumarin
So = Sy
346 (9700) 309 (0.185) 38% 7167 — 176 Phprigge/Ph,B — BODIPY
So = Se +31% Y170 > 176

10542 | New J. Chem., 2025, 49,10538-10550
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Fig. 4 (a) Optical absorption and emission spectra for FMR-I and FMR-Il from 10> M solutions of the fluorophores in DMSO. Emission spectra were
measured under excitation at Aeye = 440 nm. (b) Dominant frontier orbitals involved in the Sg — S1, Sg — S, and Sg — Sg transitions for FMR-I (HOMO =
169) and FMR-1l (HOMO = 175) at the M06-2X/6-31+G(d,p)/PCM:DMSO level of theory.

be accounted to photoinduced electron transfer (PET) pro-
cesses occurring between the Ph,B fragment and the dipyrrin
core. Although further investigations to demonstrate this
hypothesis lie outside the scope of the current work, the
structural analyses presented in this paper clearly demonstrate
the orbital overlap between these fragments, required for PET
processes, which are well-known to compete efficiently with
fluorescence,*®** as a reasonable explanation of the recurrent
lower @ values observed for Ph,B BODIPYs when compared to
their fluorine substituted counterparts.®*

In any case, the clear observation of both the coumarin and
BODIPY emissions, along with the electronical isolation of both
fluorophores in the ground state constitute compelling evi-
dence of the usefulness of FMR-I and FMR-II as ratiometric
Sensors.

As stated earlier in this manuscript, an analytical limitation
of structurally-related coumarin-BODIPY ratiometric viscosity
sensors reported previously by our research group,*” was the
significant influence of the solvent polarity in the emission
from the BODIPY fragment. One of the main objectives of this

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025

work was to tackle this problematic by disrupting electronic
conjugation between both fluorophores. To evaluate the extent
to which the developed FMRs addressed this issue, we per-
formed a solvatochromic study on the target compounds using
solvents of varying polarity, with dielectric constants (&) ranging
from & = 2.36 to 47.24 D.*' The optical absorption spectra are
presented in Fig. 5, gratifyingly displaying a negligible influ-
ence of solvent polarity in the optical absorption spectra for the
BODIPY band, which appeared around A,,s = 500 nm for both
compounds, whereas the coumarin band displayed shifts of up
to A2 = 12-13 nm depending on the solvent.

Regarding the emission spectra in different solvents, the
emission from the BODIPY core was also found to be polarity-
independent both under irradiation at Je. = 440 nm (Fig. 6)
and Aeye = 490 nm (ESL# Fig. S15), displaying an emission fixed
around ey, = 520 nm regardless of the solvent. This observation
confirms the success of the current approach in solving the
polarity-dependence of the BODIPY emission, which was one of
the main objectives of this work. Nonetheless, paralleling our
above observations on the absorption spectra, the emission
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Fig. 6 Emission spectra for FMR-1 (left) and FMR-II (right) in different solvents at 107> M, under excitation at Zexc = 440 nm.

from the coumarin fragment was more complex, with notice-
able changes in intensity and wavelength for both FMR-I and
FMR-IIL. This phenomenon can potentially be accounted to the
push-pull architecture of the coumarin fragment, which as
discussed earlier, imparts a charge transfer nature to its lowest-
lying vertical excitation. Upon irradiation, the resulting charge-
separated species would become more stabilized in polar
solvents and thus emission from the coumarin becomes
affected by polarity. Additionally the viscosity (1) of the solvents
(n = 0.284 to 1.074 cP)*" was also considered as a potential
physicochemical parameter that could affect the emission of
the coumarin, analogous to structurally-related julolidine-
based FMRs.*”> The response in any case seems complex, with
none of these variables playing a dominant role in the observed
response, with no clear tendencies observed in plots of the
relative fluorescence intensity of the coumarin band vs. the ¢
and 7 values of the solvents (ESLi Fig. S16). The observation
of such a complex response in these solvents required us to
conduct quantitative viscosity fluorescent measurements, which
are discussed in the next section.
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Viscosity sensing properties

A study of the fluorescent viscosity sensing properties of the
target fluorophores was undertook in the context of their
potential applications as microviscosity sensors. The measure-
ments were performed quantitatively by studying solutions of
the fluorophores in DMSO/glycerol mixtures with increasing
glycerol molar fractions, whose specific viscosities were calcu-
lated using the Nissan-Grunbberg model.****

Given that the viscosity of glycerol (5 = 934 cP) is much
higher than that of DMSO ( = 1.987 cP),"! the experiment
allows assessing the effect of the variations of viscosity on the
emission of the FMRs. Conversely, both solvents have compar-
able dielectric constants (¢ = 46.53 and 47.24 D, respectively)*'
thus precluding potential interferences from changes in polar-
ity during these viscosity measurements.

The viscosity sensing properties of the FMRs were studied
under irradiation at Jey. = 420 and 440 nm for FMR-I and FMR-
II, respectively. The recorded emission spectra are presented in
Fig. 7, where the emission properties are clearly modified over
the whole range of viscosities (i = 2 to 377 cP). As it can be seen,
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the emission from the BODIPY fluorophore, centered around
Aem = 519 and 514 nm for FMR-I and FMR-II, respectively,
becomes remarkedly more intense as the viscosity increases,
while changes in the emission intensity from the coumarin
fragment, centered around /., = 466 and 484 nm, respectively,
are comparatively much less important. Ratiometric analyses
of the observed fluorescent responses gratifyingly displayed
a double-logarithmic relationship between the ratio of the
fluorescence intensity of the BODIPY and coumarin bands
(Isop/Icum) and the viscosity, in good agreement with
the Forster-Hofmann theory.*>*® Linear fits of the double-
logarithmic plots showed good correlation coefficients, with
R*> = 0.974 and R* = 0.988 for FMR-I and FMR-II, respectively,
thus demonstrating the excellent capabilities of the developed
FMRs for accurately signaling viscosity changes over a broad
interval of viscosities.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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At this stage of the study, it is pertinent to compare the
capabilities of the FRM-I and FRM-II probes with some analogs
reported in the literature, in order to highlight both their
strengths and the areas for improvement in their design. It is
important to emphasize that the molecular sensors presented
here exhibit a novel structural design that overcomes certain
limitations previously observed in FMRs based on BODIPYs
and coumarins. Although these earlier systems have proven
useful for detecting local microviscosities, their dynamic range
is generally restricted to low-viscosity environments.** In con-
trast, FRM-I and FRM-II, being non-conjugated bichromopho-
ric compounds, extend their efficacy as ratiometric sensors to
medium and high viscosity ranges, thus broadening their
applicability in cellular microviscosity studies.

Among other relevant molecular rotors are BODIPY-estradiol
derivatives,”” which were designed to enhance uptake in cancer
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cell lines through functionalization with molecular fragments
recognizable by cellular structures, such as amino acids,*®
carbohydrates,*® and lipids.*® Although the compounds in this
study have not been biologically evaluated, the incorporation of
a coumarin fragment in FMR-I and FMR-II represents a dis-
tinctive feature with potential therapeutic value. Coumarins are
known for their antibacterial®® and antitumor®* activities, and
several of their derivatives have shown inhibition of carbonic
anhydrase,” an enzyme involved in tumor progression. This
suggests that the presence of this scaffold could add diagnostic
and therapeutic value to the sensors, particularly in oncological
contexts.

Finally, conjugated BODIPY-fluorene rotors have proven to
be effective ratiometric sensors,”® exhibiting minimal sensi-
tivity to solvent polarity. This property is most likely due to the
absence of a push-pull system in the fluorene scaffold. In this
regard, a structural improvement opportunity lies in modifying
the amino group on the coumarin, which could further reduce
its sensitivity to polarity and bring its behavior closer to that of
an ideal ratiometric sensor.

The evolution of these sensors toward optimized versions
has the potential to open new opportunities in bioimaging and
molecular diagnostics. Their remarkable structural versatility
represents an ideal starting point for the development of
advanced directed functionalization strategies. In particular,
if their biological activity is confirmed, FMR-I and FMR-II could
emerge as promising candidates for specific clinical applica-
tions. Furthermore, these molecules could be compared with
new synthetic analogs incorporating a BF, moiety instead of the
BPh, in the present investigation, which would significantly
enhance their fluorescence. Our research group is currently
undertaking research efforts toward investigating these inter-
esting opportunities.

Conclusion

This work presents a study on two fluorescent molecular rotors
(FMRs) designed as ratiometric viscosity sensors. The structure
of the target molecules contained two different fluorophores,
i.e. an amino-coumarin derivative and a boron-dipyrromethane
(BODIPY) dye. Our molecular engineering strategy towards
these ratiometric viscosity sensors involved using the BODIPY
fragment as the viscosity-sensitive fluorophore, while the amino-
coumarin would function as a reference fluorophore. Our study
tackles a problematic from a previous report by our research
group®® in which albeit efficiently functioning as ratiometric
viscosity sensors, similar coumarin/BODIPY dyads displayed
a deleterious influence of polarity on the emission from the
BODIPY fragment, thus interfering with the analytical response
of the probes. Our strategy to solve this issue was to disrupt
the conjugation between both fluorophores, thus electronically
isolating the viscosity-sensitive BODIPY fluorophore from the
coumarin fragment, which due to the presence of a clear push-
pull architecture, displays an important charge-transfer character
for its lowest-lying electronic excitations.
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Detailed structural and electronic structure analyses, with
support from SXRD data and DFT computations, revealed the
successful isolation of both submolecular fragments, which
gratifyingly resulted in the pursued polarity-independent emis-
sion from the BODIPY fluorophore, leading to excellent ratio-
metric fluorescent responses for both FMR-I and FMR-II, as
revealed through Forster-Hofmann logarithmic analyses.
Further optimization of the molecular structure may involve
replacing the ester group for another bridge, as the ester bridge
acts as an electron withdrawing group that together with the
strong electron-donating capabilities of the amino group, imparts
an important push-pull character to the coumarin fragment,
which may favour the population of nonradiative intramolecular
charge transfer states, thus potentially contributing to the low
fluorescence of the current FMRs. Nonetheless, the results pre-
sented herein pave the way for applications of the developed
FMRs as advanced tools for measuring changes in microviscosity,
which is a rapidly-evolving research domain that currently attracts
significant research interest, due to the usefulness of ratiometric
fluorescent sensors in the rapid and accurate diagnosis of diverse
diseases.

Experimental section
Materials and equipment

All reagents were commercially available and used without
further purification. Reagent-grade solvents were purified by
distillation over drying agents. Reactions were monitored by
analytical thin layer chromatography (TLC) on pre-coated silica
gel plates (ALUGRAM SIL G/UV254), under UV light. Column
chromatography was performed on silica gel (230-400 mesh)
employing an appropriate eluent.>> HRMS data were acquired
using a LC-MS Orbitrap Thermo Fisher Scientific spectrometer.
Absorption and fluorescence spectra were acquired using
Thermo Scientific Evolution 220 and PerkinElmer FL 6500
spectrophotometers, respectively, employing spectroscopic grade
solvents. Infrared spectra were recorded on an Agilent Cary
Spectrum 600 FT-IR spectrometer. Quantum yields were mea-
sured using an integrating sphere. Microwave-assisted reactions
were carried out using a CEM Discover SP microwave reactor.
Coumarin derivative 3a was synthesized as described elsewhere;*®
spectroscopic data were in good agreement.

NMR spectroscopy

NMR spectra were recorded using JEOL ECA 500 MHz and
Bruker 400 Avance MHz spectrophotometers 298 K employing
deuterated solvents and standard pulse sequences; chemical
shifts for "H- and "*C-NMR data are relative to the residual
nondeuterated solvent signal, fixed at § = 7.26 ppm for "H-NMR
and J = 77.00 ppm for "*C-NMR. For "'B-NMR, chemical shifts
are reported relative to BF;-OEt, as an external standard.
Chemical shifts are given in ppm with multiplicities abbre-
viated as singlet (s), doublet (d), doublet of doublets (dd), triplet
(t), quartet (q), quintet (p) and multiplet (m).

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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X-Ray diffraction studies

Crystals of compound FMR-I were grown by slow evaporation of
a saturated chloroform solution of the analyte. Structural data
were collected on a Bruker D8 VENTURE diffractometer at
293 K. Crystals were mounted on conventional MicroLoops.™
All heavier atoms were found by difference Fourier mapping
and all atoms appeared in the first solution. Hydrogen atoms
were refined isotropically at calculated positions using a riding
model. Reflection data were corrected for Lorentz and polariza-
tion effects. The first solution, refinement and output data were
obtained using the SHELXL-2019 program.®” Disorder of the
diethylamino group and the ester bridge was modelled over two
and three positions, respectively, with atomic coordinates and
occupancies allowed to refine freely. All software manipulations
were performed through the ShelXle program.*® ORTEP3>® and
Mercury 2024% were used to prepare artwork representations.
Deposition Number 2424050 contains the supplementary crys-
tallographic data for this paper. These data are provided free of
charge by the joint Cambridge Crystallographic Data Centre
and Fachinformationszentrum Karlsruhe Access Structures
service.

Syntheses

8-(4-hydroxyphenyl)-4,4-diphenyl-BODIPY (2). To a round-
bottom flask containing 4-hydroxybenzaldehyde (5.00 g,
40.94 mmol) were added pyrrole (200 mL), anhydrous dichlor-
omethane (250 mL) and trifluoroacetic acid (0.13 mL). The
mixture was stirred under nitrogen for 3 hours, yielding inter-
mediate meso-(4-hydroxyphenyl)-dipyrromethane,24 as a pale
pink solid in 76% yield after and purification by column
chromatography using a gradient of hexane and ethyl acetate
(1/1) as eluent. This intermediate (0.45 g, 1.90 mmol) was
dissolved in tetrahydrofuran (15 mL), treated with 2,3-
dichloro-5,6-dicyano-1,4-benzoquinone (0.46 g, 2.02 mmol)
and stirred for 1 hour, followed by the addition of a 0.13 M
diethyl ether solution of diphenylborinic acid (15 mL). After
refluxing for 10 hours, the reaction was chilled to room
temperature and the solvents were removed under reduced
pressure. The crude product was redissolved in dichloro-
methane (25 mL) and treated with brine (3 x 25 mL). The
combined organic phases were dried over anhydrous Na,SO,
and concentrated under reduced pressure. After purification by
column chromatography using a gradient of hexane and ethyl
acetate (from 1/0 to 1/1) as eluent, the title compound was
obtained as an orange solid in 43% yield. "H-NMR (400 MHz,
CDCl,) 6 7.57 (s, 2H, H-1), 7.53 (d, J = 8.6 Hz, 2H, H-7), 7.25-7.15
(m, 10H, H-2a/H-4a/H-3a), 7.00 (d, J = 4.2 Hz, 2H, H-3), 6.96 (d, ] =
8.6 Hz, 2H, H-8), 6.51 (dd, J = 4.2, 1.8 Hz, 2H, H-2), 5.66 (s, 1H,
OH). *C-NMR § (CDCl;, 100 MHz): 157.83 (C-9), 146.73 (C-5),
144.53 (C-1), 134.56 (C-4), 132.73 (C-3a), 132.47 (C-7), 128.89 (C-3),
127.31 (C-2a), 127.12 (C-6), 126.08 (C-4a), 117.20 (C-2), 115.24 (C-8)
(signal for C-1a not observed). 'B-NMR & (CDCl;, 128 MHz):
-0.49 (s, BPh,). FTIR (ATR, cm™Y): 3324 (1O-H), 1538 (vC—C),
1077 (vasB-N). HRMS (ESI-TOF') m/z: [M + H]" anal. caled for
C,,H,,BN,0: 401.1825. Found: 401.1829. Error = 0.99 ppm.
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Fluorescent molecular rotor I (FMR-I). To a round-bottom
flask containing BODIPY 2 (0.05 g, 0.13 mmol) and 7-(diethy-
lamino)-2-oxo-2H-chromene-3-carboxylic acid (3a) (0.04 g,
0.14 mmol) were added dichloromethane (15 mL), N,N’-dicyclo-
hexylcarbodiimide (0.03 g, 0.14 mmol) and 4-dimethyl-
aminopyridine (0.017 g, 0.14 mmol). The mixture was treated
with microwave radiation (100 W) for 1 hour at 40 °C (5 °C
min~" gradient) and allowed to chill to room temperature. The
crude product was first purified by column chromatography
using a gradient of dichloromethane and methanol (from 1/0 to
9/1) as eluent. Subsequently, a second column was performed
using a gradient of hexane and ethyl acetate ethyl acetate
(from 1/0 to 1/1) as eluent, yielding the title compound as an
orange solid in 92% yield. "H-NMR (500 MHz, CDCl;) § 8.64
(s, 1H, H-12), 7.66 (d, J = 8.6 Hz, 2H, H-7), 7.59 (¢, ] = 1.5 Hz, 2H,
H-1), 7.43 (d,J = 9.0 Hz, 1H, H-14), 7.40 (d, J = 8.6 Hz, 2H, H-8),
7.26-7.23 (m, 4H, H-2a), 7.22-7.17 (m, 6H, H-4a/H-3a), 7.00 (dd,
J = 4.3, 1.2 Hz, 4H, H-3), 6.66 (dd, J = 9.0, 2.5 Hz, 1H, H-15),
6.54-6.51 (m, 3H, H-2/H-17), 3.49 (q, ] = 7.2 Hz, 4H, H-20), 1.28-
1.25 (m, 6H, H-21). >*C-NMR § (CDCl;, 125 MHz): 162.52 (C-10),
158.94 (C-18), 158.02 (C-16), 153.50 (C-5), 152.51 (C-9), 150.51
(C-12), 145.84 (C-19), 145.10 (C-1), 134.56 (C-4), 132.72 (C-3a),
131.95 (C-6), 131.62 (C-7), 131.53 (C-14), 129.10 (C-3), 127.36
(C-2a), 126.13 (C-4a), 121.80 (C-8), 117.56 (C-2), 109.86 (C-15),
107.83 (C-13), 107.05 (C-11), 96.77 (C-17), 45.24 (C-20), 29.69
(C-21). (Signal for C-1a not observed). "'B-NMR § (CDCl;, 128
MHz): —0.54 (s, BPh,). FT-IR (ATR, cm %): 1736 (»C—O0, lac-
tone), 1713 (vC=O0, ester), 1577 (¥C=—C), 1184 (vC-O), 1056
(vasB-N). HRMS (ESI-TOF') mj/z: [M + H]" anal. caled for
C41H35BN30,: 644.2721. Found: 644.2728. Error = 2.03 ppm.

Fluorescent molecular rotor II (FMR-II). Synthesized in an
analogous manner to that described above for FMR-I, but using
coumarin 343 (2b) as a coupling partner. The procedure yielded
the title compound as an orange solid in 88% yield. "H-NMR
(500 MHz, CDCl;) 6 8.54 (s, 1H, H-12), 7.67 (d, J = 8.7 Hz, 2H,
H-7), 7.60 (d, J = 0.9 Hz, 2H, H-1), 7.41 (d, J = 8.8 Hz, 2H, H-8),
7.28-7.24 (m, 4H, H-2a), 7.23-7.18 (m, 6H, H-4a/H-3a), 7.03-
6.99 (m, 3H, H-14/H-3), 6.58-6.50 (m, 2H, H-2), 3.38 (q, J =
6.0 Hz, 4H, H-23/H-20), 2.92 (t, ] = 6.4 Hz, 2H, H-22), 2.79 (t,] =
6.3 Hz, 2H, H-25), 2.00 (p, ] = 6.2 Hz, 4H, H-24/H-21). *C-NMR 6
(CDCl;, 125 MHz) 162.74 (C-10), 158.38 (C-18), 153.90 (C-16),
152.66 (C-9), 150.28 (C-12), 149.26 (C-19), 145.91 (C-5), 145.04
(C-1), 134.55 (C-4), 132.71 (C-3a), 131.77 (C-6), 131.55 (C-7),
129.10 (C-3), 127.33 (C-14/C-2a), 126.11 (C-4a), 121.85 (C-8),
119.52 (C-15), 117.52 (C-2), 107.69 (C-13), 105.78 (C-11), 105.39
(C-17), 50.36 (C-23), 49.97 (C-20), 27.39 (C-25), 21.05 (C-24),
20.06 (C-21), 20.02 (C-22) (signal for C-la not observed).
"B-NMR § (CDCl;, 128 MHz): —0.22 (s, BPh,). FT-IR (ATR,
em ™ Y): 1764.76 (vc—o, lactone), 1728.00 (vC=0O0, ester), 1519.36
(VC—C), 1164.68 (¥C-0), 1055.29 (1/4sB-N). HRMS (ESI-TOF")
m/z: [M + H]" anal. caled for C,3H35BN;0,: 668.2721. Found:
668.2731. Error = 1.50 ppm.

Computational methods

Quantum chemical computations were performed within the
framework of the Density Functional Theory (DFT) using the
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M06-2X functional combined with the double-{ 6-31G+G(d,p)
polarized basis set, through the Gaussian-09 program package.®*
The MO06-2X hybrid functional was chosen on the basis of a
previous report by Jacquemin and co-workers recommending this
functional as the most reliable DFT approach for molecules based
on BODIPY fluorophores,®®* and aiming at taking into account
noncovalent interactions, for which meta-GGA functionals usually
outperform many other hybrid functionals.***> Solvation effects
were incorporated through the LR-PCM approach.®® Starting
geometries for the monomers/dimers were built upon or
obtained from the SXRD data for FMR-I. Unless otherwise
specified, molecular structures were optimized without impos-
ing any constraints. Alternatively, in some cases partially-
constrained optimizations were performed to better represent
the crystallographic conformations, with coordinates for all the
H-atoms and any disordered heavier atom allowed to optimize
freely in every case, while other non-disordered atoms were
‘frozen’ in their crystallographic positions. Analytical frequency
computations showed no imaginary frequencies related to
unconstrained atoms, confirming these equilibrium structures
as true local minima.

TD-DFT computations were carried out on optimized geo-
metries of FMR-I and FMR-II in DMSO at the same level of
theory, taking into account vertical excitations towards the 12
lowest-lying excited states. In order to confirm or correct the
NMR assignments, Gauge invariant atomic orbital (GIAO) com-
putations of isotropic magnetic shieldings of "*C nuclei were
performed in chloroform. Although the methodology provides
absolute chemical shifts, for clarity, they are herein reported as
scaled with respect to an external tetramethylsilane (TMS)
reference computed at the same level of theory. Quantum
theory of atoms in molecules (QTAIM) topological analyses
of the electron density gradient were carried out employing
Multiwfn 3.8%” on optimized structures. Fulfillment of the
Poincaré-Hopf relationship®® was systematically inspected.
Molecular graphs were plotted using VMD 1.9.4.%°

Data availability

The data supporting the findings of this study, including
characterization data (NMR and HRMS spectra, and computa-
tional files), are provided in the ESI} file associated with this
article. Additional data, if required, are available from the
corresponding author upon reasonable request.
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