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Fluorescent molecular sensors are widely used in biological research. They allow straightforward viscosity, tem-
perature or polarity measurements at the microscopic level, including live cells. Maps of desired physical properties
can be obtained by applying fluorescence lifetime imaging microscopy (FLIM) to cells.

One of the most important properties of a cell is viscosity, as it affects other parameters, such as the rate of bio-
chemical reactions and particle diffusion. Boron-dipyrromethene (BODIPY) compounds are widely used for viscos-
ity measurements, but current variants have the undesirable sensitivity to polarity, and more suitable alternatives are
being sought using theoretical computations. The polarizable continuum model (PCM) used in previous studies did
not adequately take into account the influence of the polar environment when calculating the BODIPY activation
energy associated with polarity sensitivity.

After applying the multilayer ONIOM method in polar and non-polar environments, the calculated maximum
wavelengths of the fluorescence spectra of the SPhBODIPY compound were closer to the experimental results com-
pared to PCM. The activation energy was also calculated, its value in polar and non-polar environments qualitatively
corresponded to the experimental results, and the quantitative agreement was reached using the empirical correction.

Keywords: fluorescent probes, molecular rotors, BODIPY, DFT, ONIOM

1. Introduction

Fluorescent molecular sensors are widely used in
current biological research [EI]. They allow a con-
venient measuring of various physical properties
(viscosity [@], temperature [E, H], and polarity [ﬂ,
E]) in a medium. The primary reason for using such
probes is their ability to measure on a microscopic
scale, where conventional methods are impossible,
e.g. in cells. By applying fluorescence lifetime imag-
ing microscopy (FLIM), maps of the desired physi-
cal property of living cells can be obtained [].

One of the cell characteristics is viscosity, which
determines the rate of biochemical reactions, dif-
fusion, and physical properties. There is evidence
that cell viscosity changes with the development
of certain diseases []. Thus, it is essential to de-
velop viscosity probes with desired properties.
A subset of fluorescent compounds - molecular
rotors — have sensitivity to this physical quan-

tity because the molecule contains a rotating part
the movement of which is restricted by the fric-
tion (viscosity) of the surrounding medium [B,
]. The rotation is also constrained by the steric
hindrance of the molecule, which creates an en-
ergy barrier between two existing conformers of
the molecule. Due to the presence of thermal en-
ergy at non-zero temperature the molecule can
cross this energy barrier, so each viscosity sensor is
also a temperature sensor. Boron-dipyrromethene
(BODIPY) viscosity sensors are widely used []
because their fluorescence kinetics are often single-
exponential, which speeds up the interpretation of
experiments. Despite their advantages, BODIPY
probes have a few drawbacks. Upon the polarity
change of the medium, the measured photophysi-
cal properties of BODIPY compounds also change.
Thus only by knowing the exact polarity properties
of a system, the measured results can be interpreted
unambiguously.
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When designing a BODIPY molecule, theo-
retical computations are essential for predict-
ing physical properties in various environments.
There is an interest in a proper model for simu-
lating molecules, similar to the one established
for BODIPY compounds in non-polar solvents,
which utilizes the polarizable continuum model
(PCM) [@]. Potential energy surface (PES) scans
of BODIPY with PCM cannot predict quantitative
or even qualitative properties of conformational
transition barriers in the polar environment, as
they yield higher energy of the barrier compared
to the non-polar medium, which is contrary to
the results of current research []. The basic idea
of why PCM does not work with the polar envi-
ronment is that solvent molecules with dipole
moments interact in a specific way with excited
BODIPY molecules, and PCM, by definition, can-
not model such interactions. Therefore, an explicit
solvation method incorporating distinct solvent
molecules is needed.

2. Theoretical and experimental methods

Most commonly, density functional theory
(DFT) [@, ] is used for quantum-chemical mod-
elling of BODIPY dyes because it offers an excel-
lent accuracy compared to the computational cost.
However, its usage is still limited to the closest sol-
vent molecules around the fluorescent BODIPY
compound. For modelling larger systems, a multi-
scale ONIOM [] model can be employed, which
allows the system to be treated using multiple levels
of computational theory.

Preliminary testing found that simply placing
solvent molecules around the BODIPY dye cre-
ated localized areas with excess solvent molecules,
which produced localized charges, and the results
of calculated fluorescence were all over the place
with the increasing number of solvent molecules.
For this reason, the preparation of the solvent shell
was carried out using molecular dynamics (MD).
The symmetric solvent sphere was constructed by
the following procedure:

1. A single molecule of the desired solvent is cre-
ated using AmberTools21 [@].

2. Single-molecule geometry is optimized at
the molecular mechanics (MM) level theory with
a gaff2 force field. The same force field is used for
all subsequent steps.

3. The optimized solvent molecule is placed n
times at a given radius r using Packmol [@], cre-
ating the initial solvent sphere. Ultimately, two
different sphere radii (corresponding to a specific
quantity of molecules denoted as n) were chosen
for each modelled solvent (Table 1).

Table 1. The initial number of solvent molecules for
the selected sphere radii.

= 15 A r, = 19 A
CsHy, 50 100
CH;CN 110 220

4. The total potential energy of the entire solvent
system is minimized.

5. The thermal annealing procedure is car-
ried out. First, the sphere is rapidly heated up to
50 K, which corresponds to the temperature at
which molecules can mix but cannot dissociate
into a vacuum. Afterwards, a slow cooling is per-
formed every 10 K to ~0 K. The system is held for
100 ps at the corresponding temperature during
each step.

6. The final energy minimization is performed.

After creating a symmetric solvent sphere,
the 8-Ph-BODIPY dye (Fig. [[) is inserted in
the centre, and the solvent molecules that intersect
the molecule are removed. Thus, the total count
of solvent molecules is fewer than that in Table 1.
Also, after the MD procedure, the modelled sphere
takes an ellipsoid-like form. During the dye inser-
tion, the molecule rotation is then aligned with

Fig. 1. The molecular struc-
ture of the 8-Ph-BODIPY
compound.
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the direction of the ellipsoid, preventing any asym-
metries from occurring. An example of the solute-
solvent system is shown in Fig. @

Fig. 2. An example of the BODIPY compound posi-
tion in the pentane solvent ellipsoid.

After the preparation of the system, its poten-
tial energy was optimized to the ground state usin
a Minnesota density functional m06-2x [@, @%
witha cc-pVDZ [@] basis set for the 8-Ph-BODIPY
molecule, while solvent molecules were modelled
with MM using a universal force field (UFF) [@].
For the case of implicit solvation, a conductor-like
PCM [@] was employed instead of explicit sol-
vent molecules. For QM and QM/MM calcula-
tions, Gaussian 16 software was used [@]. After
that, optimization of the molecular structure to
find the energy minimum of the first excited state
was performed, which then resulted in a value of
the theoretical fluorescence wavelength. Overall,
BODIPY has a multireference wavefunction char-
acter, thus transition energies are overestimat-
ed []. Despite this drawback, the overestimation
is systematic. Therefore, if needed, an empirical cal-
ibration could be performed [@]. For the analysis
of ONIOM results presented here, only DFT-layer
energy was considered.

After finding the optimized excited-state ge-
ometry, a relaxed scan is performed, where
the scanning coordinate is one of the dihedral an-
gles between the phenyl plane and the BODIPY
core [@] (¢, Fig. H). After that, the average (®)
of dihedral angles (¢, and ¢,, Fig. H) between two
BODIPY sides is calculated, which is the approxi-
mate intrinsic coordinate. From the scan, we get
three points of interest: S, metastable (S, ), re-
laxed (S, ) and transitional states (TS). By calcu-
lating the height of the barrier (which may occur
between the scan points) using the Akima inter-
polator [@] with Savitzsky-Golay filtering and
choosing S, energy as a zero point, activation en-
ergy will be equal to transition energy.

Toluene (Tol) and dimethylformamide (DMF)
were chosen for the implicit solvation. The reason-
ing is that both solvents are aprotic, meaning that
hydrogen bonds do not play a role in calculations,
simplifying the model. Acetonitrile (MeCN) and
pentane (C_H,,) were chosen for the explicit solva-
tion. These solvents are very similar to DMF and
Tol, respectively, regarding their dielectric con-
stants, which allows for comparison of the trends

q)l (pz

Fig. 3. Dihedral angles of 8-Ph-BODIPY used for PES
scans and geometry comparison.
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of the barrier height between polar and non-polar
environments. Also, MeCN is one of the small-
est non-protic molecules, allowing a simpler
re-arrangement of molecules around the 8-Ph-
BODIPY dye, while C.H_, is one of the smallest
non-aromatic non-polar solvents. Aromaticity
can induce the -7 stacking effect with the fluo-
rophore, which again would introduce further
complications to the model.

Experimental studies were performed on
the pre-synthesized 8-Ph-BODIPY. First, the solid
dye was dissolved in toluene at a concentration of
4 mM. Then, 2 uL of the initial solution was dilut-
ed to 2 mL with the desired solvent, and the final
solution was poured into a quartz 1 cm cuvette.
The final concentration was 4 yM.

An Edinburgh Instruments FL920 fluorom-
eter based on single photon counting was used for
fluorescence measurements. A 472.7 nm pulsed
laser with a period of 500 ps was used for the ex-
citation. Fluorescence spectra were measured at
the maximum laser power, with photons collected
every 0.5 nm for 2 s, from 495 to 700 nm, with
a wavelength bandwidth of 2 nm. Before exciting
the sample, the laser beam was passed through
an SP550 filtre, and the fluorescence beam went
through an LP495 slide.

3. Results and discussion

The maximum wavelengths of the experimental
8-Ph-BODIPY spectra are provided in Table 2.
There is some solvatochromism for absorption: in
the measured data, the absorption wavelength is
the lowest for acetonitrile, then pentane and tolu-
ene. Fluorescence in acetonitrile and pentane has
the same peak wavelength, even though their po-
larity is very different. Toluene has the lowest fluo-
rescence energy. The reasoning behind these re-
sults is that toluene, an aromatic solvent, interacts
with 8-Ph-BODIPY via the n-m stacking effect.
Thus, the overall n system extends, and the result-
ing transition energy is lower for both absorption
and fluorescence. Having the same fluorescence
wavelength in the pentane and acetonitrile may
be due to a weak charge transfer in the BODIPY
molecule after the initial excitation.

The calculated transition energies from S to
S, are found in Table 3. All energies are relative
to the S, minimum in the corresponding environ-

Table 2. Experimental maxima of 8-Ph-BODIPY
fluorescence and absorption spectra.

Solvent Ag, NM Asbs NM &
n-Pentane 515 499 1.8
Toluene 522 503 2.4
Acetonitrile 515 496 36.6

ment. E, is the energy of the optimised excited
state, while E_ is the ground state energy of the ex-
cited state geometry. In the PCM-modelled non-
polar environment, toluene and pentane have
the same wavelength, which is opposite to the ex-
perimental results. It is now evident that PCM
cannot consider the m—m interaction effect. Also,
there is a considerable transition energy decrease
going from the non-polar into the polar environ-
ment in PCM, while the experiment again shows
different results. Looking at the ONIOM-mod-
elled fluorescence, the wavelength is still higher
in the polar environment, but the wavelengths
are much closer compared to pentane, just like in
the experiment. Even though the absolute differ-
ence to the experiment in ONIOM is higher than
using PCM (also, ONIOM has higher energies of
E and E,), ONIOM can model fluorescence tran-
sition energies better than PCM after considering
corrections.

The calculated geometries with PCM and the ex-
plicit solvation method are summarized in Ta-
ble 4. For the ground state, higher core bending w
in the polar environment is present compared to
the non-polar environment in both solvation meth-
ods. Phenyl rotation in S is very similar except for
the case with a thicker MeCN sphere, which is about
ten degrees lower than the rest. Looking at the ge-
ometries in S, core bending is much higher in vacu-
um or toluene. In pentane, the core almost does not
change the geometry compared to the ground state.
There is a rough correlation between geometry and
the transition energies: by folding the BODIPY core
more in an excited state compared to the ground
state, we get lower transition energy, and by restrict-
ing the folding, we get lower wavelength fluores-
cence. The explicit solvation model puts a higher
force on the BODIPY molecule when transitioning
between energy levels.

In Fig. H, the PES relaxed scans of 8-Ph-BODIPY
molecule are plotted in different environments.
While performing the PES scans with explicit
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Table 3. Calculated potential energy values of 8-Ph-BODIPY. E and E are the energies of S and S, surfaces at
the optimized S,,, geometry. Energy values are relative to the S, minimum in the corresponding environment.

Environment Solvation E,, eV E, eV AE, eV A, nm &
Vacuum - 0.125 3.016 2.89 429 1
n-Pentane 0.045 2.815 2.77 448 1.8

Toluene 0.078 2.844 2.77 448 2.4
PCM
Acetonitrile 0.047 2.685 2.64 470 36.6
DMF 0.056 2.681 2.63 472 38.3
C;H,, x48 0.063 3.047 2.98 415 -
CsHy, x97 0.065 3.039 2.97 417 -
ONIOM
CH,CN x106 0.078 3.023 2.95 421 -
CH,CN %216 0.110 3.012 2.90 427 -
Table 4. Dihedral angles of the optimized solvation, there were encounters when a significant

8-Ph-BODIPY in different environments and elec-
tronic energy states.

. SO Slm
Environment
Q,° w, ° Q,° w,°
Vacuum 54 174 45 161
Toluene 53 179 46 166
Cs;H,, x48 56 179 52 179
C;H,, x97 53 178 52 179
DMF 52 176 48 169
MeCN x106 50 174 45 170
MeCN %216 43 174 37 172
0.15
- 0.05
>
L
B
50
)
=
m
-0.05
-0.15
-10 10

solvent reorientation was detected, which resulted
in a jump in system energy. This observation was
mainly in lower-radius solvent spheres, which sug-
gests an insufficient number of solvent molecules.
When a drop in energy was observed, an additional
reverse scan was performed, often resulting in low-
er PES curves. The lowest points with a reasonable
curve path were ultimately taken for interpolation
and smoothing.

The minima at S, are supposed to be at 0 de-
grees because of the C_ symmetry of the molecule.
Using the smaller solvent sphere, the minima are
at ~7.5° for both polar and non-polar solvents,

CsH;, x48
CsH,, x97
MeCN x106
MeCN x216
Toluene PCM
DMF PCM

30 50

Dihedral angle, ® (deg)

Fig. 4. Relaxed PES scans of 8-Ph-BODIPY in different solvent environments.



16 ISSN 1648-8504 eISSN 2424-3647

D. Narkevicius and S. Toliautas / Lith. J. Phys. 64, 11-19 (2024)

while in a larger sphere, in the polar environment
it is ~0° and in the non-polar case it is equal to
-4.7°, which is closer to 0°. Considering the sig-
nificant reorientation of solvent molecules and
the fact that S, minima are not at 0° for small-
er spheres, modelling 8-Ph-BODIPY in a larger
sphere can be stated to give more accurate results,
and only those were used when comparing perfor-
mance with PCM.

Interestingly, even though the energy mini-
mum of the DFT layer in a larger non-polar sol-
vent sphere does not lie at 0°, the total ONIOM
energy does. That means that fluorophore cre-
ates a significant asymmetric interaction with
the solvent molecule. Doing population analysis
on the whole system (semi-empirical PM6 meth-
od [@]), one side of the phenyl ring has a higher

(a)

wavefunction overlap (Fig. E) with the solvent at
the highest occupied molecular orbital (HOMO).
In contrast, in the polar environment this effect is
not seen. The possible reason for such supermolec-
ular effect is that solvent spheres used are still not
large enough. Furthermore, this might be a reason
behind a rough correlation between the S mini-
mum position and the r radius.

Table 5 shows the activation energy of fluoro-
phore from different states and the energy change
(enthalpy). At first glance, enthalpy in PCM is
positive, while in ONIOM it is negative in all cas-
es. Compared with higher-level calculations [@],
ONIOM gives qualitatively correct results, while
PCM does not. PCM quantitatively predicts the ac-
tivation energy (going from S through TS) in
a non-polar solvent very well (the experimental

(b)

Fig. 5. HOMO orbital for 8-Ph-BODIPY in the C.H,, x97 (a) and the CH,CN x217 (b)
solvent shell. Isovalue is at 0.0015. The overlap between the solvent molecule and 8-Ph-

BODIPY is circled in red.
Table 5. Enthalpy change going from S,,, to S;, and the activation energies of 8-Ph-BODIPY.
Environment AH(S,,-Sinm), eV E,(TS-S,,), eV E,(TS-S,,), eV
Tol PCM 0.016 0.074 0.091
CsH,, x48 -0.030 0.103 0.072
CsHy, x97 -0.104 0.246 0.141
DMF PCM 0.083 0.046 0.129
MeCN x106 -0.040 0.164 0.125
MeCN %216 -0.023 0.099 0.076
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value is 0.103 eV []). However, in the polar envi-
ronment it does not even reproduce results qualita-
tively: the barrier in DMF is higher than in toluene,
while in the polar environment it is measured to be
about 0.032 eV []. On the other hand, the bar-
rier in a larger sphere calculated with the ONIOM
method is higher in the non-polar environment and
much lower in the polar one. A simple correction by
subtracting 0.04 eV from the calculated values would
even produce values comparable to the experiment.

4. Conclusions

The explicit solvation with the ONIOM model im-
proved the modelling results of 8-Ph-BODIPY op-
tical properties in several areas. The calculated flu-
orescence wavelengths in different environments
were much closer to each other (and in agreement
with the experiment) compared to the PCM im-
plicit solvation method. S _(relaxed) and S, (meta-
stable state) energy levels calculated with ONIOM
were closer to the higher-level calculation results
reported elsewhere. Also, the explicit solvation re-
produced qualitative changes of the excited state
barrier height in different environments (inferred
from experiments), where PCM previously failed.

Even with these improvements, calculating
the PES in the solvent shell using ONIOM was dif-
ficult because of solvent reorientation. This prob-
lem may be addressed using the rigid PES, a larger
solvent sphere or additional system preparation
using molecular dynamics together with the fluo-
rophore.
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BODIPY JUNGINIO NESPINDULINIO BARJERO AUKSCIO NUSTATYMAS
POLINEJE APLINKOJE TAIKANT ONIOM DAUGIASLUOKSN]I METODA

D. Narkevicius, S. Toliautas

Vilniaus universiteto Fizikos fakultetas, Vilnius, Lietuva

Santrauka

Fluorescuojantys molekuliniai jutikliai yra placiai
naudojami biologiniuose tyrimuose. Jie leidzia nesu-
détingai pamatuoti klampg, temperatiirg ar poliskuma
mikroskopiniu lygmeniu, jskaitant gyvas lasteles. Las-
teléms taikant fluorescencijos gyvavimo spektroskopija
(FLIM) galima gauti norimy fizikiniy savybiy zeméla-
pius.

Viena svarbiausiy lastelés savybiy yra klampa, nes
ji turi jtakos kitiems parametrams, pvz., biocheminiy
reakcijy greiciui ir daleliy difuzijai. Boro-dipirometeno
(BODIPY) junginiai yra placiai naudojami matuojant
klampa, taciau dabartiniai variantai turi nepageidauja-
ma jautruma poliskumui, todél tinkamesniy alternatyvy

ieskoma taikant kompiuterinius skai¢iavimus. Ankstes-
niuose tyrimuose naudotas poliarizuoto kontinuumo
modelis (PCM) netinkamai jvertino polinés aplinkos
jtaka skaiciuojant aktyvacijos energija, siejamg su jaut-
rumu poliskumui.

Taikant daugiasluoksnj ONIOM metoda polinéje bei
nepolinéje aplinkose buvo apskaic¢iuoti 8-Ph-BODIPY
junginio fluorescencijos spektry maksimumy bangos
ilgiai, kurie geriau atitiko eksperimentinius rezultatus
palyginti su PCM. Taip pat buvo apskaiciuota aktyvaci-
jos energija, kurios verté polinéje ir nepolinéje aplinkoje
kokybiskai atitiko eksperimentinius rezultatus, o taikant
empirine korekcijg - ir kiekybiskai.
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