Gaining insight into the photophysical properties of a coumarin STP ester with potential for
bioconjugation
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The photophysical properties of coumarin 392 4-sulfotetrafluorophenyl ester, C392STP (sodium (E/2)-4-(4-(2-(6,7-
dimethoxycoumarin-3-yl)vinyl)-benzoyl)-2,3,5,6-tetrafluoro-benzenesulfonate) an amine reactive coumarine with potential for
bioconjungation, have been studied in different solvents. Strong red shifts (31 to 56 nm on going from dioxane to DMSO and
PBS, respectively) were observed in the emission spectra by increasing the solvent polarity while the absorption spectra remain
slightly changed. It was found that in addition to non specific solute-solvent interactions, in protic solvents specific interactions
such as hydrogen-bonding occur. The photophysical behaviour of coumarin also pointed out to an increase of the polarity of
the molecule upon excitation. The molar absorption coefficient, 3ss = 1.03 - 10* Mlcm™ and brigtness, e x ® = 1.18 - 10> M
tem?, of the coumarin ester were found to be moderate in PBS even if the fluorescence quantum yield (® = 0.115) was found
to be relatively low. The large stokes shifts (AA = Aem-A abs Were found to increase from 74 nm in dioxane to 136 nm in PBS), the
photostability and pH insensitivity are characteristics that turn C392STP, into a promising fluorescent dye with potential
applications in different fields.

Introduction

Coumarins have a long history as fluorescent dyes.! These benzopyrones are widely distributed in nature and new
ones are continuously being synthesized and commercialized due to their excellent light stability and the relative ease
in tuning their photophysical properties by chemical substitution.2™ Coumarins that favor reactions of interest with
target biomolecules, metals or reactive groups have been extensively exploited as fluorescent labels3® (e.g.
coumarins containing amine reactive moieties, sulfotetrafluorophenyl (STP) or N-hydroxysuccinimide (NHS) esters,
are efficient dyes for biolabeling of molecules containing primary amine groups).2°™1!

Coumarin-based compounds have a wide range of applications in fields as varied as coloring of materials, cell biology,
medical analysis, development of photophysical systems and conservation.7'272> They are used as dye lasers, daylight
fluorescent pigments, labels for biomolecules, optical brighteners, sensors for viscosity, flow or density, fluorescent
chemosensors, biosensor and as dyes in fluorescent adhesives for artifact reconstruction repair in art
conservation.»”!27%> The applications of fluorescent dyes are highly dependent on their photophysical and
photochemical properties - UV-vis absorption and fluorescence spectra, molar extinction coefficients, quantum
efficiencies, Stokes shifts, pH- and thermal stabilities among others'®'’- and on their variation with the surrounding
medium.*381° Studying the properties of new synthesized fluorophores is of utmost importance for determining their
potential applications and for better exploiting their characteristics.

Thus, the determination of the photophysical properties of coumarin derivatives has been and continues to be the
focus of numerous investigations.>'®?° The fluorescent coumarins used as dyes and sensors have excellent
spectroscopic properties as high quantum yields (up to 0.90), good extinction coefficients (10,000-40,000), and large
Stokes shifts (up to 160 nm).*?* New coumarin-based fluorophores with improved Stokes shifts, high fluorescent
quantum vyields and/or molar absorption coefficients are continuously being synthetized.®®!* In fact, various
substituted coumarins (and hybrid dyes based on them) are among the most applied and important fluorophores
exhibiting large Stokes shifts.®12

In this work, the spectral characteristics of a recently synthesized coumarin 4-sulfotetrafluorophenyl ester (C392STP,
Scheme 1) were studied.?? This compound has been previously shown to be an efficient building block for synthesizing
RNA-FISH probes by labelling of amine-modified oligonucleotides.??

Systematic analysis of the solvent effects on its electronic absorption and emission spectra was carried out using
several solvatochromic models (Lippert-Mataga, Bakhshiev, Ravi, Kawski-Chamma-Viallet, Kamlet-Taft and
Catalan).?®>?% Also, the photostability, E/Z thermoisomerization and the influence of pH on the stability of the
compound in aqueous solution were investigated.

To the best of our knowledge, this is the first study focused on gaining insight into the photophysical properties of
this dye and



Schemel. Structure of C392STP, sodium (E/Z)-4-(4-(2-(6,7-dimethoxycoumarin-3-yl)vinyl)-benzoyl)-2,3,5,6-tetrafluoro-
benzenesulfonate.

their comparison with that of other coumarins and commercially available fluorescent compounds. This could open
the door for elucidating its potential as fluorescent dye in diverse fields.

Results and discussion

The Coumarin 392 STP ester resulting from the synthesis performed by us,?? with a high yield (98%), is formed by a
mixture of E and Z isomers (Scheme 1). The E/Z ratio determined by H-NMR (84:16), suggested the existence of a
small energy gap between the E and Z species and the higher stability of the E isomer.

Spectral characteristics of C392STP and solvent effects. C392STP is a yellow powder (Figure 1A) that has revealed to be
a promising fluorescent dye for its use in RNA-FISH technique.?? Its solutions in polar protic and aprotic solvents are
yellow under daylight illumination (Figure 1B).

Despite the proven potential of C392STP as fluorescent marker, its photophysical properties have not already been
investigated in depth. To deep the knowledge about the photophysical characteristics of this fluorophore and its
interaction with the solvents is crucial not only for improving its performance as fluorescent label for biomolecules
but also for discovering new potential uses for it. The influence of environmental effects on the photophysics of
substituted coumarins has already been extensively studied with in silico calculations and steady state and time
resolved spectroscopy??%=3! It has been found that the variation of the surrounding medium (in terms of polarity,
dielectric constant, polarizability) affects the ground and the excited states differently.'®272%32 The absorption and
emission spectra of these compounds can be influenced in such a manner by the solvent that the solvatochromism
observed for some coumarins has previously been exploited for monitoring the polarity and microviscosity of the
environment 33233 gnd for determining the dipole moments of the ground and excited states as well as of the
variation between them.1327:30

In Silico Calculations. It is known that Density Functional Theory (DFT) methods can predict with good accuracy the
structure and spectroscopic properties of coumarins.?! Thus, DFT calculations were performed to gain more insight
into the geometric and electronic properties of the E- and Z-C392TFP isomers and of the mixture £/Z 84/16 (synthesis
product). Figure 2 shows the minimum-energy molecular geometry computed at the B3LYP/6-31+G(d) level for the E-
and Z-C392TFP isomers in THF (the geometries in the other solvents were found to be very similar). The E isomer
shows a nearly coplanar structure, suggesting an efficient pi conjugation through the molecule, while the Zisomer is
twisted out of plane of the carbon-carbon double bond due to the steric hindrance. The oscillator strength (f) and the
maximum absorption wavelengths of the key-transitions for both isomers in different solvents were calculated (ESI,
Table S1). The energies found for the E isomer are around 7-8 kcal mol™ lower than those of the Zisomer (ESI, Table
S2), independently of the solvent used, as expected, since the bulky groups on the same side on the Z isomer cause
repulsive interactions forcing the aromatic ring out-of-plane. These results show that the E isomer is the most stable
form and are in accordance with the NMR spectroscopic results, that shows the E isomer as the most abundant
species.



Figure 1. C392STP powder (A), C392STP solutions under daylight illumination (B) and under UV illumination (365 nm) in
different solvents: DMSO (1), DMF (2), acetone (3), THF (4), ethyl acetate (5), dioxane (6), PBS 22 Mm (7), water (8),
ethanol/water 40/60 (v/v) (9), ethanol/water 20/80 (v/v) (10), methanol (11), ethanol (12), propanol (13), 1-butanol (14) (C).
Absorption and emission spectra of C392STP obtained in solvents 1-14 (D).
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Figure 2. Optimized molecular geometry for E- and Z-C392STP in THF at the B3LYP/6-31+G(d) level (left) where oxygen, carbon,
sulfur, fluoride and hydrogens atoms are marked in red, gray, yellow, green and white, respectively. Contour plots of the
electron density difference (Ap) of the lowest energy excitation for the E and Z conformers (right), where blue indicates a
positive contribution (increase of electron density) while pink represents a depletion of electron density.

The solvatochromic behaviour of the C392STP isomers and of the E/Z mixture (84/16) were analyzed using Time
Dependent Density Functional Theory (TDDFT) methods. The calculations were performed using the Polarizable



Continuum Model (PCM), for THF, methanol and water. The simulated absorption spectra, for both the isomers as
well as for their mixture and its comparison with the experimental spectra can be found in the Supporting Information
(ESI, FigureS1). The calculated lower energy transitions in terms of energy, oscillator strength, together with the
experimental absorption maxima, are depicted in Table 1.

Table 1. Calculated absorption data of the lowest energy transition
for both isomers in different solvents.

Solvent Eisomer Zisomer E/Z Experimental
mixture
A f A f A(nm)? A, FWHM
(nm) (nm) (nm)®

THF 409 1.773 384 0.870 408 399, 68
Methanol 410 1.753 388 0.847 409 396, 69
Wat.er. 411 1.753 389 0.824 410 385, 74
Explicit

406 1.826 375 0.786 405
water

The presented values refer to the maxima of the convoluted bands.
Experimental; b FWHM , Full Width at Half-Maximum values.

The lowest-energy So->S; transition can be ascribed to m->m1* electron transitions and are mainly of HOMO->LUMO
character, for the both conformers. An illustrative picture of the charge rearrangement that occurs upon the S¢->S;
transitions in THF is given in Figure 2. The difference between the electronic densities of the states involved in the
transitions is depicted, revealing more clearly the regions of the chromophore that loose or gain electrons. The
calculated lowest energy transition, So->S;, in different solvents (Table 1), show a very good agreement with the
experimentally measured wavelengths of the coumarin derivative chromophore absorption in non-aqueous solvents
(Table 2). However, it is not capable to reproduce the blue shift that occurs in water. This can be attributed to the use
of continuum models in which specific interactions between the solute and the solvent need special considerations.
Therefore, an explicit solvent cluster model was also used to model the absorption spectra of the isomers in aqueous
solutions. In this model the solvation of both isomers of C392STP was performed with a total of 9 explicit water
molecules. The coumarin-water complex was optimized and its absorption spectra was calculated by TDDFT,
embedded in a PCM water medium (Table ESI, S1). When compared with the continuum model, the explicit water
model excitation corresponding to So—>S; transition shifts to higher energies than in non-aqueous solvents (Table 1),
as observed experimentally (Table 2), although with a smaller blue shift than in experiment.
Table 2. Solvent effects on the spectral data of C392STP.
Stokes shift

Aabs Aem  vabs vem Eabs Eem AE
Solvent AN Av
(nm) (nm) (cm-1) (cm-1) (Kcal /mol) (Kcal/ mol) (Kcal/ mol)
(nm)  (nm)

1 DMSO 400 499 25000 20040 99 4960 71.48 57.30 14.18
2 DMF 395 494 25316 20243 99 5074 72.38 57.88 14.51
3 Acetone 396 486 25253 20576 90 4676 72.20 58.83 13.37
4 THF 399 482 25063 20747 83 4316 71.66 59.32 12.34
5 Ethyl acetate 396 478 25253 20921 82 4332 72.20 59.81 12.39
6 Dioxane 394 468 25381 21368 74 4013 72.57 61.09 11.47
7 PBS 22mM 388 524 25773 19084 136 6689 73.69 54.56 19.13
8 Water (A) 385 517 25974 19342 132 6632 74.26 55.30 18.96
9 40%(A)-60% (B) 397 499 25189 20040 102 5149 72.02 57.30 14.72
10 20%(A)-80% (B) 399 493 25063 20284 94 4779 71.66 57.99 13.66
11 Methanol 396 495 25253 20202 99 5051 72.20 57.76 14.44
12 Ethanol(B) 394 486 25381 20576 92 4805 72.57 58.83 13.74
13 Propanol 395 482 25316 20747 87 4570 72.38 59.32 13.06
14 1-Butanol 395 484 25316 20661 89 4655 72.38 59.07 13.31




Experimental results. The absorption and steady-state fluorescence spectra of C392STP were recorded in solvents with
different physical properties including different dipolarity/polarizability and hydrogen-bonding ability (Figure 1C). The
maximum absorption and emission wavelengths (Asbs and Aem, respectively) are summarized in Table 2.

Absorption. The absorption spectra of C392STP showed a broad absorption band in the region 300-500 nm (Figure
1D) with maximum at 394-400 nm in non-aqueous solvents (Figure 1D and Table 2). The absence of solvent-polarity
dependence of the absorption maximum in non-aqueous solvents might imply that the ground state energy
distribution is not affected in a great extent by the polarity of the solvent. This is possibly dueto the low polar nature
of the dye in the ground state. However, the change of solvent, from non-aqueous to aqueous, causes a slight blue
shift of around 11-15 nm (A, = 385 nm in water and Aaps = 400 nm in DMSO). This shift can be attributed to specific
solvent-solute interactions, and more specifically to hydrogen-bonding interactions in which the coumarin moieties
act as hydrogen acceptor, since the proton-donating capability of water is higher than that of other protic solvents
(see SA parameter Table 3).

Table 3. Physical properties, empirical solvent polarity indexes, Kamlet—Taft and Catalan parameters of selected solvents.

Kamlet-Taft Parameters Catalan Parameters
Solvent g n® ENd

a B n* SA SB SP Sdp
1 DMSO 47.24 1.4793 0.444 0 0.76 1 0.072 0.647 0.83 1
2 DMF 36.71 1.4305 0.386 0 0.69 0.88 0.031 0.613 0.759 0.977
3 Acetone 20.56 1.3587 0.355 0.08 048 0.62 0 0.475 0.651 0.907
4 THF 7.58 1.4072 0.207 0 0.55 0.55 0 0.591 0.714 0.634
5 Ethyl acetate 6.02 1.3724 0.228 0 0.45 0.45 0 0.542 0.656 0.603
6 Dioxane 2.21 1.4224 0.164 0 0.37 0.49 0 0.444 0.737 0.312
7 PBS 22mM 79 1.3355 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
8 Water (A) 78.36 1.333 1 1.17 0.47 1.09 1.062 0.025 0.681 0.997
9 40%(A)-60% (B) 49.06 1.3626 0.75 n.a. n.a. n.a. n.a. n.a. n.a. n.a.
10 20%(A)-80% (B) 36.81 1.3657 0.71 n.a. n.a. n.a. n.a. n.a. n.a. n.a.
11 Methanol 32.66 1.3284 0.762 0.98 0.66 0.6 0.605 0.545 0.608 0.904
12 Ethanol(B) 24.55 1.3614 0.654 0.86 0.75 0.54 0.4 0.658 0.633 0.783
13 Propanol 20.45 1.3856 0.617 0.84 0.9 0.52 0.367 0.727 0.658 0.748
14 1-Butanol 17.51 1.3993 0.586 0.84 0.84 047 0.341 0.809 0.674 0.655

n.a.: data not available in the literature or not found by us.
2 Djelectric constant. ® Refractive index. ©Reichardt empirical polarity parameter. ¢ Molecular-microscopic solvent polarity
parameter. The values of these parameters were taken from Ref.34

Emission. Blue emission was observed in polar solvents for the E/Z isomers mixture. The bright blue fluorescence of
C392STP under irradiation with 365-366 nm ultraviolet light is detectable with the naked eye (Figure 1C). This could
be of great interest for its application in a wide variety of fields. The emission spectra showed only one broad band in
the 400-600 nm region and the maxima are strongly solvent dependent. An increase of the solvent polarity induced
a red shift of the wavelength of maximum absorption in both aprotic and protic solvents (from 468 nm in dioxane to
499 nm in DMSO). This fact (Table) indicates an increase in polarity (dipole moment) upon excitation.

A direct linear correlation was found between Aem or AN and €, for most of the solvents used (Figure 3A). However,
the deviations from linearity indicated that, whereas the relative permittivity is one of the main factors governing the
solvent shift it is not the sole one. This was confirmed using the empirical solvent polarity index or normalized
transition energy, EtV, for studying the solvent—solute interactions.3* The plot of the stokes shift of the dye in different
solvents against the solvent empirical polarity scale gave linear correlations for two separated solvent classes, protic
and aprotic (Fig. 3B). This behaviour has also been found by other authors investigating the solvatochromism of
coumarins as well as other compounds.?® It can be explained considering that E'y parameter represents only a
dipolarity/polarizability and acidity contribution of the solvent but not basicity contribution of the solvent or specific
solvent-solute interactions.?>** This revealed that, upon excitation whereas in aprotic solvents only non-specific
solvent solute interactions occur, in protic solvents the contribution of the specific solvent-solute interactions
(hydrogen bonding) are considerable. Thus, when solubilized in protic solvents, the hydrogen bonds formation
stabilizes the excited state of C392STP decreasing its energy. This is in accordance with the red shift of the emission
spectrum found in aqueous solutions (see Table 2). Also, the strong batochromic shift observed in the emission



spectra with solvent polarity while the absorption spectra remain unchanged indicate a m-mt* transition (rt*-n
fluorescence is more sensitive to hydrogen bonding than r-rt* absorption).!

Solvent effects on the Stokes shift and emission spectra of C392STP. As shown in Figure 1, in all the solvents investigated
the spectral overlap between the absorption and fluorescence of the novel coumarin dye was small. Large Stokes
shifts (separation between the absorption and emission maxima measured in nm or cm™, AX and Av, respectively)
were obtained for this compound (Table 2). They are lower for dioxane (AAgioxane = 74

nm) than for PBS (AApss = 136 nm). The Stokes shift

obtained for C392STP in PBS is higher than those of

common fluorophores with different skeletons such as
fluorescein, rhodamine, cyanine, nile red and BODIPY dyes (AApss< 70 nm). 112 Notwithstanding, they are higher (Table
2) than that of several commercially available coumarin dyes (Table 4) including AlexaFluor™ 488 (Aabs = 494 nm, Aem
519 nm and AMApgs = 25 nm) a commonly used fluorescent dye also commercialized in the TFP ester form for labeling
proteins and oligonucleotides.® It is particularly relevant that the Stokes shifts found for C392STP ester are similar,
in terms of magnitude, to those exhibited by some commercially-available coumarins with large Stokes shifts: ‘Mega
Stokes’ dyes from Dyomics (Aaps = 500-520 nm, Aem = 590-670 nm and AA = 90- 150 nm in ethanol) or AlexaFluor™
430 (Aabs = 434 nm, Aem 539 nm and Alpss = 105 nm).%12 A great Stokes shift, such as that showed by C392STP, is
beneficial for practical application since: reduces self-quenching, boosts the signal-to-noise ratio in bioimaging
applications and allows to perform multicolor experiments reducing the number of detection channels, avoiding
spectral overlap artifacts (bleed-through or crosstalk) and simplifying the imaging scheme.?®1%12 Thus, as other
fluorescent dyes with large Stokes shifts, C392STP could initially be successfully applied as sensor, molecular probe
and light-emitting marker in chemistry, life sciences and optical microscopy.

Studying the influence of the polarity of the solvent on the Stokes shift (Figure 3A) it was found that C392STP is most
susceptible to solvent polarity than other commercial coumarins (with a slope (m) of m = 0.6833 (r? = 0.9322) AMCA:
m = 0.49, r> = 0.73; Coumarin 1: m = 0.62, r?> = 0.71; Coumarin 6: m = 0.39, r?2 = 0.2).32 The strong fluorescence
solvatochromism displayed by C392STP, point out the possibility of using it as polarity sensor.
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Figure 3. Stokes shift dependence on: (A) the permittivity of the medium (€,) and (B) the normalized transition energy (E'y).

The Stokes shift values of C392STP increased with solvent polarity for both protic and aprotic solvents (25 nm from
dioxane to DMSO and 47 nm from 1-butanol to PBS). This fact also supports the increase in the dipole moment upon
excitation.®3436 By comparing the Stokes shifts exhibited b C392STP in aprotic and protic solvents with similar
dielectric constants (acetone and DMF with propanol and ethanol/water (80/20), respectively) only slightly
differences were found (3-5 nm larger in aprotic solvents (Tables 2 and 3) being the regression lines (AA/E"y) obtained
for both type of solvents almost parallel, Figure 3B). The highest Stokes shifts were found in water and PBS. This could
be due, again, to the higher proton-donating capability of water than of other protic solvents.!®



Table 4. Photophysical properties of several coumarin dyes with proven application as fluorescent dyes in various
fields.

Fluorescent Aabs/Aem AN € Brightness
dye (nm) (nm) (10*M* ecm™) (0] (10* Mlcm™) Solvent  Ref
Pacific Blue 400/447 150 3.0 0.55 1.62 H20 12
Pacific Orange 390/540 150 n.a. n.a. n.a. H20 12
BD Horizon™ V500 415/500 85 n.a. n.a. n.a. H20 12
Alexa430 434/539 105
Alexa488 495/519 24 7.1 0.92 6.53 PBS »
Alexa 594 590/617 27 9.0 0.66 5.94 PBS 35
Atto 390 390/479 89 2.4 0.90 0.02 H20 35
Atto 488 501/523 22 9.0 0.80 7.20 PBS 35
Atto 532 532/551 21 11.5 0.90 10.35 PBS 35
Atto 655 663/684 21 12.5 0.30 3.75 PBS 35
Atto 700 700/719 19 12.0 0.25 3.00 PBS 35
DY-344IN 342/455 113 2.7 n.a. n.a. EtOH 12
DY-350XL 349/610 261 1.6 n.a. n.a. EtOH 12
DY-360XL 362/459 97 2.5 n.a. n.a. PBS 12
DY-370XL 368/473 105 1.3 n.a. n.a. PBS 12
DY-395XL 396/572 176 2.0 n.a. n.a. EtOH 12
DY-396XL 392/572 180 2.7 n.a. n.a. EtOH 12
DX-480 500/630 130 5.0 n.a. n.a. EtOH 12
CR1 594/646 52 2.7 0.01 0.03 H20 3
CR2 601/658 57 4.5 <0.01 n.a. H20 3
CR3 612/684 72 3.9 <0.01 n.a. H20 3
CR1E 596/652 56 7.2 0.01 0.07 H20 3
CR2E 602/666 64 7.6 <0.01 n.a. H20 3
CR3E 616/687 71 6.6 <0.01 n.a. H20 3
cl 367/451 84 n.a. n.a. n.a. EtOH 27
cl102 382/473 90 n.a. n.a. n.a. EtOH 27
c120 350/433 83 n.a. n.a. n.a. EtOH 27
c151 376/490 114 n.a. n.a. n.a. EtOH 27
c152 390/519 128 n.a. n.a. n.a. EtOH 27
c153 422/532 110 n.a. n.a. n.a. EtOH 27
FR521 520/700 180 3.5 0.01 0.02 PBS °

n.a.: data not available in the literature or not found by us.

Solvent effects on the Stokes shift of dye molecules (Av) may arise from physical intermolecular solute-solvent
interactions (dipolar interactions) or chemical processes (such as electron or proton transfer, complexation or
isomerization).3#3¢ Thus, for gaining insight into the solvent effects on the spectral shifts of C392STP six different
empirical solvatochromic models were used: The Lippert-Mataga’s (LM,), Bakhshiev’s (B), Kawski-Chamma-Viallet’s
(KCV), Ravi (R), Taft-Kamlet’s (TK) and two Catalan’s models (C3P and C4P). All these models have already
demonstrated their potential for understanding coumarins-solvents interactions and some of them have also been
used for calculating the variation of the transition dipole moment upon excitation.??42627

The results of the statistical treatment of the data obtained for polar protic and aprotic solvents using the models
based on the reaction field theories— LM, B and KCV- and the corresponding plots are summarized in the Electronic
Supplementary Information (ESI, Table S3). No linear correlations were found between the Stokes shifts (Av) and the
solvent orientation polarity functions, f« (g, n) considering all the solvents investigated. The protic and the aprotic
solvents are clearly divided in two domains. This behavior has been previously reported in case of polarity probes like
PRODAN and its analogues.?”38 This has been attributed to the fact that the models used (LM, B and KCV) do not



consider molecular aspects of solvation and chemical interactions and should indicate the existence of a specific

solvent effect, most probably intermolecular H-bonding between the solute and the solvent molecules.

34,36,37,39

When specific interactions between solute and solvent molecules can contribute to the Stokes’ shifts, models such
as Ravi’s model, which applies the empirical solvent polarity index, Ex' (considering dipolarity/polarizability and
acidity) are used to investigate the solvent-solute interaction effects on the Stokes shift. Good linear correlations
were found for two separated solvent classes, polar protic (excluding PBS 22mM) and aprotic indicating that: i) this
model allows accurately model the Stokes shifts variation of C392STP in both protic and aprotic solvents (Table 5);
and ii) suggests the presence of an additional

Table 5. Results of the statistical treatment of the Ravi, Taft-Kamlet’s and Catalan’s correlations considering two parameters, p
(the emission frequencies and stokes shift) in the solvents selected: slopes (m), intercepts (p) and correlation coefficients (R? and

adjR?).
) Ravi (v=v, +11307.6E, +b)
p Solvents po m R? adjR? Excls::;?jn(t;.E.)

Vem (cm?)  Protic 2(212)7 (‘zgz‘;’ 0.9652 0.9583 7
Vem (cm™)  Aprotic 2&12;’ '(1;‘2;‘ 0.9891 0.9863 -

(C?n"_ 1 Protic (2278218) (112975; 0.9105 0.8882 7

(Cfn"_ y  Aprotic (142&; (4690697) 0.9301 0.9161 -

Taft-Kamlet’s (v=v, +aa +c7’)

v Vo a b c adjR? n? FP (;a)c (;3 . (;:)c S.E.
(cvr:fjl) 2&32;‘ (-f1259) 0 (12?)% 0.8862 11 40 18 0 82 7,9,10
(Cfnv_ 1 (22929(; (ﬁg) 0 (2331134) 0.8938 11 43 24 0 76 7,9,10

Catalan 3P (v=v, +aSA+cSPP)

v Vo a b c adjR? n? F° (;3 . (;b)c (;“)c S.E.
(c\/;r‘_‘l) 2(2(;;2 ('17;21) 0 '(15959? 0.9437 11 85 14 0 86 7,9,10
(cﬁq"_ 1 (:ig) (123312) 0 ?91504(; 0.8772 11 36 25 0 75 7,9,10

Catalan 4P (v=v, +aSA+cSP+dSdP)

v Vo a b d adR? ne e (5“) Pe (%) (;‘; S.E.
((:lr:'\n']l) 2;?2)6 (_55748) 0 (27352(; (122‘3 0.9371 11 51 -19 0 49 32 7,9,10
(cﬁq"_ 1 (1956858) (1258‘;1) 0 (iiig) (1422627) 0.8667 11 23 28 0 49 23 7,9,10

aNumber of solvents included in the correlation;

b Fisher’s tests;

¢ Percentage contribution of solvatochromic parameters.

interaction between C392STP and polar protic solvents which is ignored in the reaction field approaches.?® The results
indicate that interaction with aprotic (polar but non-hydrogen bonding) solvents depends on dipole—dipole forces,



while with protic solvents, additional specific solvent-solute interactions exits. H- bonding, notably contributes to the
change in the spectra observed for C392STP in these solvents.?®

Multiparameter models that independently quantifies the influence of both specific and non-specific solvent-solute
interactions (KT, C3P and C4P) generally work better for investigating the solvent effects on the absorption and
emission spectra, as well as on the Stokes’ shifts of coumarin dyes than the reaction field model and Ravi’s method.??’
Thus, they were used to investigate the effect of solvent dipolarity/polarizabilityand hydrogen bonding on the
emission maxima (Vem), and the Stokes shifts (Av = Vaps — Vem), all in cm™. The multiple linear regressions can be
described by the following equations:

Vv = vg+taa+bp + cm’ (KT) (1)

vV = vy +aSA+ bSB + cSPP (C3P) (2)

v = vo+aSA+bSB + ¢SP+dSdP  (C4P) (3)

where vp represent the physicochemical property of interest in the absence of solvent (i.e., in the gas phase). Kamlet—
Taft model parameters a, B and * denote the hydrogen bond donor (HBD) ability, hydrogen bond acceptor (HBA)
ability and polarity (dipolarity and polarizability jointly) of the solvents, respectively. The Catalan model parameters
SA, SB characterize specific interaction effects, solvent acidity and basicity, respectively, and the polarity SPP,
unspecific solvent effects, that can be separated into two parameters: solvent polarizability (SP) and dipolarity (SdP).
a—d are the regression coefficients and their magnitude and sign describe the sensitivity of the property v to the
different types of the solvent—solute interactions. For obtaining reliable results for solutes as C392STP, capable of
accepting hydrogen bonds from a protic solvent but not capable of donating hydrogen bonds, physically invalid terms
in the best-fit equations derived from KT,C3P and C4P models were avoided forcing the values of b to null.? The
equations used, the solvatochromic parameters thus obtained and their percentage contribution as well as the
solvents excluded are summarized in Table 5. Only the physically valid best-fit, using the F and adjR? values as criterion
for its determination, are shown.

The three models gave satisfactory results and the regression coefficient sets obtained (a, ¢ and d) and their
percentage contributions (P,, P, and P¢) are in good agreement between them. Thus, the Kamlet-Taft and Catalan
approaches demonstrated excellent statistical performance in describing the solvatochromism of C392STP spectra
due to specific and non-specific interactions with the solvents. Furthermore, the best-fit coefficients of these models
allow to gain a deeper insight into the nature of the solvent-coumarin interactions. The values of a, ¢ and d are
relatively large indicating that the hydrogen bond aceptor (HBA) ability and the polarity of the solvents are major
effects on the solvatochromic change.??>3% The negative sign of these coefficients for vem and positive signs for Av
regressions indicates that an increment of the solvent hydrogen-bond acidity, the solvent polarizability or the solvent
dipolarity produce a bathochromic shift in the emission spectra and greater stabilization of the excited state
compared to the ground state revealing larger increase in dipole moment of excited state than of ground state.'®4°
Considering the percentage contribution of the solvatochromic parameters obtained with KT and C3P models it can
be concluded that the polarity of the solvent is the dominant effect (with 75 and 86% contribution for the changes in
Vem and Av, respectively). However, H-bonding also plays a key role to the red shifting of C392STP emission spectra
(25% contribution). The Catalan4P model (C4P) offers insights on the roles of solvent polarizability on C392STP
spectral shifts. The results obtained indicated that solvent polarizability is the most critical factor (representing a
contribution of 49%). Also, the transition energy of C392STP in vacuo can be predicted from the fits for the three
multiparameter models since the values obtained are in reasonable agreement between them (Table 5).

Molar Absorption Coefficient (€), Quantum Yield (®) and brightness (¢ x ®). High molar extinction coefficients and
quantum vyields are preferred in general for fluorescent dyes, as their product corresponds to the fluorescence
brightness.2 The molar extinction coefficients of C392STP in PBS, water, acetone and DMSO were determined at the
wavelengths of maximum absorption. Their values were found to be moderate in all these solvents (g3ss = 1.03 - 10*
Mem?, g3gs=1.85 - 10* Mlcm™?, €396 = 2.0 - 10* Mlem™, €400 = 1.98 - - 10°M1cm™, respectively) when compared with
the values obtained for other compounds and coumarins (Table 4).

The quantum vyield was calculated exclusively in PBS. Two quantum yield standards were used as reference:
Quinine Sulfate (QS) in 0.5 M H,SO04 (®r = 0.546) and 9,10-diphenylanthracene (DPA) in ciclohexane (®r= 0.955). The



guantum yield of C392STP in PBS was determined to be 0.115 (mean of the values obtained using both references,
0.11 with QS and 0.12 with DPA, respectively). This value is relatively low, lower than those obtained for commercially
available coumarins but much higher than those of various synthetized coumarins described previously (Table 4).
The values of the molar extinction coefficient and quantum yield, in agreement with the results obtained in silico
and with the lack of shift of the absorption spectrum and the red shift of the emission spectrum with increasing
solvent polarity, revealed a m-t* Sp-S; transition.
Low brightness has been referred as one of the main drawbacks of many fluorescent dyes with large Stokes shifts.!?
However, this is not the case, as the brightness of C392STP has found to be moderate (e x ® = 1.18 - 10°> Mlcm?),
similar to those obtained for other synthetized coumarins with very large Stokes shifts - >100 nm suitable for
bioconjugation and STED microscopy.® The brightness of this novel coumarin is higher than those of other synthetized
coumarins successfully used as chemosensors or for biolabeling and even higher of that of a commercially available
dye, Atto 390, with application in labeling of biomolecules (Table 4).

Behaviour of C392STP in aqueous solution

Influence of pH. Rhodamine and fluorescein dyes as well as some coumarins, commercially available (including Alexa
dyes) have maintained their popularity because of their greater resistance to photodegradation and pH insensitivity.4?
Variation of the pH can modify the absorption and emission properties of the fluorescent dyes and determine their
applicability. Thus, the influence of pH in the properties of the dyes must be carefully examined before their use.

pH dependence of the absorbance and fluorescence intensity of C392STP was investigated in the interval 2-9.2 (Figure
4). This fluorophore showed to be pH-insensitive within the broad range of pH studied (its absorption and emission
spectra remain constant over the range studied, Figure 4). This indicates that C392STP, mixture of isomers E and Z, is
a suitable fluorescence imaging reagent under the physiological conditions. Furthermore, this characteristic also
points out the suitability of C392STP for biolabeling as most of the labelling reactions are carried out in the pH range
7-9.
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Figure 4. Absorption and emission intensities recorded at 400 nm and 500 nm, respectively, versus the pH of the
solution

Photostability. It is well-known that the suitability of some fluorophores as fluorescent dyes in different fields and
techniques is strongly dependent on their photostability. Thus, the photostability of C392STP was investigated. It was
done by monitoring the absorption and emission spectra of an aqueous solution of the dye directly irradiated with a
mercury lamp (365 nm). Aliquots of the solution were analyzed at different time intervals. Figure 5 shows the changes
in the absorption and fluorescence intensity observed as a function of irradiating time with 365 nm light (power: 50
W). The exposure to UV light produced a decay of optical density and of the fluorescence intensity 300-450 nm and
at 450-600 nm, respectively.

The variations in the spectra observed along time revealed that: i) both isomers undergo photobleaching under UV
illumination and; ii) the maximum of emission of both isomers are different and allow their separated detection. None
detectable shift of the wavelength of maximum absorption was observed over time. After 35 min of continuous
irradiation the absorbance is reduced to 42% and completely disappeared after 3 h (188 min). However, a
batochromic shift on the maximum of emission, indicated that E- and Z-C392STP isomers undergo photobleaching at
different rates. The profiles of the decay of fluorescence intensity along time also support this finding (Figure 5). The
isomer that emits at higher wavelengths is more unstable than that emitting at lower wavelengths. After 35 min the



fluorescence intensity decayed to 7.9% at 450 nm and nm to 38% at 590. The isomers were completely photobleached
after 1 and 3 h, respectively.
This is interesting from the point of view of the detection, because for techniques that required short illumination
times, detection at shorter wavelengths around 450 nm is preferred (the fluorescence intensities are initially four-
times higher than at 590 nm). However, for analysis that required longer periods of exposure to UV light, detection
of the fluorescence intensity at longer wavelengths is recommended.

The behavior observed in DMSO was completely different. In DMSO the wavelength of maximum emission of both
isomers are similar. Whereas one of the isomers suffered photobleaching, the other remain stable after 40 min (Figure
5). This could be interesting for applications that do not required aqueous media.
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Figure 5. Investigation of the photostability of C392STP by continuous illumination with an UV lamp (365 nm) in water
and in DMSO

Experimental

Materials and methods. The solvents used were of spectroscopic grade (Sigma and Merck). Phosphate Buffer Saline
solution (PBS) 22 mM was prepared in milliQ water (Na;HPO4 1.18 mM, KH,PO,4 0.22 mM, NaCl 20.20 mM, KCI 0.40
mM, pH 7.2). The standard quantum yields selected, quinine sulfate and 9,10-diphenylanthracene were purchased



from Sigma. The range of solvents was limited by the low solubility of the polar coumarin in low and non-polar liquids.
The physical properties and polarity parameters of all solvents used in the

study were listed in Table 1: relative permittivity, &, refractive index, n, the Ex"3* and corresponding Kamlet—Taft*?
and Catalan® solvent parameters. They were ordered according to their decreasing permittivity among two different
sets: protic and aprotic.

Equipment. Absorption and emission spectra were recorded using a Hitachi model U-3010 spectrophotometer and a
Hitachi F-2000 spectrofluorometer, respectively. For recording the emission spectra all the samples were excited at
366 nm. All spectra were recorded using 1 cm pathlength synthetic quartz cuvettes at room temperature keeping the
dye concentration very low for avoiding self-absorption. A pH/mV/°C meter, handheld, pH 1000 H, pHenomenal® was
used for pH measurements.

Determination of the Molar Absorption Coefficient (), Quantum Yield (®) and brightness (¢ x ®). The molar absorption
coefficients were determined from eight separately weighted solutions with concentrations in the range 0.5-5 uM. The
concentrations were chosen in such a way that the absorbances of the sample solutions did not exceed 0.2 (a.u.). The relative
quantum yield of the coumarin in PBS, @, was determined using the relative method of Williams et al. ** and was calculated
through the following equations:

w8 @
Ag, /AAR "Ik
2
o =, % Z—g (5)
R R

where A is the integrated area under the corrected fluorescence spectrum, is the optical density at the excitation
wavelength (Aex = 366 nm), m is the slope of the linear regression Ag /A, n is the refractive index of the solution. The
subscripts C and R refer to the coumarin and reference solutions, respectively. Quinine sulfate in 0.5 M H,SO,4 (Or =
0.546) and 9,10-diphenylanthracene in ciclohexane (Or=0.955) were used as quantum yield reference standards.
For calculating the relative quantum vyield, the emission spectra of eight separately weighted solutions with
absorbances of less than 0.1 at the first absorption maximum were recorded.

The main text of the article should appear here with headings as appropriate.

Computational details. Density functional theory and time dependent density functional calculations were performed
with the Gaussian 16 software package.** Geometry optimizations were performed with the B3LYP functional 4647 in
the different solvents. The standard 6-31+G(d) basis sets was employed as it represents a good compromise between
accuracy and computational efficiency. Frequency calculations on the optimized geometries presented no imaginary
frequencies. For the TD-DFT calculations the hybrid PBEO functional*® together with the much larger 6-311+g(2d,p)
basis set were employed. Solvent effects were modelled by means of the implicit polarized continuum (PCM)
model .40

Previous studies show that this scheme (B3LYP for geometry optimization, followed by TD-DFT with the PBEO functional and
PCM model to take the solvent into account) gives reliable results for many organic dyes®*> including coumarins.>¢=>8

Investigation of the solvent effects and calculation of the excited state dipole moment. Various equations were used for
investigating the solvent effects on the photophysical properties of C392STP. Three based on quantum mechanical
calculations: Lippert-Mataga, Bakhsiev equation and Kawski-Chamma-Viallet

Also, a relationship based on the empirical polarity scale of Reichardt, Ex", was used and three Linear Solvation Energy
Relationships (LSER) were used for evaluating the influence of the solvent dipolarity/polarizability and hydrogen
bonding on the absorption spectra: Kamlet— Taft (Eq.1), Catalan 3P (Eg.2) and Catalan 4P (Eq.3)

Conclusions

In this work interesting physicochemical characteristics of Coumarin392STP ester were discovered. Also, the behavior
of this dye in different solvents, particularly in agueous solutions, was investigated in deep. The properties observed,
similar to those of commercial dyes or even better (i.e. the high stokes shift) point out to the possibility of C392STP,
a novel low-cost dye with capacity to react with primary amine groups, to become a fluorescent dye with a wide range
of applications in bioimaging and biolabeling. Some of the advantages of this fluorescent dye are facile preparation
with high yield, large Stokes shift, pH-independence of absorbance and emission and excellent photo-stability, which
benefits the biological fluorescence imaging.
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