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Abstract

Coumarins are bioactive molecules that often serve as defenses in plant and animal systems, and understanding their funda-
mental behavior is essential for understanding their bioactivity. Aesculetin (6,7-dihydroxycoumarin) has recently attracted
attention due to its ability to act as an antioxidant, but little is known about its photophysical properties. The fluorescence
lifetimes of its neutral and anion form in water are 19 +2 ps and 2.3 +0.1 ns, respectively. Assuming the short lifetime of the
neutral is determined by ESPT, we estimate kp~5 X 101”571, Using steady-state and time-resolved fluorescence spectroscopy,
we determine its ground and excited-state pK,; to be 7.3 and —1, respectively, making it one of the strongest photoacids of the
natural coumarins. Aesculetin exhibits a strong pH dependence of the relative fluorescence quantum yield becoming much
more fluorescent above pK,;. The aesculetin anion has slightly photobasic character. We also report that aesculetin forms a

fluorescent catechol-like complex with boric acid, and this complex has a pK, of 5.6.

Keywords Photoacid - Fluorescence spectroscopy - Stokes shift - Quantum yield - Lifetime

Introduction

Aesculetin (6,7-dihydroxycoumarin, Scheme 1) is one of
a host of bioactive compounds in the coumarin family. It
is naturally produced in plants like the horse chestnut tree
(Aesculus hippocastanum), and in addition to its recently
characterized antioxidant activity [1], it has long been used
in Chinese traditional medicine as an anti-inflammatory agent
[2]. Coumarins in general serve a variety of functions in
many organisms. In plants, they can be antifungal, antiviral,
antioxidant, antibacterial, and more [3]. In humans and other
animals, coumarins from dietary intake can have anticancer
and anti-inflammatory effects [3]. Many coumarins are also
fluorescent and can be used as biosensors [4, 5]. Chemically,
coumarin derivatives can be substituted at any of 6 positions
(Scheme la) on their bicyclic core structure, and the
placement of substituents can have remarkable effects on
fluorescence, acidity, and bioactivity [4, 6]. Aesculetin’s two
hydroxyl groups, adjacent on the benzene ring in a catechol-
like functionality, involve intramolecular hydrogen bonding
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not found in other natural coumarins. Zhang and Wang
emphasizes that the catechol moiety present in aesculetin
has a notable effect on coumarin antioxidant behavior [4].
Furthermore, a study by Simkovitch and Huppert suggests
that there may be a direct relationship between a coumarin
derivative’s photoacidity and its physiological roles [7].
Many natural coumarins become much stronger acids
after absorbing light and are thus classified as photoacids;
umbelliferone (7-hydroxycoumarin) and scopoletin (6-methoxy-
7-hydroxycoumarin) are prominent examples [7, 8]. In the
case of a fluorescent photoacid, this increase in acidity may be
observed directly from steady-state fluorescence spectroscopy.
Here we use pK,, to characterize a compound’s acidity: pK, is
the negative decimal logarithm of the aqueous acid ionization
equilibrium constant, K, and is also the pH at which half of the
molecules in solution will be the neutral species while the other
half will be ionized. Figure 1 shows the fluorescence excitation
and emission spectra of aesculetin at a pH below and above
the pK,. While the excitation spectrum reveals a large shift in
absorbance with pH, the peak wavelength of the fluorescent
emission remains nearly unchanged. We can observe neutral
aesculetin fluorescence by placing it in a solvent that is expected
to have a much slower proton transfer, such as methanol,
represented by the green trace in Fig. 1, and we observe anion
emission at high pH. Excitation of the neutral form in water,
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Scheme 1 a) Coumarin core structure with numbering scheme, b) aesculetin (6,7-dihydroxycoumarin), neutral form ¢) aesculetin-anionic con-

former indicating a hydrogen bond (dotted line) formed by the donor OH in position 6

which is present below the pK,, produces emission that bears
a strong resemblance to anion emission. This is consistent
with photoacid behavior, where, after absorbing light, most of
the excited-state neutral molecules become excited anions by
transferring a proton to the solvent before fluorescence occurs.
A compound’s photoacid behavior can be described by
its ground-state pK, and excited-state pK’. Steady-state
absorbance spectroscopy is one of many methods used to
determine both pK, [9] and pK”, provided the substance
remains fluorescent in the region of the pK” as demonstrated
with scopoletin [8]. The emission spectra of scopoletin reflect a
straightforward acid—base equilibrium in the excited state as well.
Aesculetin’s fluorescent emission below its pK, becomes
very weak, complicating the steady-state approach to pK?.
Instead, we use time-resolved fluorescence spectroscopy
(TRF) to provide direct observation of excited-state proton
transfer (ESPT), yielding a rate constant for the process.

Furthermore, the kinetic isotope effect can be observed by
replacing water with D,0, which deuterates the acidic pro-
ton, slowing proton transfer and supporting the idea that
ESPT plays a role in the excited state dynamics. If proton
loss results in or is coordinated with proton gain at the car-
bonyl group, the aesculetin tautomer is formed in a pro-
cess often called excited-state intramolecular proton trans-
fer (ESIPT). The excited-state tautomer is expected to be
observed as emission at longer wavelengths than the anion,
as shown in umbelliferone and 4-methylumbelliferone fluo-
rescence [10, 11] and our computational modeling discussed
below. The pH 4 aesculetin emission in Fig. 1 (solid red
trace) shows that the excited-state neutral, anion and tau-
tomer all play a role.
Recently, two coumarins that are di-oxygenated on the
benzene ring at positions 6 and 7 have been characterized:
scopoletin [8, 12] and 4-methylaesculetin [12] where the latter

Fig. 1 Fluorescence excita- T T

tion (dashed) and emission

(solid) spectra of aesculetin

in methanol (green trace), pH

4 buffer (red traces) and pH 9

buffer (blue traces), illustrating
fluorescent photoacid behavior;
the dot-dash trace is the pH 4
emission without normaliza-
tion and scaled relative to the
pH 9 trace; the water Raman
peak is visible near 400 nm in
the low pH spectra; the vertical
dotted line at 410 nm highlights
a wavelength in a region where
we predict neutral aesculetin
emission to occur with minimal
anion emission in aqueous
solution
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is expected to have many similar characteristics to aesculetin.
Little has been reported about the photophysical properties of
aesculetin. The only prior pK, value reported for aesculetin
[13] is complicated by the presence of borate ion. Our study
describes aesculetin’s properties of pK,, pK, fluorescence
lifetime, quantum yield, and ESPT rate constant using steady-
state and time-resolved fluorescence spectroscopy.

Materials and Methods

Aesculetin (Indofine Chemical Company, Inc., 99+ %) purity
was verified by nuclear magnetic resonance spectroscopy, HPLC
and LC-MS analysis and used without further purification. Solu-
tions with concentrations of 20 pM were prepared using appro-
priate non-fluorescing and non-quenching buffers (0.1 M sodium
citrate, potassium dihydrogen phosphate, glycine, and sodium
bicarbonate), with pH ranging from 1 to 12. The influence of
borate in solution was observed using 0.1 M borate buffer and
the Britton-Robinson buffer system (~0.04 M borate ion and con-
stant 0.1 M ionic strength [14]. The pH meter (Accumet AR15)
was standardized to reference solutions at pH 1.67, 4.00, 7.00,
10.00 and 13.0 where appropriate. Steady-state absorption and
emission spectra were collected on a UV-Vis spectrophotom-
eter (Varian Cary 50, Cary 100 Bio, and Hitachi U3900H) and
spectrofluorometer (Horiba FluoroMax-4). Emission spectra
were obtained with an excitation wavelength near the 354-nm
isosbestic point. Samples were not purged of dissolved oxygen
because the presence of oxygen was observed not to influence
the fluorescent emission properties of aesculetin. This system is
modeled as having two absorbing species, neutral N and anion
A, absorbing at two distinct maximum wavelengths, Ay and
Ay, respectively. The anion-dianion equilibrium occurs in a pH
region sufficiently different from the neutral-anion equilibrium
region to allow analogous analysis. The pK , is determined by fit-
ting a sigmoid function to the maximum absorbance wavelength,
A7, versus pH, where A" represents the absorbance maximum
wavelength in the spectrum. The sigmoid relationship:

N = Ay + (Ay = 4)/(1+ 10051,

is derived from the Henderson-Hasselbalch equation, and
the pH at the midpoint of the sigmoid curve is the pK,.
Measurements at pH above 11 were taken immediately
after mixing to minimize effects of ring opening [13].

Quantum Yield Determination

A quantitative determination of the quantum yield was car-
ried out relative to the standard quinine sulfate (QS, 0.1 N
H,S0O,, 22 °C) [15] using 350-nm excitation for all solutions.

The absolute fluorescence quantum yield of aesculetin is
D, = Oy, /1))(Ap/A)(ng/ny)’, where @, is 0.577 for
QS, 1,/1, is the ratio of the wavelength-integrated fluores-
cence intensity of aesculetin to quinine sulfate, A,/A, is
the ratio of the absorbance of QS to aesculetin at 350 nm,
and ng/ny, is the ratio of refractive indices of the aesculetin
solution solvent and water. This analysis is performed with
4-5 absorbances over a range from 0.01 to 0.11 and yields
the expected linear increase in the integrated intensity with
increasing absorbance. In addition, the relative quantum
yield across a pH range is determined by the integrated emis-
sion intensity normalized by absorbance at the excitation
wavelength, assuming that the emission spectra are taken
at the same solution concentration, excitation wavelength,
excitation intensity and emission sensitivity.

Time-Resolved Fluorescence

The equipment used for time-resolved fluorescence data col-
lection is described in detail in a recent paper from our lab
[8]. The system uses a picosecond laser light source produc-
ing 5-ps pulses of 350-nm light and time-correlated single
photon counting (TSCPC) detection. Average laser power
at the sample is 1 mW or less, and the instrument response
function for this system is~40 ps. The time-resolved fluo-
rescence decays in D,O use a 0.1 M citrate buffer around pH
of 4.8 (4.3 in H,0) for both aesculetin and umbelliferone at
10 pM.

Computational Methods

All quantum chemistry modeling using density functional
theory (DFT) were performed with the Gaussian 16 program
package [16] and the WebMO Pro interface [17]. Full
geometry optimizations of aesculetin (neutral and anion) in
water were performed for the ground state using the functional
B3LYP, the 6-31G(d) basis set and the SMD-UAKS solvation
model as implemented in Gaussian 16 to represent a diffuse
dielectric medium of the solvent. Care was taken to ensure
each ground state structure was at a global minimum energy,
which for the neutral structure involves an intramolecular
hydrogen bond of the acidic proton to the oxygen at position
6. Comparison calculations using CAM-B3LYP functional and
6-311++G(2d,p) basis set were done to check consistency of
results. To model the excited state, the time-dependent DFT/
B3LYP/6-31G(d)/SMD-UAKS method was used; the predicted
absorbance wavelength comes from the un-optimized and
optimized excited state TD-DFT computation to model the
vertical excitation and the fluorescent emission, respectively.
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Results and Discussion
Absorbance and Ground State pK,

Aesculetin has a large, 40-nm red-shift in its absorbance
maximum wavelength as pH is increased from 3 to 9. This
is consistent with an acid-base equilibrium between neutral
aesculetin and its anion. Fig. S1 shows the pH-dependent
absorbance spectra with isosbestic points at 278 and 354 nm.
Figure 2 shows the dependence of the absorbance maximum
wavelength on pH without borate ion present (trace a) and
in the presence of borate ion (trace b). The midpoint of the
sigmoid curve fitted to trace-a indicates a pK,; of 7.3 +0.1.
Figure 2 trace b shows a pK, of 5.6 +0.1 in the presence
of 0.04 M boric acid using the Britton-Robinson buffer
(containing borate, citrate, and phosphate buffer systems); K
being the formation equilibrium constant for the aesculetin
boric acid complex, ABC. The Fig. 2 inset shows the pH 8
aesculetin absorbance spectra with and without the presence
of boric acid (pK, 9.14 at 25 °C) compared to a low pH
absorbance spectrum. This difference between pK,,; and pK,

due to the presence of boric acid is likely the result of a
complex formed by boric acid interaction with the catechol-
like functionality of aesculetin, creating a compound that
is also fluorescent (Scheme 2). The pK, of ABC is in good
agreement with the previously reported pK,, for aesculetin
(5.4), which was determined using the Britton-Robinson
buffer system [13]. The ABC pK_ is also in good agreement
with the pK, of 5.0 characterizing the complexation of boric
acid with catechol [18]. This complexation interaction
raises the question of whether a similar interaction will
form between boric acid and other vicinal dihydroxycou-
marins, namely daphnetin (7,8-dihydroxycoumarin) and
5,6-dihydroxycoumarin, which is the focus of an ongoing
study. A preliminary estimate of the fluorescence quantum
yield for daphnetin is that it is more than a hundred times
less efficient than quinine sulfate, making the experimental
study more challenging.

An aesculetin ground-state pK, of 7.3 agrees well
with the reported pK, of 7.1 for 4-methylaesculetin, a
compound like aesculetin with the addition of a methyl
group in position 4 [12]. It has been shown that the

Fig.2 pH dependence of the 390
absorbance maximum wave- = | —
length for aesculetin in (a), — ) J
solid symbols, 0.1 M non-borate E C % 1.0 ]
buffers and (b), open symbols, C - o v Y ‘ -
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to the data with pH midpoints -'6) 380 L g 0.5 ® L -
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Scheme 2 Borate complex with aesculetin

presence of a 4-methyl group has little influence on pK,
in the case of umbelliferone and 4-methylumbelliferone
[19, 20], and recent data from our lab on grevillone
(6-hydroxycoumarin) and 4-methylgrevillone (4-methyl-
6-hydroxycoumarin) indicate that the methyl group does
not have a significant effect on the pK, of grevillone. A
pK, of ~7 compares well to scopoletin with pK, 7.4 [8,
12]. It appears that the oxygen in position 6 common to
aesculetin and scopoletin slightly lowers the pK, compared
to umbelliferone, mono-oxygenated in position 7, having a
pK, ~7.8 [19]. The only calculated pK,, for aesculetin, using
a linear correlation with semi-empirical thermodynamic

quantities, is 6.9, [21] which is reasonably close to our
experimental value and predicts that ionization occurs at
position 7.

Figure 3 shows the pH influence on the absorbance
maximum wavelength over a wider span of pH revealing
the second ionization pK,,, above pH 12. Fig. Slc shows
the pH-dependent absorbance spectra of the anion
and dianion with isosbestic points at 324 and 404 nm,
characteristic of an acid-base equilibrium. The sigmoid
fit in Fig. 3 gives a pK,, for aesculetin of 12.45 +0.15.
To ensure that the spectra are not skewed by lactone ring
opening at high pH, we minimized the time between
adding stock solution aliquots to buffers and recording
spectra. Our experimental pK ,, value is in good agreement
with the 4-methylaesculetin pK ,, value of 12.2 reported by
Pina et al. [12].

Fluorescence and pK_,
Figure 3 also shows the pH influence on the fluorescence

maximum wavelength over a wide pH range, revealing
regions where anion and dianion dominate the emission,

Fig.3 Absorbance (circle mark- | |
ers) and emission (diamond
markers) maximum wavelength
dependence on pH. Smooth
curves are sigmoid fits to the
data in the vicinity of the cor-
responding pK,; vertical arrows
indicate the Stokes shift at
corresponding pH; the Stokes
shift at~5.5 is expanded due

to photoacid behavior, namely
absorbance by the neutral and
emission by the anion due to
excited state proton transfer;

at pH 13, the Stokes shift is
decreased to 42 nm due, in this
case, to photobase behavior
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namely pH regions 6—13 and near 14, respectively. The dian-
ion emission is considerably red shifted with a maximum
wavelength of 569 nm. Figure 3 shows that the transition
from anion to dianion emission occurs at pH 13.5+0.2,
which is pK”, (the pK; of the anion). Since this value is
slightly larger than pK ,,, we can describe the anion as being
weakly photobasic, most notable at around pH 13, where
the dianion is the absorbing species acquiring a proton from
the solvent and emission is from the anion. In terms of pH
accuracy above pH 13, we note that the ionic strength in
this region is necessarily increasing above 0.1 M and the
pH reading is being made outside our pH probe calibration
range. The emission intensity at pH 13.7 is primarily dianion
and is seven times less than the anion emission intensity
at pH 13.0 when normalized for absorbance at the excita-
tion wavelength of 406 nm. One consequence of this dis-
proportion in emission intensity is that the sigmoid-fitting
approach based on the maximum emission wavelength is
biased towards the weaker emitter, in this case making pK’,
too large by about~0.1. Our estimated uncertainty in pK’,
of +0.2 takes both this bias and pH accuracy into account.
The ring-opening kinetics can be observed at pH 14, illus-
trated by the absorbance peak diminishing by ~33% over
10 min at room temperature (22 °C); thus, spectra taken
within the first several minutes of making the solution
should not be compromised by the decomposition. Figure 3
also shows a more gradual transition in emission maximum
wavelength from anion to neutral. This region has a greatly
diminished quantum yield, as discussed below, and a varying
contribution by the phototautomer, making this transition
less distinct and unable to clearly show pK”.

Figure 3 shows the Stokes shifts of the neutral, anion and
dianion. In the pH region just below pK,,;, aesculetin has a
larger-than-expected Stokes shift due to its photoacid behav-
ior. Near pH 13 the anion has a dramatically smaller Stokes
shift, in this case, due to photobase behavior.

Although the absorbance spectra of aesculetin-borate
complex anion (ABC) and the aesculetin anion are different
(Fig. 2 inset), the emission maximum wavelengths are very
close, 466 and 467 nm, respectively. Table 1 summarizes
the spectral comparison of these two species. While the full-
width-half-maximum (FWHM) of the absorbance bands are
quite similar, the FWHM of the ABC emission band is 30%

Table 1 Comparison of aesculetin anion and ABC spectral characteristics

Table 2 Quantum yield of aesculetin in water and alcohols

Species Solvent index Relative Quantum yield
of refraction at quantum
350 nm yield ?
Aesculetin (pH 1.3490 040+0.02 0.23
9.3)
Aesculetin in 1.3437 03+0.05 0.18
methanol
Aesculetin in 1.3802 0.58+0.02 0.32

ethanol

“relative to quinine sulfate quantum yield of 0.577 in 0.1 N H,SO, at
22°C, [15]

wider than aesculetin anion emission. This means the most
sensitive fluorescent spectral indication of the ABC is nec-
essarily based on emission band width. The ABC exhibits a
much larger Stokes shift than aesculetin anion. We comment
on the relative quantum yield and lifetime of the aesculetin
borate complex anion in the respective sections below.

Quantum Yield

Many natural coumarins are more fluorescent in their ani-
onic (high pH) form [22]. Scopoletin and umbelliferone, for
example, have quantum yields of 0.63 at pH 9 [8] and 0.91
at pH 9.5 [23], respectively. Table 2 provides the quantum
yield determination of aesculetin in water, methanol, and
ethanol relative to the standard quinine sulfate. These data
are the result of five determinations establishing a relative
uncertainty of less than 10% (see Fig. S2). While aesculetin
is not as efficient as umbelliferone and scopoletin, it yields
a bright fluorescence at high pH.

Figure 4 shows the quantum yield across a wide pH
range found by determining the relative quantum yield from
integrating the emission spectra (see Fig. S3a), normalized
by the measured absorbance at the excitation wavelength
and then scaled to the absolute quantum yield in Table 2.
The quantum yield at pH 4 is ~ 80 times lower than at pH
9.3 (see Fig. 1 unnormalized pH 4 trace). We note the
strong resemblance of Fig. 4 to the pK, curve in Fig. 2,
which makes aesculetin remarkably different in comparison
to scopoletin and umbelliferone. In the latter cases, the

Absorbance Emission
Species Maximum Band FWHM (nm) Band Maximum Band FWHM (nm) Band Stokes
wavelength FWHM wavelength FWHM shift
(nm) (cm™) (nm) (cm™) (em™)
Aesculetin anion (pH 9) 384 60 4200 467 67 3000 4600
Aesculetin-boric acid complex 362 58 4500 466 88 3900 6100
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relative quantum yield changes only modestly across the
pK,, region. Scopoletin’s quantum yield decreases by only
about 15% below its pK, (7.4) [8]; and the report by Zhang
et al. [23] and unpublished data from our lab indicates the
relative quantum yield of umbelliferone changes by less than
15% over the range 4 to 11, well above and below its pK,,.
Above the pK,;, quantum yield of aesculetin appears to have
a maximum around pH 9 and drops off above 11. Opening
of the a-pyrone ring becomes a consideration above pH 12.

A reduced quantum yield may be related to an increased
role of nonradiative channels due to several considerations,
triplet states, quenching and structural flexibility of aescu-
letin. The process of intersystem crossing to a nearby tri-
plet state may account for a significant nonradiative decay
channel. TD-DFT calculations of aesculetin neutral at the
B3LYP/aug-cc-pVTZ/SMD(H,0) level of theory to com-
pare the energy of the optimized triplet excited state, T,
to the optimized singlet state, S;, suggest there is a large
enough energy gap (~70 kJ/mol) that ISC may not play a
significant role in draining population from the S, state. A
significant quenching channel by the geminate proton is used
in modeling the excited state dynamics of 1-naphthol [24],
which is a well-studied photoacid having a comparable pK;
to aesculetin. However, the reduction in quantum yield of the
naphtholate anion that can be attributed to this quenching
effect is at most~35%, whereas we observe what appears
to be more than a 90% reduction in the quantum yield of
aesculetin.

The shift in quantum yield coincides with the transition
from the neutral form with two vicinal hydroxyl groups to
the anion with only one hydroxyl group due to deprotona-
tion. Non-rigid groups on a fluorophore can contribute to a
significant nonradiative decay path, for example, increased
amino group motion in amino coumarins is tied to lowered
fluorescence efficiency [25]. Large substituent rotational
flexibility on a rigid fluorophore contributes to a relatively
large nonradiative decay rate, reducing the fluorescence
quantum yield [15]. At the same time, hydrogen bonding
involving the hydroxyl groups in aesculetin may play a role
in stabilizing both the neutral and anion conformers. In the
anion, ionization is expected in position 7 and the OH in
position 6 then is a H-bond donor held in the plane of the
coumarin to some extent by the H-bond. In the neutral form,
a hydrogen bond can involve either OH in the role of donor,
and the question centers on what barriers exist to rotation
of the vicinal OH groups on the benzene ring. In the neutral
form it is possible to have less a restricted, ‘free’ hydroxyl
group motion, whilst the other OH is held in the coumarin
plane by a H-bond; on the other hand, even monohydroxy-
coumarins have some OH rotation restriction mentioned
in the next section. Furthermore, isomerization may occur
where both hydroxyl groups interchange dihedral angles and
swap hydrogen bonding roles. The question of whether one
or the other planar, hydrogen-bonded conformer of aescule-
tin neutral is preferred, is answered by modeling at several
DFT levels of theory that predicts the two conformers are
nearly equal in energy (< 1 kJ/mol). More OH flexibility in
the neutral form compared to the anion may account in part
for why the quantum yield would decrease below the pK,,.

To support the idea that OH flexibility may be tied to the
relative quantum yield dependence on pH, we used DFT
modeling to predict barriers to hydroxyl group rotation
for the neutral and the anion. Figure 5 shows the energy
dependence on OH dihedral angle in two cases, for aescu-
letin neutral and anion. These are cross sections to a three-
dimensional potential energy surface (PES) described in
more detail in the SI. To model the aqueous phase, we use
the SMD formalism specifying a diffuse dielectric medium
consistent with water surrounding the dipolar molecular
structure, which lacks any accounting for explicit hydrogen-
bonding interactions of aesculetin with surrounding water
molecules. As such, these model results are a partial repre-
sentation of the energetic dependence on OH rotation. Our
modeling as presented in Fig. 5 predicts OH rotation in the
anion is restricted by a larger barrier than the neutral, which
is qualitatively consistent with the experimental relative
quantum yield. Modeling at several DFT levels of theory
give the same relative result. The ¢, curve in Fig. 5 begins
with a hydrogen bonded conformer at 180°, places the two
OH groups closest to each other at the mid-point, and has an
unexpected local minimum near the midpoint. The barrier
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Fig.5 Barriers to OH rotation for aqueous aesculetin neutral and
anion showing relative energy with respect to the dihedral angle of
O6H (OH in the 6-position of the coumarin structure), (c,) solid,
red trace, O6H dihedral rotation holding O7H dihedral constant (the
starting conformation for this trace is O7H as the H-bond donor as
shown in left panel, O6H dihedral is —180°); (c,) dashed, blue trace,
O6H dihedral rotation holding O7H dihedral constant (in this trace,

in this potential energy curve at 90° may reveal the effect
of compromising the overlap of the oxygen atomic orbit-
als with the key delocalized molecular orbitals, the HOMO
and LUMO, due to rotation of the oxygen atom orbitals out of
the coumarin plane. To be sure, comparing OH dihedral angle
coordinate scan for 7-hydroxycoumarin (umbelliferone),
6-hydroxycoumarin (grevillone), and cyclohexanol reveals
a much higher barrier for the coumarin hydroxyl rotation
than the rotation about a C(sp3)-O(sp3) bond as represented
by cyclohexanol (see Fig. S6). A further consideration is the
hydroxyl flexibility in the electronic excited state, a next step
in modeling that is beyond the scope of the current study.
As a side note, an interesting observation in the gas-phase
PES of aesculetin neutral is a concerted motion channel
where OHs move in opposite dihedral directions to isomer-
ize between the H-bonded conformers. While this concerted
channel, present also in the PES calculated for the non-polar
solvent cyclohexane, is the lowest barrier to OH rotation
in the gas phase, the lowest energy channel in the aqueous
phase is represented by o, in Fig. 5. In all models, the bar-
riers to OH rotation are lower for the neutral than the anion.

At low pH, the drop in aesculetin fluorescence quantum
yield combined with emission from multiple excited-states
makes the direct steady-state fluorometric observation of
the pK” complicated. Fig. S3a shows emission spectra over
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O6H is the H-bond donor at the mid-point of the blue trace where the
O6H dihedral is 0°); and (c5) dot-dash, green trace, dihedral rotation
with position-7 O deprotonated (O6H is the H-bond donor at the mid-
point of the green trace where O6H dihedral is 0°); modeling is at the
B3LYP/6-31G(d)/SCRF(SMD, Solvent= Water, Radii=UAKS) level
of theory, coordinate-scans optimizing structure at specified dihedral
angles

the pH range 06 (below pK ;) further illustrating the steep
decline in emission intensity and the normalized spectra
reveal that both neutral (N*) and phototautomer (T*) con-
tribute to the emission spectrum at low pH. Time-resolved
emission of the aesculetin neutral discussed in the next sec-
tion to provides another approach to determining the pK™,.
4-methylaesculetin exhibits a similar dramatic change in
fluorescence intensity [12] in the region of pK,;, which is
interpreted as indicating a pK” close to its pK,, however
given the similarities of methylaesculetin and aesculetin flu-
orescence, the observed emission intensity decrease is likely
due to a change in relative quantum yield like aesculetin.
The role of the phototautomer in aesculetin excited state
dynamics in water is apparently a minor one. Fig. S3b shows
that in the pH range below the pK|,, the phototautomer has a
maximum emission relative to the anion peak of about 30%
at~pH 1 diminishing in relative intensity as pH increases up
to the pK,,. The role of the phototautomer also decreases as
pH drops from 1 to 0, the latter pH being close to the pK”
estimated from our TRF results. Umbelliferone excited state
dynamics on the other hand shows that the phototautomer
dominates the emission in the region of the pK* [10]. Sco-
poletin presents another contrast among natural coumarins,
where the phototautomer is not observed to play a significant
role in the fluorescent emission.
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The relative quantum yield of ABC fluorescence
compared to aesculetin at pH 8.5 is 1.4 +0.2. The
most dramatic influence of boric acid on aesculetin
fluorescence can be demonstrated at pH ~ 6, which
is ~ 1 pH unit below pK,, and where aesculetin by itself
has a diminished emission. Figure 6 shows the shift in
absorbance and emission with increasing amounts of
boric acid buffered at pH 6.1. The addition of boric acid
under these conditions increases the total fluorescent
emission by a factor of 5, largely because the poorly
fluorescent aesculetin neutral becomes the reasonably
fluorescent complex. It only takes 2 mM boric acid
to double the fluorescence of aesculetin at this pH.
At higher pH, the effect is not expected to be nearly
as dramatic because the quantum yield of aesculetin
improves, becoming like ABC. The behavior documented
in Fig. 6 is like the interaction of aesculetin with a
diphenylborinic acid compound (the so-called Naturstoff
reagent) that enhances the fluorescent emission of
aesculetin by more than a factor of ten [26] explained by
the formation of a complex like that shown in Scheme 2.

Time-Resolved Fluorescence and Excited-State pK,

The time-resolved fluorescence of neutral aesculetin allows
for direct observation of how excited-state proton transfer
influences its emission in the cases where ESPT is competi-
tive with or much faster than fluorescent emission. Placing
aesculetin in D,O effectively deuterates the acidic proton
and is expected to slow the ESPT process due to the deuter-
on’s increased mass. Figure 7 shows the time-resolved fluo-
rescence decay of both aesculetin and umbelliferone in water
and D,0 — umbelliferone is included as a reference since
its fluorescence and kinetic isotope effect has been already
described in the literature [7]. The solutions are buffered
well below the pK,, of both compounds (pH 4.3 and 4.8 and
for H,O and D,O, respectively) such that absorbance is by
the neutral form, and the emission wavelength is selected to
observe primarily neutral emission. Aesculetin N emission
(410 nm), represented by trace a (H,O) and trace b (D,0),
reveals that isotopic substitution slows the decay. Similarly,
umbelliferone emission (380 nm), trace ¢ (H,O) and trace
d (D,0), shows a kinetic isotope effect. The aesculetin

Fig.6 The effect of boric acid T T T
addition to aesculetin buffered
at pH 6.1; aesculetin concen-
tration is ~ 50 uM; panel-a
shows the change in absorbance
with boric acid concentration
indicated in mM units; panel-b
shows the change in absorb-
ance maximum wavelength
with boric acid concentration;
panel-c shows fluorescence
emission spectra with boric acid
concentration indicated in mM
units, the excitation wavelength 0.0
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Fig.7 Time-resolved fluores- 1
cence decay curves showing
the kinetic isotope effect for
aesculetin and umbelliferone;
all solutions are 0.1 M citrate
buffer prepared in either H,O
(pH 4.3) or D,O (pH 4.8); (a)
solid, blue trace, aesculetin in
H,0, (b) dashed, violet trace,
aesculetin in D,0, (c¢) solid,
green trace, umbelliferone in
H,0, (d) dot-dash, red trace,
umbelliferone in D,0, and (e)
dotted, orange trace, instrument
response function

w H 1 oo~N
I

o

Normalized fluorescence intensity (AU)
w N (:'I o N

I I I I
Kinetic isotope effect -
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decays are faster than those due to umbelliferone. These
fast decays are fitted by exponential curves in convolution
with the instrument response function (IRF, Fig. 7 trace e)
to give aesculetin N fluorescence lifetimes (7 and ;) of
19 and 55 ps, respectively (listed in Table 3, Fig. S7 shows
the fit results with residuals). The umbelliferone 7, and 7,
based on the Fig. 7 decays, are 65 and 200 ps, respectively,
which compare well to previously reported corresponding
lifetimes [7] of 48 ps and 155 ps. Clearly the ESPT process
is faster in aesculetin compared to umbelliferone. The most
straightforward model for these short lifetimes is that the
ESPT process is much faster than the fluorescence lifetime
and the observed decay constant is essentially the ESPT rate
constant.

The kinetic isotope effect (KIE, z,/7) slows the
aesculetin ESPT rate by a factor of about 3, which agrees
well with the KIE reported for umbelliferone [19]. The
inverses of these lifetime values give aesculetin rate
constants (kpy) of 5.3x10'% s™ and 1.8 x 10'° s™!, for H,0
and D,0 respectively. The lifetime of neutral aesculetin is
considerably shorter than that of neutral scopoletin (0.5 ns,
kpr=2X% 10° s71) [8]. Pines et al. propose a kinetic isotope
effect of 3 for strong photoacids such as umbelliferone
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and aesculetin [27], agreeing well with our KIE for
aesculetin. Pinto da Silva et al. describe a linear relationship
between log(kpr) and pK’ for photoacids, including two
hydroxycoumarins, having pK’ values in the range 0 to 3
[28]. Our observed N-emission lifetime matches the low
pK end of that linear relationship putting the value of
aesculetin pK? at 0. It is clearly faster than umbelliferone,
which has kpr=2%10"" s™ and pK* of 0.4 [19], and

Table 3 Fluorescence lifetimes of aesculetin, molecular forms are
neutral, N; anion, A; and tautomer, T

pH/Solvent Molecular Excitation Emission A (nm) Lifetime (ps)

form A (nm)
43,H,0 N 345 410 19+2
48,D,0 N 345 410 55+0.5
5, H,0 A 350 470 2.30x10°
5, H,0 T 350 600 150 +25
9, H,0 A 350 460 2.16x10°
470 2.26%10°
Methanol N 350 460 2.76%10°
Ethanol N 350 460 3.75% 10°
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hence it is reasonable that aesculetin has a lower pK” than
umbelliferone. Pines [27] shows how log(kpy) versus pK*
becomes nonlinear for pK’ below 0 for a collection of
phenol-type photoacids and, projecting our log(kpr)=10.7
on this curve, predicts a pK’, for aesculetin near —2. Taking
both relationships into account, our time resolved data
indicates an aesculetin pKa*1 of —1 + 1, making it one of the
strongest natural coumarin photoacids studied.

Compounds can be considered strong photoacids when
their pK’; values are seven or more pH units lower than the
ground state pK,, meaning their acid ionization constant
becomes at least seven orders of magnitude larger after pho-
toexcitation [29]. The ApK, = pK, — pK’ of aesculetin is 8.3,
which is larger than the ~ 7.4 for umbelliferone, although
these are perhaps not significantly different based on uncer-
tainty. Another gauge of photoacid strength is whether in
fact the light absorption transforms a weak acid into a strong
acid, in this case having a pK* < 0.

Table 3 also contains lifetimes for the aesculetin anion
emission (~560 nm) below and above the pK,, emission at
600 nm at pH 5 (attributed to the phototautomer), and aes-
culetin fluorescence in methanol and ethanol (Figs. S8 and
S9 show fits and residuals). The aesculetin anion lifetime
is about half of the ~5 ns lifetime of scopoletin anion [8,
12] and umbelliferone anion [7] in aqueous media, which
is qualitatively consistent with the lower quantum yield
of aesculetin anion. The lifetime of the phototautomer is
intermediate between the neutral and anion, almost ten-fold
slower than the proton transfer process based on a weak sig-
nal. Further study of this emission should include observing
a kinetic isotope effect. The aesculetin-borate ion complex
fluorescence lifetime is 1.6 +0.1 ns (Fig. S10).

Modeling Results

Modeling the absorbance and emission spectra of all the
aesculetin species in aqueous solution discussed in this paper
using DFT/TD-DFT methods shows good agreement with
experimental spectra. Figure S11 shows experimental and
modeled aqueous spectra. A modest level of DFT modeling
predicts the correct location of the ABC absorbance maximum
between the aesculetin neutral and anion absorbance and the
overlap of the ABC and anion emission spectra. The modeling
also reproduces the observation that the dianion has a large
red shift from the anion compared to the neutral-anion red
shift in both absorbance and emission spectra. It also predicts
the tautomer emission is red shifted relative to the anion,
although the agreement is only qualitative in this case.
Table S2 shows the frontier molecular orbitals (highest
occupied molecular orbital, HOMO, and lowest unoccupied
molecular orbital, LUMO) for the five aesculetin species
in the gas phase. These reveal a common motif of HOMO

electron density centered on the benzene ring shifting in
the excited-state LUMO to the pyrone ring, representing an
intramolecular charge transfer. It is expected that solvent
polarity will affect the position of the spectral band maxima.
If the excited state dipole is larger than the ground state, a
more polar solvent will have a stabilizing effect, reducing the
difference in energy between the states, and will manifest as
a red shift of the absorbance band comparing spectra from
less to more polar solvents. For example, aesculetin absorb-
ance in ethanol is redshifted with respect to umbelliferone
due to this effect [30]. Further study of the aesculetin borate
complex in solvents of different polarity may provide addi-
tional insight to its photophysical behavior.

Conclusion

The data presented here give a clear picture of the photo-
physical properties of aesculetin and the complex it forms
with boric acid. Aesculetin is a stronger photoacid than
umbelliferone. It has a pK” lower than umbelliferone and a
similar but somewhat larger ApK, than umbelliferone. The
strong pH dependence of the relative quantum yield, appear-
ing closely related to pK,, sets aesculetin apart from the
similar fluorescent, natural coumarins, umbelliferone and
scopoletin, suggesting there may be unique structural func-
tionality of the vicinal hydroxyl groups of aesculetin. The
anion of aesculetin exhibits weak photobase character. When
aesculetin is aqueous solution with boric acid, a fluorescent
complex is formed with pK, of 5.6.
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