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Abstract

Scopoletin is highly fluorescent in water and acts as a photoacid exhibiting excited-state proton transfer, ESPT, competitive with
fluorescence. Its absorbance and emission spectral characteristics yield ground-state and excited-state pK, values of 7.4 +0.1 and
1.4=0.1, respectively. The pK, implies an ESPT rate constant an order of magnitude smaller than that for umbelliferone. This
report provides quantum yield measurements in water that are comparable to quinine sulfate, and fluorescence lifetime values that
are on a par with other similar coumarins yet provide insight into the ESPT process. The scopoletin anion is observed in
tetrahydrofuran by reaction with a strong base. The Stokes shift of aqueous scopoletin is >100 nm in the pH range 3 to 7 due
in part to its action as a photoacid. Modeling by density functional theory methods provides reasonable support for the exper-

imental results.
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Introduction

Scopoletin is an important member of the simplest coumarins
found in nature, that is those found in plant extracts. The most
prominent of these, based on the frequency of appearing in
Chemical Abstracts, have one or two substitutions involving
either hydroxyl or methoxy groups in positions 6 and 7, name-
ly umbelliferone (7-hydroxycoumarin), aesculetin (6,7-
dihydroxycoumarin) and scopoletin (6-methoxy-7-
hydroxycoumarin). All three of these are examples of
photoacids, substances that become more acidic upon photo-
excitation, the most prominently studied being umbelliferone
along with 4-methylumbelliferone [1-3]. In the case of
umbelliferone, the photoacidity is proposed to be a key to its
antifungal properties [2]. Scopoletin has been found to be a
highly fluorescent compound in water [4—8]. Goodwin and
Kavanaugh [9] report that scopoletin is among the most
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fluorescent of the 98 coumarin aqueous solutions they sur-
veyed, and among six selected coumarins in methanol, includ-
ing umbelliferone and aesculetin, Crosby and Berthold [5]
highlight the particularly intense fluorescence of scopoletin.
Interest in scopoletin is also due in part to its biological activ-
ity; acting as an antioxidant [10—12], as an antidepressant [13],
and as an antifungal and antibacterial agent [14]. Scopoletin is
found naturally in plants often playing a role as a secondary
metabolite or phytoalexin produced in response to stress. For
example, Wharton et al. [15] recently reported that scopoletin
is the primary, pH-dependent, fluorescent substance in aque-
ous extracts of wood material from the common planetree
(Platanus x acerifolia).

Scopoletin in water is a weak acid in equilibrium with its
anion at moderate pH. The equilibrium involving the hydroxyl
proton in position 7, see Scheme 1, is characterized by the acid
dissociation constant, K,, and commonly expressed as pK, =
—log(K,). A photoacid is a substance that has a much smaller
pK, in the first excited electronic state, pKa*, than in the
ground state, often by more than 6 pK, units. Figure 1 shows
the fluorescence excitation and emission spectra for scopoletin
at pH 5 and 9; it illustrates that while a significant shift occurs
due to pH in the region where light is absorbed, the fluorescent
emission remains largely unchanged. The explanation for this
invariant emission is that neutral scopoletin at pH 5 absorbs
light but prior to emission while in the S; excited state loses a
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Scheme 1 Scopoletin acid—base
equilibrium with coumarin ring
position numbering

neutral, N

proton and fluoresces as the anion. In this model, pH 5 is
below its pK, but above the pK, . The photoacid action is
called photoprotolysis or excited-state proton transfer, ESPT,
involving intermolecular transfer to a polar solvent molecule.
If the proton loss at position 7 results in or is coordinated with
proton gain at the carbonyl group, the scopoletin tautomer is
formed, a process often designated excited state intramolecu-
lar proton transfer, ESIPT. If the phototautomer plays a role in
the photodynamics, as it does in umbelliferone, it is typically
observed as emission at longer wavelengths than the anion
emission, discussed below. Figure 1 shows that scopoletin in
water exhibits a large Stokes shift, the difference between the
maximum emission wavelength and the maximum absorption
wavelength, and when pH is below the pK,, the photoacid
effect contributes to an extraordinarily large Stokes shift. To
be sure, the median Stokes shift of a representative set of
commercial fluorescent dyes [16] has AA =24 nm and Av
~1000 ¢cm™ ', therefore the Stokes shift of scopoletin, AA
~100 nm and Av > 6000 cm ', can be considered remarkable.

The pK, of the ground state can be determined by several
methods related to UV-Vis absorbance spectra [17]. These
methods involve monitoring a physical property, such as ab-
sorbance, that varies with pH. For this system, modeled as
having two species, neutral N and anion A, a wavelength A’
is selected where absorbance is maximally sensitive to detect-
ing A with minimal interference by N. The A absorbance at A",
A(MN"), then is a proxy for the ratio of the equilibrium
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Fig. 1 Fluorescence excitation and emission spectra of scopoletin in
water at pH 5 and pH 9, illustrating the photoacid behavior, and
showing the extraordinary Stokes shift at pH 5
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concentrations of the two species [A]/[NV]. This ratio is related
to pH and pK, by the Henderson-Hasselbalch relationship,

pH = pK, + log([A]/[N]) = pK, + log(A(X)).
This equation is inverted to give the sigmoid function,

AN) =1 /(1 + 1o<pK«*pH>),

where the center of the sigmoid fit of A(A") versus pH is equal
to pK,. This is fundamentally equivalent to the approach by
several studies [18-20] yielding the pK, for umbelliferone. In
the case of scopoletin, the wavelength of the absorbance max-
imum can also be used as a proxy for [A]/[V]. A sigmoid fit to
absorbance maximum wavelength versus pH also gives a sig-
moid fit yielding a pK, value. Both of these approaches ben-
efit, in the case of scopoletin, from having a binary system
with well-defined spectral characteristics and comparable mo-
lar absorption coefficients. Reijenga et al. discusses using flu-
orometric methods to determine pK, [17]. This study adopts
the wavelength maximum approach to directly observe chang-
es yielding an experimental determination of pK, .
Umbelliferone is a key reference for studying the fluores-
cence behavior of scopoletin, which is different from
umbelliferone only by the addition of a methoxy group in
position 6. Umbelliferone is a weak acid with a pK, of 7.75
[1] and exhibits a UV absorption shift from neutral to anion
characterized by an isosbestic point at 337 nm [1]. For aque-
ous solutions with pH < pK,, excitation of the neutral mole-
cule results in fluorescent emission from the excited neutral
near 380 nm but to a larger extent from the excited tautomer
peaked at 480 nm, red-shifted by 27 nm from the peak of the
453-nm anion emission observed exclusively at pH 10 [2].
The excited state proton transfer rate constant kpy is 2 X
10" 57! (lifetime of 48 ps) determined by time-resolved fluo-
rescence [2], which is consistent with a low pK, reported as
~0.4 [2]. The observed neutral emission at 380 nm is domi-
nated by the ESPT process because it is much faster than the
expected neutral fluorescence rate. Da Silva et al. [21] note
that for photoacids with moderate pK," (between 0 and 3), the
quantity log;o(kp7) scales approximately with pK, ", allowing
a prediction of kpr from a measured pKa*. Conventional
models for coumarin photophysics also include the cationic
form, but the study by Moriya [1] shows that the
umbelliferone cation only plays a significant role at pH below
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0. This is consistent with the finding that the scopoletin cation
is not required to play a role in the models used in this study.

Because of the priority placed on understanding structure
activity relationships particularly for bioactive coumarins,
substantial effort has been made to compute pK, and pK,
values for coumarins. Ferrari [22] included scopoletin among
the 22 coumarins studied with the aim of determining the pK,
from quantum-chemical energies, but the subset of coumarins
that did not have corresponding experimental values includes
scopoletin. The efforts of Jacquemin et al. [23] and Houari
et al. [24] to calculate pK,  for selected coumarins was limited
to three experimental values and did not include scopoletin. In
a related study focusing on dihydroxybenzenes, Romero et al.
[25] recently reported on the spectrophotometric determina-
tion of a large set of pK, values that validated their approach to
calculate pK,. Therefore, efforts to experimentally determine
photoacid properties in coumarins support the wider interest in
testing computational methods to model and understand the
process, and ultimately to understand potential bioactivity.

We use scopoletin absorbance and fluorescence spectra in
water over a wide range of pH in order to determine the pK,
and pK, , and we used the aprotic solvent tetrahydrofuran to
have additional control over the loss of a proton. Quantum
yield measurements quantify the high fluorescence efficiency
of'both the neutral and anion of scopoletin, and time-resolved
fluorescence experiments provide lifetime information.
Finally, we use computational modeling with the density func-
tional theory approach to provide calculated spectra for com-
parison with experiment.

Materials and Methods

Scopoletin (Indofine Chemical Company, Inc., 99 + %) purity
was verified by nuclear magnetic resonance spectroscopy and
used without further purification. Solutions with concentra-
tions of 17 pM were prepared using appropriate non-
fluorescing and non-quenching buffers (sodium acetate, po-
tassium dihydrogenphosphate, Tris, and sodium bicarbonate),
with pH ranging from 1 to 12. The pH meter (Accumet AR15)
was standardized to buffers at pH 1.67, 4.00, 7.00, and 10.00
where appropriate. Absorption and emission spectra were ver-
ified to be free of buffer and counterion effects by using solu-
tions of near-identical pH prepared with buffers based on so-
dium hydroxide, nitric acid, and tetrabutylammonium hydrox-
ide. Tetrahydrofuran (Sigma-Aldrich, 99.9 + %, HPLC grade
without inhibitor) was used as an aprotic solvent to prepare a
sample of 7.7 uM scopoletin. To prepare the same concentra-
tion anionic scopoletin in THF, three sodium pellets (kerosene
removed by rinsing with hexanes, and pellets crushed to max-
imize surface area) were added to the cuvette and stirred for
five minutes to ensure complete deprotonation. The anionic
THEF solution was stirred and analyzed over an additional two

hours to verify that there was no further reaction, to the qui-
none, for example, or to other potential products from expo-
sure to sodium metal. Absorption and emission spectra were
collected on a UV-Vis spectrophotometer (Varian Cary 100
Bio) and spectrofluorometer (Horiba FluoroMax-4).
Emission spectra were obtained with an excitation wavelength
corresponding to the absorption peak for the first excited state,
341 and 394 nm for neutral and anionic scopoletin in THF,
respectively. Excitation spectra were collected to compare to
absorption spectra, and they were consistent to within 5 nm.
Samples were not purged of dissolved oxygen because the
presence of oxygen was observed not to have an effect on
the fluorescent emission properties of scopoletin.

Quantum yield determination: A quantitative determina-
tion of the scopoletin quantum yield was carried out relative
to the standard quinine sulfate (QS, 0.1 N H,SOy, 22 °C) [26]
using 350-nm excitation for all solutions. The absolute fluo-
rescence quantum yield of scopoletin @g= P ,(I/1p)(A/As),
where @, = 0.58 for QS, I¢/Iyis the ratio of the wavelength-
integrated fluorescence intensity of scopoletin to quinine sul-
fate, A /Ay is the ratio of the absorbance of scopoletin to QS at
350 nm, and the indices of refraction are assumed to be the
same for all solutions. At two pH values below the pK, and
one above it, this analysis is performed over a range of absor-
bances from 0.02 to 0.10, giving the expected linear response
of the integrated intensity. In addition, a measure of relative
quantum yield across a pH range is determined by the inte-
grated emission intensity normalized by absorbance assuming
that the emission spectra are taken at the same solution con-
centration, excitation wavelength, excitation intensity and
emission sensitivity.

Time Correlated Single Photon Counting. The instrument
used to acquire the time-domain fluorescence data has been
detailed elsewhere [27]. Briefly, the system uses a picosecond
laser light source and time-correlated single photon counting
(TSCPC) detection. The laser light source is a passively
mode-locked, diode-pumped, Nd:YVO, laser (Spectra
Physics Vanguard) that produces 13-ps pulses at a repetition
rate of 80 MHz. The average power output of this laser is
2.5 Wat 532 nm and 355 nm. The output of this laser is used
to excite cavity dumped dye lasers synchronously (Coherent
701-3 laser equipped with 7220 cavity dumper). For the ex-
periments reported here the excitation wavelength was
350 nm, with the dye laser operating at 700 nm (LDS698
dye, Exciton). The dye laser output (5-ps pulses, 4-MHz rep-
etition rate) was frequency-doubled using a Type I LilO; SHG
crystal. Average power at the sample is 1 mW or less.
Emission from the sample is collected with a 40x reflecting
microscope objective (Ealing) and the collected light is split
using a polarization-selective beam-splitter (Newport). The
detection system uses two channels (vertical and horizontal
polarizations), each equipped with a subtractive double mono-
chromator (Spectral Products CM112) and a microchannel
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plate-photomultiplier tube (Hamamatsu R3809u-50). The ref-
erence channel detector is a photodiode (Becker & Hickl
PHD-400). The detection electronics are commercial
(Becker & Hickl SPC-132), with acquisition controlled by
computer code developed in-house (LabVIEW®).The instru-
ment response function for this system is ~40 ps.

Computational Methods

All quantum chemistry calculations using density functional
theory (DFT) were performed with the Gaussian 16 program
package [28] and the WebMO Pro interface [29]. Full geometry
optimizations of scopoletin neutral and anion in water and tet-
rahydrofuran were performed for the ground state using the
hybrid functional B3LYP methodology [30-32] and the cc-
pVTZ basis set. To represent the diffuse dielectric medium of
the solvent, the default solvent cavity reaction field approach is
used comprised of the polarizable continuum model (IEFPCM).
Care is taken to ensure each ground state structure is at a global
minimum energy, which for N involves an intramolecular hy-
drogen bond of the acidic proton to the oxygen at position 6.
Comparison calculations using the cc-pVQZ basis set were done
to check consistency of results. To model the excited state, the
time-dependent DFT/B3LYP/cc-pVTZ/PCM method was used,
(a) not optimizing the excited state structure to determine the Sy—
S, transition energy corresponding to absorbance, and (b) opti-
mizing the excited state structure to determine the S-S, transi-
tion energy corresponding to fluorescent emission.

Results and Discussion
Absorbance and Excitation Spectra with pH

Figure 2 shows the pH dependence of the absorbance spec-
trum of scopoletin solutions. The 10 uM concentration makes
the absorbance near the isosbestic point (354 nm) around 0.1
to minimize the inner-filter effect for fluorescence spectra. A
presentation of the fluorescence excitation spectra (Fig. S1)
shows a second isosbestic point at 278 nm. The system has the
appearance of involving a straightforward equilibrium be-
tween N at low pH shifting to A at high pH involving absor-
bance at longer wavelengths. Absorbance at 400 nm is max-
imally sensitive to the presence of A because it is near the A
absorbance maximum but zero at low pH; the vertical dashed
line in Fig. 2 highlights this wavelength. The left inset of Fig.
2 shows a sigmoid fit to this data that gives a pK, of 7.48 +
0.03. Focusing rather on the spectral shift, the right inset of
Fig. 2 shows the shift in the absorbance maximum wave-
length, and the sigmoid fit to this change indicates a pK, of
7.44 +£0.02; this second approach occurs over a narrower
range of pH. These pK, values are in good agreement with
applying the same approach to the excitation intensity data
(Fig. S2). Taking into account all the measures of pK,, includ-
ing the uncertainty in pH measurement, the pK, for scopoletin
is 7.4£0.1. The calculated value from Ferrari [22] is 7.6,
which is quite good agreement. Furthermore, Ferrari predicts
scopoletin to be 0.3 pK,, units lower than umbelliferone, which
also lines up well with this experimental result.

Fig. 2 Scopoletin absorbance
spectra over the pH range 1 to 13
revealing an isosbestic point at
354 nm. Absorbance at 400 nm is
maximally sensitive to the
presence of the species absorbing
at 380 nm, and the left inset shows
the 400-nm absorbance as a
function of pH; the solid line is a
sigmoid fit to these data indicat-
ing a ground state pK, of 7.48 +
0.03. The right inset shows the
wavelength of the absorbance
maximum as a function of pH; the
solid line is a sigmoid fit to these
data indicating also a ground state
pK, of 7.44+£0.02
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Emission Spectra with pH

Figure 3 shows the emission spectra from 350-nm excitation
of scopoletin solutions in the pH range 1 to 13. Excitation
close to the isosbestic point means absorbance is nearly con-
stant with pH. These spectra support the model that only the
electronically excited N and A are involved in the emission
process because they are dominated by emission peaked at
460 nm, assigned to A, with a blue-shift at lower pH to N
emission near 430. If the scopoletin tautomer emission was
significant, it would show as broadening of the anion peak to
the red as pH is lowered, which is where tautomer emission is
observed for umbelliferone. Figure 4 shows the pH depen-
dence of a set of normalized emission spectra in the pH region
0 to 6, with the inset showing how the emission wavelength
maximum depends on pH. The emission spectrum at pH 0.5 is
sufficiently below the pK," to reveal that neutral scopoletin in
water has an emission maximum wavelength of 434 nm. This
agrees well with the 430 nm emission peak reported by
Crosby and Berthold [5] in 0.1 N sulfuric acid, and with cal-
culations discussed below. The sigmoid fit in the Fig. 4 inset is
based on the spectra shown in Fig. 4 and two other experiment
days. Taking into account the uncertainty in pH, the pK, of
scopoletin is 1.4+0.1. While the work of Grzywacz and
Taszner on umbelliferone [33] and aesculetin [34] present
pH-dependent emission spectra analogous to Fig. 4, this study
appears to be the first to apply the maximum-wavelength-
sigmoid approach to experimentally determine pK, . Based
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Fig. 3 Scopoletin emission spectra over the pH range 1 to 13, excitation
at 350 nm (close to the isosbestic point), concentration is 10 uM in buffer.
Open symbols represent the pH 10 spectrum, which is assigned to anion
emission. The dashed spectra represent the low pH range and dotted
spectra represent the high pH range, both show that intensity drops off
at the limits of the pH range. As pH approaches the lower limit, the
spectrum shifts from A emission at 460 nm to N emission at 434 nm. A
key observation is the lack of any significant emission that can be
assigned the tautomer, which is predicted to emit at longer wavelengths
than A
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Fig. 4 Normalized emission spectra of scopoletin over the pH range 0 to
6 from excitation at 340 nm (at the peak of the N absorbance) revealing a
wavelength shift from 434 nm at pH 0 to 460 nm at pH 6. The inset shows
the wavelength of the emission maximum as a function of pH; the filled
points are from the spectra shown in this figure, and the open points are
from two other experiment days, one of which is data shown in Fig. 3
with 350-nm excitation. The solid line in the inset is a sigmoid fit to all of
the inset data indicating a pK," of 1.44 +0.06

on this study the ApK, for scopoletin is 6, which is in line with
several experimental ApK,, values reported by Houari [24]: ~7
for both umbelliferone and 4-methylumbelliferone, ~5 for 3-
hydroxycoumarin. The scopoletin pK," is one pK,, unit larger
than that for umbelliferone, and since da Silva et al. [21] note
that pKa* scales nearly linearly with —log;o(kpt), it suggests
that the ESPT process is an order of magnitude slower in
scopoletin than umbelliferone. On this basis, the scopoletin
kpr=2x10"s"" (lifetime of 0.5 ns).

Fluorescence Quantum Yield

Table 1 provides quantum yield measurements relative to the
standard quinine sulfate for two pHs below the pK, and one
near pH 11. These data are the result of five different determi-
nations at each pH establishing an uncertainty of less than 10%
(see Fig. S3). Typically, fluorescent simple coumarins are
much more fluorescent at high pH, that is, in their A form in
aqueous solution; for many examples, see Goodwin and
Kavanagh [9]. An absolute quantum yield of 0.68 at pH 11 is
evidence of efficient fluorescence and compares well with the
umbelliferone quantum yield of 0.91 determined by Zhang
[35]. At pH 6.2, absorbance will be primarily neutral
scopoletin (Fig. 2b), and the quantum yield is a decrease of
just 18% compared to pH 11. The relative quantum yield
across the full pH range is provided by integrating the emission
spectra in Fig. 3 and normalizing to the measured absorbance
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Table 1 Quantum yields

for scopoletin pH Quantum yield
fluorescence using

quinine sulfate as 6.2 0.56

reference standard. 6.8 0.56
Uncertainty in quantum 107 0.68

yield is £0.05

at 350 nm (shown in Fig. S4). This analysis indicates that the
quantum yield at pH 6 remains constant down to pH 3 and then
drops off. Above the pK,, quantum yield appears to be roughly
constant from pH 8 to 11 and drops off above 11. At pH above
12, opening of the o-pyrone ring becomes a consideration.

Time-Resolved Fluorescence

Figure 5 shows the semi-log fluorescence emission decay
curves for scopoletin at pH 5 (emission from N and A) and
pH 9 (emission from A). Linear fits to this data give the decay
constant T. At pH 5, N dominates in solution, and the pH-5
emission trace in Fig. 1 shows that 400-nm emission at will be
primarily from N while 480-nm emission will be from A. Both
pH 5 N emission (Fig. 5-trace ¢) and pH 9 A emission (Fig. 5-
trace a) are well described by a linear fit, but pH 5 A emission
(Fig. 5-trace b) clearly shows a delay before becoming linear
after ~7 ns. Table 2 lists the lifetimes for the linear regions in
Fig. 5 and includes results from time-resolved analysis of
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Fig. 5 Scopoletin fluorescence decay curves from TCSPC analysis, 350-
nm excitation, (a) pH 10, 460-nm emission, monitoring A, (b) pH 5, 480-
nm emission, monitoring A (20 nm away from wavelength maximum to
minimize overlap with N emission), and (¢) pH 5, 400-nm emission,
monitoring N. Solid lines represent linear fits over selected ranges, for
trace a and b the linear fit is extended beyond the fit range for comparison,
residuals for the fit regions are presented in the supplemental information,
Fig. S5
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Table2 Lifetime measurements T for scopoletin fluorescence

Solvent, pH Aem (M) T (ns)
Aqueous, pH 9 460 4.69 £+ 0.02
Aqueous, pH 5% 480 4.76 £ 0.02
Aqueous, pH 5 400 1.41 +0.02
Methanol 460 2.67 £ 0.005
THF 400 044 +0.01
THF, base added 446 37 +0.1

*determined from linear region after 7.3 ns

scopoletin in methanol, tetrahydrofuran and in sodium-
treated tetrahydrofuran (Fig. S6 and S7 show these decays
and linear fits).

Lifetime in Aqueous Solution

The fluorescence lifetime of A at pH 9 is nearly the same as
the lifetime from the linear region at pH 5. This is expected
since the emission at 460 to 480 nm is dominated by A. A
fluorescence lifetime of ~4.7 ns is quite reasonable for a strong
fluorophore in water; for comparison, umbelliferone has an
aqueous anion fluorescence lifetime of 5.2 ns [2] and couma-
rin 500 in methanol is 4.84 ns [36]. The obvious difference
between pH-5 A and pH-9 A emission is the delay present in
the pH 5 data, a decay in which ESPT is expected to play a
role. The 1.4-ns radiative lifetime of pH-5 N is 3.3 times
smaller than A and is expected also to be influenced by
ESPT. The pH-5 N decay has the appearance of being well
correlated with the delay observed in pH-5 A. The pH-5 N
emission is interesting because it appears to be a single expo-
nential based on how well it fits the linear model, and yet it is
expected to be influenced by at least two processes, ESPT and
fluorescence. If kpt is much larger than the N fluorescence rate
constant (1/ty), then the observed emission would be deter-
mined solely by the ESPT process, as observed in
umbelliferone. An ESPT process with a lifetime of 0.5 ns
(predicted on the basis of pK," as discussed above) is suffi-
ciently different from what is observed that it would manifest
as a double exponential. An interpretation of the pH-5 N de-
cay involving both fluorescence and ESPT having lifetimes
coincidentally similar enough to be indistinguishable is con-
sistent with the pH-5 A emission decay and points to a kpt of
7x10%s™! but this is at odds with the kpy based on pK, by a
factor of 3. Nonetheless, the pH 5 data provide a direct view of
the ESPT process.

Lifetime in Other Solvents
While the anion tends to dominate over a wide range of pH in

aqueous solution, the scopoletin fluorescence lifetime in
methanol and tetrahydrofuran is expected to be due to N
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emission because the ESPT process is predicted to be too slow
even in methanol to compete with fluorescence [2]. Table 3
presents a comparison of the methanol N lifetime 7y to the
aqueous A lifetime 75 for scopoletin, umbelliferone, and 4-
methylumbelliferone. In each case, 7y is smaller than 7, al-
though scopoletin stands out as having the largest 7y of the
three. The lifetime of scopoletin emission in tetrahydrofuran
with base added, assuming N is completely converted to A, is
comparable to the aqueous A lifetime by a factor of 0.8
(Ttir/THyo )- The lifetime of scopoletin in tetrahydrofuran
without base added represents N emission, which is a factor
0f 0.12 smaller than the THF-A lifetime, a factor quite similar
to that for umbelliferone in Table 3.

Spectra in Tetrahydrofuran

Figure 6 shows the normalized, absorbance and fluorescence
emission spectra for scopoletin in the aprotic solvent THF for
the neutral and anionic forms. Both N spectra agree well with
those observed by Smith et al. [6]. The A spectra in Fig. 6
reveal that both absorbance and emission are red shifted upon
removing a proton, similar to what is observed in water. The
un-normalized A emission intensity is considerably larger
than N emission. The ratio of the integrated, un-normalized,
emission curves, corrected for differences in absorbance and
excitation lamp intensity at the excitation wavelengths, gives a
relative quantum yield (®/®y) of 10 £ 1. Similar to water, A
is the stronger fluorophore, but in water the quantum yield
ratio is only 1.2.

Stokes Shift

Table 4 summarizes the spectral characteristics of scopoletin
for several pH values and for the neutral and anion forms in
THF. Comparing the aqueous spectra to the THF results,
there is a small 3-nm blue shift in N absorbance from the
aqueous spectrum to that for THF. Abu-FEittah and El-Tawil
[4] also observe a similar solvent effect with scopoletin, a
modest blue shift in the N absorbance spectrum going from
ethanol to the less polar dioxane, and they note a similar blue
shift for aesculetin in the same solvents. Nad and Pal [36]
observed a 10-nm blue shift in absorbance of coumarin 500
(an ionizable proton on the ethyl-amino group in position 7)
by a decrease in solvent polarity (polar methanol to less polar

ethyl acetate). DFT/PCM models comparing scopoletin in
water and THF also predict a blue shift for N absorbance
but it is small, less than 1 nm. For the A absorbance wave-
length, there is observed a red shift from water to THF, and
the calculation also predicts a small red shift. Table 4 also
lists the Stokes shift for each case. Crosby [5] noted the large
Stokes shifts in the most prominent natural coumarins,
umbelliferone, aesculetin, and scopoletin, but it is worth
pointing out that the Crosby account, which only compared
emission at pH 1 and 10, misses that fact that the Stokes shift
for scopoletin over the pH range 3 to 7 is >110 nm due to the
photoacid effect.

Computational Modeling

Table 4 also includes the calculated absorbance and emission
wavelengths for comparison with experiment. Despite the
fact that the model always underestimates the wavelengths
for both absorption and emission, the shift from neutral to
anion and from one solvent to another is encouraging. The
predicted wavelengths are all within 10% and most are with-
in 5% of the experimental value. Another measure of the
relative success of the modeling is the prediction of absor-
bance ratio of anion to neutral. In water, the absorbance
maximum of the anion is 1.64 times larger than that for the
neutral (visible in Fig. 2). The model provides intensities for
the absorption transition, and the model ratio of anion to
neutral is 1.69. In THF there is a similar anion to neutral
intensity ratio for both experiment and model, 1.45 and 1.67,
respectively. So, both the wavelength and relative intensities
of the model are in reasonable agreement with experiment,
supporting the notion that the B3LYP/cc-pVTZ/PCM level
of theory does a reasonable job of modeling scopoletin. In
terms of the calculated Stokes shift expressed in nm units
(for example, )\f\m—)\j‘fs), the value is always underestimated,
and the average difference with experiment is 21%, with the
largest different at 30%; and yet the modeling is able to get
the right trend from largest to smallest Stokes shift. For the
extraordinary Stokes shift at pH 5, the calculated result re-
quires imposing the photoacid behavior (A" ) to cal-
culate a Stokes shift of about 100 nm (14% shy of the ex-
perimental value).

Modeling the tautomer at the same level of theory predicts
that tautomer emission will be longer than the anion by ~40 nm.

Table 3 Lifetime comparisons

among three coumarins Coumarin 7w (methanol) (ns) Ta (water) (ns) ™™N/TA Citation
scopoletin 2.7 4.7 0.57 this work
umbelliferone 0.7 52 0.16 [3]
4-methylumbelliferone 1.2 5.1 0.24 [3]
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Fig. 6 Normalized absorbance and fluorescence emission spectra of
neutral and anionic 7.7 uM scopoletin in tetrahydrofuran. N is
converted completely to A by the addition of sodium to the solution.
Excitation is at the N and A absorbance maxima, 341 and 393 nm,
respectively. The fact that the water Raman signal is visible in the N
spectrum, labeled with the *, is an indication that integrated, un-
normalized, neutral emission spectrum is 17 times smaller than the
anion emission

A graphical representation is included in Fig. S8. This differ-
ence between A and T is similar to what is observed experi-
mentally for the umbelliferone tautomer. The experimental
aqueous emission spectra presented here lack significant
change in intensity with pH in this region, which suggests that
the tautomer does not play a significant role in the photody-
namics in scopoletin.

Conclusions

This study has contributed several photophysical properties to
the description of scopoletin fluorescence. Its behavior as a
photoacid helps explain its remarkably large Stoke shift. The
pH-dependent absorbance and emission spectra allow us to
determine the ground-state and excited-state pK, to be 7.4 =
0.1 and 1.4+0.1, respectively. The pK, implies an ESPT rate
constant an order of magnitude smaller than that for
umbelliferone. The spectra also suggest that the photodynamics
involves the neutral and anion with little to no participation of
the tautomer. Our current interest in applying a similar experi-
mental approach to aesculetin offers the prospect of comparison
with scopoletin, as both coumarins have oxygen substitution in
the same two benzene ring locations. The addition of more
experimental pK, values will permit the testing of our ability
to calculate pK, and pK," for coumarin structures. Since
Simkovitch et al. [2] have described the direct connection of
umbelliferone photoacidity to its antifungal activity, it will be
interesting for those focused on coumarin bioactivity to test
whether similar structure-function relationships extend to
scopoletin and other photoacidic coumarins, like aesculetin.
The measured scopoletin quantum yield is consistent with it
having a bright, striking emission, and the fluorescence lifetime
of scopoletin is similar to other highly fluorescent coumarins.
The fact that the quantum yield remains high at low pH may
make it more useful than umbelliferone as a fluorescent indica-
tor, although this study shows that the absorbance and emission
vary with pH over quite different ranges. Finally, modeling with

Table4 Observed and calculated (in italics) excitation and emission wavelength maxima and the Stokes shift for scopoletin; solution concentration for
experimental results are 10 pM and 7.7 uM in water and tetrahydrofuran, respectively

Solvent, pH A%, nm A nm Stokes shift (nm) Stokes shift (cm ™)
Water, 0.2 Experiment 344 434 90 6030

Calculation 334 397 63 4750

Difference* 10, 3% 34, 8% 27, 30% 1300, 20%
Water, 5.0 Exp. 346 460 114 7200

Calc. - - 987 6800

Diff. - - 16, 14% 400, 5%
Water, 9.0 Exp. 380 461 81 4600

Calc. 375 432 57 3500

Diff. 5,1.3% 29, 6% 24, 30% 1100, 24%
THF Exp. 341 417 76 5300

Calc. 334 392 58 4400

Diff. 7, 2% 25, 6% 18, 24% 900, 17%
THE, base added Exp. 394 446 52 2960

Calc. 378 427 49 3040

Diff. 16, 4% 19, 4% 3, 6% —80, 3%

*difference between experimental and calculated value, expressed as absolute difference and percent difference from experimental value

+ assuming the photoacid model AS"—\2
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the B3LYP/cc-pVTZ/PCM method gives a reasonable descrip-
tion of the absorbance and emission characteristics.
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