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The molecule 2,8-diphenyl-3,7-dihydroxy-4H,6H-pyrano[3,2-g]-chromene-4,6-dione (D3HF, diflavonol) has
been synthesized. This molecule contains two mutually symmetric and identical intramolecular hydrogen-
bond systems. D3HF exhibits diverse excited-state proton-transfer processes, which transform it in a novel
molecule in proton-transfer spectroscopy. Ultraviolet-visible absorption and fluorescence spectroscopy have
been applied to D3HF in hydrocarbon, dioxane, and protic solvents from 295 to 77 K, together with fluorescence
quenching experiments. The interplay between intramolecular single-proton-transfer and intermolecular double-
proton-transfer processes has been demonstrated in protic solvents. Density functional calculations (DFT) in
the ground state (DFT-B3LYP) and in the singlet excited states (time-dependent DFT) have been executed
for D3HF and for 3-hydroxiflavone (3HF). The theoretical calculations confirm the experimental photophysical
evidence. The role of the phenyl torsion on the proton-transfer spectroscopy of D3HF and 3HF is also discussed.
Contrary to previous semiempirical calculations, for the isolated 3HF molecule the most stable conformation
is the coplanar phenyl ring conformation.

Introduction

The proton-transfer (PT) process has become an important
issue in a great variety of fields in science and technology.1-4

The molecule 2,8-diphenyl-3,7-dihydroxy-4H,6H-pyrano[3,2-
g]-chromene-4,6-dione (D3HF, Scheme 1) has been synthesized
to create two identical intramolecular hydrogen-bond (IMHB)
systems in the isolated molecule under one electronic structure,
thus enhancing our insight in excited- and ground-electronic-
state PT processes. The structural features of D3HF offer key
examples of single-PT (SPT) and double-PT (DPT) processes
and their relationship on a singular molecular skeleton.

D3HF is a structural analogue of the 3-hydroxyflavone (3HF)
molecule, its structure being like two phenylγ-pyrone molecules
fused with a benzene ring, thus the isolated molecule possesses
a biaxial symmetry corresponding to theC2V symmetry group.
The D3HF molecule exhibits several photophysical similarities
with 3HF. For instance, both molecules D3HF5 and 3HF6,7

exhibit strong PT fluorescence with vibronic structure in
hydrocarbon solvents. Both their vibronic structure and the peak
fluorescence wavelength are correctly predicted by time-
dependent (TD) density functional theory (DFT) calculations,

which show stationary-state energy minima in its ground
electronic state (S′o) and the first excited electronic state (S′1).
In protic solvents the PT fluorescence of 3HF has been observed
as well, but accompanied by the normal tautomer (NT)
fluorescence.6,7 The behavior of 3HF in protic solvents parallels
that found for the D3HF molecule, but this latter increases in
complexity owing to the presence of two IMHB systems (vide
infra).

The PT fluorescence of D3HF has been reported previously5

in Decalin at 298 K and in ethanol at 77 K, and it shows peaks
at 587 and 600 nm, respectively. On the basis of the TD-DFT
(B3LYP) calculations for the S1 state, and DFT(B3LYP)
calculations for the So state, that PT fluorescence band was
assigned to the intramolecular SPT fluorescence. Intramolecular
DPT fluorescence of D3HF was not observed either at 298 K
or at 77 K in Decalin, ethanol, and in solvent mixtures.
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This paper aims at exploring, for the first time, the several
possibilities of PT processes and their interplay that D3HF
exhibits in the isolated molecule, thus resembling the gas phase,
and in different solvents, as for example, Decalin, methylcy-
clohexane, dioxane, and alcohol.

At 298 K a long-wavelength fluorescence band is observed
at ca. 566 nm in ethanol solution, and upon quick freezing at
77 K this fluorescence band shifts to 600 nm and loses its
complexity. This 600 nm emission band resembles the PT
fluorescence band monitored in dioxane, Decalin, and methyl-
cyclohexane at 298 K. A most feasible interpretation is
demonstrated based upon the interplay between inter- and
intramolecular PT processes, together with a dynamical quench-
ing mechanism.

The research of flavonoid compounds has led a skyrocketing
increase, owing to the discovery of their biological role in plants,
the disease resistance as antifungal agents or as phytoalexins,
and recently their relevant contribution in human physiology
and medicine.1,8,9 Indeed, some recent experiments suggest that
some flavonoids may have a value as anticancer agents.1,10-14

These important applications of the flavonoids emphasize the
necessity to understand the foundations of their activity.

Theoretical and Experimental Methods

Spectroscopy.Absorption spectra were measured at 298 K
on a Shimadzu UV-2100 spectrophotometer, utilizing a ther-
mostatized bath Medingen U6. The D3HF molecule exhibits a
limited solubility and tends to aggregate in hydrocarbon solvents.
To eliminate aggregation effects, sufficiently dilute solutions
have been employed. Absorption spectra from 298 to 106 K
were recorded with the aid of a Varian Cary 5 spectrophotometer
and a thermostatized cooling system Oxford Optistat DN. The
emission spectra at 298 K were recorded with a Fluorolog-2,
an SLM Aminco 48000, and an SLM Aminco Bowman (Series
2) spectrofluorometers, and were corrected for instrumental
sensitivity, except for those emission spectra in Figure 8. Some
luminescence measurements at 77 K were obtained by quick-
freezing in a low-temperature accessory. The luminescence
spectrum series from 298 to 77 K were recorded by slow
freezing, using the cooling system Oxford Optistat DN coupled
to the SLM Aminco Bowman (Series 2) spectrofluorometer.
At 77 K, the D3HF ethanol matrix was not adequately
transparent because of cracking, and the corresponding absorp-
tion spectrum could not be recorded owing to an excessive light
scattering.

The solvents used were of spectrophotometric quality, and
were checked for the impurities. For the sake of checking and
avoiding the photodegradation of the sample, the irradiation
times have been shortened and absorption spectra have been
recorded before and after the experiments. No photodegradation
of the samples was observed in the experiments reported in this
paper.

Synthesis.The molecule 2,8-diphenyl-3,7-dihydroxy-4H,6H-
pyrano[3,2-g]-chromene-4,6-dione was synthesized by the Al-
gar-Flynn-Oyamada reaction.15 For this purpose 2,4-dicin-
namoylresorcinol was threaded by hydrogen peroxyde in
alkaline water-ethanol solution. The precipitate obtained after
acidification was purified upon several recrystallizations from
chloroform. The yellow crystals obtained possess mp 323-324
°C (323 °C according to ref 15). The purity of D3HF was
checked by TLC and1H NMR methods. Mass, IR, and1H NMR
spectroscopies confirmed authenticity of D3HF. The charac-
teristic spectroscopic data values of the1H NMR spectrum,
measured at 200 MHz frequency in DMSO-d6 with TMS as

internal standard, are displayed below. These data values are
presented inδ-scale, and abbreviated as signal position in ppm,
and shape of a signal (s) singlet; d) doublet, m) multiplet,
and b) broad). The coupling constant, number of protons, and
their position in the molecule (in brackets) are also reported:
9.77bs, 2H (OH-3, OH-7); 8.76s, 1H (H-5); 8.22d, 8 Hz, 4H
(H-2′,6′,2′′,6′′); 8.02s, 1H (H-10); 7.56m, 6H (H-2′,3′,6′,2′′,3′′,6′′).

Theoretical Calculations.All the calculations were executed
with the split valence 6-31G(d,p) basis set, commonly named
as 6-31G**, which introduces d polarization functions on heavy
atoms and p polarization functions on the hydrogen atoms.16

The ground-electronic-state (So) calculations with geometry
optimization were executed using density functional theory
(DFT) with the B3LYP hybrid functional. Stationary points on
the So potential energy (PE) curve were further characterized
with calculations of vibrational frequencies. The So stationary
minima obtained represent fully optimized geometries without
frozen coordinates with all the vibrational frequencies as
positive. The PT PE curves were obtained by stretching only
one of the O-H distances (stepwise mechanism) or both O-H
distances (concerted mechanism), and thus fixing those distances
and allowing the remaining intrinsic coordinates to be opti-
mized.

The excited-state calculations were executed using two
different methods. In method A, theoretical calculations at the
B3LYP-DFT level for So, and at the CIS level (without geometry
optimization) over the B3LYP-DFT fully optimized geometry
for calculating the excited-state electronic densities, and dipole
moments. In method B, time-dependent (TD) DFT (B3LYP)
methodology was executed to obtain the electronic transition
energies to be added to the corresponding DFT (B3LYP)
energies. Therefore, the PT PE curves have been built with the
methodology B. All the calculations have been performed with
the aid of the Gaussian 98, and the Spartan 4.1 programs.17

Results and Discussion

PT processes are connected to molecular structure,4,18,19thus
revealing a fundamental theme in chemistry and physics. Within
an IMHB system an H-donor and an H-acceptor are linked so
that an intramolecular PT reaction might be produced in the
ground state (GSIPT) or in the excited state (ESIPT): the
electrostatic and covalent character of the IMHB link has been
demonstrated.20 However, there is not a clear-cut relation
between hydrogen bond strength and the occurrence of a PT
process.18,19 For example,19 some molecules which possess
strong IMHB (i.e., methyl 1-hydroxy-2-naphthoate and methyl
2-hydroxy-1-naphthoate) do not undergo ESIPT nor GSIPT
mechanisms, and however, their analogue (i.e., methyl 2-hy-
droxy-3-naphthoate) with a weaker IMHB does undergo ESIPT
mechanism. The key point to better understand this subject lies
in the acidity and basicity change undergone by the H-donor
and H-acceptor groups upon excitation, respectively. There
exists a requirement by which upon photoexcitation both donor
and acceptor groups of each hydrogen bond undergo a large
increase in acidity and basicity, respectively.21 If only one
component of the donor-acceptor pair undergoes a large
increase, but not the other, the PT process will be hindered. As
can be seen in the HOMO-LUMO orbitals of the D3HF
molecule (Figure 1) the increase of acidity of the hydroxy group
is accompanied by an increase in basicity of the carbonyl
group within the IMHB. Thus, the three HOMO-LUMO pairs
in the S1 state (Figure 1a-c) depict two intramolecular PT
processes, SPT and DPT, which may occur, and compete with
each other.

Excited-State Proton-Transfer Processes in D3HF J. Phys. Chem. A, Vol. 107, No. 18, 20033317



The novel design and characterization of the D3HF molecule,
which undergoes several PT processes (vide infra), will
definitely provide valuable information on the PT spectroscopy
of the 3HF molecule and its analogues, and on the SPT and
DPT processes in general.

Absorption and Molecular Structure of D3HF in Isolated
Molecule and in Hydrocarbon Solution. The absorption
spectrum of D3HF is batochromically shifted ca. 40 nm in
comparison to the absorption spectrum of 3HF, Figure 2. In
accordance with the TD-DFT calculations, the Franck-Condon
electronic transition So(NT)fS1(NT) is π,π* in nature with a
predominant HOMO-LUMO configuration, as well as the other
two electronic transitions So′(SPT)fS1′(SPT) and So′′(DPT)fS1′′-
(DPT).

The calculations obtained at the TD-DFT level show that the
transition dipoles are oriented perpendicular to each other, and
lie along they-axis for S1 (La), and along thex-axis for S2 (Lb).
This transition dipole orientation distribution matches the
transition dipole orientation of anthracene and tetracene.22

Therefore, the calculated perpendicular mutually polarization
of transition moments obeys the symmetry requirement of the
D3HF molecule, which resembles that of anthracene and
tetracene.

The first question addressed when calculating the D3HF
molecule is, what geometry does it possess? The main point is
whether the phenyl rings are in or out of the aromatic plane of
the heterocyclic moiety. The phenyl torsion feasibility in the
D3HF molecule has been studied (Theoretical Methods Section)
in the So (B3LYP-DFT) and in the S1 states (TD//B3LYP-DFT).
The theoretical results indicate that the D3HF molecule is planar
in all the electronic states, thus presenting coplanar phenyl rings
as the most stable geometry, with all the vibrational frequencies

as positive for the stationary minimum-energy states of the NT,
SPT, and DPT tautomers in So. However, the energy difference
between out-of-plane and in-plane phenyl ring configurations
is very small. Indeed, for the So state of NT the fully optimized
geometry with one of the phenyl rings anchored at 5° out of
the plane possesses an energy value of only 0.02 kcal/mol higher
than that of the in-plane phenyl conformation. Thus, within the
Boltzmann distribution at room temperature, there might be a
set of out-of-plane phenyl conformations in equilibrium with
the coplanar one. Upon excitation, the potential energy curve
for the phenyl torsion becomes steeper (0.04 kcal/mol for a 5°
dihedral phenyl torsion vs the coplanar conformation) than in
the So state, thus indicating that the coplanar conformation is
more favored in the S1 state, though the energy difference is
still very small.

Also, upon excitation, as can be seen in the HOMO-LUMO
orbitals (Figure 1), there exists a greater contribution in the inter-
ring phenyl-chromone bond, gaining a larger double-bond
character and thereby posing a hindrance to phenyl torsion. The
same results obtained above for D3HF are applied to 3HF; the
most energetically favored conformation yields the in-plane
phenyl ring one, though the out-of-plane conformational energy
is only slightly higher. The phenyl ring coplanarity in 3HF at
the DFT level agrees with the optimized geometry found at the
HF level,23 and contradicts previous theoretical results obtained
by using the semiempirical AM1 method,24 which reported a
saddle point in So for the in-plane (coplanar) phenyl ring 3HF
conformation. For 3HF, X-ray data have reported a phenyl-
chromone dihedral angle of 5.5°.24 The intermolecular forces
in the crystal packing may force the 3HF-phenyl ring to be out
of planarity. These interactions are to be absent in gas phase or
hydrocarbon solution. Conversely, in alcohol solution the phenyl
ring may be forced to be out of planarity owing to the
complexity of hydrogen bonding solute-solvent interactions
(vide infra).

Does the phenyl torsion significantly change the energetic
of the ESIPT? The calculated in-plane and out-of-plane con-
formation energies for D3HF lead to a small energy difference
as stated above. Also, the ESIPT process for D3HF ought to be
very fast. The ESIPT time for 3HF in S1 has been measured to
be 240 fs.25 The same order of magnitude for the PT rate of
D3HF may be assumed owing to structural similarities, and that
in dried Decalin and methylcyclohexane solution the only
emission observed corresponds to the PT fluorescence (vide
infra). The high PT rate in S1 supports that the phenyl torsion

Figure 1. Homo-Lumo (π,π*) orbitals which depict the S1-state
configuration for the normal tautomer (NT), the single-proton-transfer
(SPT) tautomer, and the double-proton transfer (DPT) tautomer of
D3HF.

Figure 2. Upper: Absorption spectra of the 3HF and D3HF molecules
in Decalin. Lower: Fluorescence spectra of 3HF (λexc ) 340 nm) and
D3HF (λexc ) 370 nm) in Decalin.
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motion, which is an order of magnitude slower than the
measured ESIPT rate for 3HF,26 does not influence significantly
the ESIPT process.23 In accordance with this conclusion, the
PT PE curves for D3HF have been calculated from a coplanar
phenyl conformation either for the So state or for the excited-
singlet-electronic states.

The existence of the SPT tautomer of D3HF in the ground
state seems to be unlikely in view of the 13 kcal/mol energy
difference with the NT species. The same conclusion has been
drawn for the 3HF molecule; its PT tautomer absorption has
not been monitored in the ground state even under drastic
conditions at low temperature.27-30

The presence of two five-membered intramolecular hydrogen
bonds of the carbonyl-hydroxy type in D3HF poses new avenues
to PT spectroscopy, thus offering a more complex photophysical
picture than that of the 3HF molecule.

Emission of the D3HF Molecule in Hydrocarbon Solution.
The D3HF emission in Decalin is depicted in Figure 2 in
comparison to that of the 3HF molecule. D3HF preserves some
of the peculiar properties of the 3HF. (I) Both molecules exhibit
intramolecular PT emission.5,31 The energy difference between
the absorption and the PT emission spectra yields ca. 9200 cm-1

for 3HF, and 8800 cm-1 for D3HF (Figure 2). (II) The
intramolecular PT tautomer of 3HF was assumed to involve a
double-minimum-potential barrier, with subsequent experimental
demonstration given by the sharpened vibronic structure posed
by the 3HF PT emission in Shpol’skii matrixes at 77 K,32 and
by argon matrixes at 10 K.25 The D3HF molecule also poses
vibronic structure in the fluorescence spectrum, which matches
the theoretical results that show stationary-state energy minima
either in the S′1, or in the S′o states of the PT PE curves. The
excitation spectra (not shown) of the fluorescence emission
resemble the respective absorption spectra.

Proton-Transfer Processes of D3HF in the Isolated Mol-
ecule and Hydrocarbon Solution.Owing to the presence of
two IMHBs in the D3HF skeleton, single- or double-PT
processes may be occurring. Figure 3 shows the concerted DPT
process for the So and the first three excited singlet states. The
ground state exhibits two minima for both the NT and the DPT
species with positive vibrational frequencies. The So PT process
is endothermic with a barrier of ca. 26 kcal/mol for the direct
DPT process, and of 1.6 kcal/mol for the reverse DPT process.
The S1 and S2 states show exothermic DPT processes, thus
allowing this concerted mechanism to occur. To the converse,

the S3 state exhibits an endothermic DPT process for the same
O-H distances. However, comparison of the PT barriers of the
concerted (Figure 3) and the stepwise mechanisms (Figure 4)
shows lower PT barriers (concerted, S1-S1′′, 9.3; S2-S2′′, 8.9;
and S3-S3′′, 10.6 kcal/mol; vs stepwise, S1-S1′, 2.9; S2-S2′,
6.4; and S3-S3′, 3.6 kcal/mol) for the latter mechanism.

Figure 4 indicates that the SPT minimum in S1′ is more stable
than that of the DPT minimum in S1′′, thus trapping the excited-
state population, and impeding the second PT process to occur.
The fluorescence peak at 587.5 nm in Decalin, and at 582 nm
in methycyclohexane at 298 K, corresponds to the theoretically
calculated So′-S1′ SPT electronic transition of 579 nm (Figure
4) and thus was assigned to the SPT excited-state electronic
transition. The intramolecular DPT emission, which should have
appeared at about 698 nm (TD-DFT), has not been observed at
298 K nor at any other temperature up to 77 K, in mixtures of
methylcyclohexane and 2-methyltetrahydrofuran (2:1), meth-
ylcyclohexane/2-methyltetrahydrofuran/ethyl iodide (2:1:1), and
ethanol, as reported previously.5 Other solvent mixtures have
been checked in order to unravel the existence of the D3HF
DPT emission (Table 1), however, all attempts failed to reveal
that emission, though the DPT emission may lie underneath the
long-wavelength tail of the SPT emission, thus possessing a
very low fluorescence quantum yield.

In sum, the S1 state will lead to a SPT process, the S2 state
provides grounds for a DPT stepwise mechanism via a stable
SPT intermediate in S2′, and the S3 state exhibits a SPT process
similar to that of the first excited singlet PE curve (Figure 4).

Figure 4 gathers some routes that could be guiding the PT
processes of the D3HF stepwise-type diagram in the singlet
manifold. The SPT fluorescence process is represented by the
R-â route, in which upon excitation a SPT process (R) occurs,
with a subsequent intramolecular vibrational relaxation, and then
decaying by emission (â) to the So′ state. Nonradiative process
in the â route, by internal conversion or intersystem crossing
may be competing with the emission decay. A fraction of SPT
species in S1′ may be produced by reverse PT (ε) from DPT
species in S1′′. This DPT species may be generated through the
ø-δ route in S2, via a stable SPT intermediate (S′2) along a
stepwise mechanism, and following the back PT (ε) route. This
process seems to possess a low probability since the theoretical

Figure 3. Proton-transfer potential-energy curves of D3HF for the
concerted mechanism.

Figure 4. Stepwise proton-transfer processes of the D3HF molecule
calculated with DFT for the So state, and with TD-DFT for the singlet
excited states.
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calculations show that the electronic density on the oxygen
atoms, O3 and O7, decreases abruptly upon excitation, thereby
not favoring the reverse DPT to happen. Also, Figure 1 shows
the HOMO-LUMO orbitals for the DPT tautomer, in which
the LUMO orbital contribution on the oxygens O3 and O7 is
zero. As mentioned above, the DPT fluorescence process (φ)
through either the first or second singlet excited states has not
been observed experimentally. In addition, the PTø-δ-ε route
will not be favored when competing with the internal conversion
between the S2-S2′-S2′′ and the S1-S1′-S1′′ states. Also, the
SPT γ route seems to be unlikely owing to a most probable
fast internal conversion from S3 to S2 and to S1.

The D3HF Molecule in Dioxane Solution. The D3HF
fluorescence spectrum at 298 K in dioxane consists of two
bands, Figure 5. The first fluorescence band at ca. 453 nm
corresponds to the NT fluorescence. It does not exhibit vibronic
structure and its excitation spectrum resembles the absorption
spectrum. The second fluorescence band at 600 nm is assigned
to the SPT fluorescence; its excitation spectrum also resembles
the absorption spectrum in dioxane solution, Figure 5. This
evidence exemplifies one of the rare cases in which both the
NT and the PT fluorescences come from the same absorbing
species in the ground state. Therefore, both fluorescences may
be ascribed to the close-form NT species of the D3HF molecule
(Scheme 2).

The disruption of the five-membered IMHB is more feasible
than a six-membered one by H-accepting solvents. Therefore,
it was reasonable to expect that in such a solvent as dioxane,
the solute-solvent interactions might force the opening of the
five-membered IMHB, thereby generating the open-form spe-

cies. The existence of the open-forms species was observed
neither in the excitation and emission spectra nor in the
absorption spectra of D3HF in dioxane. The absorption spectrum
of D3HF in dioxane resembles that recorded in hydrocarbon
solution.

It is suggested that the larger solvent polarity of dioxane
compared to hydrocarbon stabilizes the S1 stationary minimum-
energy state of NT, thereby favoring the fluorescence decay of
the close-form NT species. The calculated dipole moments of
the close-form NT molecule yield 5.02 D for the So state, and
6.98 D for the S1 state. This means that the increase of solvent
polarity tends to shift D3HF absorption and emission bands to
the red. The orientation of both dipole moments of the So and
S1 states does not change and lies along the C5 and C10 carbons
in the y-axis. Thus, the solvent relaxation effect for the close-
form NT emission is expected to be negligible.

The DFT(B3LYP) calculations with 6-31G** basis set and
full geometry optimization have resulted in that the open form
of D3HF with in-plane phenyl rings (open-in, Scheme 2) is 30.2
kcal/mol less energetically favored than the close-form species
(Scheme 2). Nevertheless, the open-in optimized geometry
exhibits three negative vibrational frequencies, and thus it does
not represent an energy minimum.

On the other hand, when the phenyl ring is out of planarity
(open-out, Scheme 2) a final phenyl-chromone dihedral angle
of 35.3° (i.e., C6′′-C1′′-C8-O9, with full geometry optimiza-
tion) is obtained. This new open form (open-out) is 20.1 kcal/
mol less stable than the close-form (Scheme 2). The open-out
species also possesses the hydroxy groups out of the chromone
plane (i.e., H7-O7-C7-C8,-14.8°), and provides 10.2 kcal/
mol energy stability in comparison with the open-in form

TABLE 1: Absorption and Emission Wavelength Maxima of D3HF in Several Solvents at 298 K (RT) and 77 K, and
Half-Width (HW) of the PT Emission at RT

solvent λ (nm), ABS λ (nm), EMRT: NT/PT λ (nm), EM 77K: NT/PT HW (cm-1) RT

decalin 386 -/587.5 1139
methylcyclohexane (MCH) 385 -/582 1165
1,4-dioxane 386 453/600 1503
ethyl ether/MCH (2:1) 372, 384 440/599 416,441/604 1353
ethyl ether/n-pentane (2:1) 369 439/598 415,442/605 1368
EPA 357, 375 475/606 422,444/602
ethanol 360 484/566 442/602 2556
methanol/ethanol (9:1) 345, 359 488/564 450/602
propylene glycol 358-374, 352 488/562 445/606

Figure 5. Upper: Excitation (1, monitoring at 620 nm) and fluores-
cence (2, exciting at 386 nm) spectra of D3HF in dioxane at 298 K.
Lower: Excitation (1) and absorption (2) spectra of D3HF in dioxane
at 298 K.
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species. The vibrational frequency analysis reveals all positive
vibrational frequencies for the open-out structure.

The 20.1 kcal/mol energy difference instability of the open-
out species compared to the close-form NT species may explain
why the open-form species is not observed in dioxane solution.
The stability of the open-form species is associated with the
solvation energy of this species. It is expected that in other
solvents the open-form species may be generated, for example,
via stronger intermolecular hydrogen bonds, which may provide
greater solvation effect, and greater energy stability.

It has been demonstrated33 that the solvatochromism of the
PT fluorescence of 3HF depends basically on three factors,
polarity, and polarizability, and basicity of the solvent used,
acidity having a negligible contribution. If a more basic solvent
than dioxane (i.e., ethanol) is employed, the IMHBs of D3HF
may be disrupted and the open-form species would be generated.

The D3HF Molecule in Ethanol Solution.At 298 K, a very
intriguing emission spectrum is recorded, which seemingly
shows only two emission bands centered at ca. 480 and 566
nm (Figure 6). The 566 nm band displays an anomalous half
width of 2556 cm-1, which is twice larger than that of the SPT

fluorescence of D3HF (Table 1) in methylcyclohexane (1165
cm-1), or in dioxane (1503 cm-1). The excitation spectrum of
the 566 nm band upon monitoring at 540 nm is blue-shifted in
comparison with the absorption spectrum. While the excitation
spectra by monitoring at 610 nm appears to be similar to the
absorption spectrum. The Stokes’ shift between the excitation
spectra and the 566 nm emission band yield about 8500 cm-1.
Owing to the blue shifted excitation spectrum of the 566 nm
emission and to the large Stokes’ shift, we suggest that this
emission is originated by the open-form absorbing species,
which may undergo an intermolecular PT process upon excita-
tion. The TD-DFT calculations yield a So-S1 transition for
the open-out species of 374 nm, which is blue shifted com-
pared with the So-S1 transition of 414 nm for the close-form
species.

The absorption spectrum shows another band centered at 470
nm, which possesses a small absorbance. Upon exciting at 470
nm, a new single emission band develops, thus peaking at 540
nm. For the purpose of determining the nature of this long-
wavelength absorption band, a fresh solution of D3HF ethanol
was formed and a small amount of sodium ethoxide was added.
By this procedure, the double anion of D3HF was totally
generated in the ground state (Figure 7). The absorption
spectrum changes dramatically, and shows a long-wavelength
absorption band centered at 470 nm. Upon excitation the
absorbing species yields a fluorescence band that resembles the
D3HF emission band at 540 nm in ethanol. The fluorescence
of the D3HF ethoxide/ethanol solution exhibits an excitation
spectrum that matches the corresponding absorption spectrum.
The long-wavelength absorption band in ethanol may be thus
ascribed to the solvated anion species. Thus, the long-
wavelength fluorescence of the D3HF in ethanol may experience
a contribution from the ground-state anion of D3HF, and thus
artificially increase the half-width of the long-wavelength
fluorescence band.

At first glance, the fluorescence spectrum of D3HF in ethanol
at 77 K presents a puzzle. When lowering quickly the temper-
ature up to 77 K, a spectrum is obtained which poses two
fluorescence bands centered at about 442, and 602 nm, and a
negligible peak at 540 nm (Figure 6). The 540 nm peak of
emission is almost hidden in the tail of the other two emissions.
The 602 nm fluorescence resembles the intramolecular SPT
fluorescence monitored in methylcyclohexane, Decalin, dioxane,
and ethyl ether/hydrocarbon mixtures, thus possessing a half
width of ca. 1200 cm-1. The excitation spectra at 77 K upon
monitoring the emission at 610, 515, and 442 nm exhibit some
differences.

Figure 6. Upper: Excitation (1, monitoring at 566 nm) and fluores-
cence (2, exciting at 349 nm) spectra of D3HF in ethanol at 298 K.
Lower: Excitation (1, upon monitoring at 610 nm) and Fluorescence
(2, upon excitation at 360 nm) spectra of D3HF in ethanol at 77 K.

Figure 7. Absorption spectra of D3HF in ethanol (A), and in ethanol
with sodium ethoxide (B). Inset: anion fluorescence spectrum (λexc )
390 nm) of D3HF in the ethanol/sodium ethoxide solution at 298 K.
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Additionally, we observed an excitation wavelength depen-
dence of the emission spectra at 77 K. Thus, upon excitation at
360, 380, and 427 nm the intensity of the SPT fluorescence at
602 nm diminishes progressively. This SPT emission is, upon
excitation at 427 nm, lower in intensity than the 442 nm
emission band. In addition this 442 nm band develops vibronic
structure (two peaks at about 442 and 470 nm), and the 540
nm shoulder is seemingly suppressed. This wavelength depen-
dence may be interpreted in terms of a composite absorption
band, with several species generated, that is, open-out species
(Scheme 3), close-form species, and anion species. The close-
form species may be those depicted in the Schemes 2 and 3;
thus, it comprises a five-membered IMHB close-form and an
intermolecular complex (2:1) solvent-solute close-form, re-
spectively.

Furthermore, it is noteworthy to mention that the fluorescence
intensity decreases abruptly in ethanol as compared to dioxane,
and hydrocarbon solution at room temperature.

Absorption and emission experiments of D3HF in other
alcohol solutions as EPA (ethyl ether/isopentane/ethanol, 5:5:
2), methanol/ethanol (9:1), and propylene glycol have manifested
the same behavior as that observed in ethanol either at 298 K
or at 77 K.

For the sake of unraveling the nature of the 566 nm
fluorescence band in alcohol solutions, a dioxane/ethanol
titration at 298 K and low-temperature absorption and emission
spectra have been measured (298-77 K).

Switching between Intra- and Intermolecular PT Pro-
cesses in Alcohol Solution.The titration of D3HF in dioxane
with ethanol is represented in Figure 8. It shows the dramatic
decrease of the SPT emission with increasing the concentration
of ethanol from 8.30× 10-7 M to 14.14 M. The emission band
of NT is also quenched, though to a smaller extent. The decrease
of the SPT emission is accompanied by the appearance of a
new emission band centered at 540 nm at high ethanol
concentration. At 14.14 M concentration of ethanol, the resultant
emission band peaks at 566 nm, and possesses a large half-
width of about 2500 cm-1. The SPT fluorescence has decreased
about 90 times on going from pure dioxane to dioxane
containing 14.14 M concentration of ethanol. This experiment
reveals a clear-cut quenching of the SPT and NT emission with
ethanol addition. Therefore, the 566 nm fluorescence found in
solutions with alcohol content is composed of two bands: the
intramolecular SPT fluorescence, and the fluorescence peaking

at 540 nm that may be assigned to the fluorescence of the
solvated double-anion or single-anion emission (vide infra). This
540 nm emission may be mainly produced because of the
excited-state intermolecular PT process. The excitation spectrum
of this last band is blue shifted with respect to the absorption
spectrum and thus could be due to the open-form species. Thus,
it is suggested that the excited-state anion species is generated
by two pathways: (I) from the ground-state solvated anion (as
a minor contribution) and (II) upon excitation of the ground-
state open-form species (as a great contribution) that undergo
intermolecular PT generating an excited-state solvated anion-
type species, which fluoresces at ca. 540 nm.

Low-Temperature Experiments from 295.4 to 77 K in
Ethanol Solution. The fluorescence behavior from 295.4 K up
to 160 K seems to be dominated by the increase of fluorescence
intensity of the intramolecular SPT emission band vs the anion
emission. This close-form SPT emission increase does not
correlate with the corresponding absorption increase observed
when decreasing the temperature (Figure 9), and it thus
illustrates a dynamical quenching effect. Because the quencher
and the fluorophore require physical contact, the excited-state
collitional quenching process is diffusion-controlled, and is
impeded when lowering the temperature, the SPT fluorescence
intensity increases. This dynamical quenching may have distinct
origins, among others: (I) exciplex formation and (II) the
phenyl-torsion mechanism. Exciplex formation has been invoked
to explain the quenching of the 3HF PT emission in alcohol, or
in hydrocarbon with addition of small amounts of water, or
alcohol.34 On the other hand, the phenyl torsion does not seem
to be coupled to the ESIPT process of the 3HF molecule, owing
to the lack of viscosity dependence of the ESIPT rate.23

Also small amounts of a ground-state complex produced by
the close-form species of D3HF and ethanol molecules may
develop a static quenching. Intermolecular solvent-solute

SCHEME 3

Figure 8. A: Fluorescence (λexc ) 370 nm) quenching of D3HF in
dioxane with addition of several ethanol quantities (0, 0.46, 0.94, and
1.38 M). Inset: enlargement of the first emission band. B: Fluorescence
quenching of D3HF in dioxane with addition of large concentrations
of ethanol (5.56, 10.12, and 14.14 M). These spectra are not corrected
for instrumental sensitivity.
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hydrogen bonds with the close-form NT species may generate
complexes. The static quenching would not have disappeared
with decreasing the temperature, and thus it is expected to be
in a minor contribution.

Below the freezing point of ethanol (159.05 K) the following
fluorescence changes are prominent: (I) the large increased of
the intramolecular SPT emission, (II) the increase of the NT
emission, and (III) the blue shift of the NT emission from 484
nm at 160 K to 442 nm at 77 K, ca. 1950 cm-1 (Figure 9).

On one hand, the NT fluorescence spectrum is devoid of
vibrational structure. The loss of vibrational structure induced
by alcohol was attributed to formation of an excited-state
complex (exciplex) in the 3HF34 and indole35 molecules. For
the latter case, it was conclusively demonstrated36 that the
fluorescence changes, with an isoemissive point, observed in
the 1-methylindole molecule in isooctane with addition of small
concentrations of polar solvents as butanol or ethyl acetate were
due to ground-state complex formation. Slight changes in the
absorption spectra were linearly correlated with the fictitious
exciplex emission changes. The fluorescence quenching of
1-methylindole would not present a diffusional character, and
thus, no changes in the emission spectrum with lowering the
temperature would have appeared.

As one may see in Figure 10, the absorption profile of D3HF
changes with decreasing the temperature from 295 to 106 K.
The vibronic structure is enhanced, in addition to a red shift of
the shoulder at 386 nm that becomes a peak at 400 nm. In Figure
1 of the Supporting Information, the absorption spectra in
Decalin and dioxane at 298 K, and ethanol at 298 and 106 K
are depicted for comparison. The decrease of the temperature
from 298 to 106 K for the absorption spectrum in ethanol leads
to a red shift of 900 cm-1 compared to that absorption spectrum
in Decalin, and to the gain of vibrational structure. This behavior
has been also observed in the mixture ethyl ether/n-pentane and
may be tentatively explained by an interplay between the close-

form complexes of NT with the solvent used (Scheme 3) and
NT close-form species (Scheme 2). Nevertheless, more experi-
ments should be necessary to shed light on this point.

Characterizing the Fluorescence Quenching of D3HF.The
fluorescence of D3HF in dioxane was quenched by the presence
of different amounts of ethanol, and a corresponding Stern-
Volmer analysis was undertaken for the NT fluorescence
emission. The ratio of fluorescence quantum yields exhibit an
excellent linear relationship vs the ethanol concentration, with
a correlation coefficient ofr ) 0.998,Fo/F ) 1.010+ 0.323
[ethanol] (Figure 2 of the Supporting Infomation). Thus, the
fluorescence quenching of NT is dynamical owing to excited-
state interactions between the ethanol molecules and the D3HF
molecule. In contrast, the PT fluorescence quenching illustrates
a quadratic dependence (Figure 2 of the Supporting Infomation),
which could have been ascribed to a contribution from both
static and dynamical quenchings, eq 1,Fo/F ) 0.997+ 0.519
[ethanol] + 0.671 [ethanol]2 (r ) 1.000). Conversely, the
quadratic dependence obtained does not match the combination
of static and dynamical quenchings:Fo/F ) 1 + (KD + Ks)-
[ethanol]+ (KDKs)[ethanol]2. The dynamical and static bimo-
lecular quenching constants,KD and KS, respectively, cannot
be determined from eq 1, the two solutions of the quadratic
equation yield imaginary values. Positive deviations from the
Stern-Volmer equation are observed when the extent of
quenching is large. The SPT fluorescence quenching may be
2-fold: (a) ethanol molecules quench a fraction of the NT
species, and (b) another fraction undergoes a PT reaction, and
a part of the SPT molecules are subsequently quenched. This
may imply that the quenching process of a fraction of close-
form NT is faster than the PT process. This explanation may
rationalize the quadratic dependence, and thus, the principal
source of quenching would be dynamical for both the NT and
the SPT fluorescences.

An additional explanation relies on the quenching by ethanol
aggregates. These aggregates are to be more effective quenchers
than monomers because they may form stronger hydrogen
bonds, thus also presenting a diffusional character.

As the temperature is lowered from 295 to 77 K in a D3HF
ethanol solution, the fluorescence intensity of the SPT emission
band increases about 90 times. These experiments emphasize
the diffusional nature of the quenching, which is proper of the
dynamical quenching. Furthermore, from Figure 9 one may
extract information on the bimolecular quenching constants (KD

) Kqτo) at each temperature, which may be proportional to the
ratio fo/f (fo/f ) 1 + Kqτo [ethanol]), wherefo represents the
fluorescence quantum yield without quenching action (at 77 K,

Figure 9. Fluorescence of D3HF in ethanol (λexc ) 370 nm) as a
function of temperature from 295 K (a) to 77 K (i). Inset: enlargement
of the spectra f (160 K), g (133 K), and h (106 K).

Figure 10. Absorption spectra of D3HF in ethanol as a function of
temperature from 295 to 106 K. The arrows indicate the batochromic
and hipsochromic changes observed. Inset: enlargement of the absorp-
tion region between 420 and 600 nm.
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as an approximation), andf, the quantum yield with quenching
action (at any other higher temperature). The quencher con-
centration [ethanol] is kept constant. If the quenching is
dynamical, or diffusion controlled, the plot offo/f should be
linear with the ratioT/η,37 T being temperature (inK), andη
equal to viscosity (in cp). References 38 and 39 gather the
viscosity parameters in ethanol for 25 temperatures, from 175.04
to 346.72 K. These data obey the Andrade equation withr )
0.999, that is, log(η) ) 680.01/T - 2.25. By interpolating the
temperatures used, above of the freezing point of ethanol (295,
268, 241, 214, and 187 K), the viscosity values are obtained
with great accuracy. As a result, an excellent linear relation is
found with r ) 0.998 for the SPT fluorescence quenching,fo/f
) 23.22+ 0.23 T/η (Figure 2 of the Supporting Infomation).
In conclusion, both fluorescence bands NT and SPT show a
definitive dynamical quenching. Further, as the alcohol content
of the dioxane solution is sufficiently large, the open-form
species and the anion species are generated in the ground
electronic state.

A Mechanism for Excited-State Dynamical Quenching of
the Close-Form PT Emission of D3HF in Alcohol Solution.
It is proposed that at room temperature, the dominant conforma-
tion of D3HF is ascribed to the close-form species with the
out-of-plane phenyl rings (Schemes 2 and 3). The solvated open-
out species (Scheme 3) absorb to the blue of the close-form
conformation; however, the absorption spectrum in ethanol is
not blue-shifted with respect to that in methylcyclohexane or
Decalin. Thus, there might be a fraction of open-form species
but in a minor contribution. Emission from the open form
species has not been observed.

The open-form species may be polysolvated (Scheme 3) in
the ground state at sufficiently large concentrations of alcohol,
and upon excitation undergoes the intermolecular PT process.
Thus, the fluorescence at about 540 nm comes from the solvated
double-anion or single-anion type species, generated because
of an increase of the acidity of the O-H groups in the excited
electronic state of D3HF, and the subsequent intermolecular PT
process. The excited-state single-anion formation has been
discarded because the TD-DFT theoretical calculations predict
its So-S1 electronic transition at 1250 nm. However, the double-
anion emission is theoretically predicted at 587 nm (observed
at about 540 nm in ethanol), thereby overlapping the SPT
emission located theoretically at 579 nm (experimentally, at
587.5 in Decalin, and at 600 nm in dioxane). The DFT
geometries of the single-anion and double-anion species have
been optimized, and exhibit all the vibrational frequencies as
positive.

The fluorescence shift from 587 nm (theoretically) to 540
nm (experimental) of the double-anion emission may be
explained because of the solvation effect of the alcohol
molecules, which stabilizes more the excited state than the
ground state of the double anion. The formation of the ground-
state double anion is also feasible, and observed experimentally
as a small band to the red of the 386 nm absorption band (Figure
7, inset of Figure 10).

The generation of the polysolvate open-form molecules upon
addition of alcohol to D3HF in dioxane may yield a contribution
to the static quenching (Figure 8). Nevertheless, the contribution
of this type of quenching is regarded as small.

The quenching mechanism of the excited state of the D3HF
molecules (Scheme 4) involves the intermolecular hydrogen
bond between the ethanol solvent molecules and the close-form
NT of the D3HF molecule (Schemes 2 and 3). The oxygen
centers of D3HF are firmed candidates to generate hydrogen

bonds, because of their increase of basicity upon excitation. In
accordance to Scheme 4, upon excitation of the NT close-form
tautomer two possibilities are depicted: (I) a fast PT reaction
to generate the SPT tautomer and (II) the solvent molecules as
quenchers might contact with the NT molecule giving rise to
the formation of exciplex type species (NT-Q*). After the
excited-state PT reaction, the SPT species generated undergoes
several processes, for instance, (I) generation of a distinct
exciplex type species that may suffer a nonradiative decay or
(II) fluorescence emission. The exciplex type species SPT-Q*
could comprise the complex formation of the close-form species
(Scheme 2) with alcohol molecules by means of intermolecular
hydrogen bonds. This represents the mechanism A in Scheme
4.

An additional mechanism B may be effective if the NT-Q*
species undergoes SPT reaction before decaying, giving rise to
SPT-Q* species, which may be subsequently quenched, or may
emit fluorescence.

Conclusions

It is theoretically demonstrated for D3HF the interplay
between the single-proton-transfer (SPT) and the double-proton-
transfer (DPT) intramolecular processes in the first singlet
excited state. Both proton-transfer (PT) processes are exother-
mic. The double-proton transfer follows a concerted mechanism.
The excited-state SPT species acts as an end-point in the excited-
state PT processes, and experimentally, only the SPT emission
has been monitored.

As a result of density functional theory (DFT) calculations
and time-dependent DFT calculations the most stable geometry
for the isolated molecule corresponds to the coplanar phenyl
ring conformation for both molecules D3HF and 3HF.

In dioxane solution, two fluorescence bands were recorded
exhibiting identical excitation spectra that resemble the absorp-
tion spectrum of D3HF. The short-wavelength band was
assigned to the normal tautomer (NT) close-form species
(Scheme 2) and the long-wavelength band represents the SPT
close-form species.

The addition of H-accepting solvents such as ethanol to
dioxane has revealed: (a) the dynamical quenching of both the
NT and the SPT fluorescences and (b) the interplay between
the intramolecular SPT process and the intermolecular DPT
process. This latter process is clear-cut catalyzed by the solvent
molecules, thus mainly generating in the excited state the
solvated double anion of the D3HF molecule.

Therefore, the long-wavelength fluorescence band at 566 nm
in alcohol solution at room temperature consists of two bands:
the solvated double-anion fluorescence at 540 nm, and the
intramolecular SPT fluorescence at 600 nm. The overlap of this
two fluorescences leads to an increase of the half-width and to
a blue shift. At 77 K in glassy alcohol (e.g., ethanol), the
dynamical quenching is eliminated, and the SPT fluorescence

SCHEME 4
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band at 600 nm becomes dominant and separated from the
solvated double-anion fluorescence.

A short-wavelength emission band is also monitored in
alcohol solution. This emission band has been tentatively
assigned to a close-form complex of the D3HF molecule and
the alcohol molecules (i.e., Scheme 3).
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