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Solutions of sodium salicylate in anhydrous polar solvents exhibit a weak, temperature-dependent absorption
band (λmax ≈ 325 nm) lying in the Stokes gap between the main absorption (296 nm) and the fluorescence
band (396 nm, acetonitrile). This weak, longer wavelength absorption band is hardly observable in aqueous
solution, but its intensity increases with temperature and increases with polarity in anhydrous organic solvents
in the order of ethanol< acetonitrile< dimethyl sulfoxide at room temperature. After correction for solvent
thermal contraction, the temperature-dependent absorption spectrum of salicylate in acetonitrile solutions reveals
a clear isosbestic point (ε310 ) 2000 M-1 cm-1) characteristic of an equilibrium between two salicylate species
with band-maximum extinction coefficients ofε325 ) 3400 M-1 cm-1 andε296 ) 3586 M-1 cm-1. In acetonitrile
at room temperature (298 K) the concentration equilibrium constant (minor/major) for the interconversion
reaction between the two species isK298 ) 0.11, with∆H ) 1.6 kcal mol-1 and∆S ) 0.97 cal‚mol-1 K-1.
The fluorescence lifetime (4.8 ns in acetonitrile) and the shape of the fluorescence spectrum are independent
of excitation wavelength. The fluorescence quantum yield for excitation in the long-wavelength shoulder
(340 nm) is approximately 60% larger than the yield for excitation in the main band at 296 nm (æ340 ) 0.29,
æ296 ) 0.18) in acetonitrile at room temperature. These results are consistent with assignment of the shoulder
band to the proton-transfer tautomer of the salicylate anion. Electronic structure calculations support assignment
of the 325 nm absorption band to the ground-state tautomer (phenoxide anion form) of the salicylate anion.
Absorption transition moments for both the normal and tautomer forms are parallel to the emission transition
moment, are electronically allowed, and are consistent with1Lb assignment for both absorbing and emitting
transitions. The static dipole moments are in the order ofµ(N*) g µ(N) > µ(T*) > µ(T) for the normal (N)
and tautomer (T) ground and electronic excited states.

Introduction

Proton transfer between tautomers in excited electronic singlet
states has been well established for several families of organic
compounds with the potential for intramolecular, intermolecular,
or solvent-bridged hydrogen bonding between a proton donor
(such as a phenolic hydroxyl group) and a proton acceptor (such
as a carbonyl oxygen).1,2 The photocycle for intramolecular
hydrogen-bonded (IHB) systems (N+ hνe f N* f T* f T +
hνf f N)3 is supposed to proceed on the pathway of excitation
(hνe) of the stable “normal” IHB conformation (N), followed
by excited-state intramolecular proton transfer (ESIPT) to the
proton-transfer tautomer (T*). Emission from T* (hνf) has a
characteristically large Stokes gap (>8000 cm-1). The nature
of the potential energy surface of the ground state at the
equilibrium geometry of the excited state of proton-transfer
tautomers remains an active area of experimental and theoretical

study.4,5 While the ground-state tautomers (T) of ESIPT systems
are often reasonably assumed to be unstable (i.e., with no
ground-state local minimum at the equilibrium nuclear config-
uration of the excited-state T*), nevertheless a few stable
ground-state tautomers of ESIPT systems have been observed
or inferred.6-14 It is evident that the polarity and H-bonding
strength of solvents affect the stabilization of ground-state
tautomers. Recently15,16 Bisht et al. interpreted the pressure-
induced increase of the emission intensity of salicylic acid in
nonpolar methylcyclohexane as partly due to increased formation
of the ground-state tautomer with pressure. They deduced a
partial molar volume change of-4.3 cm3/mol for N f T
tautomerization. We discuss here the evidence for existence of
a metastable ground-state proton-transfer tautomer (T) of the
salicylate anion in equilibrium with the normal form (N) in
anhydrous polar solvents.

Dual fluorescence of salicylate esters and derivatives has
formed the basis for extensive experimental and theoretical tests
of the ESIPT hypothesis originally proposed by Weller for
methyl salicylate.17 It is now accepted that two fluorescing
methyl salicylate rotamers exist in equilibrium, each with a
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distinct excitation spectrum and fluorescence (structures I and
II in Figure 1).18-22 A third, open form (III) also can be trapped
and shows only short-wavelength emission from N*.21,22ESIPT
between the phenolic-OH and the carbonyl oxygen of the ortho
carboxylate group is now recognized as the source of long-
wavelength fluorescence in rotamer (I). Rotamer (II) shows only
short wavelength (“normal” or N*) fluorescence characteristic
of a phenolic species. The rapid rise time of the long-wavelength
emission in methyl salicylate indicates that the ESIPT rate is
faster than 1011 s-1.23 It is now believed there is no significant
equilibrium between N* and T* and that ESIPT is barrierless
in many salicylate derivatives.24 The structure of the excited-
state tautomer is a resonance hybrid between the quinoidal form
(IV) and the phenoxide tautomeric form (V) which is zwit-
terionic in the neutral derivatives. Electron redistribution in the
excited-state isomers and the shape of the excited potential
energy surface (single or double minimum) remain active areas
of study. On the excited-state potential energy surface the proton
moves from the hydroxyl oxygen atom to an ortho carboxyl or
aldehyde oxygen in response to electronic charge transfer in
the excited state from the donor (increasing the acidity of the
proton donor) to the aromatic ring and acceptor system
(increasing its basicity).25-39 Direct evidence for the coupling
of excited-state proton transfer with excited-state electron
transfer has been reported for salicylic acid,40 imidazopy-
ridines,41 aminosalicylates42,43and amine-substituted flavones.44-46

The nature of the ground state at the ESIPT equilibrium nuclear
configuration (i.e., at the geometry of T*) also has been an open
question of whether T is a metastable intermediate (represented
by a resonance form such as IV or V) in equilibrium with the
normal (N) phenolic ground state (closed form I) or whether
the proton undergoes rapid, barrierless back-transfer on the
ground-state surface following fluorescence.47-49 For example,
equilibria in the ground and excited states are controlling para-
meters for proposed lasing action of ESIPT compounds.13,14,50-52

At room temperature the predominant ground-state isomer
of salicylate anion possesses an intramolecular hydrogen bond
between the phenol and carboxylate groups (N in Figure 2).
Calculations and experiments agree that the H-bonded phenol
and carboxylate groups lie in the plane of the phenyl ring.4,12,53,54

FTIR spectra show that the closed IHB structures I and II of
salicylate monoanion are identical since both carboxyl oxygens
are equivalent.55,56 Because of the delocalized negative charge
and the coplanarity of the phenyl-ring and carboxylate groups,

the salicylate phenol group forms a strong intramolecular
hydrogen bond with the carboxyl group in all solvents. The
lowest energy absorption of the first excited singlet state of
aqueous salicylate anion lies in the quartz UV (296 nm) as
expected of an ortho disubstituted benzene derivative. Despite
the low symmetry of salicylate, the Franck-Condon accessible
lowest excited singlet state can be roughly correlated with the
1Lb state of substituted benzene compounds.57,58In the excitation
sufficient electronic charge is transferred from the hydroxyl
oxygen to the phenyl ring to create a potential gradient leading
to proton transfer. What distinguishes the fluorescence of
salicylate anion, its esters, and its derivatives from that of many
other disubstituted phenyl compounds is its unusually long
wavelength (415 nm for the aqueous anion). While the gap
between excitation and fluorescence maxima (Stokes gap) is
typically 4000-6000 cm-1 in disubstituted benzenes, the Stokes
gap of aqueous salicylate anion is 9700 cm-1. Such large Stokes
gaps are indicative of a large geometry change and subsequent
relaxation in the excited electronic state, such as ESIPT in
aromatic compounds that contain a strong IHB.18,59-61 Unlike
many methyl salicylate and related neutral compounds which
give both short (N*) and long (T*) wavelength emission, the
salicylate anion only shows the Stokes-shifted blue emission
(T*) even in such a strong polar protic solvent as water. The
lack of near UV emission (N*) is evidence that the non-IHB
open forms and solvent disruption of IHB are both absent in
the anion. Salicylate anion has a higher fluorescent quantum
yield than the other neutral salicylate derivatives. These proper-
ties make salicylate a useful spectroscopic probe in scintillation
counting, biochemistry, pharmacology, and metal ion complex-
ation in natural waters.62-65

A readily available published spectrum of sodium salicylate
in ethanol59 documents its unusual photophysics. The fluores-
cence maximum (403 nm) is separated from the absorption
maximum (296 nm) by approximately 8970 cm-1. Such a large
gap between absorption and emission bands must represent
significant nuclear rearrangement in the excited state and is taken
as evidence for ESIPT in the anion. Inspection of the Berlman
absorption spectrum for ethanolic sodium salicylate59 reveals a
wide, long-wavelength tail (330-350 nm) that is not charac-
teristic of S1 r S0 absorption band shapes of the substituted
benzenes. In this paper we show that the long-wavelength
absorption tail is due to a salicylate isomer (the tautomer T)
that is stabilized in anhydrous nonprotic polar solvents and that

Figure 1. Structures of salicylate esters. Figure 2. Proposed dominant electronic resonance structures of the
salicylate anion photocycle.
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this isomer has the same fluorescence band shape as that created
by excitation of the stable ground-state isomer (N). The
extinction coefficient, fluorescence anisotropy, and fluorescence
decay time constant for the less stable isomer are nearly identical
to those of the stable form. The relative amount of the isomer
form varies with solvent protic character and with temperature.
Assignment of this isomer to the ground-state proton-transferred
tautomer (phenoxide anion form) of the salicylate monoanion
is consistent with the observed spectroscopic, thermal, and
chemical properties of the 325 nm absorption band. We will
show that the conversion between the short- and long-
wavelength absorption bands is intramolecular and is not due
to dimerization, protonation (forming salicylic acid), or hydroxyl
deprotonation (forming salicylate dianion). This optical spec-
troscopic identification of the ground-state phenoxide tautomer
of the salicylate monoanion opens the possibility to study the
complete ESIPT photocycle by direct excitation of both tau-
tomers.

Experimental Section

Sodium salicylate, reagent grade, was purchased from Mallinck-
rodt Chemical Co. Salicylic acid, reagent grade, was purchased
from Aldrich. Anhydrous dimethyl sulfoxide, spectrophotometric
grade ethanol, and acetonitrile were purchased from Aldrich in
septum-capped bottles. Sodium hydroxide, perchloric acid,
sodium perchlorate, acetic acid, triethylamine, and deuterium
oxide were purchased from Aldrich. All chemicals were used
as received without further purification. Solvent transfers from
the original bottles were performed under the protection of dried
N2 with Teflon syringes. Solutions of sodium salicylate, salicylic
acid, acetic acid, and triethylamine in organic solvents were
prepared by weighing the compounds and immediately transfer-
ring them into glass solvent tubes that were sealed with Teflon-
lined caps. Tubes were opened only when the solution was
transferred to the spectroscopic cell. All spectroscopic measure-
ments were carried out in UV quartz cells with matched Teflon
caps and further sealed with Parafilm.

The aqueous solutions were prepared using spectroscopic
grade water from a Millipore reversed osmosis and ion exchange
system, with ultraviolet sterilization of the finished water. Care
was taken to avoid long periods of water-plastic contact to
eliminate contamination of the water with residual phthalates
often associated with plastic tubing and vessels. The pH’s of
the aqueous solutions were adjusted using solutions of analytical
grade sodium hydroxide or perchloric acid and measured on an
Orion Model 720A pH meter equipped with an Orion micro-
electrode.

Absorption spectra were measured on a Cary 3 spectropho-
tometer. Fluorescence and excitation spectra were recorded using
a SPEX Fluorolog II fluorometer equipped with two double
monochromators (SPEX1680), a 450 W xenon lamp, and a
cooled photomultiplier. Excitation spectra were corrected for
spectral variation of the excitation light intensity. The spectral
response of the emission detection system was nearly constant
across the emission wavelength range (350-450 nm), and
therefore the reported emission spectra were not corrected for
spectral response.

For experiments at temperatures lower than room temperature,
an atmospheric pressure, flow-through cryogenic work station
equipped with four pairs of Suprasil quartz windows was used
(Cryo-Industries of American RC 152). In this apparatus liquid
nitrogen is evaporated and temperature controlled by an internal
heater before passing over a 3 or 5 mmsquare quartz tube

containing the liquid sample. Gas-phase cooling of the sample
allows homogeneous cooling of an unsealed sample at ambient
pressure and avoids interference of the spectroscopic measure-
ments from turbulence and gas bubble formation in liquid
nitrogen. The cell temperature was controlled by a Lakeshore
330 autotuning temperature controller ((0.01 °C). To correct
for the solvent contraction at lowered temperatures in the
temperature-dependent absorption spectra, it was assumed that
the sum of the oscillator strengths of the normal species and
tautomer is constant in the entire temperature range studied on
the basis of the similar structures of the two species and, more
importantly, the fact that the normal species is always predomi-
nant in the absorption spectra at all the temperatures. Thus,
solvent contraction is compensated by normalizing the areas
under the absorption curves of the spectra at lowered temper-
atures to the area under the absorption curve at room temper-
ature.

Fluorescence lifetime measurements were carried out on a
time-correlated single-photon-counting (TCSPC) apparatus con-
structed in our laboratory.66 Laser excitation was provided with
the frequency-doubled output of a cavity-dumped Coherent 702
dye laser operating between 580 and 610 nm (290-305 nm,
frequency-doubled) or a Coherent Satori 774 dye laser operating
between 620 and 683 nm (310-341 nm, frequency-doubled).
The dye lasers were pumped by the second harmonic of a mode-
locked Coherent Antares Nd:YAG laser operating at 76 MHz.
The sample fluorescence emission was collected with a pair of
parabolic mirrors and focused onto an American Holographic
double monochromator. The dispersed light was detected by a
microchannel plate photomultiplier. The laser pulse width was
less than 3 ps, and the measured instrument response was
typically between 20 and 30 ps fwhm. For each lifetime
measurement, the decay curve has a minimum of 104 counts in
the peak intensity channel.

The steady-state fluorescence anisotropy (R) of a sample is
defined as the difference between the vertical (Iv) and horizontal
(Ih) polarization components of emission intensity, divided by
the total emission intensity,R ) [Iv - Ih]/[ Iv + 2Ih], where the
polarization componentsIv and Ih have been corrected for
instrumental polarization bias in the standard ways using
both horizontal excitation ofIv and Ih in the frozen samples
and also a room-temperature diluted cyclohexane solution of
anthracene.67-70 For the steady-state anisotropy measurements
in the fluorometer, Glan-Thompson polarizers were placed in
both the excitation and emission light paths. A polarization
scrambler was placed immediately behind the polarizer on the
emission side to ensure undiscriminated response of the mono-
chromator and optical system to emitted light of either polariza-
tion.

The time-resolved fluorescence anisotropy,R(t), was
determined using measured time-dependent intensities of
the vertical and horizontal fluorescence polarizations,
R(t) ) R0 exp(-t/τr).71 Time-resolved fluorescence anisotropy
was measured on a Hamamatsu 5680 streak camera equipped
with M5675 synchroscan and M5678 synchroblanking units.
Laser excitation was provided by the frequency-doubled dye
laser system described above. The system response function
varied from 3 to 15 ps, depending on thermal drift and jitter in
the timing of the laser pulses. To measure the vertical and
horizontal polarization components of fluorescence intensity,
Iv(t) andIh(t), using the streak camera, the polarization analyzer
was rotated manually between vertical (v) and horizontal (h),
collecting 750 laser pulses in each orientation. The analyzed
decay curvesIv(t) and Ih(t) are the result of at least 10
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accumulations (i.e.,>7500 laser pulses) with at least 104 counts
in the peak time channel.

Results and Discussion

Absorption and fluorescence spectra of sodium salicylate in
dry acetonitrile at room temperature (28°C) are shown in Figure
3. The extinction coefficient (molar absorptivity) of sodium
salicylate in acetonitrile was determined by a Beer’s law plot
to be 3586( 40 M-1 cm-1 at the band maximum (296 nm).
The weak long-wavelength shoulder seen in the absorption
spectrum is enhanced by a factor of approximately 2 in the
intensity-corrected emission excitation spectrum (Figure 4). The
shape of the fluorescence band is independent of excitation
wavelength over the range investigated (280-360 nm). Relative
to the main excitation band at 296 nm, the intensity of the long-
wavelength shoulder band increases with solvent polarity but
decreases with increasing solvent protic (hydroxyl) content.
For example, the effect of increasing mole fraction of water
on the absorption spectrum in salicylate/acetonitrile/water
solutions is shown in Figure 5. An isosbestic point is observed
at 309.5 nm, and the shoulder band is very weak at the highest
water concentration (2.4 M H2O). In a completely aqueous
solution of salicylate (no acetonitrile) the shoulder is hardly

observed. An isosbestic point at 309.5 nm also is seen in the
temperature-dependent absorption spectra which have been
corrected for solvent contraction (Figure 6). These isosbestic
points are taken as evidence of an equilibrium between two
ground-state isomers of the salicylate anion. The major isomer
is responsible for the main absorption band at 296 nm,
while the absorption band of the minor isomer lies under the
main band, in the longer wavelength shoulder (320-340 nm).
We assign the main absorption band to the normal form isomer
(N) and the shoulder band to its proton-transfer tautomer
(T). The following results and discussion support this assign-
ment.

Salicylate anion is in equilibrium with its protonated form at
low pH (salicylic acid, aqueous pKa ) 2.95) and with its doubly
depronated form at high pH (salicylate dianion, aqueous pKa )
13.4). To investigate the possibility that the shoulder band may
be due to either salicylic acid or the dianion, 10-4 M solutions
of sodium salicylate in acetonitrile were separately titrated with
acetic acid and with triethylamine up to 1.5× 10-3 M in acid
or base. In both titrations there was no observable change in
the ratio of absorbance of the two bands,A300/A325. The
finalconcentration of acid and base in these titrations represents
an excess of 15 over the salicylate concentration. Formation of
dimers or higher oligomers can cause absorption bands to be
polarity and temperature dependent. The ratio of fluorescence
excitation intensities of the deconvoluted bands (I300/I325 ) 5.3
( 0.3) did not vary systematically over the concentration range
10-7-10-4 M. These results give confidence that only monomer
salicylate is responsible for the spectra observed in the aceto-
nitrile solutions of this study.

To estimate the relative concentration of the two isomers,
the absorption spectra were decomposed into two component
curves using the following procedure. The more intense 296
nm component was first approximated by using the absorption
spectrum of salicylate in aqueous acetonitrile solution (2.4 M
H2O in CH3CN), which is nearly free of the longer wavelength
shoulder. The main band at 296 nm has similar structure and
shape in both dry and wet acetonitrile. The spectrum of salicylate
in wet acetonitrile was then scaled to give a good fit to the
spectrum of salicylate anion in dry acetonitrile (260-300 nm).
The shoulder band shape was then approximated as the
difference between the spectrum in dry acetonitrile and the
scaled spectrum of the aqueous solution (Figure 3). This

Figure 3. Absorption and fluorescence spectra of sodium salicylate
in dry acetonitrile showing deconvolution of the two absorption bands
under the absorption spectrum.

Figure 4. Excitation spectrum of sodium salicylate in various solvents,
corrected for spectral variation of excitation light intensity. Comparison
with the absorption spectrum (Figure 3) shows qualitatively that
quantum yieldφ340 is higher thanφ296.

Figure 5. Effect of adding water on the absorption spectrum of sodium
salicylate in acetonitrile. The ratio of tautomer to normal absorbance
decreases with increasing concentration of water. Note the isosbestic
point at 310 nm.
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difference band, which peaked at 325 nm, was fit to a Gaussian,
which was then incrementally subtracted from the dry aceto-
nitrile spectrum to minimize the shoulder as much as possible
without causing a negative deviation on the long-wavelength
side of the resulting short-wavelength main band (296 nm). By
this method two component spectra,AN andAT, were determined
for each of the absorption spectra in the temperature range 231-
291 K (Figure 6).

The extinction coefficient at the isosbestic point permits
calculation of the extinction coefficient for the two component
bands. At the isosbestic point (310 nm, Figure 6) the extinction
coefficients N and T are equal:εiso

310 ) εN
310 ) εT

310. The
slopes of the absorption spectra are relatively steep at the
isosbestic point, and therefore the extinction coefficient at the
isosbestic point was estimated to be 2000( 100 M-1 cm-1.
Extinction coefficients for the maxima of the major and minor
component bands were then calculated by reference to the
measured extinction coefficient at the isosbestic point:

The estimated uncertainty in these values is(100 M-1 cm-1.
The concentrations of N and T were then calculated from the
component absorbancesAN,296 ) [N]εN,296l and AT,325 )
[T]εT,325l, wherel ) 1 cm is the sample length. The temperature
dependence ofKT is graphed as a van’t Hoff plot in Figure 7.
The concentration equilibrium constant for [T]/[N] at 298 K
was interpolated to beK298 ) 0.11. From the slope and intercept
of log(KT) plotted against 1/T (K-1), the enthalpy and entropy
difference between the normal and tautomer forms were
determined to be∆H ) 1.6 kcal mol-1 and∆S) 0.97 cal‚mol-1

K-1.

Separation of the absorption into its major and minor
component bands (which are assigned in this study to the N
and T forms, respectively) also enables an estimate of the
fluorescence quantum yield of both forms. First, the fluorescence
quantum yieldΦN for excitation of the normal form of sodium
salicylate was estimated as the measured sample quantum yield
φ296 for excitation at 296 nm, using quinine sulfate as the
standard, according toφ296 ) φrArFs/As,296Fr. The indices r and
s refer to the quinine sulfate standard (r) and salicylate sample
(s), A refers to the absorbance at the wavelength of excitation,
and F is the area under the emission curves of r and s. The
fluorescence quantum yieldΦT for excitation of the tautomer
was then estimated as the samplerelatiVe quantum yieldφ340

for excitation on the long-wavelength side of the absorption
band (340 nm) where there is little absorption by the normal
form N: φ340 ) φ296 (As,296Fs,340/As,340Fs,296), where the inte-

Figure 6. Effect of temperature on the absorption spectrum of sodium salicylate in acetonitrile. The ratio of tautomer to normal absorbance
increases with temperature. Note the isosbestic point at 310 nm.

εN,296 ) εiso
310(AN,296/AN,310) ) 3586 M-1 cm-1

εT,325 ) εiso
310(AT,325/AT,310) ) 3400 M-1 cm-1

Figure 7. van’t Hoff plot of ln(K) vs 1/T, whereK ) [T]/[N] as
described in the text.

9648 J. Phys. Chem. A, Vol. 103, No. 48, 1999 Friedrich et al.



grated fluorescence intensities are now also indexed by their
respective excitation wavelengths. This analysis is possible
because the component absorbances were determined by the
absorption band decomposition described above. This estimate
of the fluorescence quantum yields assumes that the observed
fluorescence arises predominantly, possibly solely, from the
tautomer form, as supported by the invariance of fluorescence
band shape and lifetime with excitation wavelength (see below).
Optically thin samples were used for sample and reference
fluorescence quantum yield measurements. The fluorescence
quantum yield for excitation in the long-wavelength shoulder
(340 nm) is approximately 60% larger than the yield for
excitation in the main band at 296 nm (φ340 ) 0.29, φ296 )
0.18) in acetonitrile at room temperature.

The fluorescence lifetime in dry acetonitrile is practically the
same for excitation in both the main absorption band (4.85 ns,
282.5 nm excitation) and the long-wavelength shoulder (4.83
ns, 336 nm excitation). The steady-state fluorescence anisotropy
excited at 296 nm in ethanol glass at 80 K is constant, 0.30(
0.01, across the fluorescence spectrum (380-440 nm). In this
glass the excitation polarization spectrum is constant across the
absorption band (275-330 nm, monitored at 410 nm). In the
low-temperature glass, the excitation intensity of the long-
wavelength shoulder band is too weak to distinguish its
anisotropy from that of the main band. However, in room-
temperature acetonitrile the time-resolved fluorescence anisot-
ropy decay curves show that the initial anisotropy is high for
excitation into both the main and shoulder bands (0.32 at 300
nm and 0.33 at 336 nm excitation). This is consistent with the
steady-state anisotropy in ethanol glass (Acw ) 0.30), indicating
that the excitation (N*r N) and emission (T*f T) transition
dipole moments are approximately parallel. Although both N
and T species are excited at 336 nm, the constancy of the
limiting anisotropy implies that the transition moment of the
longer wavelength species is parallel to N*r N excitation,
consistent with the assignment of the longer wavelength band
to T* r T excitation. The anisotropy decay curves were fit to
a single exponential, with fitted rotational diffusion time
constants that are the same within experimental error, 16.7 ps
at 300 nm and 16.4 ps at 336 nm excitation characteristic of
rotational diffusion of a spherical solute with a mean diameter
of 0.7 nm.

The excitation and emission transition moments may be very
nearly parallel. In rigid ethanol glass at 80 K, the constancy of
the fluorescence anisotropy across the fluorescence band
indicates that the T*f T fluorescence transition is electronically
allowed and the amount of vibronic mixing is very small. There
are several processes that can make the measured anisotropy
less than the ideal value of 0.4 for parallel excitation and
emission transition moments. First, the excitation transition may
be slightly vibronically mixed. If vibronic mixing reduces the
fractional excitation probability along the emission axis to 0.9
(i.e., 10% of the excitation intensity is orthogonal to the emission
axis),A0 will be reduced to 0.33. However, a common indication
of vibronic mixing in an excitation band is variation (usually a
decrease) of anisotropy with decreasing wavelength, as the
excitation energy is scanned up from the band origin. However,
the constancy of the excitation anisotropy across the absorption
spectrum indicates that Nf N* is allowed with little vibronic
mixing. Thus, within the accuracy of our measurement, the
vibronic component of the excitation intensity is probably less
than 10%. Intrinsic randomization and instrumental depolar-
ization also reduce measured anisotropy. Practical anisotropy
measurements seldom record values near the maximum 0.4, even

with careful corrections for instrumental polarization bias with
“g” factors, largely because of instrumental depolarizing effects,
notably large aperture optics, unrecognized strain birefringence
(especially serious in low-temperature glassy solvents), and
solute rotational diffusion in organic glasses. These effects have
been treated quantitatively and reviewed.72,73For example, in a
practical right-angle photoselection system, it was found that
decreasing the collectionf/number from f/6 to f/2 reduced
measured anisotropy of anthracene (0-1 and 1-0 bands) from
0.37 to 0.34.68 Thus, the intrinsic salicylate anisotropies are high
for excitation into both bands (296 and 325 nm), and all
transition moments in the photocycle are very nearly parallel,
supporting the interpretation that the electronic states are
correlated and dipole allowed (i.e., weak or negligible vibronic
mixing).

We now discuss the properties of the photocycle structures.
Optimized isolated molecule structures were determined for
ground-state N and T isomers by an ab initio method, and
solvent effects were modeled by the isodensity polarized
continuum model (IPCM).74 Excitation energies, transition
moments, and oscillator strengths at the optimized N and T
geometries were determined for N* and T* using a semiem-
pirical method parametrized for spectroscopic properties.75-77

These are described below and discussed in the context of prior
qualitative considerations of perturbation effects of inductive
substituents on the benzene ring and the role of charge-transfer
character inducing ESIPT.

Equilibrium gas-phase geometries and harmonic vibrational
frequencies of the N and T ground-state tautomers, as well as
the proton-bridging transition state, were calculated at the MP2
level of theory (Møller-Plesset second-order perturbation
theory) within the frozen core approximation (the C and O 1s-
like electrons were not correlated). The one-particle basis set
corresponded to the standard aug-cc-pVDZ basis set of Dunning
and co-workers78,79 with the omission of the diffuse d-type
polarization functions on C and O and the diffuse p-type
functions on H. The calculated structures and dipole moments
of N and T are shown in Figure 8. Transfer of the proton from
phenol to the carboxyl group results in shortening of the
phenoxide C-O bond and the ring-carboxyl C-C bond with
concomitant lengthening of the carboxyl C-OH bond. In
addition, the aromatic ring bonds alternatively lengthen and
shorten, as shown in Figure 9. These changes are consistent
with significantly increased quinoidal character of the tautomer

Figure 8. Optimized structures of N and T isomers of salicylate anion
with superimposed dipole moments (solid, N; shaded, T):µ(N) ) 6.9
D; µ(T) ) 5.0 D.
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T electronic structure (Figure 2). (Optimized coordinates are
available on request from the authors.) At this level of theory,
the minor tautomer (T) is higher in energy than the major (N)
form by 0.17 kcal/mol. The intervening, bridging transition state
is located 0.36 kcal/mol above the N tautomer. Harmonic zero-
point energy (ZPE) vibrational effects, however, yield a tau-
tomerization energy of just-0.01 kcal/mol; i.e., the major and
minor tautomers are isoenergetic in the gas phase. In addition,
with the inclusion of ZPE corrections the barrier disappears
altogether (∆Eb ) -1.32 kcal/mol).

To estimate the effects of solvation on the relative energetics,
the IPCM74 was employed at the MP2 level of theory with the
basis set as described above and the optimized gas-phase
geometries. Dielectric constants of 78.54 and 37.5 were used
for water and acetonitrile, respectively.80 In each case, the N
tautomer is strongly stabilized relative to the T form. With the
use of the larger dielectric constant (water), the N tautomer is
stabilized by 3.3 kcal/mol relative to T and the bridged
transition-state structure is higher than N by 2.2 kcal/mol.
Addition of the gas-phase harmonic ZPE corrections leaves the
T tautomer 3.1 kcal/mol above the major form and the bridging
structure 0.5 kcal/mol above N. The relative energetics obtained
using the acetonitrile dielectric constant were essentially identi-
cal. It should be noted that our results are in good agreement
with the recent calculations of Shapley et al.,4 where a similar
correlation method and basis set were used.

Because of the low symmetry of salicylate, the Franck-
Condon accessible lowest excited singlet state has been con-
sidered to be correlated with both the1La and 1Lb states of
substituted benzene compounds. In a comparative study of the
systematics in the electronic spectra of polar ortho, meta, and
para disubstituted benzene derivatives, McGlynn et al. showed
that ortho substitution on benzene by a moderate-strength
electronic donor (-OH) and acceptor (-CO2R) always resulted
in the 1Lb lowest excited singlet state.57,58 Because vibronic
coupling in 1Lb states is much weaker than in1La states, the
electronic allowed character of the transition will dominate the
anisotropy of the excitation and emission, resulting in relatively
constant anisotropy across the fluorescence and excitation
spectra. This constancy of anisotropy is displayed by salicylate
anion. It has recently been argued by Nagaoka28,29 that the
electronic potential gradients leading to proton transfer require
a nodal plane in the electronic wave function between the ortho
electron donor (-OH) and acceptor (-CHO or CO2R). This
electronic configuration would result in a transition dipole
moment directed parallel to the aromatic bond connecting the
donor and acceptor. In para disubstituted benzenes ofC2V
symmetry, the1La transition carries significant charge transfer

and also lies parallel to the symmetry axis and perpendicular
to an electronic nodal plane that cuts across the aromatic bonds.
Nagaoka correlates the lowest excited state of ortho disubstituted
benzenes, such aso-hydroxybenzaldehyde, with the1La state.25-30

Inductive perturbations by the donor and acceptor groups
result in substituent specific transition moment parameters that
have opposite sign.81-83 Applying the rules of Petruska and Platt
to the benzene1B2u wave function (1Lb) using the transition
moments induced by each substituent,84,85 it is seen that ortho
hydroxyl and carboxylate substitution on benzene results in an
induced transition dipole moment for the1Lb state that isparallel
to the transition dipole moment computed by Nagaoka et al.,28,29

i.e., a transition with the appearance of1La (i.e., atom-to-atom)
that derives from inductive perturbation of the benzene1B2u

(1Lb) state. It is not the low symmetry per se of the ortho donor-
acceptor substitution that creates this apparent rotation of the
1Lb transition moment from bond-to-bond toward the atom-to-
atom direction. Instead, the direction is established by the
combined action of the alternating sign of the1Lb wave function
at adjacent, ortho carbon atoms and the opposite signs of the
inductive spectroscopic moments of the donor (hydroxyl) and
acceptor (carboxyl) groups. These qualitative concepts on the
effects of inductive substituents (1Lb) and the direction of charge
transfer between donor and acceptor (1La) both predict an atom-
to-atom transition moment parallel to the aromatic bond
connecting the substituents, but they disagree on the state
assignment.

The assignment of normal and ESIPT salicylate excited states
(1La or 1Lb) can be settled by recognizing that the transition
density patterns, not the location of nodes or the transition
moment directions, determine the assignment.75,76Semiempirical
INDO/S-CIS quantum chemical computations77 (ZINDO) using
196 singly excited configurations, Mataga-Nishimoto electron
repulsion integrals, and the original overlap factors77 were
performed on the ground-state N and T optimized geometries
obtained from the ab initio calculations described above.
Transition densities computed for the lowest five1ππ* states,
using the ground-state N and T ab initio optimized geometries,
are shown in Figure 10 (normal) and Figure 11 (tautomer),
together with transition moments, oscillator strengths, and
wavelengths. The transition densities support an assignment of
1Lb to the lowest singlet1ππ* state on both N* (294 nm) and
T* (329 nm). The resulting transition densities are clearly
centered on the bonds in Nf N*, and T f T* is similar but
slightly admixed with1La, with some transition density appear-
ing on the phenyl carbon connected to the carboxyl group. The
1Lb transition moments of N* and T* are computed to be nearly
parallel and are directed nearly bond-to-bond, i.e., with respect
to the phenyl-carboxyl bond,µNN* is 35° andµTT* is 41°. These
angles are 20-25° closer to the carboxyl group than the atom-
to-atom transition direction predicted by the qualitative concepts
discussed above. The transition moments are not parallel to the
aromatic bond connecting the donor and acceptor group. The
ratio of computed oscillator strengthsfN/fT ) 0.39 is smaller
than the experimentally estimated ratio of extinction coefficients
εN/εT ) 1.06. The reason for this discrepancy is not known.

The ab initio calculation gives permanent dipole moments
of µ(T) ) 5.0 D < µ(bridged)) 5.8 D < µ(N)) 6.9 D, where
the bridged geometry places the proton on the small energy
barrier between N and T geometries. The semiempirical static
dipole moments of the excited states N* and T* do not appear
to be much larger than their respective ground-state dipole
moments (∆µNN*) 0.148 D; ∆µTT* ) 1.03 D). This is
characteristic of1Lb states, which are known to possess little

Figure 9. Bond length differences∆ ) RN - RT in picometer units
for the ab initio structures shown in Figure 8.
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charge-transfer character and may be contrasted with the
frequently large charge-transfer character of1La states. The
slightly increased1La character of the T* state is also consistent
with a larger∆µTT*. These calculations are consistent with the
observed absorption/excitation spectrum which red shifts very
slightly with increasing solvent polarity (e.g., see Figure 4). The
solvent polarity dependence of the fluorescence maximum is
more complicated, showing a definite red shift with increasing
polarity of protic solvents (alcohols and water), but showing a
slight but distinct blue shift with increasing polarity of nonprotic
solvents. This behavior suggests that specific solvent-solute

interaction may influence the excited-state charge distribution
and dipole moments. The semiempirical calculations also
suggest that N* is more polar than T*, which is reasonable if
the proton transfer is a response to increased electric field
gradients in the excited state (µ(N*) - µ(T*) ) 1.2 D).
Therefore, we concludeµ(N*) g µ(N) > µ(T*) > µ(T),
although these relationships may depend on specific interaction
of solute and solvent molecules. Comparing the density differ-
ences of the lowest1ππ* state, there is some loss of electron
density from the phenol oxygen upon excitation of the normal
form N, and this is increased upon tautomerization. The dipole
moment changes are not large partly because of a large loss of
density on the carbon para to the hydoxyl, with density
transferred to the meta positions. This charge redistribution tends
to cancel the dipole change caused by transfer from the phenol
oxygen and also indicates a large quadrupole change. This
qualitative description suggests the need for accurate experi-
mental and computational determination of the excited-state
dipole momentsµ(N*) and µ(T*).

Conclusion

Although many compounds have been shown to exhibit
ESIPT, in only a small set of these have both proton tautomers
(N and T) been observed in ground-state equilibrium directly
by UV-vis absorption or excitation spectra. Most ESIPT
molecules studied to date have been neutral and were studied
in nonaqueous solutions or in molecular jets as isolated
monomers, dimers, or clusters. In protic solvents it is common
that intermolecular H-bonding decreases the ratio of ESIPT to
normal emission. The salicylate anion is an unusual member
of the ESIPT compounds because it is negatively charged and
does not show dual fluorescence. Fluorescence from salicylate
anion is from the ESIPT state only and is not inhibited by
H-bonding to water or other protic solvents. However, proto-
nation to the neutral salicylic acid form severely reduces the
fluorescence quantum yield. This unusual behavior is attributed
to a strong intramolecular H-bond between the phenolic proton
and the negatively charged carboxylate group. It is known that
interference of the intramolecular H-bond by inner-sphere
complexation of the carboxylate group (e.g., with Al3+) will
blue shift the emission, presumably because the fluorescence
of the complex arises mainly from the excited normal tautomer
form (N*), rather than the ESIPT state (T*).62 In this paper the
long-wavelength shoulder of the UV absorption spectrum of
salicylate is assigned to absorption by the ground-state proton-
transferred tautomer (Tf T*). Alternative assignments to
absorption by the dimer, the dianion (deprotonated form), or
salicylic acid (protonated form) were eliminated by experimental
tests. A common isosbestic point is observed as a function of
both temperature and water concentration and is strong evidence
for assignment of the long-wavelength shoulder to an isomeric
species of the salicylate anion. Protic solvents stabilize the
normal form relative to the tautomer form to such an extent
that the shoulder band is hardly observable in aqueous solutions.
Optimized ground-state structures of the normal and tautomer
forms were calculated by ab initio methods for both gas-phase
and high dielectric environments. UV absorption energies and
transition dipoles calculated at the N and T geometries are
consistent with the observed spectra and emission anisotropies.
The calculations are consistent with assignment of the near UV
shoulder band to Tf T* absorption and support the hypothesis
that the T and T* electronic structures possess considerably more
quinoidal character than the N isomer.

Figure 10. Transition moments and transition densities computed by
the ZINDO method for the normal form. Arrows indicate transition
moment directions relative to the phenyl-to-carboxyl bond (horizontal).

Figure 11. Transition moments and transition densities computed by
the ZINDO method for the tautomer form. Arrows indicate transition
moment directions relative to the phenyl-to-carboxyl bond (horizontal).
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