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The photophysics of methyl salicylate (MS) isomers has been studied using time-dependent density functional theory and large basis sets. First electronic singlet and triplet excited states energies, structure, and vibrational analysis were calculated for the ketoB, enol, and ketoA isomers. It
is demonstrated that the photochemical pathway involving excited state intramolecular proton transfer (ESIPT) from the ketoB to the enol tautomer agrees well with the dual fluorescence in near-UV
(from ketoB) and blue (from enol) wavelengths obtained from experiments. Our calculation confirms the existence of a double minimum in the excited state pathway along the O–H–O coordinate
corresponding to two preferred energy regions: (1) the hydrogen belongs to the OH moiety and
the structure of methyl salicylate is ketoB; (2) the hydrogen flips to the closest carboxyl entailing
electronic rearrangement and tautomerization to the enol structure. This double well in the excited
state is highly asymmetric. The Franck-Condon vibrational overlap is calculated and accounts for the
broadening of the two bands. It is suggested that forward and backward ESIPT through the barrier
separating the two minima is temperature-dependent and affects the intensity of the fluorescence as
seen in experiments. When the enol fluoresces and returns to its ground state, a barrier-less back
proton transfer repopulates the ground state of methyl salicylate ketoB. It is also demonstrated that
the rotamer ketoA is not stable in an excited state close to the desired emission wavelength. This
observation eliminates the conjecture that the near-UV emission of the dual fluorescence originates
from the ketoA rotamer. New experimental results for pure MS in the liquid state are reported and
theoretical results compared to them. © 2011 American Institute of Physics. [doi:10.1063/1.3653969]
I. INTRODUCTION

Excited state intramolecular proton transfer (ESIPT) is
relevant in laser physics and in several applications including
among others hard-scintillation counters,1 triplet quenchers,2
and polymer photostabilizers.3 ESIPT has potential for use as
an optical probe for biomolecules4, 5 and could be the central
mechanism in naturally occurring fluorescent proteins.6 The
intramolecular transfer of hydrogen in electronically excited
states involves a hydrogen atom moving from its initial binding site to another functional group in the same molecule.
The basic microscopic mechanism behind such reaction
in a variety of organic molecules has received substantial
interest from the experimental and theoretical perspectives. In
methyl salicylate (MS), C8 H8 O3 , ultraviolet photoexcitation
of the initial ketoB isomer (Fig. 1) results in a picosecond
hydrogen transfer creating the new enol structure (Fig. 1).
Fifty years ago Weller7–9 proposed that MS undergoes a dual
fluorescence by means of ESIPT. He measured two emission
peaks of MS in solution, one in the near-UV (360 nm) and
one in the blue (440 nm). Weller suggested the existence
of a double potential well along a reaction coordinate in
the excited state such that one MS isomer (ketoB) gives
rise to the near-UV fluorescence while the other MS isomer
(enol) yields the blue fluorescence. Since then, a substantial
literature has discussed MS dual fluorescence.10–21 Also
along the way, the different isomers of MS have received
a) Electronic mail: blaisten@gmu.edu.
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different names. The idea of the double well has been
controversial based on experiments of MS in different media
(beams, vapor, solvents, matrices, liquid). In the late 1970s
it was postulated17, 18 that near-UV and blue emissions occur
because two different molecular species in the ground state
pre-exist in equilibrium absorbing light separately. These
two predicted species were ketoB and an open tautometer
(no intra-hydrogen bond). However, contemporarily to that
work, experiments in matrices at 4 K detected only the blue
emission.19 A couple of years later the concept of ground
state equilibria between two species was revived,14, 15 with the
statement that the species were different—ketoB (emitting in
the blue) and the rotamer ketoA (emitting in the near-UV). In
the early 1990s the conjecture of two MS rotamers ketoB and
ketoA coexisting in chemical equilibrium in the ground state
was adopted widely based on vapor and jet experiments.20–22
The concept of excited state equilibrium was dismissed
based on assigning a UV-shifted emission (320 nm) to
near-UV fluorescence resulting from the photoabsorption
and emission of the ketoA rotamer, while the absorption
and emission of ketoB in the blue (440 nm) was believed
to proceed through a more complicated fluorescence (or
possibly phosphorescence) mechanism. One postulate was
that the excited ketoB isomer undergoes tautomerization to
an excited enol form.20, 21 The excited enol isomer then emits
fluorescence when it transitions back to the enol ground state,
followed by a nonradiative back-hydrogen-transfer into the
ketoB ground state. A different postulate22 indicates that
ketoB in its ground state absorbs a photon to elevate the
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molecule to an excited singlet state; next ketoB undergoes a
proton transfer to a singlet state of the enol and from there
accesses a lower ketoB triplet state through intersystem crossing. Subsequently, there is a transition from that triplet to the
ground singlet of ketoB. This ketoB triplet-singlet transition
emits a blue wavelength photon (≈450 nm) while the ketoB
singlet-singlet transition emits in the near-UV (≈340 nm).
Recently23 we have reported the ground state energetics
of six MS isomers calculated within density functional theory
(DFT) and large basis sets. Notably, we have predicted that
in the ground state ketoB is the most stable isomer followed
in energy by the rotamer ketoA (Fig. 1). In this publication
we adopted Law and Shoham’s21 nomenclature of the struc-

FIG. 1. Optimized geometry of MS isomers ketoB, enol, and ketoA in the
exited state S1 . The number scheme to recognize the different atoms is
provided.
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tural isomers, same that will be used throughout this paper and
depicted in Fig. 1. We established that the isomerization reaction ketoB → ketoA is not thermally induced in the gas phase.
Solvent effects do not change significantly the energy barrier
of this isomerization reaction, predicted at 0.67 eV. Indeed,
these two species would need to be in a laboratory environment that allows continuous overcoming of an energy barrier
of 0.67 eV in order to be in chemical equilibrium. Thus, we
have predicted that a ground state ketoB/ketoA mixture is not
in chemical equilibrium under normal laboratory conditions.
Unless the ketoA rotamer is produced in purpose by a specific experimental procedure, at normal conditions the system
is uniquely formed by 100% ketoB in the ground state. Meanwhile the enol isomer in the ground state is 0.7 eV less stable
than ketoB. If such energy would be available to bring ketoB
→ enol, then we demonstrated that enol → ketoB isomerization reaction is barrier-less. Under those conditions, we
predicted that there is no ground state chemical equilibrium
between ketoB and enol either. Our predictions coincide with
experimental observations of ground state IR experiments that
assert the existence of only ketoB in liquid MS at normal
conditions.24, 25
While there have been computational studies of ESIPT in small molecules26 comprising methods such as constant initial state, complete active space self-consistent field,
complete active space with second-order perturbation theory (CASPT2), and DFT for several molecules,27–30 only one
study of MS excited states within ab initio molecular dynamics, AIMD-CASPT2, and 6-31G* basis set31 exists in the literature. The latter employs highly accurate ab initio methods
but calculations were done with a fairly small basis set. Indeed, in our previous calculation23 such a basis set did not
yield a stable structure for the enol isomer. Overall, Ref. 31
supports the picture of two MS species in the excited state
giving rise to near-UV (ketoA) and blue-shifted emissions
(ketoB ↔ enol). Furthermore, these authors identified a conical intersection between the excited states of the ketoB and
enol species and two minima. However, wavelengths of these
calculated fluorescence transitions do not coincide well with
experimental observations in the gas phase, although the dynamics compares very well to jet experiments.20 Reference
31 was silent about chemical equilibrium between ketoB and
ketoA in the ground state, and accepts coexistence of both
species without further proof. In summary, there seems to be
a discrepancy between experimental interpretations and advanced calculations, leaving the problem of the dual emission
of MS still as an open problem.
Investigation of the optimized excited state structures and
transitions have not been performed with time-dependent density functional theory (TDDFT). This theoretical approach
has gained popularity and has been demonstrated to be appropriate for the study of excited states in the Franck-Condon
(FC) region.32 In the adiabatic approximation, the best
TDDFT results are obtained with the Becke three-parameter33
and both the Perdew-Wang-91 (B3PW91) and the Lee-YangParr (B3LYP) correlation functionals.34, 35 This hybrid approach includes exact exchange (Hartree-Fock) and functional representation of the correlation energy. TDDFT states
that there is a unique mapping between the time-dependent
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external potential of a system and the time-dependent
electron density.36 Application of TDDFT to organic
molecules,37 including salicylic acid,38 and coumarins39 have
been highly successful in calculating ground to first excited
state transition energies.
In this article, Sec. II, we present the TDDFT structural and energetics results of MS obtained for the ketoB,
ketoA, and enol isomers in their singlet and triplet excited
states. Additionally, the photophysical mechanism of ESIPT
that emerges from our calculations is presented. Section III includes determination of the Franck-Condon factors for overlapping vibrational states. A comparison of theory versus experimental results and temperature effects are the subject of
Sec. IV. Experimental fluorescence measurements of pure MS
in its liquid state are given in Sec. V. A summary of our predictions in Sec. VI concludes this work.
II. STRUCTURAL CHARACTERISTICS OF MS
ISOMERS IN EXCITED STATES

Non-equilibrium TDDFT, as implemented within the
09 software package,40 was used throughout this
work. Three MS isomers (ketoB, enol, and ketoA)23 in
their gas phase were optimized within the hybrid B3PW91
scheme and basis sets 6-31++G, 6-311++G, 6-311++G(d),
6-31+G(3d,3p), and 6-311++G(3d,3p) to determine the
ground state structures, force constants, and wave functions.
These structures were then used as input to vertical excitation
TDDFT calculations at the same level of theory. The energies and oscillator strengths of the lowest singlet and lowest triplet excited states were calculated. Oscillator strengths
of the triplet-to-singlet transitions are all zero because of the
spin forbidden transitions. In this paper we report results with
the largest basis set 6-311++G(3d,3p). Values for the smaller
basis sets are reported in Ref. 41.
The structures in the first singlet excited state of ketoB,
enol, and ketoA were optimized at the same level of theory
(TDDFT-B3PW91). The convention for designating singlet
states is S0 , S1 and for triplet states T1 preceded by the isomer name. Geometry optimizations were attained employing
analytical gradients to determine the equilibrium structure of
these molecules. A frequency calculation was performed on
each of the excited state optimized geometries to confirm
that the stationary points were minima on the corresponding excited state energy surface. Successful optimization was
achieved for ketoB and enol. Rotamer ketoA converged to a
saddle point. However, by saddle quenching we were able to
obtain all positive frequencies. Figure 1 shows the optimized
structures of ketoB, enol, and ketoA in the excited singlet state
S1 calculated within the largest basis set 6-311++G(3d,3p).
The minima of ketoB and enol in S1 are quite deep. In fact,
the lowest vibrational mode of 72 cm−1 corresponds in both
cases to librations of the methyl group, while characteristic
modes of the intramolecular hydrogen bond O9–H12 (in ketoB) and O15–H12 (in enol) appear at around 3300, 1300,
and 800 cm−1 , consistent with vibrations in similar molecular systems.30 Pertinent energy differences are summarized
in Table I. The existence of two minima in the excited state
corresponding to species ketoB and enol is in agreement with
GAUSSIAN
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TABLE I. Energetics of MS isomers. S0 is ground state energy referred to
ketoB, Efrozen is energy difference between S0 and excited state in S0 frozen
configuration, Erelaxed is energy difference between S0 and excited state
relaxed configurations at their minima, Eemission is the emitted photon energy.
Singlet states

Triplet states

S0 Efrozen Erelaxed Eemission Efrozen Erelaxed Eemission
Isomer (eV)
(eV)
(eV)
(eV)
(eV)
(eV)
(eV)
ketoB
ketoA
enol

0
0.178
0.729

4.214
4.500
4.225

3.927
4.271
3.901

3.518
3.848
2.994

3.275
3.544
3.014

3.094
3.354
2.934

2.803
2.863
1.955

findings in Ref. 31. However, our structure of the enol species
is quite different than the published one. In our case the
bond O15–H12 (in enol) is in the plane of the aromatic ring
(Fig. 1), while in Ref. 31 the enol structure is not planar.
We find an energy difference between the two minima in S1
of 0.026 eV (Table I), significantly smaller than the 0.2 eV
value reported in Ref. 31. A pictorial illustration of the various electronic states where MS is stable is given in Fig. 2.
The emission wavelength (energy from the excited state to the
same configuration in the ground state) is drawn with arrows
pointing down. For completeness, this figure includes the S1
quenched saddle of ketoA.
Because a well-defined minimum exists in the S1 state
for both tautomers ketoB and enol, we followed a cut in the
energy surfaces of the S1 excited states along the O–H–O
coordinate involving oxygen O9 in the ketoB structure, the
traveling hydrogen H12, and oxygen O15 in the enol structure. To perform these calculations, the O15–H12 bond length
was frozen at pre-selected values between the two minima
while all other bond lengths and angles were allowed to be
optimized. The same strategy was followed in the ground
state and all coordinates were allowed to be optimized except
for the frozen O15–H12 distance. The TDDFT B3PW91/6311++G(3d,3p) results are shown in Fig. 3, solid lines. This
frozen ESIPT path points out to a crossing between two states
occurring at energies lower than the reported conical intersection of 0.48 eV above the enol minimum.31 A possible explanation for this discrepancy may be the substantially larger
basis set of our calculations. Unfortunately we do not have the

FIG. 2. Energy schematics of the optimized ground and excited states of MS
isomers ketoB, enol, and ketoA. Arrows indicate the emission wavelength
while lines represent the calculated energy of excitation from each isomer
minimum in the ground and excited states. S stands for singlet states and T
for triplet states.
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FIG. 3. Proton transfer energy path for MS. At each point, the molecule was
structurally optimized with frozen O15–H12 distance (full line) in the ground
and in the excited state. Energies are given relative to the S0 energy minimum
of ketoB. The dashed line indicates S0 energies at the frozen configuration of
the optimized S1 configurations.

means for calculating conical intersections within TDDFT.
However, Fig. 3 gives a qualitative picture of the possible hydrogen path in the excited state. The reason for this is that motions involving O9, H12, and O15 occur in vibrational modes
that have their zero point energy above the curve depicted
in Fig. 3. When MS is excited to S1 in the ketoB structure,
the molecule relaxes in some of these modes. A small energy Efwd = 0.001 eV (difference between ketoB minimum
and top of barrier) is enough to leave that well and transition into the basin of the enol. Within the enol well, Erev
= 0.027 eV is the minimum to top of barrier energy difference. When MS molecules in ketoB structure are elevated to
their S1 state, some can emit from the ketoB S1 with fluorescence at 352 nm and others can tautomerize to the enol S1
state and emit at 414 nm as depicted in Fig. 2. The asymmetry between the two minima in the S1 state is clearly shown in
the contour plot of Fig. 4(a). Additionally, the frozen ESIPT
path and double minima are quite visible as shown in Fig. 4(b)
where the O–H–O coordinate is plotted against changes in the
distance of H12 from O9 and from O15. In fact, the tautomerization involves a re-adjustment of many bonds and angles in
the MS molecule, as it has been emphasized on the ESIPT of
other organic molecules.30, 38 Quantitative values of bonds and
angles corresponding to the MS geometry in the two minima
are given in Table II.
In the ketoB S0 state, the O9–H12–O15 atomic motion
that would likely give rise to proton transfer is reflected in the
vibrational mode at 3383 cm−1 . That same atomic motion in
the S1 state is distributed among several vibrational modes including strong IR lines at 311, 348, 1151, 1171, 1413, 1568,
and 1929 cm−1 . We thus emphasize on a peculiar characteristic of vibrational modes that entail the proton transfer in the
excited versus the ground state. Similarly, the enol S0 isomer

FIG. 4. (a) Contour plot of the excited state electronic energy; (b) 3D representation of the dramatically asymmetric double minimum in S1 of MS isomers showing the shallow minimum of the ketoB and the deeper minimum
of the enol.

displays only one vibrational mode at 2967 cm−1 that contains
O9–H12–O15 atomic motions. Meanwhile these motions in
the enol S1 state are present in several modes at 371, 576, 606,
1586, 1603, and 2224 cm−1 . The only analogous OH stretching mode in ketoA occurs at 3648 cm−1 in S0 and at 891 cm−1
in S1 .
Summarizing, the two S1 minima are clearly defined
in three out of the four basis sets used in this study.41
There is a small energy barrier delineating the two minima
(Figs. 3 and 4). Although small, this energy barrier plays a
crucial role in the temperature dependence of the dual fluorescence mechanism of MS as discussed in Sec. IV. It is
also interesting to notice the consorted change of the O9–O15
distance as the O9–H12 distance changes along the frozen
ESIPT. This variation is shown in Figure 5(a) showing that
a minimum in the O9–O15 distance is reached when the proton is ∼1.2 Å away from O9. Also interesting is to follow the
changes in the charges of the two oxygens and the hydrogen
along the ESIPT pathway. This is shown in Fig. 5(b) that depicts the atomic charges calculated from the Mulliken analysis
of the wave function. Although calculation of atomic charges
are dependent on the wave function partition approach, it is
clear that there is redistribution of charge as the hydrogen
moves away from either oxygen (O9 or O15) and in the center
of the path the hydrogen has lost 80% of its electron resembling a proton very closely.
The additional S0 optimizations performed along the
ground state back proton transfer (GSBPT) mechanism
(Fig. 3, solid line) merit a few comments. This GSBPT
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TABLE II. Geometry of ketoB and enol planar isomers at minima in the excited state S1 .
ketoB
Bond
C1 –C2
C1 –C6
C1 –H7
C2 –C3
C2 –H8
C3 –C4
C3 –C13
C4 –C5
C4 –O9
C5 –C6
C5 –H10
C6 –H11
O9 –H12
C13 –O14
C13 –O15
O14 –C16
C16 –H17
C16 –H18
C16 –H19

enol

Å

Angle

Degree

Bond

Å

Angle

Degree

1.435
1.379
1.083
1.382
1.082
1.446
1.442
1.405
1.308
1.413
1.082
1.081
1.097
1.346
1.275
1.424
1.087
1.091
1.091

(2,1,6)
(2,1,7)
(6,1,7)
(1,2,3)
(1,2,8)
(3,2,8)
(2,3,4)
(2,3,13)
(4,3,13)
(3,4,5)
(3,4,9)
(5,4,9)
(4,5,6)
(4,5,10)
(6,5,10)
(1,6,5)
(1,6,11)
(5,6,11)
(4,9,12)
(3,13,14)
(3,13,15)
(14,13,15)
(13,14,16)
(14,16,17)
(14,16,18)
(14,16,19)
(17,16,18)
(17,16,19)
(18,16,19)

121.6
118.2
120.2
121.5
119.1
119.4
116.6
126.0
117.4
121.5
118.0
120.5
120.6
117.7
121.8
118.2
121.2
120.6
104.2
115.9
122.5
121.5
115.9
105.7
110.9
110.9
110.3
110.3
108.9

C1 –C2
C1 –C6
C1 –H7
C2 –C3
C2 –H8
C3 –C4
C3 –C13
C4 –C5
C4 –O9
C5 –C6
C5 –H10
C6 –H11
O9 –H12
C13 –O14
C13 –O15
O14 –C16
C16 –H17
C16 –H18
C16 –H19

1.438
1.370
1.082
1.376
1.083
1.449
1.442
1.409
1.287
1.419
1.083
1.082
1.427
1.329
1.305
1.428
1.086
1.090
1.090

(2,1,6)
(2,1,7)
(6,1,7)
(1,2,3)
(1,2,8)
(3,2,8)
(2,3,4)
(2,3,13)
(4,3,13)
(3,4,5)
(3,4,9)
(5,4,9)
(4,5,6)
(4,5,10)
(6,5,10)
(1,6,5)
(1,6,11)
(5,6,11)
(4,9,12)
(3,13,14)
(3,13,15)
(14,13,15)
(13,14,16)
(14,16,17)
(14,16,18)
(14,16,19)
(17,16,18)
(17,16,19)
(18,16,19)

120.2
118.8
121.0
121.7
118.9
119.4
118.6
123.9
117.5
118.7
119.1
122.2
121.7
117.2
121.1
119.1
120.9
120.0
102.3
118.7
122.2
119.1
117.2
105.5
110.7
110.7
110.3
110.3
109.3

proceeds without a barrier such that the enol structure transitions back to the ketoB structure in the ground state. Interestingly, along the GSBPT pathway all geometries yielded positive vibrational frequencies except for one in which O15–H12
= 1.15 Å. The calculated OH stretching vibrational mode decreased to 1702 cm−1 in the middle of the GSBPT, a change
of nearly 1300 cm−1 and could be used to sense the repopulation of ketoB after emission. The dashed line in Fig. 3 indicates the unrelaxed energies in S0 at the configurations of the
excited state ESIPT path.
III. FRANCK-CONDON VIBRATIONAL OVERLAP
FACTORS IN THE DUAL FLUORESCENCE OF MS

In the calculation of the fluorescence spectrum, we considered the Franck-Condon vibrational overlap factors. The
FC factors are the square of the nuclear overlap terms
between vibrational

 states ψ(n, xj ) in S0 and vibrational
states ψ ∗ m , xj  in S1 associated to vibrational modes j
and j :
 ∞
2
m ,n
∗


ψ (m , xj )ψ(n, xj )dτ ,
(1)
F Cj  ,j =
−∞

where n, m are quantum numbers identifying the different vibrational states and x’s are the displacements from equilibrium of the vibrational modes in appropriate units.

We have calculated the FC factor for the 51 normal
modes of MS ketoB between its S0 and S1 electronic states
assuming that the vibrational states for each normal mode
are modeled as states of a quantum harmonic oscillator. For
the S0 , m could take values 0, 1, 2, 3, while for S1 only m
equal to 0 and 1 were considered. This gives a total of 20 808
FC overlap factors that were calculated. Additionally, the series of FC factors calculated from m = 1 was multiplied by


exp(−jm /kB T ), with jm being the harmonic energy of mode


j in state m , kB the Boltzmann constant, and T = 300 K.
These FC factors are plotted in Fig. 6(a) as blue lines placed at
each transition energy with height equal to their values. Dark
blue identifies the series starting at m = 0 and light blue indicates the transitions from m = 1. Clearly seen is that the FC
factors bundle around the fluorescence line 0–0 at 352 nm.
In a similar manner, the normal modes of MS enol between
S0 and S1 electronic states were calculated considering the
same accessible vibrational states as for ketoB. These lines
are shown in Fig. 6(b) colored blue and light-blue depending
if the series started from m = 0 or 1, respectively. Once again,
it is seen very clearly that the highest density of these vibrational overlaps is around the 0–0 fluorescence at 414 nm. For
visual clarity in Fig. 6, once all the FC factors were calculated,
then all lines were normalized to the value of the highest FC
factor.
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IV. TEMPERATURE EFFECTS
ON THE FLUORESCENCE

For a collection of excited state MS molecules, we theorize a type of population diffusive exchange between the two
relevant excited state minima to explain the temperature dependence on the photoluminescence spectrum. We assume
that the timescale for transitioning between the two minima
in S1 (Fig. 4) is on the tens to hundreds of femtoseconds
(10–500 fs) scale. This is because the vibrational oscillations
occur in the 70–3300 cm−1 range. The photoluminescence
lifetime of MS has been measured at 1.1 ± 0.2 ns,14 at 12.0
± 0.5 ns,13 and by us in the same nanosecond range as described in Sec. V. These lifetimes are at least two orders of
magnitude greater than the vibrational periods of oscillation.
Therefore, one can also assume that many oscillations take
place during the excited state lifetime of MS. During that time
there is opportunity for MS in the S1 state to “forward” ESIPT
from the continuously populated ketoB minimum to the enol
well. When that happens, the population fraction that has transitioned to the enol S1 is hot and may account for “reverse”
ESIPT repopulating the ketoB. After many oscillation periods, the emission ratio from the two populations can be described as a steady-state process in which the emission from
ketoB S1 is proportional to
FIG. 5. (a) Distance between the two oxygens O9–O15 along the frozen
ESIPT pathway in the S1 excited state; (b) Mulliken atomic charges of O9,
O15, and H12 along the frozen ESIPT pathway in S1 .

fketoB =

e−Erev /kB T
Q

(2)

and the emission from enol S1 is proportional to
fenol =

FIG. 6. Calculated individual vibronic transitions from ketoB and enol first
excited state: (a) ketoB and (b) enol. The intensity of the transitions depicts
the FC factor normalized to the maximum intensity.

e−Ef wd /kB T
,
Q

(3)

where Q is a normalization factor, Erev = 0.027 eV (difference between enol minimum and top of barrier in Fig. 3),
and Efwd = 0.001 eV (difference between the ketoB S1 minimum and barrier top). We assume that the total population
of MS molecules in the excited state, N0 , has reached this
steady state and that local thermal equilibrium may apply due
to rapid vibrational randomization.42 Thus, in the calculation
of the fluorescence spectra, we scaled the ketoB and the enol
FC factors by their respective emission ratios given in Eqs. (2)
and (3). Additionally, individual emission lines in Fig. 6 are
broadened by a Lorentzian function centered at the transition
line and with a broadening factor of 500 cm−1 (consistent with
experiments). The Lorentzians are summed together and the
resulting spectrum is normalized to the value of the highest
peak at each temperature. Figure 7 shows the summed result for six temperatures. This dual fluorescence is very much
in agreement with experiments20, 21 and reproduces well the
observations of the disappearance of the fluorescence at the
shorter wavelengths as temperature is decreased. From these
results, the calculated Stokes shifts at normal laboratory conditions (T ≈ 300 K, ρ ≈ 1 atm) are 35 nm to the near-UV
emission and 108 nm to the blue fluorescence.
The complete picture of the process that emerges from
our calculations is as follows: initially, the population of MS
is totally composed of the ketoB S0 ground state. A photoexcitation occurs with a wavelength of ∼300 nm. This
excitation creates an excited state population (N0 ) which is
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FIG. 7. Calculated MS fluorescence spectra at temperatures of 77, 173, 201,
231, 258, and 273 K.

all ketoB S1 immediately after the excitation. Next, mutual repopulation occurs between the ketoB S1 and enol S1
states which is highly dependent upon the temperature of
the system. The total population in S1 is thus split into two,
N0 = NketoB + Nenol . A higher temperature favors forward/reverse ESIPT from ketoB S1 to enol S1 and backwards.
However, the energy barrier from enol S1 to ketoB S1 is larger,
eventually producing a bias favoring excited state population
to remain in the enol S1 well (see Fig. 3). Lower temperatures
increase the bias, and eventually eliminate the possibility of
reverse ESIPT.

FIG. 8. Pure liquid MS fluorescence experiment: (a) emission spectrum at
300 K with λex = 327 nm excitation (solid line) and λex = 300 nm (dashed
line); (b) fluorescence lifetimes of the two spectral peaks (373 and 441 nm)
from (a) at 327 nm.

V. EXPERIMENTAL

VI. CONCLUSION

For comparison to the calculated spectra, liquid MS emission spectra were taken with a Horiba Jobin Yvon fluorescence spectrometer. The sample was spectral grade (>99%)
liquid MS from Sigma Aldrich. Steady-state emission spectra
are shown in Fig. 8(a). Spectra were taken at excitation wavelengths of 300 nm (dashed line) and 330 nm (solid line). In
both cases a 0.5 s integration time, slit widths corresponding
to 4 nm full width at half maximum spectral resolution, and
1 nm increments were used. The dual fluorescence is clearly
apparent in the 330 nm spectrum: the ultraviolet wavelength
peak located at 373 nm and the blue wavelength peak located
at 441 nm. A shoulder containing the short wavelength peak
is also observed in the 300 nm spectrum.
Time-correlated single-photon counting (TCSPC) lifetime measurements were also taken of the same MS sample
using a Horiba time domain spectrofluorometer. A diode laser
centered at 327 nm was used as the excitation source. LUDOX
was used to calibrate the lifetime measurements. The lifetime
plots are shown in Fig. 8(b). Analysis of the 441 nm emission yielded a lifetime of 1.18 ± 0.1 ns at 327 nm excitation.
Analysis of the 373 nm emission yielded a lifetime of 0.95
± 0.1 ns at 327 nm excitation. These lifetimes are in generally good agreement with previous experiments.13, 14
The agreement between our calculations and experimental results is remarkable (Figs. 7 and 8). In particular,
the ratio of intensities of the two prominent peaks is very
well reproduced. The experiment also confirms that the dual
fluorescence occurs in between 350–550 nm.

We have presented a thorough computational investigation of the excited state of MS using TDDFT methods. In our
best estimation, the dual fluorescence of MS arises from the
presence of two potential wells in the excited state for the ketoB and enol forms separated by a small energy barrier due to
a hydrogen displacement between the hydroxyl and carbonyl
oxygens that entails significant electronic rearrangement. We
suggest in this study that the ketoA rotamer does not participate in the photoluminescence giving rise to the dual emission since it is not present in the ground state. Eventually, if
ketoA is artificially produced in the ground state, its fluorescence will be located at 320 nm. On the other hand, the ketoB
and enol isomers are the players responsible for the two observed peaks in pure liquid MS at 370 and 440 nm. Phosphorescence from the first triplet states of ketoB and enol is not
ruled out. However, the large computed oscillator strengths of
the singlet-singlet transitions suggest that the contribution due
to phosphorescence would be minimal. Additionally, experiments have measured lifetimes in the range of nanoseconds
(this work and Refs. 13 and 14). There is no indication of
long lifetime MS photoluminescence in the literature and we
have not observed it.
We also predict a temperature dependent fluorescence
due to excited state forward and reverse ESIPT during which
the excited molecules visit the two possible minima in the
excited state (Fig. 4). However, the energy barrier from enol
to ketoB is greater than the barrier from ketoB to enol.
Therefore, there is eventually a slight bias of excited state
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population wanting to remain in the excited state of the enol
isomer. The forward/reverse ESIPT depends upon the system temperature and the excited state lifetime. Experiments
have shown a temperature-dependence effect in the measured
lifetime.13 In particular, a higher temperature will result in a
shorter fluorescence lifetime. Our argument on the population
of the excited state and the forward/reverse ESIPT explains
these observations. At low temperature, more of the excited
state MS population is “stuck” in the enol energy well for a
longer amount of time. Since ketoB S1 has a relatively small
oscillator strength, then the lifetime will be longer because of
the inverse relation between fluorescence lifetime and transition oscillator strength.43 Conversely, at higher temperatures
a large population of hot molecules crosses over to the ketoB energy well. The higher enol oscillator strength results in
more photoemission and hence a shorter lifetime.
Any population of enol returning to S0 created from the
photoemission process will be short-lived due to a back proton transfer along a ground state steep, barrier-less potential
energy surface to ketoB S0 (Fig. 3). We expect that this process in the ground state occurs on a timescale of less than 1 ps.
Accompanying the excitation-fluorescence process there is an
important electronic reorganization creating a carbon singledouble bond pattern that favors tautomerization in the excited
state and relaxes in the ground state to its original pattern
through a back proton transfer.
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