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Energetics of the ground and excited state intramolecular proton transfer in salicylic acid have been studied
by ab initio molecular orbital calculations using the 6-31G** basis set at the restricted Hafwek (RHF)

and configuration interactionsingle excitation (CIS) levels and also using the semiempirical method AM1

at the RHF level as well as with single and pair doubles excitation configuration interaction spanning eight
frontier orbitals (PECE 8). The ab initio potential energy profile for intramolecular proton transfer in the
ground state reveals a single minimum corresponding to the primary form. In the first excited singlet state,
however, there are two minima corresponding to the primary and tautomeric forms, separated by a barrier of
~6 kcal/mol, thus accounting for dual emission in salicylic acid. Electron density changes with electronic
excitation and tautomerism indicate no zwitterion formation. Changes in spectral characteristics with change
in pH, due to protonation and deprotonation of salicylic acid, are also accounted for, qualitatively. Although
the AM1 calculations suggest a substantial barrier for proton transfer in the ground as well as the first excited
state of SA, it predicts the transition wavelength in near quantitative accord with the experimental results for
salicylic acid and its protonated and deprotonated forms.

1. Introduction

Excited state intramolecular proton transfer (ESIPT) in

salicylic acid, its derivatives, and related systems has been the
focus of attention of a large number of experimental and
theoretical studies over the years. Wellén his pioneering
work, had pointed out the dual emission in the fluorescence
spectrum of salicylic acid and methyl salicylate and attributed A S
it to asymmetric double well potentials arising from proton T
transfer in the ground state and also in the excited state, as shown ?
schematically in Figure 1. The two wells in the ground state
potential energy curve represent the primary (P) and tautomeric P.E.
(T) forms, and the two wells in the excited state curve represent
the corresponding excited states P* and T*, respectively. It is
clear from the figure that the P form is the most stable in the
ground state and T* in the excited state. Weller had also
suggested that the excited state would be zwitterionic in nature. |
The P form of salicylic acid (SA) involves an intramolecular T
hydrogen bond (IMHB), as shown in Figure 2. So does the T é

form, resulting from a proton transfer in P, accompanied by a |/
reorganization of bonding electrons in the rest of the six- Po/u
membered hydrogen bonded ring shown. It is important to point @
out here the possible existence of a rotamer (R) of P, with a o
weaker intramolecular hydrogen bond (see Figure 2). Salicylic

acid is known to exist as a dimer in the solid state, in certain Proton transfer coordinate g

nonpolar solvents, and also in gas phase under moderate andrigure 1. Schematic diagram of asymmetric double well potentials
proposed by Wellérfor the ground and excited states of salicylic acid.

T Present address: Department of Chemistry, Carnegie-Mellon University, high concentration&:5 It exists as a monomer in polar solvéhts
Pittsburgh, Pennsylvania 15213. )

*Honorary Professor, S. N. Bose National Center for Basic Sciences, and gets protonated and deprotona_tec_l depending upon tﬁ_e p_H.
Calcutta, India. As a result, the features of the emission spectrum of salicylic
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O/H O/ excitation (CIS) approaches and found that intramolecular proton
transfer is accompanied by changesdj..o,. As a matter of
SN =~ fact, midway through the proton transfer, thg- @GO, distance
0 o] . .
| was found to contract before relaxing to the value in the T form.
e No They found that there was a single minimum in favor of the P

form in the ground state and a single minimum in favor of the
T form in the excited state. They also concluded that thelP
conversion proceeds through a photoexcited proton transfer and
not a hydrogen atom transfer, although the final form (T) has
o no zwitterion character. From a detailed investigation of proton
transfer in o-hydroxyacetophenone, Vener and Schéther
concluded that the double well potential was an artifact of the

R Hartree-Fock calculation and that inclusion of electron cor-
Figure 2. P, T, and R forms of salicylic acid. relation led to single well potentials for the ground state as well

as the lowest excited singlet state. They also concluded that

acid are sensitive to the concentration of the solute and thethe photoinduced tautomerism is not the result of proton motion
solvent composition and shed light into the photophysics and only but also that of the accompanying motion of the heavier
photochemistry of salicylic acidl. atoms in the hydrogen bonded ring.

Bisht et al® had examined the excitation spectra of SA  syrprisingly, no result of ab initio electronic structure
(monomer) under supersonic nozzle expansion conditions andcalculation of salicylic acid was reported until we started our
concluded that there exist both the P and R forms in the grOUnd investigations_ Recently, Humbert etlahave reported a DFT-
state. They found theSS, transition to have its origin at  pased spectral assignment for SA, salicylate anion, and the
335.34 nm for P and 311.52 nm for R. They assigned them to pjanion in aqueous solution. Sobolewski and Domékeve
n—n* and n—x* transitions, respectively. The P form emitted  reported the results of their ab initio calculations at different
in the UV (346-370 nm) as well as in blue (383180 nm) levels of accuracy: HF, CIS, MgllePlesset second-order
region, while the R emitted Only in UV. This was attributed to perturbation theory (MPZ), and Comp|ete_active_space multi-
the existence of the tautomeric form for P in its excited state. Conﬂguration per’[urbation theory of second order (CASPTZ)
They also interpreted the large Stokes shift in emission from P They determined the geometry of SA in its ground state and
as the signature of tautomerization and the motion of heavy a|so that of P and T forms and the transition state (TS) in the
atoms in the excited state. first excited singlet state. They reported the vertical excitation

Although the crystal structure and molecular structure of SA energies for ther* and nz* transitions from the ground state
were established |0ng aé@,detailed studies of its electronic and also the PE prof”e for thelgtate (Corresponding to the
structure were rather limited. Cataland Fernandez-Alon§d z7r* transition) at different levels of accuracy. Based on the
had examined the electronic structure of SA and computed thenearly quantitative agreement obtained between the computed
potential energy curve for the ground and excited state intramo- (316 nm) and the observed (32335 nm) absorption maximum
lecular proton transfer (GSIPT and ESIPT) using semiempirical (7, .3 for SA, they concluded that the CASPT2 method yielded
methods CNDO/2 and INDO. They made use of the experi- the best results and that dynamical electron correlation was very
mentally known geometry of SA and determined the relative jmportant for the system. Nevertheless, they emphasized that
stabilities of different conformers. They found the P form to be the CASPT2 results were by no means Converged and that they
the most stable and the rotamer (R) to be less stable by abOUWere perhaps Overemphasizing the Stabmty Qf S
1.8 kcal/mol. The other possible conformers were higher in There remained still the need to study the strength of the
energy. They found the strength of the intramolecular hydrogen jniramolecular hydrogen bond and the relative stability of the
bond to be 13.4 kcal/mol in the P form, and 10.9 kcal/mol in p and R forms and the influence of protonation and deproto-
the R form, in accord with available experimental estimates.  pation of SA on its spectral characteristics. Therefore we have
The IMHB was found to be stronger (20.9 kcal/mol) in the - carried out extensive HF and CIS calculations on various aspects
deprotonated form than in the neutral. When it came to of GSIPT and ESIPT in SA and its protonated and deprotonated
determining the potential energy (PE) profile for the proton forms and compared the results with the available experimental
transfer, their studies were inadequate. In addition to their studiesyagjts.
being semiempirical in nature, because of the computational |, 4qgition to high level ab initio calculations, semiempirical
limitations at that time, they froze the geometry of SA except yahqds offer an attractive alternative for studying potential

for the position of the H atom involved in the proton transfer. onerqy surfaces in ground and excited states. Procedures such
Wh'le the ngU”‘?' state PE curve had a single minimum as a 54 the' AM1 methol allow examination of PE surfaces without
function of the distanceo,-+ between the donor oxygen and geometric assumptions. With inclusion of limited configuration
the hydrogen atom in the P form, the PE curve for the Iowest 1o raction, especially through the single and pair double exci-
excited singlet state, identified as correspondingtes* tation (PECI) procedure, spectral properties of several conju-
transition, had a double minimum, with the T* being the most gated organic systems have been shown to be reliably repro-
stable. Subsequent studies byn8iaez-Cabezudo et &.for duced!8 Therefore, we have determined the spectral properties
methyl salicylate and its derivatives using CNBOI and INDO ¢ 5a and its protonated and deprotonated species using AM1/
methods revealed that the shape of the PE profile for proton pec| = 8 The results are reported and compared with
transfer is sensitive to the choiceref...o, (the distance between g, hariment and other theoretical results in the following sections.
the donor and acceptor atoms). More recently, Catataall3
have examined the PE curves for the GSIPT and ESIPT in
2-hydroxybenzoyl compounds {84(OH)COR, R= —H, —Me,
—OMe, and—NHy) using hybrid Hartree Fock (HF)/density Geometries and Energetics.All ab initio calculations
functional theory (DFT) and configuration interactiesingle reported in this paper were carried out using @eussian 94

2. Results and Discussion
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Figure 3. Energetics of the transformation from the P form to the R

form of salicylic acid. For each value af, the geometry has been

optimized using the HF/6-31G** basis set.
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TABLE 1: Relative Energies and Strengths of

Intramolecular Hydrogen Bonds in Different Conformers of
SA and Related Species in Their Ground Electronic States in
kcal/mol Units

DFT/B3LYP/ AM1
HF/ 6-31G**// CNI-
6-31G** AM1 RHF PECI= 8 NDO0

Relative Stability
SA (enol form, P) 0.0 0.0 0.0 0.0 0.0
SA (rotamer, R) 3.7 35 1.6 1.6 1.8
SA (keto form, T) 235 22.2 19.3 187

Strength of Intramolecular

Hydrogen Bond
SA (enol form, P) 11.0 111 5.7 4.6 134
SA (rotamer, R) 6.6 7.8 3.9 3.0 10.9
SA (keto form, T) 27.7 18.8 9.4 10.6
SA (+ H*) (enol form, P) 2.5
SA (— H*) (enol form, P)  25.9 26.5 146 149 20.9

suite of program$? We compared the results for a number of
different basis sets and found the HF/6-31G** to be the optimal
basis set in terms of priegperformance ratio for carrying out
elaborate potential-energy curve investigations. The experimen-
tally® known geometry of salicylic acid (the P form) was
reproduced by our calculations with a standard deviation of 0.08
A for the distances and L>8or the angles. Here it must be
added that the geometry of the T form was optimized, keeping
the Q—H distance the same as the;€H distance in the
optimized geometry of the P form. Otherwise, optimization will
lead to the P form! The P form is the most stable and the T
form is 23.5 kcal/mol higher in energy. This is understandable
because the proton transfer in P results in twOH groups
being bonded to an olefinic carbon atom in T, and also there is
partial loss of aromaticity of the benzene ring, as suggested by
Sobolewski and Domck#.

The R form is higher in energy than P by 3.7 kcal/mol, and
the transformation from P to R involves rotation)(of the
carboxylic acid group, with a barrier of 14.6 kcal/mol as shown
in Figure 3. This is comparable to the known activation enérgy
of ~10 kcal/mol.

DFT calculations using B3LYP functional at the 6-31G**
basis set level (for the AM1 determined geometries) yield
essentially the same relative stabilities for the P and T forms as
obtained from ab initio calculations as shown in Table 1. AM1
calculations at restricted HF and PEEI 8 levels also yield
comparable numbers.
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Figure 4. Energetics of the intramolecular hydrogen bond in the P

form of SA. For each value of,, the geometry has been optimized

using the HF/6-31G** basis set.
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The strength of the intramolecular hydrogen bond in the P
form was determined to be 11.0 kcal/mol by rotating the
phenolic OH group out of the hydrogen bonded configuration
and computing the difference in energy between the closed and
open forms as shown in Figure 4. It may be noted that the barrier
for phenolic OH rotation is 12.9 kcal/mol. The strength of the
IMHB in T and R forms is 27.7 and 6.6 kcal/mol, respectively.
The transformation from P to T in the ground electronic state
can be thought of as arising from proton transfer frogt®
O,, with concomitant redistribution of electron density in and
around the six-membered hydrogen bonded ring. Alternatively,
one could view this as a hydrogen atom transfer. In either case,
one needs to identify the “reaction coordinate” and investigate
the potential energy change along the reaction coordinate.
Unfortunately, there does not seem to be any simple reaction
coordinate definable for the system. It is tempting to consider
stretching of the @ —H bond distance and contracting of the
H—0O, bond distance as constituting the reaction coordinate.
Some authors have considered thg- -, distance as fixed
and varied the @ —H bond distance. This may not be
appropriate as it puts avoidable constraints on the system.
Therefore we have chosen to vawy,—4 and optimize the rest
of the structural parameters for each choicef . This is
sometimes referred to as the “distinguished-coordinate” approach
in the literature'® The resulting PE profile for the GSIPT, shown
as a solid line in Figure 5, reveals that the P form is the most
stable (as stated above). Surprisingly, there is no “well” for the
T form. The barrier for the P to T transformation is substantial:
23.5 kcal/mol, large enough to make GSIPT unviable under
thermal conditions. A plot of the §&-O, distance as a function
of ro,—n in Figure 6(a) shows that as the proton transfer takes
place, the @--O, distance changes significantly. In the vicinity
of a stable @-H bond, the @--O, distance remains ap-
proximately constant. But as the proton moves farther away from
Oy, ro,..0, begins to contract before enlarging to a distance
comparable to that in the T form. The;®H---O,4 angle also
varies withro,—n as shown in Figure 6(b). It enlarges during
intramolecular proton transfer. Therefore it becomes clear that
by freezing the geometry of salicylic acid or by fixing thg-O
-0, distance at a particular value, one ends up introducing
artificial constraints on the system and hence a barrier for the
P—T conversion.

Elsewhere, Vener and Schietfehad pointed out that one
has to include electron correlations and that ab initio calculations
at the Cl level lead to a single minimum in the ground state for
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Figure 5. Potential energy profiles for intramolecular proton transfer
in the ground state ¢pof SA as obtained from HF/6-31G** calculations
and for some of the excited states as obtained from a CIS calculation.
The vertical arrows indicate theySS; absorption and dual emission.  PE curves have been obtained by adding the vertical excitation
energies to the ground state energy at each geometry.

Figure 7. Oscillator strengthf} for the $—S; transition of salicylic
acid as a function ofg,—.

Mre ' T — The absorption maximuni.§ay,) for the P form works out to
3 . be 217.8 nm, when compared to the experimentally observed
29t i value of 311 nm for low concentrations of SA in cyclohexane.
o o8 i This discrepancy is not surprising because we have only carried
5 ' out a CIS calculation. Although computing the ground state
3 27 ] geometry of a molecular species using the LCA®O—SCF
Q 26 . framework is more or less routine, computing the spectral
* sl i properties is a daunting task. We hope that the qualitative
0l i features of the potential energy curves for the different electronic
‘ states obtained are still reliable.
235 ; s > Py Itis clear from Figure 5 that the P form is the most stable in
160 ' ' the lowest excited singlet (Bstate also. Although there is a
155 6.8 kcal/mol barrier to proton transfer in,$ must be pointed
150 out that the PE curve is relatively shallow, indicating that
e emission from the excited state can take place over a range of
o 145 wavelengths: 217:8259.3 nm. Interestingly, the oscillator
o 140 strength ) for the $—S; transition increases by a factor of 2
o135 with increase imo,—n as shown in Figure 7, indicating that the
O 130 red-shifted emission can be substantial. While-S, and $—
~ 25 S, transitions are of ther—x* variety, $—S; corresponds to
120 n—z* and the PE curve for $Shas a marked double well
115 behavior. The barrier (19.4 kcal/mol) for#T conversion in

0.5 1 1.5 2 25 S; is substantial, and T* is more stable than P*. The computed

ro, H (A) oscillator strength for the ¢SS; transition is only~0.0005,

«—H) . . .
while the experimental results suggest a stroag™* transition.
Figure 6. Variation of (a) the @O, distance and (b) &H--Oa Although there is no experimental evidence for the triplet states
fi‘gg'se withro,-w, as obtained from the HF/6-31G** basis set calcula-  haing involved in the dual emission of SA, we have included
' the PE curves for the three low lying triplet states in Figure 5.
o-hydroxyacetophenone. Interestingly, for SA, even without — The fact that there is dual emission in SA and its derivatives
including electron correlations, we have obtainted a single implies that there is sufficient time for geometrical changes to
minimum. The same conclusion has been arrived at by Sobo-occur in the excited state. Therefore we have carried out
lewski and Domcké? They further found that by including  geometry optimization for the;State while varyingo,+, and
electron correlation through a CASPT2 calculation also one the results are shown in Figure 8, along with the vertical
obtains a single minimum for the Sstate of SA. AM1 excitation energy results (see above). Qualitatively, the two
calculations lead to a double well potential with a substantial curves are similar. But, quantitatively, there are differences. The
barrier in between at the RHF level as well as the PEC3 adiabatic PE curve for,3s consistently lower than the vertical
level calculation! excitation energy curve, suggesting a larger Stokes shift for
Since our primary aim is to understand the origin of dual emission. The barrier for P*T* conversion is also slightly

emission from the excited state of salicylic acid, we have lower (6.2 kcal/mol) on the adiabatic PE curve.
undertaken a CIS study of the ground and excited states of Charge densities on the atoms involved in ESIPT, computed
salicylic acid using the 6-31G** basis set and including three using Mulliken population analysis, reveal that there is only a
singlet and three triplet excited states. The resulting PE profiles marginal change in the chargesq(®-0.66— —0.73, H: 0.40
are shown in Figure 5. Here we must add that the excited state— 0.43 and @ —0.64— —0.62) in going from P-T*. This



Intramolecular Proton Transfer in Salicylic Acid

250 T T T T

200

150 F

Energy (kcal/mol)

50 - -

o

0.5 1 15 25
r0,-H(A)

Figure 8. Adiabatic potential energy profile (for each valuergf-u,

the geometry of SA has been optimized) for intramolecular proton
transfer in the $state (- - -) and the corresponding vertical excitation
energy curve +¢+). The ground state PE curve is included as a solid
line line for quick reference.

TABLE 2: Comparison of Spectral Characteristics (in nm

units) for S;—S Transition in Different Conformers of

Salicylic Acid and Its Protonated and Deprotonated Forms
Ab initio Semlemplrlcal

AM1/
CIS CASPT2 PECI=8 Exptl.
Absorption
Maxima @Amax)
SA (enol 217.8 3168 318.3 335.34 (gas)
form, P)
244.% 323.8& 311 (cyclo-
hexane)
SA (;otamer, 214.8 316.2 311.52 (gas)
R
236.4
SA(+HY) 261.5 390.9 328 (conc
(enol form, P) HoSOQy)?
329 (18 M
H,SOy)8
SA(—H") 208 292.9 295 (0.01 M
(enol form, P) NaOHP
297 (MeOH+
OH")7
SA(—2H") 243.6 328.7 302 (6 N KOHY
321 (7 N NaOH§
Fluorescence
Emission
SA 217.8-259.3 318.3-379.2 346-370 (UVy
244.3-310.4 323.8-486.2 380480 (bluey
SA(—-H™T) 208-243.3 292.9-354.9 405

aVertical excitation.? Adiabatic.

means that there is change in polarity bub zwitterion
formation following photoexcitation.

CIS calculations for the R form predict thigax to be 214.5
nm, when compared to the experimentally observed value of
311.5 nm in the gas pha8eéinalysis of the MOs involved in
the transition suggest it to be—x*, same as for P, in contrast
to then—z* assignment made in the literatit&ince there is
no likelihood of proton transfer in R, the PE curves have a single
minimum in the ground and first excited singlet states (not
shown).

Sobolewski and DomcRké have shown that by including
dynamic electron correlation through a CASPT2 calculation,
they could predictlmax (316 nm) for SA in agreement with
experiment (see Table 2). Therefore we carried out AM1/PECI
= 8 calculations that include single and pair double excitations
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Figure 9. Scheme for protonation and deprotonation in salicylic acid
with change in pH.

H

350 T T T

Energy (kcal/mol)

1 15
F0,-H) (&)

2

Figure 10. Potential energy profile for intramolecular proton transfer
in the ground and excited states of salicylic acid in its protonated form
as obtained from CIS calculations using the 6-31G** basis set.

and found that they also yielthax (318.3 nm) in agreement
with experiment, as shown in Table 2.

Solvent and pH Effects.To account for the effect of solvent
on the intramolecular proton transfer in SA, we have employed
the self-consistent reaction field (SCRF) method, based on the
Onsager reaction field mod@In this model, the solute occupies
a fixed spherical cavity of radiug within the solvent field. A
dipole in the molecule will induce a dipole in the medium, and
the electric field applied by the solvent dipole will in turn
interact with the molecular dipole, leading to a net stabilization.
In the present workao, was taken to be 4.31 A and the dielectric
constant of the mediumeg, was chosen as 4.2 and 39.54,
corresponding to diethyl ether and acetonitrile, respectively. The
resulting ground and excited state PE curves are essentially
identical to those obtained in the gas phase (1.0) and hence
are not shown.

With the addition of a mineral acid, SA gets protonated and
with the addition of a base, it gets deprotonated, as illustrated
in Figure 9. The PE profiles for intramolecular proton transfer
in the protonated species, shown in Figure 10, reveal only a
single well for the ground state and also for the lowest excited
singlet (Q) state. The lack of proton transfer is reinforced by a
weak intramolecular hydrogen bond-2.5 kcal/mol) in the
protonated species. There are crossings between the PE profiles
for the higher excited singlet states as shown in Figure 10. The
Amax computed for the &>S; transition is 261.5 nm when
compared to 328 nm observed experimentalQualitatively,
this means that the ab initio calculations are able to predict a
red shift inAmax due to protonation correctly. Interestingly the
AM1/PECI = 8 calculations also suggest a red shift on
protonation of SA, but much more than what is observed
experimentally as can be seen from the spectral characteristics
listed in Table 2.

As mentioned above, SA gets deprotonated with an increase
in pH. But this can and does involve a stronger intramolecular
hydrogen bond (25.9 kcal/mol). The PE profiles for the
deprotonated species shown in Figure 11 reveal that the primary
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250 T ' We have found that intramolecular proton transfer in SA is
‘ o accompanied by changes in thg-©0O, distance and the £
@H&az ‘H---O, angle, emphasizing the need to avoid freezing of
e geometries while investigating PE profiles. Our studies also
show that while semiempirical calculations could predict ground
©s, state geometries, they could not be relied upon for detailed
potential energy curve calculations and that they tend to
e T introduce large barriers between tautomers. However, it must

. \ e T 8 be emphasized that AM1/PEGH 8 calculations yieldlmax in
excellent agreement with experiment for SA and its protonated
\ and deprotonated species.
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