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We report the application of time-dependent density functional theory (TDDFT) to the calculation of potential 
energy profile relevant to the excited state intramolecular proton transfer (ESIPT) processes in title molecules. 
The TDDFT sin읺e point energy calculations along the reaction path have been performed using the CIS 
optimized structure in the excited state. In addition to the Stokes shifts, the transition energies including 
absorption, fluorescence, and 0-0 transition are estimated from the TDDFT potential energy profiles along the 
proton transfer coordinate. The excited state TDDFT potential energy profile of SA and 3 ASA resulted in very 
flat function of the OH distance in the range Roh = 1*0-1.6 A, in contrast to the relatively deep sin읺e minimum 
function in the ground state. Furthermore, we obtained very shallow double minima in the excited state 
potential energy profile of SA and 3 ASA in contrast to the sin읺 e minimum observed in the previous work. The 
change of potential energy profile along the reaction path induced by the substitution of electron donating 
groups (-NHz and -OCH3) at different sites has been investigated. Substitution at para position with respect to 
the phenolic OH group showed strong suppression of excited state proton dislocation compared with 
unsubstitued SA, while substitution at ortho position hardly affected the shape of the ESIPT curve. The TDDFT 
results are discussed in comparison with those of CASPT2 method.
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Introduction

Since the first work on methyl salicylate (MS) done by 
Weller,1 the excited-state intramolecular proton transfer 
(ESIPT) reactions, or the excited-state intramolecular hydro­
gen transfer (ESIHT) reactions, of MS and its derivatives 
have attracted a lot of attention in both theoretical and 
experimental aspects. Due to the fact that the proton transfer 
processes are known to play an important role in the related 
fields of chemistry and biochemistry, many photophysical 
and photochemical investigations on the analogous mole­
cules showing ESIPT phenomena have been done as well as 
salicylic acid (SA) and its derivatives?-3 Those molecules 
commonly have a strong intramolecular hydrogen bond 
between the phenolic hydroxyl group and the neighboring 
carbonyl oxygen that act as a proton donor and acceptor, 
respectively As a result of the acid and base characters of 
two moieties inside the same molecule, the system forms, so 
called, a H-chelate ring in the ground electronic 마ate (So). A 
significant enhancement of the intramolecular hydrogen 
bond 마ren앙h in the first electronic excited state (Si) and the 
resulting H-atom transfer comprise the main idea of ESIPT. 
The photo-induced enol-keto tautormerism in the Si state 
have lead to an idea of a double minimum potential along 
the reaction coordinate in the excited electronic state as 
originally interpreted by Weller?-3 In other words, such 
molecules exhibit large Stokes shifts in the emission spectra 
upon photoexcitation to the first excited electronic state, and 
this Stokes shifted fluorescence has been interpreted as the 
typical phenomena of ESIPT.

Depending on the shape of the potential energy surface 
and the barrier heights along the relevant reaction coordi­
nates as well as the magnitude of excitation energy, the 
ESIPT processes could show a wide range of time scales, 
ranging from femtoseconds to the microsecond regime. 
Theoretical considerations on the ESIPT reactions involve 
the quantum mechanical proton tunneling through a barrier 
separating two potential minima associated with enol-keto 
tautomers, while the intramolecular vibrational relaxation 
(IVR) is considered for the description of a barrierless single 
minimum potential energy surface. Furthermore, many laser 
spectroscopic investigations including fluorescence excita­
tion, dispersed fluorescence, resonance enhanced multi­
photon ionization, UV/IR double resonance spectroscopy as 
well as the femtosecond real-time probing of the related 
systems in supersonic jets have been performed to elucidate 
the nature of the ESIPT processes/-10 In addition to the 
conjugation and substituent effects, microsolvation and self­
solvation effects on the excited state intramolecular proton 
transfer reactions have also been studied both theoretically 
and experimentally by many research groups?1-16

For this historical reason, SA and its derivatives are 
among the most extensively studied molecules as far as the 
ESIPT process is concerned. Traditionally, the large Stokes 
shifts in the emission spectra have been attributed to the 
double minimum potential associating the enol-keto tauto­
merism along the reaction coordinate in the Si state，" 
which has been supported by the early stage semiempirical 
calculations for the potential energy function?6-18 Recent 
experimental and theoretical studies on the SA and its 
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derivatives, however, strongly reveal that those molecules 
involve a single minimum potential for both So and Si states 
instead of double minimaJ1?12?19?20 According to these 
results, the large Stokes shifts in the fluorescence spectra are 
now interpreted in terms of the large structural change in the 
Si state mostly through the extensive structural relaxation of 
the H-chelate ring. In this interpretation, the displacement of 
the phenolic hydrogen atom along the O1H1 bond (see Fig. 
1) is not large enough (-0.15-02 A) to transfer the proton to 
the carbonyl oxygen. In addition to this, the spectral 
evidences that many vibrational modes are active in the 
optical spectra of SA and its derivatives indicate that the 
ESIPT process associated with these molecules are attri­
buted to the collective motions of the ring atoms rather than 
the local geometrical change solely due to hydroxyl proton 
transfer In this regard, many authors use a terminology 
“excited state proton dislocation"」侦阳‘？)which seems to be 
more appropriate than the conventionally used terminology 
“excited state proton tFansf^F” for SA and its derivatives.

Recently, diverse and quite sophisticated calculation 
methods of electronic structure theory have been employed 
to characterize the potential energy surfeces of the excited 
electronic states along the reaction path and to calculate the 
transition energies quite accurately for even fairly large-size 
molecules. The double minimum potential and high barriers 
predicted in the semiempirical methods turned out to be due 
to the neglect of the dynamical electron correlation effects. 
The ab initio complete-active-space self-consistent-field 
(CASSCF) method with second-order perturbation theory 
(CASPT2) have been applied to the calculation of the 
potential energy function of the lowest excited singlet state 
(顽、)of o-hydroxybenzaldehyde (OHBA)? and the nn 
potential function along the proton transfer reaction coordi­
nate turned out to have a single minimum with no barrier?9^0 
Another related study on the excited singlet state of o- 
hydroxyacetophenon (OHAP) also reported a single mini­
mum along the proton transfer coordinate after electron 
correlation is added, whereas the calculations at the ab initio 
SCF and CIS levels showed two minima corresponding to 
two tautomeric forms in the Si state?1 The same method 
have been employed to the study of the excited-state 
intramolecular proton transfer in SA by Sobolewski and 
Domcke?19?20 where ab initio calculations based on multi­
reference perturbation theory (CASPT2) have been perform­
ed upon the CIS optimized geometry of SA to con마ruct the 
potential energy function of the Si(兀W) 마ate along the 
reaction path for the ESIPT process. According to the results 
of Sobolewski and Domcke, the importance of proper inclu­
sion of dynamical electron correlation effects in the calcu­
lation of potential energy function was clearly demonstrated, 
even though they pointed out that the method might 
overestimate the stabilization of the potential energy profile 
in the Si state near the barrier position predicted by CIS 
method.

Recently, computations using the time-dependent density 
functional theory (TDDFT) are demonstrated to lead to more 
accurate predictions of the absorption and fluorescence 

spectra, and several exploratory calculations on the small 
and medium sized molecules have been successfully per­
formed?3^2-28 Also, for the potential energy profiles along 
the reaction paths, TDDFT method turned out to give at least 
parallel results compared to those obtained with the CASPT2 
method. According to these related results, TDDFT excited 
state structures, dipole moments, and force constants are 
now known to be almost as accurate as the corresponding 
DFT ground state properties, and the same level of accuracy 
is expected for activation barriers and reaction paths. The 
TDDFT method has also been successfully applied to the 
study of intramolecular hydrogen bonding in the first excited 
state of anthranilic acid (AA) and SA, where the vibrational 
frequencies and IR intensities as well as the equilivrium 
geometries have been obtained?9 More recently, TDDFT 
study of the excited state proton transfer in hypoxanthine 
(HX) have been performed to compute the excitation energies 
of the Si。So transition, where the TDDFT method with the 
6-311++G(d?p) basis set has been employed for the compu­
tation of vertical and adiabatic transition energies using the 
B3LYP and CIS optimized geometries?0 The TDDFT excit­
ed state potential energy functions of SA, o-hydroxybenz- 
aldehyde (OHBA), and 7-hydroxy-1 -indanone (7HIN) have 
been calculated by Sobolewski and Domcke?0 In their work, 
it has been concluded that TDDFT method can be applied to 
predict reliable shape of the ESIPT energy profiles even 
though the method gives systematically overestimated values 
for the transition energies compared to experimental values.

As briefly mentioned above, many theoretical and experi­
mental iiwe마igations on SA and its various derivatives have 
been performed and have focused on the excited state 
intramolecular proton transfer (ESIPT) processes. In the 
present work, we applied time-dependent density functional 
theory (TDDFT) to calculate the potential energy profiles 
relevant to the ESIPT processes in Salicylic acid (SA), 3- 
aminosalicylic acid (3ASA), 5-aminosalicylic acid (5ASA), 
and 5-methoxysalicylic acid (5MeOSA). The estimated 
transition energies for the Si《승 So transitions including 
absorption, fluorescence, 0-0 transition, and the Stokes shifts 
are also presented and compared with the experimental 
values. The TDDFT results are discussed in comparison 
with those obtained by CASPT2 method. 5MeOSA has a 
strong electron donating methoxy group at para position to 
the phenolic hydroxyl group, and is well known experi­
mentally to suppress the intramolecular proton transfer in the 
excited state?131 3ASA and 5ASA also contain an electron 
donating amino group at ortho and para position relative to 
the phenolic hydroxyl group, respectively, and the sub­
stitution effects on the ESIPT process have been compared 
with 5MeOSA as well as SA, The change of potential 
energy profile along the reaction coordinate induced by the 
introduction of electron donating groups will be discussed.

Computational Details

The most stable conformer of SA and its derivatives is 
presented in Figure 1 with the atomic numbering scheme on
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Figure 1. Atomic numbering scheme of the most stable rotamer of 
SA and its derivatives. SA (Ri, R2 = H), 3ASA (Ri = NH% R2 =H), 
5ASA (Ri = H, R2 = NH2), 5MeOSA (Ri = H, R2 = OCH3). The 
tautomeric reaction scheme relevant to the ESIPT process is shown 
schematically.

it. SA is known to exist in two forms of planar rotamers. The 
enol form which has an intramolecular H-bond between 02 
and Hl (rotamer I) is more stable by about 4-5 kcal/mole 
than the other enol form which has a H-bond between 03 
and Hl (rotamer II), where the carboxyl group is rotated by 
180° with respect to the ring. 5ASA and 5MeOSA have an 
amino group and a methoxy group at C5 position, respec­
tively, d，para position with respect to the phenolic 
hydroxyl group. On the other hand, 3ASA contains an amino 
group at C3 position, which is ortho to the phenolic 
hydroxyl group. The enol-keto tautomeric reaction scheme 
relevant to the excited 아ate intramolecular proton transfer 
(ESIPT) process is also illu아rated schematically in Figure 1. 
The optimizations of the equilibrium geometry in the ground 
아ate were carried out using B3LYP/6-31 G(d?p) and MP2/6- 
31G(d,p) methods. For the geometry optimization of the 
excited singlet 아ate, the CIS/6-31G(d?p) method was used. 
For all the computational methods, the split-valence Gaussian 
basis set with polarization functions, 6-31G(d,p), was 
employed. The stability of the optimized geometries has 
been verified by the calculation of Hessian that gives all 
vibrational frequencies of real numbers. All computations 
presented here have been performed using the Gaussian03 
series ofprogram?7

In dealing with the proton transfer process in the enol-keto 
tautormeric reaction, defining a relevant reaction coordinate 
is very crucial. To follow the minimum energy path, the 
O1H1 distance (see Fig. 1 for atomic numbering scheme) is 
defined as a reaction coordinate and the rest of the molecule 
is optimized along the proton transfer path in the So and Si 
states without any symmetry constraints. The geometry 
optimization has been performed at fixed distance of the 
O1H1 bond using the B3LYP/6-3 lG(d?p) methods for the So 
state, whereas the CIS/6・3 lG(d,p) method has been employ­
ed for the Si state. The O1H1 distance has been varied from 
0.6 A to 2.0 A to con아ruct the ground and excited 아ate 
intramolecular proton transfer curves (GSIPT and ESIPT 
curves, respectively). From the te아 of the calculational 
methods used in the minimum energy path optimization of 
the Si state, it has been demon아rated by Sobolewski and 
Domcke that the CIS optimized reaction path is acceptable 
as for as the qualitative description of the potential energy 
profile is concerned.19^0 Thus it seems reasonable to assume 

that the CIS potential energy curve will follow the minimum 
energy paths of the proton transfer processes at lea아 in 
between the enol and keto forms of two tautomers. For the 
calculation of the excited 아ate potential energy curve, only 
the nn 아ate has been considered fbr all the title molecules 
since the next higher singlet 아ate has been located signifi­
cantly higher than the Si (W) 아ate.

The shapes of the potential energy curves that describe the 
displacement of the hydrogen atom along the reaction 
coordinate in the ground and excited states play central roles 
to determine photophysical and photochemical properties of 
this type of molecules. As mentioned above, the ab initio 
methods that lack dynamical electron correlations (for ex­
ample, CIS and CASSCF) give too high excitation energies 
and are not accurate enough to obtain reliable potential 
energy functions along the reaction path, even though the 
CIS method was demon아rated to provide a qualitatively 
correct characterization of the ESIPT processes in some 
cases. To obtain improved energies, TODFT method with 
the 6-31G(d?p) basis set has been employed. Vertical 
excitation energies of the tttt state has been calculated at the 
So geometry optimized with the B3LYP and MP2 methods, 
while the potential energy profile fbr the ESIPT process has 
been obtained by calculating TDDFT sin이e point energy at 
the CIS optimized Si state geometry along the proton transfer 
reaction coordinate. Frack-Condon fluorescene energy is 
calculated at the minimum of the TDDFT curve in the Si 
아ate. The So 아ate potential energy curve along the proton 
transfer coordinates were calculated using the B3LYP/6- 
3 lG(d,p) method. In case that there exists a barrier along the 
proton transfer path in the Si state, the transition 아ate has 
been located using the STQN method implemented in the 
Gaussian program by Schlegel et aL32>33 to calculate the 
barrier height. All located transition states exhibit an expect­
ed imaginary normal frequency with a transition vector that 
corresponds to the motion of atoms associated with the 
proton transfer process.

Results and Discussion

CIS structures and potential profiles. The geometry 
parameters of the electronic ground 아ate of the mo아 stable 
conformers (enol form) of SA and its derivatives optimized 
at MP2/6・31G(d,p) and B3LYP/6・31G(d,p) levels are pre­
sented in Table 1. Only those geometrical parameters which 
show significant changes and are regarded as important in 
the course of the proton transfer process are li아ed, In the 
electronic ground 아ate, only the enol form of two tautomers 
is turned out to be a stable 아ructure on the So potential 
energy surface along the reaction path at MP2 and B3LYP 
levels (vide 硕g). The molecules show planar structures at 
both calculational levels where the substituent groups, Ze, 
-NH? and -OCH3 groups, lie on the plane of the aromatic 
ring.

In contra아 to the ground state, for all the title molecules, 
two separate stable structures are found on the potential 
energy surface of the Si(W) excited electronic 아ate at the
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Table 1. Optimized geometiy parameters (bond lengths in A, bond angles in degrees) and energies (in atomic units) of the So state calculated 
at the MP2 and B3LYP levels, and of the stationaiy points on the potential energy surface of the S i state calculated at the level of CIS method

Parameters So state" Si state^

B3LYP MP2 CIS TDDFT^

Enol Enol Enol TS Keto Enol TS Keto

SA
0102 2.612 2.646 2.569 2341 2.541 2.419 2340 2.404
01H1 0.987 0.979 0.972 1.196 1.672 1.100 1300 1.450
02H1 1.728 1.775 1.694 1.189 0.977 1378 1.087 1.019
C1C2O1 122.81 123.60 119.48 117.02 118.89 117.69 117.17 117.85
C2C1C7 118.58 118.89 118.91 115.84 118.70 116.88 115.86 116.78
C1C7O2 124.50 124.80 124.71 122.12 124.92 123.16 122.02 122.87
Energies
3 ASA

-496.068223 -494.652109 -493.011652 -493.003082 -493.010337 -495.916156 -495.914730 -495.914947

0102 2.598 2.633 2.595 2.342 2.566 2.440 2333 2.461
01H1 0.988 0.981 0.967 1.195 1.701 1.090 1.24000 1.540
02H1 1.714 1.761 1.736 1.191 0.973 1.414 1.13711 0.997
C1C201 123.54 124.21 121.65 118.97 121.62 119.77 119.04582 120.69
C2C1C7 117.86 118.21 119.27 115.67 118.80 117.05 115.54983 11732
C1C7O2 124.61 124.90 124.82 121.92 124.68 123.26 121.72445 123.18
Energies
5 ASA

-551.426994 -549.858954 -548.059706 -548.049978 -548.058185 -551.299357 -551.297923 -551.299007

0102 2.621 2.653 2.596 2345 2.506 2.519
01H1 0.985 0.978 0.965 1.246 1.613 1.050
02H1 1.743 1.786 1.735 1.145 0.987 1.551
C1C201 123.42 124.01 120.14 117.51 119.01 119.20
C2C1C7 118.47 118.83 119.41 115.94 118.26 11831
C1C7O2 124.60 124.89 125.24 122.15 12430 124.47
Energies
5MeOSA

-551.423045 -549.854713 -548.064311 -548.050897 —548.054250 -551.299131

0102 2.617 2.649 2.587 2343 2.515 2.509
01H1 0.986 0.979 0.968 1232 1.628 1.050
02H1 1.738 1.781 1.721 1.157 0.984 1.539
C1C201 12337 124.04 119.79 117.23 118.86 118.83
C2C1C7 118.47 118.76 119.22 115.91 11835 118.13
C1C7O2 124.60 124.89 124.99 122.12 124.49 124.23
Energies -610.590845 -608.855280 -606.904657 -606.892816 -606.897081 -610.453580

^6-310((1^) basis set is used for all calculations. “CIS optimized geometry parameters and energies at the TODFT minima and TS in the Si state

CIS level corresponding to enol and keto tautomeric forms, 
respectively Two tautomeric structures agree well with the 
previously reported CIS results on SA, In addition, the 
transition state between two minima, which can be charac­
terized as the formation of H-chelate ring, has been located 
at the CIS level The transient 마mcture has been verified as 
a saddle point for the ESIPT reaction by calculating the 
Hessian at the optimized geometry of the saddle point 
structure. A single imaginary vibrational frequency corre­
sponding to the transfer ofH atom between the hydroxyl and 
carbonyl oxygen atoms (O1 and 02, respectively) was 
calculated, which is consistent with the selection of 
intramolecular reaction coordinate for the proton transfer 
process. Thus the transition state structure optimized at a 
fixed distance of O1H1 is believed to be very close to the 
saddle point at the level of CIS calculation. The CIS 
optimized geometry parameters of the transition state as well 

as the enol and keto forms in the Si state are also presented 
in Table L

The CIS potential energy curve along the reaction coordi­
nate of proton transfer in the Si(兀W) state is plotted in the 
upper panel in Figure 2. Two enol-keto tautomeric forms of 
SA on the Si potential energy surfece are almost isoenergetic 
with the energy difference of 0.8 kcal/mol, and separated by 
a significant barrier of about 5 kcal/moL As going from SA 
to 3ASA, 5ASA, and 5MeOSA, the tautomeric reactions in 
the Si state become more endothermic at the CIS level with 
the barrier heights changing from 5 to 6, 8, 7 kcal/mol? 
respectively The variations of the distance of the transferr­
ing H atom to the carbonyl oxygen (O2H1) and the distance 
between two oxygen atoms (0102) along the reaction 
coordinate are plotted in the middle panel in Figure 2. The 
optimized structures of the transition states at the CIS level 
for the title molecules exhibit that the distance between two
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Figure 2. (upper panel) The CIS potential energy curve along the reaction coordinate of the proton transfer in the Si(W) state, (middle 
panel) Variations of the O2H1 and 0102 distances along the reaction coordinate, (lower panel) Variations of the relevant bond angles which 
contribute to the variation of 0102 bond distance in the course of the proton transfer process; C2C1C7 (circles), C1C2O1 (triangles), 
C1C7O2 (squares) for (a) SA, (b) 3 ASA, (c) 5 AS A, (d) 5MeOSA

oxygen atoms (0102) in the H-chelate ring gets signifi­
cantly shorter (about 03 A) compared with that in each 
tautomeric form. As a result, it is clear from the position of 
the transition 아ate that the new O2H1 bond starts to be 
formed at relatively early 아age oftheOlHl bond elongation 
(AR(O1H1)〜0.3 A). Figure 2 clearly shows that the vari­
ations of 0102 and O2H1 distances along the proton 
transfer coordinate are almo아 exactly same fbr all the title 
molecules, while the potential energy functions vary sub- 
아antially from molecule to molecule. This result strongly 
implies that the photophysics of SA and its derivatives 
should be treated in terms of the structural change of the 
whole molecule rather than the local proton transfer between 
the phenolic OH group and the carboxyl group. The vari­
ations of the relevant bond angles which contribute to the 
variation of the 0102 and O2H1 bond distance are also 
given in the lower panel in Figure 2. Except for the parallel 
아lift of C1C2O1 angle by 2° in case of 3ASA probably due 
to the interaction with the nearby amino group, the angle 
changes in the H-chelate ring along the reaction coordinate 
are also almo아 same for all the molecules considered in this 
work. Apparently, a concerted skeletal relaxation of the H- 
chelate ring and the electronic effect of the substituents seem 
to be involved in the ESIPT process as has been suggested in 
the previous studies on SA, The other geometry parameters 
involving the aromatic ring and the substituent group did not 
show any significant changes as the O1H1 bond elongates 
along the reaction path.

Concluding the subsection, it can be said that, with the 
choice of the O1H1 distance as the minimum energy path fbr 
the proton transfer process, all the title molecules show very 

similar structural changes along the reaction coordinate. In 
other words, the title molecules under consideration experi­
ence the skeletal relaxation of the H-chelate ring in common 
during the proton transfer without any further significant 
structural changes in the remaining parts of the molecules. 
Accordin이y, it seems reasonable to assume that the vari­
ation of the photophysical properties of the title molecules is 
primarily due to the electronic effects of the substituent 
group, which is reflected in the shape of the potential energy 
function in the excited 아ate along the reaction coordinate. 
As can be seen in Figure 2, the CIS method predicts very 
distinct double minimum potential energy profile in the 
excited 아ate with a significant barrier for each of the title 
molecules. This result is, however, inconsi아ent with the 
experimental observations obtained in the spectroscopic 
study of solution or gas phase jet cooling of the molecules as 
pointed out by many research groups especially for 
SA.6藏잉 Lee if 仕^ barrier does exist and the excited 아ate 
tautomerization occurs via tunneling through an excited state 
barrier between two excited state minima, the Stokes-shifted 
emission should also result from tunneling through the 
barrier. Then the excited state proton transfer results in rather 
slow process. Moreover the intensity of the Stokes-shifted 
emission will increase with excitation energy since the 
tunneling rates increase with increasing excitation energy. 
The observed increase in the intensity of uv emission of SA 
as a function of excitation energy strongly implies that the 
ESIPT process in SA and its derivatives like the title 
molecules is associated with the intramolecular vibrational 
relaxation on the single minimum potential energy surface.

TODFT potential energy functions. As stated above, 
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even though the CI singles electronic 아mcture method is 
believed to give an acceptable minimum energy path fbr the 
ESIPT process, the method is known to give too high 
excitation energies and is not accurate enough to obtain 
reliable potential energy functions along the reaction path. 
For the construction of improved potential energy profile for 
the proton transfer, sin이e・point energy calculations at the 
CIS optimized geometries along the reaction coordinate 
have been performed using the TODFT method to incorpo­
rate electron correlation effects for the excited 아ate. The 
TODFT potential energy profiles in the Si 아ate along the 
proton transfer coordinate for the title molecules are pre­
sented in Figure 3 along with the CIS profiles for com­
parison. The CIS geometry parameters at the TDDFT 
minima and TS in the Si 아ate are also listed in Table 1. All 
the relevant energies of the So and Si states were calculated 
relative to the energy of the ground 아ate minimum optimiz­
ed at the MP2/6-31G(d,p) level.

The potential energy profiles for the ground 아ate intra­
molecular proton transfer (GSIPT) along the reaction coordi­
nate were calculated using the B3LYP/6-3 lG(d?p) method, 
and also presented in Figure 3. For each title molecule, the 
So 아ate potential energy profile along the reaction path 
shows a relatively deep single minimum at the enol 아mcture 
of the tautomers. The MP2 optimized ground 아 ate minimum 
occurs at 0.979, 0.981, 0.978, and 0.979 for SA, 3ASA, 
5 AS A, and 5MeOSA, respectively. The potential energy 
increases monotonically and flattens attheOlHl distance of 
around 1.3 A. The GSIPT curves of the title molecules 
turned out to resemble each other very closely, which means 
that the differences in photophysical properties of the title 
molecules mainly determined by the variation of the ESIPT 
profiles along the reaction coordinate.

The excited 아ate TDDFT potential energy profile of SA 
(Fig. 3a) resulted in a very flat function of the OH distance 
in the range of Roh = 1.0-1.6 A, in contra아 to the relatively 

deep single minimum potential energy function in the ground 
electronic state. Potential energy function with a smooth and 
shallow minimum for SA is already reported by Sobolewski 
and Domcke,20 in which the same TDDFT single point 
energy calculation at the CIS optimized geometry was per­
formed using the same 6-31G(d?p) basis set. They obtained a 
very shallow single minimum around the O1H1 distance of 
1.1 A and O2H1 distance of 1.3 A. In their another work^ it 
has been predicted that the potential energy surface of the Si 
아ate of SA is an extremely flat function of the O1H1 
distance in the range of 1.0-1.5 A, and varies by less than 0.5 
kcal/mol. In contra아 to the single minimum they observed in 
the TDDFT potential energy profile fbr SA, however, a close 
examination of the potential energy curve in Figure 3a 
reveals that there exist two minima corresponding to enol­
and keto-like tautomers at the O1H1 distance of 1.1 A and 
1.45 A, respectively. The barrier height is calculated to be 
about 0.9 kcal/mol (0.039 eV, 315 cm-1). Even though the 
barrier height is small enough compared with the accuracy 
of the TODFT method and the zero-point vibrational energy 
of OH 아retching, the size of the barrier height is still rather 
too high to overcome via thermal activation at room temper­
ature (AT 〜0.6 kcal/mol). The CIS optimized geometry 
parameters and energies at the TODFT minima and TS in 
the Si 아ate are presented in Table 1.

This discrepancy between the previous study and the 
present work may arise from the preclusion of the Cs 
symmetry constraint for CIS geometry optimization of SA at 
fixed O1H1 distance. Taking into consideration of the error 
of CIS method for the choice of minimum energy path 
optimization, we don't see any reason fbr inclusion of the 
아rict symmetry constraint during the geometry optimization 
along the reaction path. To confirm the origin of this 
discrepancy, however, we recalculated the ESIPT curve for 
SA with the Cs symmetry constraint during geometry 
optimization. However, we obtained exactly same results for

Figure 3. TDDFT potential energy profiles of the Si (solid squares) and So states (solid circles) of (a) SA, (b) 3ASA, (c) 5 AS A, and (d) 
5MeOSA along the CIS-optimized reaction coordinates for the proton transfer processes in comparison with the CIS potential profiles (open 
squares). Ground state intramolecular proton transfer curves optimized at the B3IYP/6-31 G(d,p) level (open circles) are also presented.
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both calculations, i.e., two minima at the O1H1 distances of 
LI to L45 A with the same barrier height. The reason that 
they missed the second minimum on the excited state 
potential energy profile of SA is probably due to the use of 
sparser grid of points along the reaction coordinate. If the 
existence of the barrier is not real, it could be tentatively 
concluded from the shape of potential energy function that 
TDDFT method underestimates the stabilization of the 
potential energy profile near the barrier predicted by the CIS 
method, while the CASPT2 method overestimates it as 
pointed out by Sobolewski and DomckeJ9?20 Previ이is 
studies on the TDDFT adiabatic excitation energies show 
that, even though the TDDFT method improves upon the 
CIS method, the error is still for from the acceptable 
chemical accuracy of about 0.05 eV The flat potential 
energy function of the Si state of SA, however, seems to 
agree qualitatively with the broad and large Stokes shift of 
SA (vide With the exception of the small barrier, the
excited state potential energy curve of SA obtained from 
TDDFT single point energy calculation reveals a very flat 
but slowly rising function along the proton transfer reaction 
coordinate in the range of Roihi= L2-L5 A. The CASPT2 
method with the aid of the CIS method, which is known to 
give more accurate energy values than TDDFT method, 
seems to reproduce a single minimum potential in the excit­
ed state even though the method shows an artifoctual kink on 
the potential energy profile as reported by Sobolewski and 
Domcke?0 It should be pointed out, however, that it is still 
not clear that the complete removal of the potential energy 
barrier separating two tautomeric forms of SA in the Si state 
by this perturbative method is real or artifoctuaL A similar 
behavior has been observed for the ESIPT curve for malon- 
aldehyde (MA), where the TDDFT method shows a small 
barrier of-10 cm-1 while the CASPT2 method gives a single 
minimum along the proton transfer coordinate.

TDDFT potential energy profile of 3ASA (Fig. 3b) shows 
very similar structure compared to that of SA with about 
same small barrier height (0.9 kcal/mol)? which is also 
negligible in the error range of the computational methods. 
TDDFT energy of keto form, however, has been lowered 
significantly giving almost the same energy compared with 
that of enol form (AE = 0.2 kcal/mol). Deciding only from 
the flatter shape of the potential energy function, it can be 
predicted that 3ASA also show as large stokes shift as SA, 
and even more, although it depends on the reality of the 
existence of barrier between the enol and koto tautomeric 
forms of 3ASA, The flatness of the potential energy curve 
for SA and 3ASA in the excited state indicates that the large 
Stokes shift arises primarily from the increase of the g2und 
state energy as the O1H1 bond elongates along the reaction 
path, This, in turn, implies that the proton dislocation could 
be much larger than that predicted by the CIS calculation. 
The main difference observed in the excited state potential 
energy profiles between SA and 3ASA is the difference in 
lowering the excited state energies through TDDFT single 
point energy calculations. In case of SA, the TDDFT calcu­
lation lowers the CIS energy by 〜L2 eV while the energy is 

lowered by as much as 〜1.4 eV in case of 3ASA. Unfor­
tunately, to the best of our knowledge, we could not find any 
experimental data for 3 ASA to compare with the calculated 
ones. Spectroscopic studies involving the excited 마ate of 
3ASA, however, will serve as another good test for the 
reliability of TDDFT method in the calculation of potential 
energy function of the excited state proton transfer process.

On the other hand, the TDDFT potential energy function 
of 5ASA in the Si state (Fig. 3c) reveals a clear single 
minimum at around Roihi = L05, which is very close to the 
CIS optimized enol structure (Roihi = 0.965 A). The poten­
tial function rises rather steeply and shows qualitatively 
different structures compared with the flat potential forms of 
SA and 3ASA, Substitution of the electron donating amino 
group at para position relative to the phenolic hydroxyl 
group definitely suppresses the proton transfer in the excited 
state, while the substitution at ortho position hardly affects 
the process. In case of 3ASA, the amino group at ortho 
position to phenolic OH seems to even facilitate the proton 
process by stabilizing the keto structure even more. The 
Si(^f) state potential energy curve (Fig. 3d) of 5MeOSA 
calculated at the TDDFT level along the CIS-optimized 
reaction coordinate shows similar behavior compared with 
that of 5ASA. The dispersed fluorescence spectra of jet 
cooled SA and 5MeOSA have been reported by Lahmani 
and Zehnacker-Rentien,8 and by N, Mikami groups?1 A 
broad and large Stokes shift with a maximum at 430 nm is 
observed in the spectrum of SA, which is attributed to the 
characteristic feature of the excited state proton dislocation. 
On the other hand, the Stokes shift of 5MeOSA is reduced 
compared with that of SA where the fluorescence center 
appeared at around 380 nm. Moreover, the width of the 
dispersed fluorescence spectra of 5MeOSA turned out to be 
much narrower in comparison with that of SA, This sub­
stantial suppression of the excited state proton dislocation 
and the substitution effect of the methoxy group in the para 
position with respect to phenolic OH agree qualitatively well 
with the Si state TDDFT potential energy profile.

Figure 3c and Figure 3d show that the TDDFT energy 
minimum in the excited state occurs at 1.05 and 1.05 A for 
5ASA and 5MeOSA, respectively Those are shifted only by 
시).07 A relative to the MP2 optimized ground state minima 
occurring at 0.978 and 0.979 A for 5ASA and 5MeOSA? 
respectively Other than that, to a good approximation, the 
TDDFT potential energy profile in the excited electronic 
states are parallel to that in the ground state along the proton 
transfer coordinate for 5ASA and 5MeOSA. This strongly 
implies that the pattern of the emission spectrum basically 
forms a mirror image of the absorption spectrum. Actually, 
Lahmani and Zehnacker-Rentien observed in the high 
resolution experiment of jet-cooled 5MeOSA that the dis­
persed fluorescence spectrum resulting from the 0-0 level 
excitation exhibits a mirror image relationship with the 
fluorescence excitation spectrum with a strong band origin. 
The strong band origin observed in 5MeOSA forms a 
marked contrast with the small band origin of SA relative to 
other vibrational bands in the spectra. This experimental 
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observation can be attributed the fact that the structure of 
5MeOSA in the excited state is basically similar to that in 
the ground state, while that of SA changes considerably 
upon electronic excitation. In this regard, it is expected that 
5ASA will also show a similar behavior with 5MeOSA in its 
absorption and emission properties.

TDDFT transition energies. From the discussions above, 
the TDDFT excited state potential energy profiles along the 
proton transfer reaction coordinate seem to give qualitatively 
correct answer for the trends observed in the experiments. 
For more quantitative discussions relevant to the proton 
transfer process, the transition energies involving absorption 
and fluorescence are evaluated. The TDDFT energies calcu­
lated at the stable points, 2、enol, keto, and TS geometries, 
on the potential energy surfeces of the ground and the k)we마 

excited singlet state of the title molecules are presented in 
Table 2. Similar notations and formats are used as those of 
Table 2 in ref 20 for easy comparison. All the values are 
calculated relative to the energy minimum of the ground 
state optimized at the MP2/6-31G(d?p) level Relevant 
spectroscopic transitions including vertical excitation, Franck- 
Condon fluorescence, and spectral origin are illustrated in 
Figure 3.

Vertical excitation energy is calculated at the ground state 
minimum geometry optimized at the MP2/6-31G(d?p) level 
The vertical energy of Si state calculated at the optimized 
geometry of So state corresponds to the Franck-Condon 
excitation energy, which is associated approximately to the 
center of absorption band. The calculated TDDFT vertical 
excitation energies for SA, 3ASA, 5ASA, and 5MeOSA are 
listed in Table 2 in comparison with the available experi­
mental values. The obtained TDDFT values of 4.23 eV (2 = 
293 nm) for SA turned out to be too high by 033 eY while 
the reported CASPT2 value of 3.92 eV (2 = 316 nm) is in 
good agreement with the experimental value of 3.9 eV (2 = 
310 nm) observed for SA in cyclohexane. On the other hand, 
the TDDFT vertical excitation energy (3.78 eV 2=328 nm) 
for 5MeOSA agrees a bit better with the experimental value 
of 3.65 eV (2 = 340 nm) observed in cyclohexane in com­
parison with the case of SA, In contrast to the case of SA, 
however, the TDDFT method underestimates the vertical 
energy by 0.26 eV compared with the experimental values 
observed in case of 5MeOSA. The energy level of the 
vertical excitation for each title molecule is plotted in Figure 
3. It should also be noticed that, for SA and 3 AS A, the 
excited 마ate energy level that is reached by the Si。So 
vertical transition is higher than the barrier separating the 
enol and keto tautomeric forms along the reaction coordi­
nate. For 3ASA and 5ASA, the vertical excitation energies 
are calculated to be 3.62 eV (2 = 343 nm) and 3.49 eV (2 = 
355 nm), respectively

The center of the fluorescence band ( h) can be estimated 
from the TDDFT energy values presented in Table 2 and this 
value corresponds to the vertical transition from the TDDFT 
potential minima in the Si state to the ground state. The 
center of fluorescence due to the transition from the keto 
minimum in the Si state is also listed in Table 2 for com­

parison in case of SA and 3ASA. As mentioned above, the 
TDDFT potential energy profile shows very shallow double 
minima at O1H1 = L10 and L45 A for SA, and L09 and 
L54 A for 3ASA (see Table 1) with barrier height of about 
350 cm-1. Those two minima nominally represent enol and 
keto structures along the proton transfer path in the excited 
state. Since the vibrational frequency of phenolic OH in the 
Si state is estimated to be about 3,500 cm-1, even the zero­
point vibrational motion is more than enough to cover the 
whole range of the proton transfer coordinate. Moreover, 
setting aside the reality for the existence of barrier, the fact 
that the excited state energy level resulting from vertical 
excitation lies above the barrier thus makes it uncertain to 
assign the emitting structure to either enol or keto tautor- 
mers. It is anticipated that a competition between the 
fluorescence lifetime and the intramolecular vibrational 
relaxation time of the Si 마 ate is involved in determination of 
the emitting properties of the title molecules. TDDFT Franck- 
Condon fluorescence energy from the enol form of SA (3.71 
eY 2= 334 nm) is estimated too high by 0.91 and 0.81 eV 
compared with the experimental values obtained in the 
solution and gas phase, respectively On the other hand, if 
the transition from the keto form is assumed to be allowed, 
the obtained TDDFT values of 3.24 eV (2 = 383 nm) for SA 
is in better agreement with the experimental value of 2.8 eV 
(2 = 443 nm) and 2.9 eV (2 = 428 nm). The center of the 
fluorescence band from each of two tautomric forms of 
3ASA is estimated in Table 2 to occur at about 411 nm and 
492 nm. In case of 5MeOSA, where the potential energy 
profile shows a relatively deep single minimum, the calcu­
lated TDDFT fluorescence energy of 338 eV (2 = 367 nm) 
is also agreement with the experimental value of 3.06 eV (2 
=400 nm) obtained for 5MeOSA in cyclohexane, whereas it 
deviates by 0.23 eV compared with that observed in the jet- 
cooled gas phase experiment (Table 2). Similarly, the center 
of the fluorescence band for 5ASA has been evaluated as 
2.99 eV (2= 415 nm).

The energy difference between the TDDFT potential 
energy minimum in the Si 마ate and the MP2 optimized 
potential minimum in the So state can be regarded as the 0-0 
line of the So《승 Si transition. The calculated TDDFT 0-0 
line of the title molecules are estimated as 4.14, 347, 3.37, 
and 3.57 eV as listed in Table 2, where the corrections for 
the zero point vibrational energies are not included. The 
calculated TDDFT values of 3.57 eV (2=347 nm) for the 0­
0 transition of 5MeOSA is in good agreement with the 
experimentally observed value of 3.49 eV (2 = 355 nm). In 
other words, the TDDFT 0-0 transition energy is underesti­
mated only by 0.11 eV compared with the experimental 
value. On the other hand, in case of SA, the TDDFT method 
overestimates the 0-0 transition energy by 0.45 eV in 
comparison with experimental value (Table 2). Similarly, the 
TDDFT energies for the 0-0 transition for 3ASA and 5ASA 
are estimated as 3.47 eV (2=357 nm) and 337 eV (2=368 
nm), respectively It has been generally known from the 
previous work that the TDDFT method overestimates the 
relevant transition energies by about 0.5 eV compared with
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Table 2. TODFT energies of SA, 3ASA, 5 ASA, and 5MeOSA calculated at the minimum of the So and Si states relative to the minimum 
energy of the ground state (in eV). The center of fluorescence (m), and Stokes shift (诂)are given for comparison with experiments when 
available

Geometry State TDDFT (enol) TDDFT (keto) Experiment Spectroscopic Quantities

SA
So Si va 4.23(293 nm) 4.23(293 nm) 3.9(318 nmy Franck-Condon absorption
Si So 0.43(3,468 cm-1) 0.90(7,259 cm-1)
Si Si vo-o 4.14(299 nm) 4.14(299 nm) 3.69(336 nm)4 0-0 band

Vf 3.71(334 nm) 3.24(383 nm) 2.8(443 nmy, 2.9(428 nm)4 Franck-Condon fluorescence
vs 0.52(4,194 cm-1) 0.99(7,984 cm-1) 1.1(8,872 cm-1)41,1.0(8,065 cm-1)4 Stokes shift

3 ASA
So Si va 3.62(343 nm) 3.62(343 nm) Franck-Condon absorption
Si So 0.45(3,629 cm-1) 0.95(7,662 cm-1)
Si Si vo-o 3.47(357 nm) 3.47(357 nm) 0-0 band

Vf 3.02(411 nm) 2.52(492 nm) Franck-Condon fluorescence
* 0.60(4,838 cm-1) 1.10(8,872 cm-1) Stokes shift

5 ASA
So Si va 3.49(355 nm) Franck-Condon absorption
Si So 0.38(3065 cm-1)
Si Si vo-o 3.37(368 nm) 0-0 band

Vf 2.99(415 nm) Franck-Condon fluorescence
vs 0.50(4,051 cm-1) Stokes shift

5MeOSA
So Si va 3.78(328 nm) 3.65(340 nm)6' Franck-Condon absorption
Si So 0.19(1,532 cm-1) 0.40(3,226 cm-1/'
Si Si vo-o 3.57(347 nm) 3.49(355 nm)rf 0-0 band

Vf 3.38(367 nm) 3.06(400 nm)。, 3.26(380 nm)rf Franck-Condon fluorescence
* 0.40(3,226 cm-1) 0.59(4,758 cm-1/, 0.23(1,835 cm" Stokes shift

句ef. [34], z,ref. [35], "ref. [3이, W. [31]

more accurate CASPT2 method. The TDDFT results for 
5MeOSA, however, reveal that the TDDFT method repro­
duces the experimental transition energies fairly welt 
Actually the transition energies for absorption and emission 
are systematically underestimated by less than 0.25 eV in 
TDDFT.

The Stokes shifts (*) of fluorescence bands of the title 
molecules, which are evaluated as the difference between 
the centers of absorption and fluorescence, are presented in 
Table 2. As expected from above discussions, SA and 3ASA 
show larger Stokes shift than 5ASA and 5MeOSA, which 
means that introduction of an electron donating group in the 
para position relative to the phenolic hydroxyl g2up 
suppresses the proton transfer in the excited state. In case of 
5MeOSA, the TDDFT Stokes shift of 040 eV (3,226 cm"1) 
reproduce reasonably well the experimental values of 0.59 
eV (4,758 cm-1) and 0.23 eV (1,835 cm-1) observed for 
5MeOSA in cyclohexane and jet-cooled gas phase, respec­
tively About same value of the Stokes shift (030 eV 4,051 
cm-1) has been obtained for 5ASA, For both molecules, the 
O1H1 bond distances are calculated to be about 0.98 in the 
MP2 optimized ground state and L05 A at the TDDFT 
minimum in the excited 마ate (see Table 1). The relatively 
small elongation of the phenolic OH bond distance (0.07 A) 
reflects the fact that the substitution of an electron donationg 
g2up at para position reduces the acidity of the hydroxyl 

group in the excited state as was first pointed out by Weller
On the other hand, the TDDFT Stokes shift of 0.52 eV 

(4,194 cm-1) evaluated from the enol form of SA gives too 
low value by about 0.5 eV while the Stokes shift of 0.99 eV 
(7,984 cm-1) evaluated from the keto form is in good agree­
ment with the experimentally observed values of L0 eV 
(8,065 cm"1) and LI eV (8,872 cm"1). The O1H1 distances 
at two TDDFT potential energy minima in the Si state are 
calculated to be L10 and L45 corresponding to the enol and 
keto forms, respectively, while that in the ground state is 
found to be about 0.98 at the MP2 and B3LYP levels (see 
Table 1). In other words, the TDDFT method predicts that 
the elongation of the phenolic OH bond distance in the Si 
state is about 0.12 A and 0.47 A for enol and keto emitting 
forms, respectively Even though, assuming a single minimum 
attheOlHl distance of LI A, the CASPT2 potential energy 
profile seems to reproduce very closely the experimental 
transition energies and Stokes shift of SA, the result is 
somewhat uncertain due to the artifectual kink in the vicinity 
of potential energy minimum in the excited state as pointed 
out by Sobolewski and Domcke?0 As mentioned above, in 
case of SA, the TDDFT method gives systematically over­
estimated transition energies for absorption and emission by 
about 0.33 eV However, if we assume the TDDFT potential 
energy profile is parallel to the CASPT2 profile as confirmed 
by Sobolewski and Domcke's work, the TDDFT method is 
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expected to give a reliable result for the Stokes shift of SA. 
According to this reasoning and the extremely flat potential 
energy profile of SA in the excited 마ate, we propose a 
possibility that the proton dislocation in the Si state c이Hd be 
much larger than the previou이y predicted value of 0.15 A. It 
is not certain, however, that the small barrier separating the 
enol and keto tautomeric forms of SA in the excited state is 
real or not. From the parallel trends of the TDDFT and 
CASPT2 methods observed in other molecules like o-hydr- 
oxybenzaldehyde (OHBA), 7-hydroxy-1 -indanone (7HIN), 
malonaldehyde (MA) as well as SA, it can be concluded 
qualitatively for now that the potential energy profile of SA 
in the Si state is an extremely flat function of the proton 
transfer reaction coordinate. For 3ASA, compared with SA, 
almost the same amount of the Stokes shift is predicted by 
the TDDFT method, ie, 0.60 eV (4,838 cm"1) and L10 eV 
(8,872 cm-1) from enol and keto emitting forms, respective­
ly Two TDDFT minima in the excited state tautomeric 
structures correspond to the O1H1 distance of L09 A and 
L54 A? respectively With the same reasoning as in case of 
SA, a large elongation of the phenolic OH bond is predicted 
upon photoexcitation.

Conclusion

The potential energy profiles for the excited 마ate intra­
molecular proton transfer reaction have been calculated for 
SA, 3ASA, 5ASA, and 5MeOSA, employing the CIS and 
TDDFT methods. As in previous studies, the excited state 
potential energy functions of the title molecules calculated at 
the CIS level exhibit two distinct minima corresponding to 
enol and keto tautomeric forms separated by substantial 
energy barriers of about 5 kal/moL This result is, however, 
inconsistent with the experimental observations obtained in 
the spectroscopic study of solution or gas phase jet cooling 
of SA and 5MeOSA. To obtain more reliable potential 
energy profile and improved transition energies, the TDDFT 
single point energy calculation at the CIS optimized geo­
metries along the reaction path has been performed to 
incorporate electron correlation effects for the excited state.

The excited state TDDFT potential energy profiles of SA 
and 3ASA resulted in very flat function of the OH distance 
in the range of Roh = L0-L6 A? in contrast to the relatively 
deep single minimum potential energy function in the ground 
state. However, even though the barrier height is negligible 
(-350 cm-1) in the error range of the calculational methods, 
we observed a double minimum potential energy profile 
along the proton transfer path in the Si state instead of a 
single minimum profile reported in previous work on SA 
using the same method. It is not certain for now that the 
existence of the small barrier on the potential energy curves 
of SA and 3ASA in the Si state is real or not. But the 
important point is that the overall shape of the potential 
energy profile in the exited state is so flat that it is hard to 
assign the emitting form strictly to either enol or keto form 
of the tautomers. On the other hand, the TDDFT potential 
energy function for 5ASA and 5MeOSA reveals a clear 

single minimum where the minimum is located close to the 
CIS optimized enol structure. The ESIPT curves of 5ASA 
and 5MeOSA turned out to resemble very closely the GSIPT 
curves along the reaction path, and show qualitatively 
different shapes compared with the flat potential forms of 
SA and 3 ASA. Sub 마 itution of the electron donating group at 
para position relative to the phenolic hydroxyl group 
definitely suppresses the proton transfer in the excited state, 
while the substitution at ortho position does not substantially 
affect the process.

The transition energies associated with the ESIPT process 
including vertical absorption, Franck-Condon fluorescence, 
and spectral origin are estimated from the TDDFT potential 
energy profiles. Comparison of the estimated transition 
energies with the experimental ones indicate that the TDDFT 
method gives a qualitatively reliable shape of potential 
energy profile for the ESIPT process. The TDDFT method 
predicts, however, systematically overestimated transition 
energies in case of SA, while the method reproduces the 
experimental values observed for 5MeOSA reasonably welt 
From the reliability of the TDDFT method as discussed 
above, it can be concluded that the spectral properties of the 
title molecules seem to be characterized primarily by the 
vibrational relaxation on the single minimum potential 
surfece in the excited 마ate, and the extreme flatness of the 
potential profiles of SA and 3ASA along the proton transfer 
path may results in much larger proton dislocation in the Si 
state than the previou이y predicted value of 0.15 A. Further 
experimental spectroscopic studies will be directed to 
3ASA, 5ASA as well as the hydrogen bonded complexes 
with Hz。
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