E L SE VI E R SC I E N C E B . V.
JOURNAL
PAGES

CHEMPH

01-12

ARTICLE No.

DISPATCH

4.1.0 ]

[DTD
4110

21 August 2000

in all correspondence
concerning this
paper refer to: CHEMPH 4110
PROD. TYPE:

Chemical Physics 000 (2000) 000±000

F RO M D i s k

A

OO
F

www.elsevier.nl/locate/chemphys

Substituent eects on the intramolecular proton transfer in the
ground and lowest-lying singlet excited states of salicylaldimine
Marta Fores, Miquel Duran, Miquel Sol
a*

PR

Departament de Quõmica, Institut de Quõmica Computacional, Universitat de Girona, Campus de Montilivi, 17071 Girona, Catalonia,
Spain
Received 10 April 2000

Abstract

RR

EC

TE

D

The eects of chemical substitution on the photophysical and photochemical properties of salicylaldimine (2-iminomethylphenol) have been studied by replacing the hydrogen atom of the imino group in salicylaldimine by SiH3 ,
CH3 , NH2 , COH, NO, CF3 , and CN. For the dierent derivatives of salicylaldimine, we have computed geometries and
potential energy curves for the intramolecular proton transfer in their ground states along with the Franck±Condon
energy curves for their three lowest-lying singlet excited states. Our results show that the intramolecular hydrogen bond
in the enol form is weakened by the presence of the NH2 , NO, CF3 , and CN substituents. This weaker bond causes an
increase of the energy barrier for the ground state proton transfer that converts the enol form to the keto tautomer.
Moreover, the keto form becomes unstable in the ground state when the CH3 , NH2 , CF3 , or CN substituents are
present in the molecule. Finally, whereas the 1pp state remains almost unaltered by the eect of the substituent, the np
excited state is stabilized in the SiH3 , COH, and NO derivatives. This fact is especially true for NO, where the np state
becomes the ®rst excited state. The results have been rationalized by taking into account the dierent electronic eects
of each substituent. Ó 2000 Elsevier Science B.V. All rights reserved.
Keywords: Salicylaldimine derivatives; Intramolecular proton transfer; Potential energy curves; Franck±Condon energy curves;
Substitution eects
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1. Introduction
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The molecules that contain both an acidic and a
basic group in close proximity may rearrange via
an intramolecular proton transfer upon photoexcitation, a process usually referred to as excitedstate intramolecular proton transfer (ESIPT).
ESIPT processes have attracted considerable attention due to their implication in biology [1], their
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role in many laser dyes [2±5], in materials able to
store information at the molecular level [6], in
high-energy radiation detectors [7,8], and in ¯uorescent probes. One of the molecules that exhibits
ESIPT is salicylaldimine (R  H according to Fig.
1) and related compounds [9±16]. In the gas phase,
the most stable isomer of these molecules in the
ground state is the enol form, which has an
N  H±O intramolecular hydrogen bond connecting the acidic hydroxyl group and the basic nitrogen atom. Photoexcitation of the enol form to
the ®rst singlet excited state is followed by transformation to the phototautomer. In the excited
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ecule, it was suggested that the photophysical and
photochemical properties of ESIPT-prone molecules may be changed in a desirable and predictable way by speci®c chemical modi®cations
[48,49]. It is, thus, of great interest to have a
thorough understanding of the detailed mechanism by which a substituent can modulate the
ESIPT behavior of a molecule [50]. One of our
previous studies addressed this point by analyzing
the in¯uence of ¯uorosubstitution on the ESIPTs
of salicylaldimine (R  H in Fig. 1) as a function
of the position of ¯uorine in the molecule [11]. We
now extend this study to the analysis of the eects
that dierent substituents joined to a speci®c position, N1 (Fig. 1), have on the photophysical and
photochemical properties of this molecule. In
particular, in this work two questions are addressed: (a) how substitution in¯uences the intramolecular hydrogen bond and the intramolecular
proton transfer in the ground state? and (b) which
are the eects of chemical substitution in the
lowest-lying singlet excited states of salicylaldimine? The results obtained in the present work
have been rationalized by taking into account the
dierent electronic eects of each substituent.
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state, the keto form is often more stable than the
enol form and, thus, the emission of these molecules is largely red-shifted [9±32].
The phototautomeric behavior of molecules
exhibiting ESIPT is associated with a dierence of
electron charge distribution between the ground
and the excited states. The proton donor and acceptor groups connected by the intramolecular
hydrogen bond become more acid and basic, respectively, in some excited states with respect to
the ground state [9,27,33±37]. Therefore, the intramolecular hydrogen bond is stronger in these
excited states and the ESIPT process is favored.
The electronic and structural reorganization of the
molecule upon photoexcitation depends strongly
on its speci®c molecular composition and on the
nature of the solvent [24,26,27,38±41]. Substitution
of a seemingly irrelevant group of the molecule can
strongly modify its photophysical and photochemical properties [42,43]. The signi®cance of a
certain substituent on the ESIPT process depends
on both its position and its chemical properties in
the molecule. For instance, introduction of a tertbutyl group ortho to the phenolic OH group in 2(20 -hydroxyphenyl)benzotriazole prevents the intramolecular hydrogen bond from being broken
[39]. Likewise, a bromine atom in the meta position with respect to the OH group in 2-(20 -hydroxyphenyl)iminomethyl-benzimidazole impedes
the breaking of the intramolecular hydrogen bond
by polar solvents in the excited state [44]. On the
other hand, the stronger electron-donating ability
of methoxy as compared to hydrogen explains the
disappearance of ESIPT in salicylic acid when
hydrogen is replaced by methoxy at the para position with respect to the phenolic OH [45].
Moreover, because of their electron-withdrawing
character, the COOH and COOCH3 substituents
prevent one of the two possible ESIPTs from
taking place in (2,20 -bipyridyl)-3,30 -diol when they
are placed in a speci®c position of the molecule
[46]. In yet another case, substitution of hydrogen
by a methyl group at the 1-position of 2-(20 -hydroxyphenyl)benzimidazole has more in¯uence on
its photochemical properties than when it is located at the 50 -position [28,47].
Interestingly, because of the critical role that
some speci®c chemical groups may play in a mol-
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2. Computational details

We have studied seven derivatives of salicylaldimine which have been obtained by substitution
of the hydrogen atom of the imine group in salicylaldimine by the SiH3 , CH3 , NH2 , COH, NO,
CF3 , and CN groups. In the forthcoming text, all
derivatives will be referred to by the corresponding
substituent name. To our knowledge, the species
with R  CH3 and NH2 have been already synthesized. The synthesis of the SiH3 , COH, and CN
compounds should be possible from the attack of
the silylamine, formamide, and cyanamide to salicyaldehyde, while the NO and CF3 species may be
more dicult to achieve, but are interesting to
include in the study because of their particular
chemical eects.
The potential energy curve (PEC) for the
ground-state proton transfer of each salicylaldimine derivative has been calculated using the reaction coordinate method. We have computed 11

CHEMPH 4110
M. Fores et al. / Chemical Physics 000 (2000) 000±000

PR

OO
F

D95** GSIPT curve. Given the de®cient treatment
of electron correlation at the CIS level [57] and the
lack of geometry optimization in the excited states,
the FCCs obtained in this way represent a rough
estimation of the correct PECs. However, one may
reasonably expect that the qualitative conclusions
reached by comparing the dierent derivative
FCCs will be unaltered in a meaningful way by the
use of more sophisticated approaches. All computations have been carried out with the G A U S S I A N 9 4 program [62].

3. Results and discussion
3.1. Geometries

Fig. 1 depicts the hydroxy and oxo tautomeric
forms of salicylaldimine, together with the substituents chosen for the present study, plotted in
the spatial orientation resulting in the most stable
conformer for each enol tautomer. It is worth
noting that the NO substituent adopts the conformation shown in Fig. 1 in order to minimize
repulsions between the lone pair electrons of N1
and those of the N atom of NO. Furthermore, the
NH2 group in the enol form reaches a conforma-
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points along the reaction coordinate, as de®ned by
the dierence between the N1 ±H6 and H6 ±O5 bond
lengths. In some cases, a few additional points
have been calculated to locate a minimum for a
speci®c excited state. Each point has been obtained
freezing the r(N1 ±H6 ) bond distance and optimizing the rest of the geometrical parameters.
It is well established that an accurate evaluation
of the ground state intramolecular proton transfer
(GSIPT) requires the inclusion of electron correlation eects [51±54]. One of the methods being
able to provide fairly good geometry and energy
parameters for the ground state is MP2 [55].
Furthermore, the use of a basis set large enough is
also necessary. In particular, inclusion of polarization functions in the basis set is essential to
obtain a reliable description of the proton transfer
[56]. By contrast, diuse functions have little eect
on the results [55,57±59]. For these reasons, the
MP2 method together with the Dunning and Hay
double-f basis set with polarization functions
(D95**) [60] have been employed for the optimizations of the dierent systems in the ground state.
The PECs for the proton transfer of the three
®rst singlet excited states have been built as
Franck±Condon curves (FCCs) computed at the
CIS/D95** level [61] from the corresponding MP2/

3

Fig. 1. Scheme with atom numbers of the enol and keto tautomers of the salicylaldimine derivatives. The most stable conformation
adopted by each substituent in the enol tautomer is given.
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Table 2
 and degrees) most involved in the
Geometrical parameters (in A
intramolecular hydrogen bond of the ground-state salicylaldimine derivatives
H6 ±O5

N1   O5

h(N1 H6 O5 )

1.724
1.710
1.710
1.767
1.717
1.771
1.774
1.783

0.994
0.999
0.997
0.987
0.995
0.989
0.987
0.985

2.620
2.624
2.618
2.651
2.617
2.644
2.651
2.657

148.0
150.3
149.4
147.3
148.4
145.3
146.1
145.8

N1 ±H6

H6   O5

1.046
1.061
1.035
1.036

1.647
1.595
1.736
1.808

OO
F

Enol
H
SiH3
CH3
NH2
COH
NO
CF3
CN

N1   H6

Keto
H
SiH3
COH
NO

2.534
2.541
2.589
2.597

139.6
146.5
137.0
129.8

D

tion where the two hydrogen atoms lie in the same
side of the molecular plane. Thus, the lone pair of
the NH2 group is perpendicular to the lone pair of
N1 , and parallel to the p-system of the molecule.
The seven spatial arrangements shown in Fig. 1
remain unaltered along the reaction coordinate
except for NH2 . During the transfer of H6 from O5
to N1 , the lone pair of N1 becomes perpendicular
to the molecular plane, and the NH2 substituent
rotates aligning its lone pair with the molecular
plane in order to minimize repulsions.
Table 1 lists the bond lengths of the OCCCN
structure for each compound in the ground state.
The unsubstituted and SiH3 - and CH3 -substituted
enol forms have nearly the same bond lengths. The
other enol structures exhibit some dierences with
salicylaldimine, mainly for the N1 ±C2 and C2 ±

C3 bond lengths, yet never larger than 0.02 A.
Therefore, one can conclude that the geometry of
the OCCCN backbone in the enol form of salicylaldimine is remarkably insensitive to any substituent bonded to N1 . A similar behavior is found
for the OCCCN backbone of the keto form. It is
worth noting that the keto tautomers corresponding to the CH3 , NH2 , CF3 , and CN substituents are not stable in the ground state and so
they do not appear in Table 1.
Since the intramolecular hydrogen bond plays
an important role in the proton transfer, it is interesting to examine how the geometrical param-
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eters most involved in this bond are aected by the
presence of a substituent in the molecule. Results
in Table 2 show that in the enol form of the NH2 ,
NO, CF3 , and CN compounds, the N1   H6 and
N1   O5 distances are larger, whereas the H6 ±O5
bond length and the h(N1 H6 O5 ) angle are smaller,
when compared to the corresponding values of the
enol form of the unsubstituted salicylaldimine. In
many cases, there is a clear relationship between
these parameters and the strength of the hydrogen
bond. The smaller the N  H and N  O distances
and the larger the H±O bond length and the
h(NHO) angle in the enol tautomer, the stronger
the intramolecular hydrogen bond [9±11,57,59,63±
65]. Hence, the aforementioned set of chemical
groups weaken the intramolecular hydrogen bond
in the enol form. This eect is also shown in the
keto form of NO and COH. Moreover, the hydrogen bond in the enol form is hardly aected by
the presence of the SiH3 , CH3 , and COH groups.

Table 1
 for the enol and keto tautomers of
Selected bond lengths (A)
salicylaldimine derivatives in the ground state
C2 ±C3

C3 ±C4

C4 ±O5

1.462
1.460
1.461
1.460
1.445
1.444
1.451
1.446

1.421
1.422
1.421
1.400
1.424
1.424
1.422
1.423

1.353
1.351
1.353
1.359
1.348
1.350
1.352
1.352

CO

N1 ±C2
1.302
1.303
1.298
1.304
1.310
1.312
1.301
1.311

UN

Enol
H
SiH3
CH3
NH2
COH
NO
CF3
CN
Keto
H
SiH3
COH
NO

1.332
1.341
1.359
1.360

1.404
1.403
1.385
1.382

1.462
1.463
1.478
1.482

1.278
1.279
1.265
1.262

3.2. Energies
3.2.1. Hydrogen bond strength
The stability (EHB ) caused by the intramolecular
hydrogen bond of the enol form can be estimated
through the dierence in energy between the
structure containing the hydrogen bond (closed
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rF

rR

ra

rv

EHB b

H
SiH3
CH3
NH2
COH
NO
CF3
CN

0.00
ÿ0.02c
0.00
0.14
0.31
0.41
0.44
0.60

0.00
0.02c
ÿ0.08
ÿ0.52
0.19
0.26
0.07
0.10

0.00
ÿ0.35d
ÿ0.35
ÿ0.16
ÿ0.46
ÿ0.25
ÿ0.25
ÿ0.46

0.00
ÿ0.24e
0.00
0.33
ÿ0.05
0.39
0.02
0.30

16.4
16.8
17.0
13.7
16.0
14.2
13.3
12.0

a

TE

D

Values taken from Ref. [67], except for SiH3 . The hydrogen
atom is taken as a reference.
b
In kcal molÿ1 .
c
Same value as Si(CH3 )3 [67].
d
Same value as CH3 .
e
Value estimated from the correlation between the H natural
atomic charge in the H±R compounds and the rv of each
substituent (CH3 has been excluded from the correlation analysis).
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Enol

reference substituent. For the present work, the
values for the seven substituents studied have been
gathered in Table 3. From these four parameters,
one ®nds that substituents with a positive rF value
tend to weaken the intramolecular hydrogen bond.
The main dierence between the closed and open
enol forms is the position of H6 ; since this atom is
positively charged, destabilization by a substituent
with positive rF in the open form is smaller than in
the closed structure. Therefore, the H-bond
strength, computed as the dierence in energy between these two forms, is reduced. Moreover, pacceptor rR > 0 and electronegative rv > 0
substituents contribute to reduce the basicity of N1
in the enol form (vide infra) and thus, weaken the
hydrogen bond [49].
The system with R  NH2 deserves a more
detailed discussion. The eect of NH2 on the hydrogen bond strength is comparable to the other
strongly electronic withdrawing groups (CF3 , CN,
and NO) despite the fact that it has a large donating resonance parameter that should increase
the density on the imino group, thus, increasing
the hydrogen bond strength. Two factors account
for this unexpected behavior. First, the p-electron
donation in the enol form of NH2 is partially inhibited by the strong p-electron donor character of
the hydroxyl group. Second, NH2 is an electronegative substituent that acts as a r-acceptor
weakening the hydrogen bond. The combined inhibition of p-donation and the large electronegativity eect explain the reduction of the hydrogen
bond strength in NH2 .

PR

Table 3
Parameters for the inductive ®eld (rF ), resonance (rR ), polarizability (ra ), and electronegativity (rv ) eects,a and the ground
state intramolecular hydrogen bond energies for each substituted salicylaldimine derivative
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form) and that in which the C3 C4 O5 H6 dihedral
angle is rotated to 180° (open form) without further geometry optimization [11,57,59,63±65]. Table 3 reports this energy dierence for each
salicylaldimine derivative. The SiH3 , CH3 , and
COH derivatives have nearly the same EHB as the
unsubstituted system; thus, con®rming that these
substituents have a small in¯uence on the hydrogen bond of salicylaldimine. In agreement with the
geometry parameters, the rest of the substituents
weaken the intramolecular hydrogen bond by 2.2±
4.4 kcal molÿ1 .
Because of the small size of all substituents, one
can reasonably assume that the in¯uence of each
substituent on the chemical properties of salicylaldimine will be due mainly to their dierent
electronic eects, rather than to essentially dierent steric eects. The electronic eects of the different substituents can be conveniently discussed
by using the model proposed by Taft and coworkers [66,67]. In that model, the electronic effects are divided into four main contributions,
namely the ®eld (F), electronegativity (E), resonance (R), and polarizability (P) eects. These four
eects were parameterized [66,67] for dierent
substituents, taking the hydrogen atom as the

3.2.2. Enol±keto stability
Fig. 2 shows the PEC describing the displacement of the hydrogen atom along the reaction
coordinate in the ground state and the FCCs for
the three lowest excited singlet states for each
salicylaldimine derivative. Let us, ®rst, focus our
attention on the ground state PEC of salicylaldimine. Such a curve is characterized by the existence of two energy minima, one for the enol
structure and another for the keto tautomer that is
higher in energy. The same result was found earlier
with the Hartree±Fock method [9]. The origin of
the larger stability of the enol form was found in
the increased aromaticity of the six-membered ring
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Fig. 2. GSIPT curves obtained from the MP2/D95** optimized structures and FCCs for the three lowest singlet excited states calculated at the CIS/D95** level using the ground state MP2 optimized geometries. In the case of NO, the fourth excited state (2np ) is
also showed. Energy values are referred to the ground state enol form of each substituent.
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CO

of this tautomer, as compared to that of the keto
structure [9]. Regarding the CH3 , NH2 , CF3 , and
CN compounds, an energy minimum for the keto
form has not been found, thus, indicating that
introduction of any of the mentioned substituents
in salicylaldimine makes the keto form unstable.
This eect is especially important for NH2 ,
whereas the other derivatives exhibit a fairly ¯at
curve in the keto zone. We must note that the CH3
compound has been studied experimentally [12]. It
was found that, although the enol form is the
dominant tautomer in the ground state, the keto
form was also present in CH3 CN [12] and methanol [13] solutions. Although, we have not found a
minimum for the keto form of this compound in

the gas phase, its PEC shows a quite ¯at pro®le
near the keto zone; moreover, a stabilization of the
keto form in polar solvents can be expected due to
the higher dipole moment of the keto form with
respect to the enol form for this kind of compounds [40]. 1 Therefore, an increase of the stability of the keto form in polar solvents is expected
to occur, in agreement with the experimental results. Finally, one can say that the SiH3 , COH, and
NO substituents do not exert any qualitative
change on the ground-state PEC of salicylaldi-

1
The dipole moment of salicylaldimine is 2.95 and 4.05 D
for the enol and keto tautomers, respectively.
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Fig. 2. (continued).

charge of R and N1 in the enol form is, thus, increased by 0.164 and decreased by 0.203 a.u., reTable 4
Natural atomic charges (in a.u.) for selected atoms of the
ground-state enol and keto tautomers
Enol

UN

CO

mine, both tautomers of their corresponding derivatives being stable in the ground state.
The addition of a substituent to the salicylaldimine molecule leads to some redistribution of
the electron density near the substitution site,
which aects the relative stability of the two tautomers. The natural atomic charges [68±70] of the
substituent (R) and N1 (Table 4) in the salicylaldimine derivatives are helpful to understand the
electron density changes in the molecule due to
chemical substitution. The electron-donor/acceptor ability of a substituent can be related to its
resonance and electronegativity parameters. In the
case of SiH3 , there is a transfer of electronic charge
from SiH3 to N1 , which is due to the electropositive character of SiH3 . The positive and negative

H
SiH3
CH3
NH2
COH
NO
CF3
CN
a

Keto

Ra

N1

0.376
0.540
0.216
0.085
0.177
ÿ0.008
0.178
0.092

ÿ0.699
ÿ0.902
ÿ0.513
ÿ0.308
ÿ0.637
ÿ0.422
ÿ0.624
ÿ0.579

Total charge of the substituent.

Ra
0.411
0.573
0.254
0.068
0.154
ÿ0.158
0.215
0.118

N1
ÿ0.744
ÿ0.943
ÿ0.550
ÿ0.382
ÿ0.656
ÿ0.426
ÿ0.697
ÿ0.655
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Table 5
MP2/D95** relative energies (kcal molÿ1 ) of the ground-state
keto structures as compared to the enol forms, alongwith energy barriers for the proton transfer interconverting both tautomers
H
SiH3
CH3 b
NH2 b
COH
NO
CF3 b
CNb
a

DEz

8.0
6.6
8.6
15.9
3.7
7.6
12.5
13.5

8.5
6.9
8.6
15.9
6.2
9.8
12.5
13.5

DEK±E and DEz values are 6.8 and 14.4 kcal molÿ1 at the HF
level [9].
b
The keto form has been obtained by freezing the H6   O5
 while the rest of the geometrical pabond distance to 1.7 A,
rameters have been fully optimized.

stabilize the lone pair of N1 in the enol form and
destabilize the positive charge of H6 in the keto
form. As mentioned above, combination of the
electron charge redistribution and the rF eects
makes the keto form unstable for the NH2 , CF3 ,
and CN derivatives. Although the keto form is
also unstable for CH3 , the energy dierence between the enol structure and a keto form optimized by constraining the N1 ±H6 bond length to
 is nearly the same as the enol±keto energy
1.7 A
dierence of unsubstituted salicylaldimine (Table
5). This result, together with the ¯atness of the
PEC around the keto form (Fig. 2) indicates that
the keto form in CH3 is not as unfavored as the
NH2 , CF3 , and CN keto forms, as one could expect from the zero rF and rv values of the CH3
substituent.
Compared to salicylaldimine, the relative stability of the two tautomers of NO is almost the
same, while the keto form is stabilized with respect
to the enol form in COH. COH and NO are those
substituents having the largest p-electron acceptor
character. Although this eect contributes to increase the acidity of NH in the keto form, it can
also exercise a stabilizing eect on this tautomer
with respect to the enol form. As compared to the
unsubstituted salicylaldimine, there is a larger increase of p conjugation in the keto form than in
the enol form for the COH and NO compounds.
This fact is proved by the behavior of the bond
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DEK±E
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a

D

spectively, with respect to the charges of the unsubstituted salicylaldimine. By contrast, the CH3
group acts as an electron acceptor with respect to
H, which can be attributed partially to negative
hyperconjugation eects [71]. Speci®cally, a natural bond orbital (NBO) [69,70,72,73] analysis reveals that there is a favorable interaction between
the lone pair of N1 and the r orbital corresponding to the C±H bond of the CH3 placed in
the molecular plane. Moreover, there is an interaction between the r orbital corresponding to the
other two C±H bonds of CH3 and the p orbital of
the N1 ±C2 bond. These interactions agree with the
smaller charge transfer found for CH3 than that
from H. In the case of NH2 , the p-electron donation is diculted in the keto form due to the perpendicular orientation of the lone pair orbital of
NH2 and the p system of the molecule, and is
partially inhibited in the enol form because of the
p-electron donor character of the hydroxyl group.
As compared to the hydrogen atom, the large
electronegativity eect of this substituent prevails
over the p-electron donor in¯uence, and as a result
there is a smaller ¯ow of electron charge from NH2
to the rest of the molecule. NO and CN act as r
and p electron acceptors having as a whole a behavior similar to that of NH2 . Moreover, the
smaller resonance and electronegativity eects of
COH and CF3 translate into a smaller electron
accepting character of the substituent, as compared to NH2 , NO and CN.
When the negative charge of N1 increases by the
eect of the substituent, the basic imino group in
the enol form becomes stronger and the acid
amino group in the keto form becomes weaker, the
keto structure being favored as compared to the
enol form. This happens to the SiH3 derivative, as
can be seen from the relative energies of the two
tautomers collected in Table 5. An opposite behavior is found for the NH2 , CF3 , and CN derivatives. In all these compounds, there is a smaller
electron transfer from the substituent to the molecule, as compared to the transfer in the unsubstituted salicylaldimine; this fact favors the enol
form with respect to the keto form. Another factor
that may play a relevant role in the relative stability of the two tautomers is the ®eld eect; substituents having a large positive value of rF
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lengths, the single N1 ±N bond being 0.066 A

shorter and the double N±O bond being 0.013 A
larger in the keto form than in the enol form of the
NO derivative (in the case of the COH the dier thus, indicating a
ences being 0.034 and 0.001 A),
larger contribution of the valence bond structure
shown in Scheme 1 in the wave function of the
keto form. In COH, the stabilizing resonance eect
for the keto form dominates over the charge redistribution eect favoring the keto structure,
while the eects are almost compensated in NO.
Remarkably, for all systems, the behavior of the
energy barrier follows that of the H-bond strength
in the enol form: a weakening of the H-bond implies an increase of the energy barrier [9,57±59].
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the photoenol. These results indicated that the
next state higher in energy for the enol tautomer is
np , which crosses with the 2pp PEC twice along
the reaction coordinate [9]. The energy barrier for
the intramolecular proton transfer in the np excited state was found to be higher than that in the
2pp state. The FCCs of salicylaldimine (Fig. 2)
qualitatively reproduce the features shown by the
ESIPT curves [9]. We must point out, however,
that the agreement between PECs and FCCs is not
complete. For instance, the PEC of the 1pp state
of salicylaldimine has minima both for the keto
and the enol tautomers, while the FCC for the
same state only shows a minimum corresponding
to the keto tautomer. Further, the value of the
reaction coordinate for the keto form in the
1pp state of salicylaldimine is ÿ0.601 for the FCC
and ÿ0.981 in the PEC. 2 Therefore, the geometry
relaxation is relevant, particularly for those parameters that are most involved in the intramolecular hydrogen bond. Despite these dierences,
we must say that the energy barrier for the enol to
keto conversion in the 1pp state of salicylaldimine
obtained from the PEC is only 1.5 kcal molÿ1 at
the CIS/D95** level [9], and therefore, qualitatively the PEC and FCC lead to the same conclusion: an ESIPT takes place in the 1pp state
after photoexcitation from the ground state enol
tautomer. Therefore, we expect that the FCCs of
the dierent salicylaldimine derivatives will be
adequate approximations to the real ESIPT curves
and we assume that the FCCs are a rational choice
to perform a comparative analysis of the substitution eects on the photophysical and photochemical properties of salicylaldimine [50].
The FCCs of the three lowest-lying singlet excited states for the CH3 , NH2 , CF3 , and CN
compounds look qualitatively very similar to those
of the reference molecule. Among these species,
the only remarkable dierence corresponds to the
enol form of CH3 and CN in the 1np state, which
is stabilized with respect to the keto form. The
behavior of the FCCs of SiH3 and COH deviates
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3.2.3. ESIPT processes
Let us now turn our attention to the three
lowest-lying singlet excited states of the studied
systems. For all compounds, we have analyzed the
same electronic transitions. When transferring one
electron from the HOMO to the LUMO, the state
of the molecule changes to 1pp . The second
2pp excited state is in turn a combination of the
HOMO-1/LUMO and HOMO/LUMO+2 electronic transitions. The remaining excited state
(np ) results of a promotion of an electron from
the HOMO-2 to the LUMO. Earlier, CIS calculations showed that the lowest excited state of the
enol form of salicylaldimine (R  H in Fig. 1) is
1pp [9]. When the enol form is excited to this
state, an ESIPT takes place giving rise to the
phototautomer form, which is more stable than

2

An equivalent behavior has been found for the COH
substituent, with two minima in the PEC and only a minimum
corresponding to the keto form in the FCC.
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Table 6
1np and 1pp vertical excitation energies (kcal molÿ1 ) from the
ground-state enol form of the dierent salicylaldimine derivatives studied
S0 ! 1pp

144.0
122.5
138.6
151.3
118.4
60.8
148.5
129.5

121.6
118.5
121.6
120.5
111.3
113.2
117.9
111.7

OO
F

H
SiH3
CH3
NH2
COH
NO
CF3
CN

S0 ! 1np

uents correlates well with the fact that the np
excited state of this compound is the most stabilized state. The next lowest singlet states of NO are
the 1pp and 2pp states. Both states show a behavior similar to those of salicylaldimine. Nevertheless, 2pp has the particularity of crossing with
a fourth excited state (2np ), which is the third
excited state for negative values of the reaction
coordinate. Not surprisingly, the 2np singlet excited state is especially stabilized in NO for the
same reasons explaining the stabilization of its
1np excited state.
The shape of the FCC of the 1pp excited state
is nearly unaected by substitution eects, all derivatives showing either a single energy minimum
corresponding to the keto form or a small energy
barrier for the conversion of the enol to the keto
structure. Hence, the ESIPT process takes place
when the enol form is excited to this state for all
derivatives of salicylaldimine. In the case of CH3 ,
the ESIPT reaction in the 1pp excited state has
already been observed experimentally [12]. Table 6
also collects the enol 1pp vertical excitation energies for all compounds. In all cases, they have a
value smaller than that of salicylaldimine, except
for CH3 , which has the same value. The experimental value for the 1pp electronic transition in
the CH3 compound is 91.6 kcal molÿ1 to be compared with the theoretical estimation of 121.6
kcal molÿ1 . This large dierence is not unexpected,
since it is well known that the CIS method overestimates the 1pp excitation energies by about 30
kcal molÿ1 [57,74±76]. The eect of substitution on
the 1pp electronic transition is much less signi®cant than on the np transition. The nature of the
orbitals involved in the 1pp electron excitation is
similar and, thus, the substituent eects on the
1pp state are less important.
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from that of the H, CH3 , NH2 , CF3 , and CN
FCCs in the fact that the np state is lower in energy than the 2pp state, excepting for some points
near the TS of the np state, where both states take
the same energy values, yet no crossing between
these two excited states is found. This fact indicates that the np state is stabilized by the SiH3 and
COH substituents. In particular, the stabilization
is fairly large for the enol form, which has nearly
the same energy as the keto form in the COH
derivative and is the most stable tautomer in the
SiH3 derivative. Interestingly, this pattern is much
more pronounced in the NO system, the np state
being the ®rst excited state and the enol form becoming the only tautomeric structure stable in this
excited state. The values of the enol np vertical
excitation energies, obtained in Table 6, con®rm
the stabilization of this tautomer in the np state
by the eect of COH, SiH3 , and NO substitution in
salicylaldimine, and to a lesser extent, by substitution by CH3 and CN.
The substituents with positive rF values stabilize the ground state to a larger extent than the np
excited state, as compared to salicylaldimine, due
to a larger stabilization of the lone pair of the enol
form in the ground state by the presence of the
substituent. On the contrary, the p-acceptor eect
of the substituent stabilizes the np excited state to
a larger extent than the ground state because the
electron transfer to the LUMO is favored by pconjugation. Catalan et al. found a similar in¯uence of these eects on the np excitation for a
similar system [50]. The fact that NO has the
largest positive rR value among the seven substit-
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4. Conclusions
The NH2 , NO, CF3 , and CN substituents
weaken the intramolecular hydrogen bond of salicylaldimine when they are bonded to the imine
group of this molecule. In consequence, the
ground-state energy barrier for the proton transfer
from the enol to the keto form increases. In the
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