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Summary. In the present paper, we carry out a semiempirical SCF MO AM1
investigation on the photochromic mechanism of 4-Br-N-salicylideneaniline
(BrSA). Optimized equilibrium geometries and the nature of the excited-state
potential energy surfaces are consistent with experimental findings. The calculated
excited-state potential energy profiles can semiquantitatively explain the experi-
mental facts. The photochromic processes which are initiated by excitation of the
enol form to its first excited singlet state S; involve the proton transfer from the
hydroxyl oxygen to the imine nitrogen via six-membered ring transition states.
Theoretical studies show that the proton transfer from the S, state produces the
keto form either on excited singlet state S or on triplet state T; which may further
decay to the ground state via radiative or nonradiative processes. The ultimate
product of the photochromic reaction is mainly trans-ketoamine with partial
zwitterion character. All of these have been confirmed by the experiments.
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1 Introduction

Aromatic Schiff bases, as the compound revealing photochromic properties, have
been the subject of interest for more than three decades. The photochromism of
4-Br-N-salicylideneaniline in the crystalline state or in solution was experimentally
established to be attributed to an excited state intramolecular proton transfer
[1,2]. Absorption and emission spectra of BrSA have been studied in polar and
nonpolar solvents [3], the fluorescence maximum is red shifted over 10000 cm ™!
from the absorption maximum. In order to explain the fluorescence kinetics of
BrSA, Barbara et al. proposed that the Franck—Condon vertically excited enol
state underwent a tautomeric proton transfer producing an excited keto state
which contains a substantial amount of excess vibrational energy. The excited keto
state is reactive toward formation of trans-keto in the ground state, and also is
rapidly converted to the ground state cis-keto by vibrational relaxation and
radiation. It seems that there has been a controversy over the structure of photo-
product. Cohen and Schmidt proposed a trans-quinoid structure in which the
oxygen atom and the imine hydrogen atom are in trans position with respect to the
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Fig. 1. Structures and atomic numbering of BrSA

C;~Cy3 bond (Fig. 1). This idea has been supported by a number of subsequent
studies [3-5]. The same quinoid structure but with a different nuclear configura-
tion, a cis-quinoid structure, was suggested by Richey and Beeker [6]. Lewis and
Sandorfy [7] proposed a zwitterion structure in which an intramolecular electron
transfer occurs from the oxygen atom to the nitrogen atom. Therefore, theoretical
studies on photochromic processes of the simple Schiff bases which, as far as we
know, have not appeared in the literature yet, are of considerable interest. In this
paper, we take 4-Br-N-salicylideneaniline (BrSA) as a typical example and make
a theoretical study on its photochromic process. The structure of photoproduct is
also discussed based on the semiempirical SCF MO AM1 calculations.

2 Computational method

For molecules in their excited electronic states, the most reliable results are
obtained using ab initio methods with allowance for correlation energy. Such an
approach, however, requires large basis sets and extensive configuration inter-
action, and is very costly in terms of computer time. Application of high quality ab
initio techniques in theoretical studies on the mechanism of photoreaction has
therefore so far been limited to small systems only. The AM1 method basically
consists of an improved parametrization for the MNDO Hamiltonian, which has
been optimized to reproduce a large set of ground-state data of organic molecules,
ions and radicals [8]. In particular, the description of hydrogen bonds has been
improved as compared with the original MNDO method [9]. In 1990, Dick has
used the AM1 method to optimize the geometry of 3-hydroxyflavone in its crystal
and pointed out that the root-mean-square difference in optimized and observed
bond lengths is smaller than 0.02 A [10]. Recently, the charge density wave and
geometric soliton structures of «, w-diphenyl odd polyene ions (CsHs),(CH)z, 44
(n = 10, 15, 20, ...) have been calculated with the AM1 method [11]. We have used
the AM1 method to investigate photodecarboxylation reaction of acrylic acid [12].
The results obtained are qualitatively consistent with those of ab initio calculation
[13], but the potential barrier calculated is higher than that of the CI calculation
based on ROHF optimized structure. In the present paper, the geometrical para-
meters of stationary points on the ground-state and excited-state potential profiles
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are optimized by using the AM1 method with an energy gradient technique. The
SCF electron configuration of the ground state is (1a')? (2a')*...(1a")?...(284a’)?
(12a")? [(core)”® (12a")*], whereas the electron configurations of the lowest elec-
tronically excited states are (core)’® (12a”)* (29a’)! for the enol form, and (core)’®
(12a”)! (13a”)! for the keto form. A crossing of the potential energy surfaces is
probably involved in the photochromic processes. According to Morokuma’s
definition, the energy minimum crossing point between two potential surfaces
corresponds to the point where the energy of one state is minimum under the
constraint that the energies of two states are equal to each other [14], We use
a stepwise optimization method to locate such a crossing point between 'A” and
3A’ excited state potential surfaces of BrSA. The calculations were performed with
the GAUSSIAN 86 program [15].

3 Results and discussion

Before investigating the photochromism, we discuss on the possibility of the
thermochromism of BrSA. The thermochromic reaction of BrSA involves an
intramolecular proton transfer from the hydroxyl oxygen to the imine nitrogen,
which is given at the bottom of Fig. 2.

For the thermochromic process, optimized geometrical parameters for the
reactant [enol form (S,)], the transition state (TS,) and the product [cis-keto form
(So)] are partially listed in Table 1. The potential profile of the thermochromic
reaction is shown at the bottom of Fig. 3. From calculated potential barrier, 99 and
82 kI mol ! for forward and backward reactions, it can be seen that the backward
reaction is easier to proceed than the forward reaction at room temperature. The
equilibrium ratio of cis-keto form and enol form at 300 K is evaluated as follows;

Ntesceto/Nonor = ks ki~ % exp( — 17280/RT) ~ 0.001
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Fig. 2. Photochromism and thermochromism of BrSA
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Table 1. Selcted geometrical parameters of several stationary points on ground and excited potential
profiles (bond length in A, bond angles in degree)

Ground state Excited states

So TS, S, S,('A") P TSe('A”) S3(*A")  Ti(*A)
C14—Ng 1.407 1.399 1.403 1.284 1.362 1.369 1.416 1.415
CioCi4 1416 1.415 1.418 1.460 1.426 1.426 1411 1.421
CisCis 1.389 1.389 1.388 1.381 1.391 1.391 1.393 1.393
Cy+~Cys 1.398 1.399 1.398 1411 1.404 1.404 1.394 1.399
Br,-C,- 1.871 1.860 1.870 1.862 1.867 1.867 1.869 1.871
Cy3-Ng 1.293 1.319 1.358 1.321 1.356 1.356 1.356 1.357
Ci3-C 1.464 1.433 1.384 1422 1414 1.420 1.458 1.459
Cs—C4 1.409 1437 1.466 1.425 1441 1.440 1.469 1.470
CeCsg 1.366 1.305 1.251 1.374 1.366 1.350 1.257 1.255
H;-Os 0.972 1.330 2.070 0.963 1.153 1.279 2.112 2,121
H¢-Ng 2.090 1.256 1.008 2.259 1.292 1.250 0.997 0.997
Co—Cy 1.415 1435 1.466 1.411 1.396 1.405 1.460 1.460
Cy0-Co 1.383 1.369 1.350 1.393 1.398 1.398 1.384 1.383
C;1-Cyo 1.402 1.418 1438 1.403 1.403 1.403 1.400 1.400
C,-Cy, 1.385 1.372 1.354 1.389 1.390 1.394 1.417 1.418

Cy5—Ci4—Ng 125.16 12379 12334 121.89 12094 12094 12048  120.53
CisCi1o-Cis 12068 12948 12050  121.07 12055 12055 12004  120.30
Ci7CisCio 120.53 12059 12057 12099 12053 12053 11998  120.26
Br;,—Cy+Cis 12025 12051 12028 12017 12014 12014  121.04  120.03
Cy13-NgCys 12338 12654 12533 17256 13641 13511 121.56 12144

C+C 3-Ng 123.50 11969 12574 12857  119.11 11982 12438  124.24
CsC+Cy5 12521 11881 12351 12706 11813 11813 12274  122.72
05-Cs—C, 12565 12126 12276 12552 11931 11981 12332  123.23
HsNg—Cs 110.06* 12468  116.57  109.61* 11749 11749 11753 117.54
Cy—Ce-C, 12036 11797 11666 12093  121.09 12049 11724  117.00
C,0-Co—Cy 11995 12022 12182 12055 11809 11939  121.60  121.32
C—Ci0Cy 12026  121.41 12092 11990 12069 12069  120.54  120.26

C12-Ci1-Cyp 119.92 11994 12019 12028  120.61 12061 12032 120.15
Ci3NgC4Cys 0.00 0.00 0.00 90.00 90.00 90.00 90.00 90.00
C+C,;5~NgC,, 18000  180.00 18000  180.00 18000  180.00  180.00  180.00

*Hg-O06Cs

where k. and k_ represent rate constants of the forward and backward reactions,
respectively. All of these show that the system may be regarded to contain only
a single component with all protons bound to the oxygen atoms at the temperature
lower than 300 K. As pointed out by Hadjoudis et al. [4], a higher energy was
required for proton transfer in the ground electronic state of BrSA; subsequently,
no absorption attributable to the cis-keto form was observed at room temperature.
The thermochromism of BrSA was also not observed by Cohen et al. [1]

The photochromic processes are initiated by excitation of the enol form to its
first excited singlet state S,, followed by an intramolecular rotation. Then the
proton transfers from the hydroxyl oxygen to the imine nitrogen via a six-mem-
bered ring transition state (Fig. 2), which is similar to the thermochromic reaction -
discussed above. The optimized structures of stationary points on excited-state
potential profiles have a C, symmetry and the dihedral angle between the two
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Fig. 3. Schematic potential profiles of reaction in low-lying electronic states of BrSA

aromatic groups of BrSA is 90°, which was supported by Rettig’s discussion [16].
On the basis of molecular orbital coefficients and symmetries, the S; state of the
enol form is of *nm*(*A”) character, whereas the lowest excited triplet state of keto
form (T}) is of *rmr*(®A’) character, which is in agreement with the experimental
assignment [17]. Geometrical parameters of some stationary points and the energy
minimum crossing point (P point in Fig. 3) on the excited-state potential profiles
are partially collected in Table 1. The potential profiles of the excited-state
reactions are also depicted in Fig. 3 where relative energies of several stationary
points are given. It can be seen from Fig. 3 that the population in the S; state is
transferred either to the second excited singlet state (S) of keto form along an
adiabatic pathway (maintaining !A” symmetry) or to the lowest excited triplet state
(T3) of the keto form via intersystem crossing. The zero-order energy minimum
crossing point between 'A” and *A’ potential surfaces is determined with a stepwise
optimization method. Because there exists spin—orbit interaction, the intersystem
crossing is expected to take place in the vicinity of the crossing point [187]. This
point can be considered as a “transition state” for nonadiabatic process
S — T} [14], the potential barrier calculated (155 kJ mol ™ !) is smaller than that of
the adiabatic reaction S; — S5 (171 kI mol " !), It is well known that it is easy to
relax from the high-energy S’ state to the S state. Taking into account that
the intersystem crossing is spin-forbidden, it can be expected that the adiabatic
and nonadiabatic processes represent competitive reaction pathways. Experiments
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showed that proton transfer from the S, state produces the keto form either on the
excited singlet state S surface [3] or on the excited triplet state T} (>n ) surface
[17]. The dihedral angle between the quinoid group and the aniline group connec-
ted by the C3—Nj single bond is 90°, both in the equilibrium T7 and S| structures.
Therefore the quinoid group may rotate around the C,;—C; single bond more
freely. These results show that there are two possible pathways for the excited

1 and T states to decay to the ground states, one of which results in the trans-keto
form and the other results in the cis-keto form. The cis-keto form can easily
transform back to the enol form, as discussed above. The barrier rotating from
trans-keto to cis-keto was calculated to be 143 kJ mol~?; therefore the ground-
state trans-keto is kinetically more stable. The photochromic processes may be
represented as follows:

So + hv = S (!nn*) - TSe —» S, — S — S§(trans-keto form)
L P(crossing point) - T} (3 11*)——T

which is consistent with the photochromic mechanism proposed by Barbara et al.
[3]. The analyses of Mulliken population on trans-keto form show that there are
4.5 electrons on the N atom and 6.3 electrons on the O atom (the two electrons in 1s
orbitals are not included). This implies that the trans-keto form is of partial
zwitterion character,

Experimental observations [3, 4] pointed out that the photochromism of BrSA
could take place either in crystalline state or in solutions. Experiments in solvents
of widely varying viscosities, from 0.22 cP for 2-methylbutane to the solid environ-
ment of crystalline nonadecane, show that the fluorescence kinetics of BrSA is only
slightly affected. Solvent polarity over a limited range also seems to have little effect
on the photochromism of BrSA; for example, the kinetics in polar ether are
indistinguishable from the kinetics in nonpolar hydrocarbons. So the photo-
chromic process of BrSA is mainly determined by an excited-state intramolecular
proton transfer which has been elucidated by our AM1 calculations above. How-
ever, the intramolecular proton transfer may be influenced by intermolecular
interactions. The intermolecular charge transfer interaction is generally considered
to be an important factor [19] via which a change in the net charge on the atoms
can occur. Such a charge effect has been found to have great influence on the nature
of intramolecular proton transfer [4]. Another factor is the intermolecular force
which will hinder the intramolecular rotation. The BrSA molecules are translation-
ally stacked in the crystal which is a unique molecular crystal with intermolecular
distance about 4.0 A [1]. Such a structure provides weaker intermolecular force
and intermolecular charge transfer interaction [20]. It is obvious that the inter-
molecular interaction has only a little influence on the photochromic mechanism of
BrSA crystal. In solutions, the trans-keto form should be kinetically more stable as
compared with the cis-keto form, since the calculated barrier of the trans—cis
isomerization is higher in the ground state. This argument is supported by the
recent NMR and time-resolved infrared spectra studies [21, 22]. However, the
zwitterion character predicted by AM1 calculations is difficult to compare with
experiments. Solvent polarity probably affects the structure of the ultimate photo-
product as to whether it is quinoid or zwitterion. The extent of zwitterion character
will vary with solvent polarity. As a general rule, the quinoid structure is favoured
in nonpolar solvents and the zwitterion structure should be preferred in polar
solvents.
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