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This paper presents a review of our reported theoretical studies that we performed to identify experi-
mental spectroscopic data (NMR, Raman, IR, and ESR), find applications that utilize transport property
(hole and electron), design the environmental field effect around a molecule (polymer and crystal), and
to elucidate nonlinear response properties. Moreover, new results on thermal stability and reaction in
crystalline state are also included. We put emphasis on how theoretical studies on photochromic systems
contributed to an understanding of the experimental data on a molecular level.
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1. Introduction

Organic photochromic molecules have raised considerable
interest owing to their potential applications to optical mem-
ory and molecular switches [1]. Among the various photochromic
molecular systems, diarylethene (DAE), whose general form is
shown below, is one of the most promising organic photochromic
molecules because of its high fatigue resistance. Recently, the num-
ber of experimental studies on various kinds of DAE molecules has
increased. These studies are attempting to realize various potential
applications [2]. In contrast, although it is necessary to under-
stand the detailed mechanism of reactions and to establish guiding
principles for designing required properties in future industrial
applications, theoretical research is rather limited. Accordingly, we
have performed theoretical molecular orbital and first-principles
studies on organic photochromic molecules.

This paper presents a review of our reported theoretical studies
with the addition of some recent results. Theoretical studies have
been presented to (i) explain the origin of thermal stability [3];
(ii) design absorption wavelength [4]; (iii) discover the deter-
mining factor of quantum yield [5]; (iv) identify experimental
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spectroscopic data (NMR [6], Raman [7], IR [8], and ESR [4b,9]);
(v) find applications that utilize the transport property (hole and
electron) [10]; (vi) design the environmental field effect around
the molecule (solvent [6a]; polymer [11] and crystal [12]), and
(vii) elucidate nonlinear response properties [13]. We have already
reviewed research pertaining to (i), (ii) [1b], and (iii) [5a]. In
this report, we first show some new results on thermal stability,
followed by a presentation of the remaining items from (iv) to (vi),
placing emphasis on how theoretical studies contributed to an
understanding of experimental data.

2. Thermal stability

We explained the remarkable thermal stability of DAE deriva-
tives in terms of the Woodward-Hoffmann rules [14]. Fig. 1 shows
the state correlation diagram (obtained by semi-empirical MNDO
calculation [3a]) for thermally stable closed-ring isomers. It clar-
ifies the thermal stability of DAE containing five-membered ring
(on the left of Fig. 1), while DAE containing six-membered ring (on
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Fig. 1. State-correlation diagram of thermally stable (with five-membered ring) and unstable (with six-membered ring) closed-ring isomers. [3a].

the right of Fig. 1) is found to be less stable. The reason for this sta-
bility difference was interpreted by difference in the aromaticity of
closed- and open-ring isomers [3]. This was demonstrated by theo-
retical computer-generated molecules (Fig. 2). These molecules are
aromaticity-related components of open- and closed-ring isomers
of the molecules shown in Fig. 1. Both of these molecules are con-
sistent with the Woodward-Hoffmann rules, being in symmetry
forbiddenreactions. Their cyclization as well as their cycloreversion
is triggered only by light, not by heat. However, the cyclorever-
sion reaction of six-membered ring molecules by heat does occur,
whereas the cycloreversion of five-membered ring molecules by
heat does not. That is, the colored form of the closed-ring isomer
with the six-membered ring is very unstable, owing to the consid-
erable thermodynamic instability of the closed-ring isomer. This
instability means that virtually the Woodward-Hoffmann rules are
no longer valid. In fact, we showed that a simple difference in
enthalpy (AH in Fig. 1) between ground state open- and closed-
ring isomers is the criterion for determining the thermal stability
of the colored forms [3].

Since we proposed this criterion to explain the thermal stability
of DAE molecules, there have been no reported exceptions. To date,
modifications have been made to synthesize various kinds of DAE
derivatives using different substituents [2]. Indeed, they satisfy the
criterion that we reported in 1988; namely, the smaller AH, the
higher the stability. Fig. 3 shows typical examples of some recent
calculations on the relative energy difference. We estimated the
enthalpy difference for closed- and open-ring isomers for the vari-
ous new DAE derivatives (in which there are remarkable differences
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Fig.2. Model molecules used for measuring difference in aromaticities of open- and
closed-ring isomers.

in thermal stabilities) as a function of substituents. Experimental
thermal stability [2] is closely correlated to the B3LYP/6-31G*-
calculated AH for closed- and open-ring isomers in ground state.
Note that the AH of the positively charged dication molecule (C in
Fig. 3) is calculated with solvents by using the PCM method [15].

3. Theoretical study to identify experimental spectroscopic
data

3.1. NMR chemical shift

To determine the detailed structures of photochromic
molecules, NMR chemical shift provides key information. First,
we applied the TH NMR NOE technique to determine the col-
ored form of photochromic spironaphtoxazine [16]. Then, we
performed NMR chemical shift analysis on the DAE derivatives.
For example, Uchida et al. determined the ratio of the anti-parallel
conformer relative to the parallel conformer (see Fig. 4 for the
conformers) in the equilibrium of open-ring isomers of 1,2-bis
(2-methyl-3-benzothienyl)-perfluorocyclopentene [6b] and 1,2-
bis (2-methyl-5-phenyl-3-thienyl)-perfluorocyclopentene [5d].
As shown in Fig. 4, a cyclization reaction is possible only via the
anti-parallel conformer. Therefore, to find the factors that increase
the population of anti-parallel conformer, it was necessary to
monitor the equilibrium by using the chemical shift of proton
NMR. Based on these NMR-shift data, a theoretical study pro-
vided a guiding principle for attaining large cyclization quantum
yield which results from increased anti-parallel population both
in ground state and excited state. Accordingly, molecules with
large cyclization quantum yields were designed with the aid of
theoretical calculations [5d].

Goldberg et al. reported NMR chemical shift calculations on
1,2-bis(3-methyl-2-thienyl)-perfluorocyclopentene (1a and 1b in
Fig. 4). Using the gauge including atomic orbital (GIAO) method
[17], they calculated the 'H NMR chemical shift for different atomic
groups at the B3LYP/6-31G level. They then compared the calcu-
lated 'H NMR shifts with experimental values to provide an aid to
determine the ratio of conformers [6a,18]. To find the determin-
ing factor of cyclization quantum yield, it was necessary to assign
experimental chemical shift values, since they reflect the ratio of
the conformers.

The chemical shift of the methyl-group proton provides peaks
strongly affected by the relative position of the two thiophene rings.
If the methyl group faces the thiophene ring (as in the case of the
anti-parallel conformer), the ring current induces a high magnetic
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