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Electrochemical cyclization/cycloreversion reactions of a diarylethene, 1,2-bis(3-methyl-2-thienyl)perfluoro-
cyclopentene, are examined experimentally by electron spin resonance (ESR) and absorption spectra. To
understand the ESR spectrum, the hyperfine coupling constants are calculated by the density functional theory
(DFT) with the B3LYP exchange-correlation functional. The averaged values of the hyperfine coupling
constants are approximated by imposing theC2 symmetry on the structure of the diarylethene. We found that
the spectral width of the ESR is significantly different between the open- and closed-ring isomers. This is
due to the difference in theπ-conjugation between two isomers. The ESR spectral width analysis could, thus,
be used to identify the isomerization of the radical species, which involve the change of theπ-conjugation.
The experimentally observed spectrum is found to be the mixture of the open- and closed-ring isomers of the
diarylethene. The excitation energies of the cationic diarylethenes are further identified by the SAC-CI
calculations.

1. Introduction

In chemistry, biology, and material science, magnetic reso-
nance spectroscopy is extensively studied.1 For the determination
of molecular structures and the monitor of chemical reactions,
the magnetic resonance spectroscopy is used as one of the
standard methods. NMR spectroscopy of small molecules,
biological systems such as proteins, polymers, and clusters are
considered to be one of the indispensable data owing to its
abundant information from the charts of chemical shifts,
coupling constants, and relaxation times.2 Theoretical chemistry
has provided useful aids for the practical applications of NMR
data. Examples include the GIAO, IGLO, and the Karplus’s
equation ofJ coupling.3 On the other hand, ESR spectroscopy,
although in itself, contains also rich information of the molecular
properties, the application in chemistry and biology is rather
limited. One of the reasons for the limitation is reduced to be
the difficulty of the interpretation (convolution) of the hyperfine
coupling constants (hfcc’s) andg values. For the realization of
this rich potentiality of ESR data, again theoretical contribution
is in order.

This paper reports on a theoretical study in this regards. We
have chosen a problem of the product assignment of the
electrochemical reactions of a diarylethene. Diarylethene mol-
ecules are one of the candidates of molecular devices, such as
the molecular switches and memories.4 Diarylethene derivatives
have two thermally stable structures, i.e., open- and closed-
ring isomers. (See Figure 1.) The open-ring isomer is converted
to the closed-ring isomer upon irradiation with UV light.
Similarly, the open-ring isomer is obtained from the closed-

ring isomer upon irradiation with visible light.4 Due to the
distinctive difference in structure, especially the difference in
theπ-conjugation, they have different absorption spectra. Since
we can control the structure optically, it is adequate to use it as
the molecular switches or memories.4

The control of the structure, however, can be performed not
only by the optical method but also by the oxidation/reduction.5

Unlike the optical cyclization/cycloreversion reactions of di-
arylethenes, the electrochemical cyclization/cycloreversion reac-
tions of diarylethenes have not been studied well.

Previously, we have reported that during the electrolysis of
the closed-ring isomer, a new band (λmax ) 667 nm) appeared
and diminished after the electrolysis was stopped, which was
assigned as the cation radical of the closed-ring isomer.6

In this paper, we further characterize the structure of the
cationic diarylethene by ESR and absorption spectra. The hfcc’s
are calculated by the density functional theory with the B3LYP7

exchange-correlation functional. The B3LYP is successfully
applied to calculate the hfcc for many systems.8-10 The careful
examination of the ESR spectrum shows that the signal is the
mixture of the open- and closed-ring isomers of the diarylethene.
The peak energy of the cationic diarylethene was identified by
the SAC-CI calculations. The ratio of the open/closed-ring
isomers in the reaction process is thus determined.
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Figure 1. The open-ring isomer diarylethene derivative, 1,2-bis(3-
methyl-2-thienyl)perfluorocyclopentene (1a) and the corresponding
closed-ring isomer (1b).

8137J. Phys. Chem. A2006,110,8137-8143

10.1021/jp060648j CCC: $33.50 © 2006 American Chemical Society
Published on Web 06/15/2006



2. Experiments

The molecule studied was 1,2-bis(3-methyl-2-thienyl)per-
fluorocyclopentene (1a) (Figure 1).6 After irradiation with UV
light, the photogenerated closed-ring isomer1b (Figure 1) was
separated using HPLC in the dark. The X-band ESR spectrum
under electrolysis of the isolated pure closed-ring isomer was
measured in dichloromethane solution (Figure 2). The working
and reference electrodes were Au, and the counter electrode
was Pt. The supporting electrolyte was tetrabutylammonium
perchlorate. The electrolysis was performed at 1.1 V (vs Au
reference electrode). At this potential, only the closed-ring
isomer was oxidized. The observed spectrum was the 9-line
hyperfine-coupled signal centered atg ) 2.0072. This suggests
that the intermediate of the oxidative ring-opening reaction is a
monocation radical.

This intermediate was also observed by absorption spectros-
copy along with the electrolysis of the closed-ring isomer (Figure
3). Upon electrolysis of the solution of the closed-ring isomer
in acetonitrile at 1.4 V (vs Ag/Ag+) the new absorption band
(λmax ) 667 nm) appeared (Figure 3(a)), and it diminished after
the electrolysis was stopped (Figure 3(b)). Figure 3 also indicates
that there is another new absorption band above 800 nm.

3. Computational Method

Because the ESR experiment is performed in the dichlo-
romethane solvent, the isotropic hfcc has to be calculated. The
calculation of the isotropic hfcc requires high accuracy. Many
methods are tested, and the DFT with the B3LYP7 exchange-
correlation functional or the calculations with the CCSD11 types
are found to be reliable if the triple-ú or higher basis sets are
used.8 The hfcc’s of the fluorine atoms in the aromatic molecules
are studied by the B3LYP and found to be a good correlation
with experiments.

We have, thus, calculated the hfcc’s by the unrestricted
B3LYP hybrid density functional method7,12,13in Gaussian 03.14

We have used the cc-pVDZ, cc-pVTZ,15 and 6-311+G(2df,p)16

basis sets. The geometries are optimized by the unrestricted
B3LYP calculation with the cc-pVTZ basis set.

In addition to the requirement for these high level calculations,
the structural deformation of diarylethenes complicates the
identification of the ESR spectra. The five-membered carbon
ring causes the puckering. Moreover, the two methyl groups
might rotate at room temperature, i.e., many potential energy
minima can exist. The vibrational effect on the hfcc’s is
intensively studied for small molecules, such as methyl and
fluoromethyl radicals.17 In these studies, the values of the hfcc’s
are averaged over the path of vibration, and the ensemble

average is calculated over the vibrational modes. However, this
has been done for small molecules or molecules with high
symmetries. The existence of many potential energy minima
requires the analysis of the full potential energy surface as well
as the analysis of the rate from one potential minimum to the
others in order to determine whether the rate is faster than the
ESR time scale. These calculations are very expensive. Instead,
we rather simply averaged hfcc’s by employing aC2 symmetric
structure. The justification of this simplification will be ex-
plained in the discussion.

The ESR spectrum is calculated by using the derivative of
the Gaussian profile

whereC is a constant,η is a parameter for the spectral line
width, andêk is given by the isotropic hfccai of the ith atom
with a nuclear spin of 1/2 (F or H).

Here,Ri
k is 0 or 1,N is the total number of atoms with a nuclear

spin of 1/2, andk runs from 1 to 2i. A different set of values
for Ri

k (i ) 1, ..., N) is assigned for eachk. In the following
calculations,η ) 0.45 G is used.

The SAC-CI method18 implemented in Gaussian 03 is used
for the calculation of the absorption spectra. The accuracy level
of the SAC-CI calculation has been set to LevelOne. The 6-31G-
(d) basis set is used for the S atom and the 6-31G for other
atoms. The structures of the diarylethene are optimized by the
B3LYP/cc-pVDZ with keeping theC2 symmetry. To confirm

Figure 2. ESR spectrum of1b under electrolysis (+1.1 V vs Au
reference electrode) measured in dichloromethane (1× 10-3 M) at room
temperature.g ) 2.0072.

Figure 3. (a) Change of the absorption spectrum of the closed-ring
isomer by electrolysis at 1.4 V (Ag/Ag+) (acetonitrile, 1× 10-3 M).
Closed-ring isomer1b, after electrolysis for 30 s, 60 s, and 120 s. (b)
Change of the absorption spectrum of the closed-ring isomer after the
measurement of (a). Initial, 20 s, 40 s, 120 s, and the open-ring isomer
1a.
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the calculation, we further perform the TDDFT calculation19

with the B3LYP hybrid density functional with the 6-31G(d)
basis set. In this case, we use the two structures, i.e., theC2

symmetric structure and the most stable structure without
imposing symmetry. Both structures are optimized by the
B3LYP/cc-pVDZ.

4. Results and Discussion

4.1. Identification of Structure by ESR Spectra. The
calculated ESR spectra of the most stable structures of the
diarylethene open/closed-ring isomers are shown in Figure 4(a).
Because 10 H atoms and 6 F atoms have nonzero hfcc’s, the
ESR spectra become complicated. The spectra have many more
peaks than the experimentally observed ESR spectrum, Figure
2. On the other hand, the ESR spectra with theC2 symmetric
structures are much simpler. (See Figure 4(b).) We have
obtained a fewer number of peaks in Figure 4(b), but we still
see the discrepancies between the observed and calculated ESR
spectra.

The difference in the ESR spectra due to the difference of
the structure is mainly due to the fact that many hfcc’s with

different values are contributing to the ESR spectra. The most
stable structure slightly deviates from theC2 symmetric
structure.20 Therefore, all the hfcc’s at 16 atoms have different
values, which results in a lot of peaks in the calculated ESR
spectra. However, these peaks are artificial. The structure of
this molecule fluctuates not only around the structure of the
lowest energy but also around other minima. The electronic
energy difference of the optimized structure with and without
the C2 symmetry is only 1.14 (0.89) kcal/mol for the closed-
ring (open-ring) isomer. The large difference of the hfcc’s
between the structures with and without theC2 symmetry is
mainly found in the fluorine atom whose position is strongly
affected by the puckering. Therefore, the averaging of the hfcc
over the puckering is required. As is well-known, the ESR
spectrum also depends on the rotation of the methyl groups and
the basis set. Even though these are known issues, to understand
the following analysis more clearly for this system, we show
the dependence of the hfcc’s on the rotation of the methyl groups
and the basis set dependence of the ESR spectra in the
Supporting Information.

Although the ESR spectra depend on the choice of the basis
set, the hfcc’s are approximately similar as shown in Table 1,
i.e., the small value of the hfcc’s for a basis set is kept to be
small for other basis sets. This is reflected on the ESR spectral
width W.21

Since we are interested in the difference of the ESR spectra
between the open- and closed-ring isomers, the spectral width
W, rather than eachai, is more useful to characterize them. The
calculated spectral width of the closed-ring isomer is about 17-
19 G, which is much smaller than the observed spectral width
of 32 G. On the other hand, the spectral width of the open-ring
isomer is about 28-32 G, which is consistent with the
experimental value. The spectral widthW of minimum energy
structures also gives similar values for a large basis set, i.e.,
17.13 and 35.03 G for the closed- and open-ring isomers for
the cc-pVTZ basis set, respectively. However, the ESR spectrum
of the open-ring isomer fails to reproduce the distribution of
the peak intensity. The computational results show the similar
peak intensity extends over the spectrum, whereas the experi-
mental peaks are larger around the center of the spectrum.

The experimental spectra can only be explained as the mixture
of the open- and closed-ring isomers. Because the spectral width
of the closed-ring isomer is smaller than that of the open-ring
isomer, the peak intensity around the center of the ESR spectrum
is enhanced by the mixture, which is consistent with the
experimental spectrum.

The reaction scheme is given by the following processes: (i)
oxidization of the closed-ring isomer by the electrolysis, (ii)

Figure 4. ESR spectra (computational results). (a) The most stable
structure of diarylethene, i.e., no symmetry is imposed. (b) The structure
of diarylethene with theC2 symmetry. The cc-pVTZ basis set is used.
Dashed line: ESR spectrum of the closed-ring isomer. Solid line: ESR
spectrum of the open-ring isomer.

TABLE 1: Hyperfine Coupling Constant (Gauss)a

basis set H1 H2 H3 H4 H5 F1 F2 F3 Wb

closed
6311+G(2df,p) -0.04 -1.99 0.59 0.13 -0.66 1.52 4.13 -0.25 18.64
cc-pVDZ 0.04 -1.99 0.47 0.12 -0.62 1.22 4.69 -0.33 18.94
cc-pVTZ 0.19 -2.13 0.58 0.11 -0.68 1.13 3.60 -0.26 17.39

open
6311+G(2df,p) -4.02 -0.74 1.90 2.59 -0.02 -0.71 3.62 0.76 28.71
cc-pVDZ -4.91 -0.11 1.94 3.19 0.21 0.62 3.47 1.11 31.11
cc-pVTZ -5.02 0.07 2.24 3.74 0.30 -0.53 3.20 0.67 31.56

a The structure is optimized by the unrestricted B3LYP/cc-pVTZ with theC2 symmetry imposed. Because of the symmetry, the same value of
the hfcc’s appears twice. Thus, only half of them are shown in this table. The numbering of the atoms is shown in Figure 5.b The ESR spectral
width W is defined in eq 3.

W ) ∑
i

|ai| (3)
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isomerization from the closed-ring to the open-ring isomers,
and (iii) reduction of the radical cation open-ring isomer. The
ratio between these two isomers will depend on the kinetics of
the reaction. The computationally determined ratio of (open-
ring isomer) vs (closed-ring isomer) is 4:1 as shown in Figure
6.

The spectral width is wider for the open-ring isomer than for
the closed-ring one due to the difference in theπ-conjugation
between two isomers. The difference in theπ-conjugation results
in two effects on the hfcc’s.

1. C7 of the open-ring isomer has aπ-orbital unlike the
closed-ring isomer. Therefore, the Mulliken atomic spin density
on C7 of the open-ring isomer becomes larger (0.092) than that
of the closed-ring isomer (-0.005). (See Figure 7.) Conse-
quently, the hfcc’s on H of the neighboring methyl group (H3-
H5) of the open-ring isomer is larger than those of the closed-
ring isomer as shown in Table 1.

2. The spin density on S has a large value (0.213) for the
closed-ring isomer. This spin density moves to the neighboring
C5 (0.211), and the spin density of S becomes small (-0.023)
for the open-ring isomer. (See Figure 7.) Therefore, the hfcc
for H1 for the open-ring isomer has a large value as shown in
Table 1.

Both effects contribute to the wider spectral width for the
open-ring isomer than for the closed-ring isomer. The first effect
is expected from the change of theπ-conjugation. But the second
effect is not trivial. By considering the valence bond (VB)
resonance structures, we can qualitatively understand why the
spin density on S (or on C5) of the closed-ring isomer differs
from that of the open-ring isomer. (See section 4.2 for the
explanation.)

The detailed analysis of each hfcc and its relation to the ESR
spectrum further supports that the radical cation observed in
the ESR experiment is the mixture of the open- and closed-
ring isomers. The number of the peaks of the ESR spectra is
mainly characterized by the number of the large value of the
hfcc’s. The experimental coupling constants are about 2-3 G.
Therefore, the hfcc’s with more than 2 G should play an

important role in the spectrum. The closed-ring isomer has 4
hfcc’s with more than 2 G. Note that only 2 such hfcc’s (H2
and F2) are shown in Table 1 due to theC2 symmetry. Because
the hfcc of F2 is about twice of that of H2, the total number of
the ESR peaks is 7, which is about the similar number of the
experimentally observed ESR peaks, i.e., 7-9. However, the
experimental coupling constant is about 2.9 G, which is much
larger than the computational value of around 2 G for the closed-
ring isomer. On the other hand, the open-ring isomer has 6-8
hfcc’s with more than 2 G. Especially, 4 of them are more than
3 G. Therefore, the coupling constant or peak splitting is larger
for the open-ring isomer than the closed-ring isomer. However,
the existence of 6-8 large hfcc’s result in the many peaks in
the ESR spectra. As we found in Figure 4(b), there are 11 peaks
for the open-ring isomer. By considering the mixture, the width
of the spectrum is kept to be the open-ring isomer’s one, but
the peaks at the end of the spectrum are less pronounced and
may be buried in the noise.

The hfcc’s with large values are explained mostly by the spin
density of the diarylethene. For example, the hfcc’s of H2 of
the closed-ring isomer withC2 symmetric structure obtained
by the B3LYP/cc-pVTZ can be explained as follows. The spin
density on C6 is 0.0903, whereas the hfcc of H2 is-2.13. Since
most of the spin density is due to theπ-electron, the value of
hfcc agrees with the McConnell’s relation.22 Please note that
the difference of the spin density between theC2 symmetric
and the most stable structures is small compared to the difference
of the spin density between the open- and closed-ring isomers.

4.2. VB Resonance Structures and Spin Density of Di-
arylethene. We can understand why the spin density is large
on S for the closed-ring isomer and on C5 for the open-ring
isomer by the resonance or delocalization energy. To explain
it, the resonance structures of the closed- and open-ring isomers
are shown in Figures 8 and 9, respectively.

As shown in Figure 8(b), the radical on S of the closed-ring
isomer is stabilized by the delocalization of the positive charge.
On the other hand, the radical on C5 of the closed-ring isomer
is not favorable due to the existence of fewer resonance
structures as shown in Figure 8(e). Although the resonance
structures shown in Figure 8(f) are expected to have similar

Figure 5. The numbering of the atoms.

Figure 6. Same as Figure 4(b) but for the mixture of the open- and
closed-ring isomers with a ratio of (open-ring isomer):(closed-ring
isomer)) 4:1.

Figure 7. Spin density distribution for the diarylethene in the cationic
state. (a) The closed-ring isomer. (b) The open-ring isomer. The spin
contour is 0.01e/(a0)3 wherea0 is the Bohr radius.
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energy with that in Figure 8(e), the spin density on C6 is higher
than that on C5 by the resonance between these structures.

The number of resonance structures increases significantly
for the open-ring isomer, especially when the radical is on one
of the double bonds. There are 6 resonance structures when the
radical is on C5 as in Figure 9(c). The same number of
resonance structures exists when the radical is on S of the open-
ring isomer as in Figure 9(b). Here, the resonance structures
shown in Figure 9(c) have similar energy with those in Figure
9(d)-(g) except for those in Figure 9(b). Therefore, the
resonance structures in Figure 9(b) are less stabilized than those
in Figure 9(c). This is why the spin density on C5 is larger but
that on S is small for the open-ring isomer. It also explains the
small hfcc of H2 of the open-ring isomer. This is due to the

small spin density on C6 which is caused by the fewer resonance
structures in Figure 9(d).

The qualitative understanding provided by the VB resonance
structure is further supported by examining the bond lengths.
The bond lengths of S-C4 and S-C5 for the closed-ring isomer
calculated by the B3LYP/cc-pVTZ are 1.755 and 1.776 Å,
respectively. The corresponding cation radical has a shorter bond
length for S-C4 (1.709 Å) but a similar bond length for S-C5
(1.769 Å). The shorter bond length of S-C4 for the cation
radical of the closed-ring isomer is consistent with Figure 8(b)
where S-C4 is a double bond. The bond lengths of S-C4 and
S-C5 for the open-ring isomer are 1.751 and 1.715 Å,
respectively. The corresponding cation radical has bond lengths
similar to the neutral ones, i.e., S-C4 (1.767 Å) and S-C5
(1.700 Å). This is consistent with Figure 9(c).

4.3. Excitation Energies and Absorption Spectrum.First,
to assess the computational accuracy, the absorption energy and
oscillator strength are calculated for the neutral state by the
SAC-CI. (See Table 2.) These computational results agree with
the experimentally obtained excitation energies.23 These results
are also reproduced by the TDDFT. The validity of the use of
the C2 symmetric structure for the calculations of the excited
states is assessed by the comparison between the excited states
of the C2 symmetric structure and those of the most stable
structure using the TDDFT. The results obtained by the TDDFT
indicate that the wavelengths and the oscillator strengths of the
excited states change little by imposing the symmetry. Therefore,
we assert that the characteristics of the excited states would
not change by imposing theC2 symmetry.

Next, we show that the excited-state energies obtained by
the experimental absorption spectrum for the cationic di-
arylethene are reproduced by the SAC-CI. The calculated energy
levels of the excited states and the corresponding oscillator
strengths are shown in Table 3. The results obtained by the
SAC-CI accurately reproduce the experimental absorption peak
positions. From these results, we can assign the peak at the 667
nm is mainly due to the radical cation of the closed-ring isomer.
The tail of the 667 nm peak for the longer wavelength may be
due to the absorption of the radical cation of the open-ring
isomer.

The results obtained by the TDDFT are less accurate in
reproducing the excitation energies and sometimes give errone-
ous oscillator strengths. The failure to reproduce the oscillator
strength by the TDDFT has been reported.24,25 As for the
symmetry, imposing theC2 symmetry on the cationic di-
arylethene only slightly affects the excitation energies in the
TDDFT calculations. Therefore, like the diarylethene in the
neutral state, we assert that the imposed symmetry in the
SAC-CI calculation in Table 3 will not affect the results.

4.4. Parallel vs Antiparallel Structures for Open-Ring
Isomer. The open-ring isomer has mainly two stable structures
in thermal equilibrium, i.e., the parallel and antiparallel
structures.26-28 In this study, we only show the ESR spectra of
the antiparallel structure for the open-ring isomer due to the
following reason. In general, the parallel structure of the open-
ring isomer plays an important role on the photochromic reaction
of diarylethene and has been investigated in relation to the
quantum yield.26-28 Our previous study on the potential surface
of this molecule20 suggests that the two structures have similar
energies. Therefore, we should find the contribution of the
parallel structure of the open-ring isomer to the ESR spectrum
if the system is in equilibrium. However, the calculated ESR
spectrum for the most stable structure of the parallel open-ring
isomer does not agree with the experimental one; the spectral

Figure 8. The resonance structures of the closed-ring isomer. (a) The
neutral state. (b)-(f) The cationic state. The radical is on (b) S, (c)
C4, (d) C3, (e) C5, and (f) C6.

Figure 9. The resonance structures of the open-ring isomer. (a) The
neutral state. (b)-(g) The cationic state. The radical is on (b) S, (c)
C5, (d) C6, (e) C7, (f) C4, and (g) C3.
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width is 40.97 G and the peak splitting is about 5 G. Thus, the
existence of the parallel structure of the open-ring isomer rather
gives a larger mismatch between the experimental and theoreti-
cal ESR spectrum.

There are two possible explanations for the apparent deviation
of the calculated ESR spectrum for the parallel open-ring isomer
from the experimental one.

(i) After the average of the hfcc over the puckering, the
calculated ESR spectrum for the parallel structure becomes
similar to the one for the antiparallel structure with theC2

symmetry.
(ii) The isomerization of the cation radical open-ring isomer

is much slower than the decay time of the cation radical to the
neutral one. Consequently, the cation radical of the parallel
structure of the open-ring isomer is not produced.

Because the only major difference between the parallel and
antiparallel structures is the different dihedral angle between
the five-membered carbon ring and one of the thiophenes, the
π-conjugation of the parallel and antiparallel structures are
almost the same. Therefore, we can expect that the ESR spectra
of these structures are similar. It is thus very likely that we found
the disagreement between the calculated ESR spectrum for the
parallel structure and the experimental one only because the
average of the hfcc over the puckering has not been taken into
account. However, unlike the antiparallel structure, the parallel
structure of1a does not have a convenient average structure
over puckering, which prevents us from confirming the similarity
of the ESR spectra of these two structures by simple calculations.

The latter explanation in terms of the kinetics is given as
follows. The isomerization initially takes place from the closed-
ring isomer to the antiparallel structure of the open-ring isomer
after the closed-ring isomer is oxidized. Then the isomerization
between the parallel and antiparallel structure of the open-ring

isomer occurs by the thermal fluctuation. If the time scale of
the isomerization is much slower than the decay time of the
cation radical to the neutral one, the cation radical of the parallel
structure of the open-ring isomer will not be produced. The free
energy barriers between the antiparallel structure to the parallel
structure in the neutral and cationic state are calculated by the
B3LYP/cc-pVDZ in the gas phase, and those are 8.3 and 13.0
kcal/mol, respectively. Because the free energy barrier of the
cationic state is larger than that of the neutral state, the time
scale of the isomerization in the cationic state is expected to be
much slower than that in the neutral state. The comparison of
the time scale, however, requires more detailed experimental
and theoretical analysis, and it is beyond the scope of this paper.

In either case, it does not affect our conclusion; the
experimental ESR spectrum is due to the mixture of the open-
and closed-ring isomers.

5. Conclusion

Usually, the calculations of the hfcc’s are performed for small
molecules or moderate sized molecules with high symmetries
or with simple structures. The good agreements between the
hfcc’s determined experimentally and those determined by the
B3LYP calculations are reported only for the molecules with
small or simple structures. On the other hand, the underestima-
tion of the exchange interaction for large distance in the
conventional DFT29 might have some impact on the determi-
nation of the hfcc’s of large molecules. Nevertheless, we assert
that the conclusion given here is solid by the fact that the
difference of the width of the ESR spectra between the open-
and closed-ring isomers is caused by the difference of the
π-conjugation in these two isomers, which is unaffected by the
drawback of the conventional DFT.

TABLE 2: Absorption Wavelength λ (Neutral Case)a

SAC-CI TDDFT TDDFT expb

symm C2 C2 C1

λ (nm)
oscillator
strength symm λ (nm)

oscillator
strength symm λ (nm)

oscillator
strength λ (nm)

closed 462 0.1061 B 446 0.0803 B 446 0.0802 432
324 0.0322 A 324 0.0323

open 313 0.3401 B 338 0.2832 B 337 0.2852 316

a The excitation energies less than 4 eV (310 nm) are shown. The symmetries of the ground states of theC2 symmetric structure of the open- and
closed-ring isomers are A.b Reference 23.

TABLE 3: Absorption Wavelength λ (Cationic Case)a

SAC-CI TDDFT TDDFT exp
symm C2 C2 C1

λ (nm)
oscillator
strength symm λ (nm)

oscillator
strength symm λ (nm)

oscillator
strength λ (nm)

closed 662 0.2030 B 762 0.0301 B 763 0.0379 667
389 0.0497 A 597 0.1198 B 588 0.1123

479 0.0216 A 481 0.0231
404 0.0009 B 409 0.0016
399 0.0029 A 397 0.0023

open 855 0.0581 A 932 0.0094 B 900 0.0079 850>
752 0.1661 A 817 0.0000 A 780 0.0011
719 0.0000 B 797 0.0751 B 761 0.0636
357 0.0471 B 460 0.0153 A 460 0.2699

448 0.2482 B 458 0.0287
420 0.0098 A 418 0.0101
374 0.0056 A 375 0.0066
356 0.0000 A 356 0.0011

a The excitation energies less than 3.5 eV (354 nm) are shown. The symmetries of the ground states of theC2 symmetric structure of the open-
and closed-ring isomers are B and A, respectively.
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TheC2 symmetry is imposed in our calculations. The use of
the symmetric structure corresponds to the zeroth-order ap-
proximation of the averaging of the hfcc over the time of the
ESR measurement. Consequently, all 16 hfcc’s give different
values in the nonsymmetric structure, whereas we have 2 sets
of 8 hfcc’s in the symmetric structure, which leads to a smaller
number of peaks in the ESR spectra. This is why the number
of peaks is reduced in Figure 4(b) (Figure S3(b)) compared to
Figure 4(a) (Figure S3(a)). To have a better approximation, we
need to calculate the potential energy surface and obtain each
minimum and perform the average including the vibrations
around the minima by assuming the Boltzmann distribution. This
is one of the reasons we still have minor discrepancies between
the computational and the experimental results in Figure 6. For
the simplicity of the discussion above, we do not consider the
average over the rotation of the methyl group. This does not
affect our conclusion, because the rotation of the methyl group
does not change the spectral width as discussed in the Supporting
Information.

In conclusion, we found that the ratio of the open- and closed-
ring isomers of the cationic diarylethene during electrochemical
oxidation reaction is 4:1. The ratio will depend on the
experimental condition, such as, the concentration of the closed-
ring isomer of the diarylethene, which is important for the
reaction kinetics. Due to the strong dependence of the hfcc’s
on the structure of the molecule, we obtain the complicated ESR
spectra (Figure 4(a)). The computational ESR spectrum, how-
ever, becomes simple by imposing theC2 symmetry on the
structure of the diarylethene as in Figure 4(b). This corresponds
to an approximation of the averaging procedure of the hfcc’s
over the structures of the energy minima related to the puckering
motion. We found that the spectral width of the ESR is
significantly different between the open- and close-ring isomers.
This is due to the difference in theπ-conjugation between two
isomers. The ESR spectral width analysis could, thus, be used
to identify the isomerization of the radical species, which
involves the change of theπ-conjugation. Based on the analysis,
we then reproduce the experimental spectrum as the mixture of
the open- and closed-ring isomers of the diarylethenes as shown
in Figure 6. The excitation energies of the cationic diarylethene
are further identified by the SAC-CI calculations.
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