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Intramolecularly hydrogen bonded hemiindigo compounds 2—4 were prepared and their photochemical behavior
was investigated. Z-2 did not undergo isomerization, while 3 underwent isomerization mutually between the Z-isomer
and E-isomer in solution to exhibit a color change between greenish yellow and reddish orange in benzene. Introduction
of a formyl group at the 2-position of the pyrrole ring of 3 brought about the increase in the fluorescence quantum yield
and fluorescence lifetime by a factor of 10, and the decrease of the quantum yield of isomerization of 4 in benzene. In
addition, introduction of the formyl group affects the thermal stability. The intramolecular hydrogen bonding can be

used to construct a novel photochromic molecule.

Photochromic compounds have received considerable atten-
tion as basic materials for photochromic memory or switching
devices in recent years.l_6 Most of the photochromic behavior
is based on electrocyclizations. For example, Irie et al. report-
ed photochromic properties of diarylethenes with heterocyclic
aryl groups based on a photochemical cyclization reaction.”*

The photoisomerization of the C=C double bond is a basic
photochemical reaction that shows the change in the absorp-
tion spectrum by Z—E isomerization.”® The control of the iso-
merization mode and the absorption maximum of the olefins
are important in developing photochromic materials based on
the isomerization around the C=C double bond.

It has been reported that the mode of photoisomerization
that results in the one-way cis-to-frans isomerization of aro-
matic olefins depends on the subsitituent on the C=C double
bond, as observed in 2-styrylanthracene.9 The one-way cis-
to-trans isomerization took place in the triplet excited state,
and the mode of the isomerization was controlled by the triplet
energies of the aromatic ring substituted on the ethylenic car-
bon.”

Intramolecular hydrogen bonding can be used to control the
isomerization mode and for changing the absorption maximum
between the E-isomer and Z-isomer.'*'® For example, an ole-
fin with a pyrrole ring and a pyridine ring (1) exhibited one-
way E — Z isomerization due to the presence of intramolecu-
lar hydrogen bonding in the Z-isomer."? Z-1 exhibited an ab-
sorption maximum at a longer wavelength (A ,x = 372 nm)
than that of the E-isomer (Ama = 347 nm) in benzene.'
However, the difference in absorption maxima between the
Z- and E-isomer was too small to exhibit the practical color
change in the visible region.

Hemiindigo derivatives 2 and 3 with an absorption maxi-
mum in the visible region have already been prepared,]9 but
their absorption spectra, as well as their photochemical proper-
ties, have not been reported. We have reported the assignment
and some photochemical properties of 2 and 3 in the prelimi-

16,1
nary paper.'®!”

Indigo is one of the most important dyes, exhibiting a deep
blue color with excellent stability. The stability of indigo is
related to the presence of two intramolecular hydrogen bonds
in the molecule. Therefore, N-alkyl substituted indigo deriva-
tives or thioindigo derivatives, which did not have intramolec-
ular hydrogen bonding, underwent isomerization mutually be-
tween the Z-isomer and E-isomer.”*>*

Since indigo could not undergo isomerization on photoirra-
diation, the study of the photochemical reaction of related
compounds is important to construct photochromic molecules
having absorption spectra at longer wavelengths as well as to
explore the role of intramolecular hydrogen bonding in the
photochemical behavior of the indigo derivatives. Intramolec-
ularly hydrogen bonded aromatic compounds can undergo in-
tramolecular hydrogen atom transfer in the excited state to
give a tautomer.”> >’ Therefore, the photostability of indigo
should be the consequence of the ultra-fast deactivation in
the intramolecular hydrogen bonding from the excited state.

We wish to report here the full account of photochemical
and photophysical behavior of 2 and 3, in addition to that of
4, where 3 and 4 underwent mutual photoisomerization be-
tween the Z-isomer and E-isomer and exhibited a color change
between greenish yellow and reddish orange (Scheme 1).
Thus, the absorption spectra of the hemiindigo derivatives ap-
peared in the visible region, and the isomerization around the
C=C double bond resulted in a color change. Furthermore, we
have found that the substitution of a formyl group controls the
photochemical behavior, as observed for 4.

Experimental

Materials and Solvents. The hemiindigo derivatives 2, 3, and
4 were synthesized by aldol condensation from 3-indolyl acetate
and an appropriate aromatic aldehyde to yield only Z-isomers."
Pyrrole-2,5-dicarboxaldehyde was prepared by a Vilsmeier reac-
tion from pyrrole.30 E-3 was obtained by irradiation of a benzene
solution of Z-3 at 366 nm to give a photostationary mixture with a
high ratio of E-isomer. The obtained hemiindigo was purified by
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Scheme 1.

column chromatography and recrystalized from ethanol.

(Z)-2-(2-Pyridylmethylidene)indolin-3-one ~ (Z-2): 'HNMR
(DMSO-ds, 200 MHz) § 6.58 (1H, s), 6.87 (1H, t, J = 8.0 Hz),
7.25 (2H, m), 7.70 (4H, m), 8.70 (1H, m), 10.3 (1H, br). mp
153-154 °C.

(Z)-2-(2-Pyrrolylmethylidene)indolin-3-one  (Z-3): 'HNMR
(DMSO-ds, 200 MHz) § 6.31 (1H, m), 6.71 (I1H, s), 6.87 (2H,
m), 7.07 (1H, m), 7.13 (1H, d, J = 8.2 Hz), 7.50 (2H, m), 9.30
(1H, s), 11.40 (1H, s). mp 200-202 °C. E-3: § 6.34 (1H, m; pyr-
role-H), 6.71 (1H, m), 6.81 (1H, s), 6.87 (1H, m), 7.06 (1H, d, J =
8.4 Hz), 7.25 (1H, m), 7.47 (1H, m), 7.63 (1H, d, J = 8.4 Hz),
9.78 (1H, br), 13.35 (1H, br). mp 191-193 °C.

(Z2)-2-[(2-Formyl-5-pyrrolyl)methylidene]indolin-3-one (Z-4):
'HNMR (DMSO-ds, 200 MHz) § 6.63 (s, 1H), 6.91 (1H, t,
J =74 Hz), 7.02 (1H, m) 7.15 (2H, m), 7.53 (2H, m), 9.50 (s,
1H), 9.70 (br, 1H), 12.4 (br, 1H). mp 224-226 °C. ESI-MS Calcd
for C14H;1N,O; [M + H]' = 239.0821. Found: 239.0812.

In spectroscopy, Dotite Spectrosol or Luminasol were used as
solvents without further purification.

Measurement.  Absorption and fluorescence spectra were
measured on a JASCO Ubest-55 and on a Hitachi F-4000 fluores-
cence spectrometer, respectively.

Laser flash photolyses were performed by using an excimer la-
ser (Lambda Physik LPX-100, 308 nm, 20 ns fwhm) or excimer
laser pumped dye laser (Lambda Physik LEXtra-100, 308 nm,
20 ns fwhm and Lambda Physik Scanmate, stilbene 3, 425 nm,
or QUI, 390 nm, 10 ns fwhm) as excitation light sources and a
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pulsed xenon arc (Ushio UXL-159) was used as a monitoring light
source. A photomultiplier (Hamamatsu R-928) and a storage os-
cilloscope (Iwatsu TS-8123) were used for the detection.

Fluorescence lifetimes were determined with a picosecond laser
system consisting of a titanium sapphire laser (Spectra Physics
3900 “Tsunami”) operated with a CW Ar* laser (Spectra Physics
2060), a frequency doubler (SP-390), a pulse selector (SP-3980;
~2 ps fwhm), and a streak scope (Hamamatsu C4334).

An Oxford Cryostat model DN-1704 and temperature control-
ler ITC-4 were used for the low temperature experiment.

DSC measurement was performed with a Seiko DSC-220 and
data module SSC-5500H.

A JASCO Ubsest 55 equipped with a HAAKE K was used for
the determination of the rate constant of thermal isomerization.

NMR and ESI-MS spectra were measured on a Varian Gemini
2000 and Applied Biosystems QStar/Pulsar i, respectively.

Quantum yield of fluorescence was determined by using anthra-
cene (O = 0.27)31 as a fluorescence standard.

Quantum yield of isomerization was determined with 366-nm
light from a 400 W high-pressure mercury lamp through UV-35
and U-360 filters. The sample solution was deaerated by bubbling
argon and irradiated for 5-15 min to keep the conversion within
10%. Light intensity was determined by tris(oxalato)ferrate(Il)
actinometory.32 The concentration of each isomer was determined
by high-performance liquid chromatography through a column
(TOSO ODS-80TS) eluting with acetonitrile/water = 4/1.

Results

Absorption Spectra. Absorption spectra of 2, 3, and 4 are
shown in Fig. 1. The absorption maximum of Z-2 appeared at
477, 477, and 482 nm in benzene, acetonitrile, and methanol,
respectively. The absorption maximum of Z-2 was slightly
shifted to longer wavelengths in methanol compared to that
in benzene.

The absorption spectrum of E-3 was slightly depended on
the solvent. The maximum appeared at 524, 523, and 531
nm in benzene, acetonitrile, and methanol, respectively, giving
a reddish orange color in these solvents. On the other hand, Z-
3 exhibited a greenish yellow color in benzene. The absorp-
tion maximum of Z-3 appeared at 495 nm in methanol and
470 nm in benzene, indicating that the intermolecular hydro-
gen bonding between Z-3 and methanol decreases the excita-
tion energy.

Compound 4, having a formyl group at the 2-position of the
pyrrole ring of compound 3, exhibited similar absorption spec-
tra to 3 for both the E- and Z-isomer, as shown in Fig. 1.

The absorption spectrum of E-3 appeared at longer wave-
lengths than that of Z-3, probably due to the presence of intra-
molecular hydrogen bonding. Intramolecular hydrogen bond-
ing plays an important role in lowering the excitation energy in
intramolecularly hydrogen bonded isomers.'”'® The differ-
ence in absorption maximum between the E-form and Z-form
of 3 and 4 seemed to be larger than that of typical aromatic
ethenes. Usually, the absorption maximum of the Z-isomer
appears at shorter wavelengths than that of the E-isomer, be-
cause of the steric hindrance in the Z-isomer.” For example,
the absorption maximum of stilbene appeared at 282 nm and
298 nm for the Z-isomer and E-isomer, respectively, in ben-
zene.

Photoisomerization. The Z-isomer of 2 did not undergo
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Fig. 1. Absorption spectra of Z-2 (a), Z-3 (b), E-3 (c), Z-4
(d) and E-4 (e) in benzene (solid line), acetonitrile (dashed
line) and methanol (dotted line).

isomerization to give an E-isomer in methanol or in benzene
after irradiation at any wavelength. The fluorescence spectrum
was not detected for Z-2 at room temperature. On direct irra-
diation in benzene, 3 underwent mutual isomerization between
the Z-isomer and E-isomer. Compound 4 also underwent mu-
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tual isomerization between the Z-isomer and E-isomer. The
photostationary isomer ratio ([E]/[Z])pss and the quantum
yields of isomerization after irradiation at 366 nm are summa-
rized in Table 1.

After 366-nm light irradiation, the absorption band of Z-3
appeared at 470 nm, decreased with a concomitant increase
of E-3, appearing at 524 nm, to give a photostationary isomer
mixture with a very high composition of E-isomer, ([E]/
[Z])pss = 99/1, in benzene, as shown in Fig. 2a. On the other
hand, E-3 underwent isomerization to give the Z-isomer with
the Z-isomer composition as high as 85% after irradiation at
546 nm, as shown in Fig. 2b. The isosbestic points appeared
at 366, 408, and 483 nm in benzene. The ([E]/[Z])pss value
after irradiation at 366 nm decreased in polar and protic sol-
vents and is 99/1, 95/5, and 89/11 in benzene, acetonitrile,
and methanol, respectively.

Compound 3 exhibited almost one-way Z-to-E isomeriza-
tion after irradiation with 366 nm light, where both the Z-iso-
mer and E-isomer have similar absorption coefficients. The
considerably large difference between &7 .p and Pg_,; is
the reason for the almost one-way isomerization. However,
a very high ratio of Z isomer at the photostationary state
(([E]/[Z])pss = 15/85) was observed after irradiation at 546
nm, where E-3 has a much higher absorption coefficient than
Z-3. Therefore, the irradiation wavelength affected the photo-
stationary state isomer composition to give ~99% of the E-iso-
mer and ~85% of the Z-isomer with irradiation at 366 nm and
546 nm, respectively. The repetition characteristics of an ab-
sorption spectrum by alternate irradiation between 366 nm and
546 nm are shown in Fig. 3. The ratio of Z isomer depended
on the irradiation time and excitation wavelength. In this ex-
perimental condition, it took 5 min and 60 min to reach a pho-
tostationary state on irradiation at 366 nm and 546 nm, respec-
tively.

The quantum yields of Z-to-E isomerization of 3 were 0.3 in
all the solvents examined, whereas those of E-to-Z isomeriza-
tion were ~0.003, 0.02, and 0.05 in benzene, acetonitrile, and
methanol, respectively. With irradiation at 366-nm light, 4 un-
derwent mutual isomerization to give the photostationary state
(Fig. 4 and Table 1). The irradiation time dependence of the
absorbance at the maximum wavelength of 475 nm, 482 nm,
and 492 nm in benzene, acetonitirile, and methanol, respec-
tively, were observed against irradiation time. The time de-
pendence of the Z-isomer composition was obtained from
these results and was plotted in Fig. 5. In benzene, the initial
slope of the absorbance change of Z-4 was similar to that of Z-
3 in benzene. The quantum yields of Z-to-E isomerization of 4
were estimated to be 0.17, 0.05, and 0.009 in benzene, aceto-
nitrile, and methanol, respectively by comparing the initial
slope of the time development of isomerization. The quantum
yield of isomerization of 4 was strongly dependent on the sol-
vent and decreased in acetonitrile and methanol.

Ground State Properties. In order to investigate the en-
ergetic profile in the ground state, the DSC experiments were
performed at different rising temperature rates (2.5-7 °C
min~!). Thus, the energy difference between Z-3 and E-3 in
the ground state was determined to be 7 kcalmol~!. In addi-
tion, the activation energy for Z-to-E isomerization was calcu-
lated to be 16 kcalmol~!' by a similar method reported by
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Table 1. Quantum Yields of Isomerization and Isomer Ratio at Photostationary State on Irradiation for 3 and 4

Compound 3 Compound 4
(LIANT Op, 7 ([E1/[ZD)pss ([E1/[ZD)pss (YA Spz ([E1/[ZD)pss
(Aex = 366 nm) (Aex = 546 nm) (Aex = 366 nm)
Benzene 0.31 0.003 99/1 15/85 0.17 0.002 96/4
Acetonitrile 0.32 0.02 95/5 0.05 0.004 93/7
Methanol 0.33 0.05 89/11 0.009 0.001 90/10
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in benzene under argon monitored at 524 nm. o ° B
. 0 i 1° 2 1
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Compound 3 isomerized thermally between the Z-isomer Time / min

and E-isomer at room temperature in methanol, 2-propanol,
and acetonitrile, while 3 was thermally stable in benzene.
The rate constant of isomerization was determined from the
change in the absorption spectrum at constant temperature.
The time development of the absorption maximum of the E-
isomer was traced, and the rate constant for thermal Z-to-E
isomerization was calculated by the first order rate law.

In addition, the equilibrium constant between the E-isomer
and Z-isomer was estimated by the relationship of
K = kz_,g/kg— 7. Furthermore, the enthalpy (AH) and the en-
tropy differences (AS) between the Z- and E-isomer were cal-
culated by the van’t Hoff equation (1). The results are summa-

Fig. 5. Time development for Z-to-E isomerization of Z-4
on irradiation at 350 nm in benzene, acetonitrile and meth-
anol.

rized in Table 2.

InK AH (1)
nk = RT ~+ const.

Triplet State Behavior. Upon laser photolysis, a transient
absorption spectrum was not observed in compounds 2-4, in-
dicating that compounds 2-4 did not undergo intersystem
crossing upon direct irradiation. Thus, laser flash photolysis
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Table 2. Rate Constants of Isomerization and Thermody-
namic Parameters for Z-to-E Isomerization of 3

AY E» AHY ASY [E)/[Z]Y
Methanol Z—E 44x10" 234 085 14 27/73
E—Z 22x 10" 225
2-Propanol  Z — E 1.2x 10" 249 04 1.3 50/50
E—Z 64x10" 245
Acetonitrile Z — E 9.4 x10° 17.6 —14 —3.4 65/35

E—Z 53x107 19.0
Solid (DSC) Z — E 16 -7

a) In s™'. b) In kcalmol~". ¢) In calmol~! K~'. d) At 298 K.
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0 f |
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Fig. 6. Absorption spectrum change of Z-2 on Michler’s
ketone sensitization with 390 nm light.

was performed in the presence of a triplet sensitizer in ben-
zene.

Figure 6 shows the change in the absorption spectra of Z-2
(1.0 x 107* M) on Michler’s ketone (0.06 M) sensitization
with a 390-nm laser pulse in benzene. The intense absorption
band observed below 400 nm and the absorption band at 480
nm were assigned to the absorption spectra of Michler’s ketone
and Z-2, respectively. During the laser photolysis experiments
with a 390-nm laser pulse, the absorption band at 480 nm de-
creased, and the solution color changed from orange to pale
yellow. This means that Z-2 decomposed in the triplet excited
state, probably by hydrogen abstraction to give a radical spe-
cies.

Triplet sensitization experiments on Z-3 and E-3 were also
performed in benzene. The transient absorption spectra of Z-3
(6 x 107> M) on Michler’s ketone (1 x 10~* M) sensitization
with a 308-nm laser pulse are shown in Fig. 7. Immediately
after laser excitation, a decrease in absorption of Z-3 was ob-
served at 470 nm and the absorbance at 530 nm corresponding
to the absorption of E-3 gradually increased. The change in
the transient absorption spectrum indicates that the Z-to-E iso-
merization occurred in the triplet excited state. Actually, the
E-isomer was detected by HPLC experiments after laser exci-
tation of Z-3 in the presence of Michler’s ketone.

On the other hand, E-3 (5 x 10~ M) gave a transient ab-
sorption spectra with the maximum wavelength at 600 and
680 nm on biacetyl (0.14 M) sensitization (Fig. 8) using a
425-nm laser pulse in benzene. The oxygen quenched the tran-
sient species appeared at 600 nm, which was assigned to the
triplet excited state. The other transient species can be as-
signed to the radical, which was produced by the hydrogen ab-
straction reaction of the carbonyl group of the triplet state 3.
The absorption spectrum of E-3 decreased after the irradiation
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Fig. 7. Transient absorption spectra of Z-3 on Michler’s ke-
tone sensitization in benzene.
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Fig. 8. Transient absorption spectra of E£-3 on biacetyl sen-
sitization under argon (a) and under air (b) in benzene.
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Fig. 9. Absorption spectrum change of £-3 on biacetyl sen-
sitization with 425-nm light.

with the triplet sensitizer as shown in Fig. 9, similar to the case
of Z-2 (Fig. 6). The energy diagram of 3 in the triplet excited
state is shown in Fig. 10.

The rate constant of triplet quenching from benzil (Et = 53
kcal mol™") to E-3 in benzene was determined to be 7.4 x 10°
M~!s~!. Therefore, the triplet energy transfer from benzil to
E-3 occurred by a diffusion controlled process.Z(F29 Thus, the
triplet energies of 2 and 3 could be estimated to be lower than
that of benzil (Et = 53 kcal mol™"). Both 2 and 3 did not ex-
hibit a phosphorescence spectrum at 77 K.

Fluorescence Properties. Fluorescence and fluorescence
excitation spectra of 3 and 4 in toluene are shown in Figs. 11
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Fig. 11. Fluorescence and fluorescence excitation spectra
of Z-3 and Z-4 in toluene at 295 K.

and 12. The singlet energies are almost the same for 3 and 4,
and the fluorescence excitation spectra are similar to the ab-
sorption spectra.

The quantum yield of fluorescence and the fluorescence life-
time of compounds 3 and 4 were measured and the results are
summarized in Table 3. Fluorescence emission was not ob-
served for 2 at room temperature.

The fluorescence lifetime of 4 was ca. 10 times longer than
that of 3, and the quantum yield of fluorescence of 4 was 10
times larger than that of 3 in toluene. These results indicate
that the rate constant of the non-radiative deactivation pathway
decreased as a result of the introduction of the formyl substitu-
ent to the pyrrole ring. The rate constant of fluorescence emis-
sion was calculated by Eq. 2. In this equation, k¢, T, and Py
stand for the rate constant of natural fluorescence decay, life-
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Fig. 12. Fluorescence and fluorescence excitation spectra

of E-3 and E-4 in toluene at 295 K.

time of the singlet excited state, and quantum yield of fluores-
cence, respectively.

kf = be/l’f (2)

Thus, k¢ was estimated to be 2.5 x 107 s~' and 7.1 x 107
s7!, respectively, for E-3 and Z-3, and to be 1.9 x 107 s7!
and 5.9 x 107 s~!, respectively, for E-4 and Z-4 in toluene.
The value of k; was nearly the same for 3 and 4.

The temperature dependence of the fluorescence lifetime in
toluene was observed from 298 K to 185 K and the results are
summarized in Table 4. The fluorescence lifetime of E-3 in-
creased from 210 ps to 2.9 ns while decreasing the temperature
from 295 K to 185 K. The fluorescence lifetime of E-4 also
increased from 4.6 ns to 8.1 ns while decreasing the tempera-
ture from 295 K to 185 K.

Discussion

Energetic Profile in the Ground State. The difference in
enthalpy (AH) between Z-3 and E-3 was estimated to be 7
kcalmol~! from the results of the DSC experiment. On the
other hand, Z-3 was more stable than E-3 by 0.85 kcal mol~!
in methanol, as determined from the equilibrium constant in
solution (Table 2). These results indicate that the intermolec-
ular hydrogen bonding between Z-3 and methanol stabilizes
the ground state of Z-3. The positive value of the entropy dif-
ference (AS) observed for the Z-to-E isomerization in metha-
nol, 1.4 calmol~! K~!, could be explained by the existence of
intermolecular hydrogen bonding between Z-3 and methanol.
In 2-propanol, the enthalpy difference (AH) between Z-3
and E-3 is smaller than that in methanol probably because
the bulkier alkyl group of 2-propanol prevents the formation
of intermolecular hydrogen bonding.

The activation energy (E,) for the Z-to-E isomerization in
the ground state in methanol, 2-propanol, and acetonitrile
was calculated by the Arrhenius equation. The E, and the fre-
quency factor (A) for the Z-to-E isomerization were calculated
to be 23.4 kcalmol™' and 4.4 x 10'" s7!, respectively, in
methanol and 24.9 kcal mol~" and 1.2 x 10'? s~!, respective-
ly, in 2-propanol. In acetonitrile, E, and A for the Z-to-E iso-
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Table 3. Spectroscopic Parameters of 3 and 4 at 295 K
/lmax/nm
Abs. Fluo. Esa) [oN Diso q)mb) ‘L'f/IlS kfc’d) kisoc"d) kmc‘d)
Benzene zZ 470 500 59.0 0.023 0.31 0.36 0.35 6.6 180 100
E 524 554 53.1 59 %1073 0.003 0.99 0.21 2.8 1.4 470
Toluene zZ 470 498 58.8 0.025 0.31 0.36 0.35 7.1 180 100
E 525 553 53.1 52 %1073 0.003 0.99 0.21 2.5 1.4 470
3 Acetonitrile Z 477 514 57.6 2.6 x 1073 0.32 0.36
E 523 560 52.6 2.1 x1073 0.02 0.96
Methanol z 495 533 55.9 5.9 x 107* 0.33 0.34
E 531 574 51.6 6.4 x 1074 0.05 0.90
Chloroform  Z 476 514 576  2.0x 1073
E 524 560 52.6 1.8 x 1073
Toluene Z 475 511 58.1 0.29 0.17 0.37 4.9 5.9 6.9 7.6
E 524 556 52.8 0.086 0.002°) 0.91 4.6 1.9 0.09 20
4 Acetonitrile Z 482 543 56.4 0.04 0.05 0.86
E 528 590 51.7 4x1073 0.004° 0.99
Methanol Z 491 585 54.5 8 x 1074 0.009 0.98
E 534 630 50.7 3x107° 0.001® 0.99

a) In kcal mol . b) &, =1— Q2dj, + Df). ¢) In 107 s L. d) k= q)f/ff, kiso = 2©i50/‘[f, kor = q)m/Tf. e) Pz = Dy g
(€7/Ee)Z]/[EDpss- ®¢: Quantum yield of fluorescence, ®iso: Quantum yield of isomerization, ®,,: Quantum yield of non-radiative

deactivation (internal conversion).

Table 4. Temperature Dependence of Fluorescence Life-
time of E-3 and E-4 in Toluene

E-3 E-4

Temp./K T¢/ns Temp./K T¢/ns
295 0.21 295 4.6
276 0.27 288 4.8
267 0.31 280 5.2
258 0.36 270 5.6
251 0.44 260 6.1
241 0.54 250 6.8
233 0.73 210 7.9
220 0.96 200 8.0
211 1.2 185 8.1
200 1.8

190 2.4

185 2.9

merization were calculated to be 17.6 kcalmol™' and
9.4 x 10° 57!, respectively.

Compound 3 underwent mutual isomerization between the
E-isomer and Z-isomer at room temperature in methanol.
However, introduction of the formyl group increases the ther-
mal stability in a protic solvent, and therefore, compound 4
was stable even in methanol.

Effects of Formyl Group on the Fluorescence Emission
and Isomerization. Introduction of the formyl group to com-
pound 3 may increase the efficiency of intersystem crossing.
However, compound 4 did not exhibit a transient absorption
spectrum in the laser flash photolysis experiment at room
temperature. In addition, compound 4 underwent mutual iso-
merization between the Z-isomer and E-isomer without
decomposition. As mentioned above, E-3, having intramolec-
ular hydrogen bonding, underwent decomposition upon triplet

sensitization. Therefore, the efficiency of intersystem crossing
of compound 4 is estimated to be almost negligible.

Both Z-3 and E-3 exhibited fluorescence emission with a
quantum yield of 0.025 and 5.2 x 1073, respectively, in
toluene. The introduction of the formyl group at the 2-position
of the pyrrole ring of 3 increased the fluorescence quantum
yield and fluorescence lifetime by a factor of 10. It was report-
ed that the quantum yield of fluorescence of 1 increased by a
factor of 100 as a result of the introduction of a formyl group at
the 2-position of pyrrole ring.14

The increase in the quantum yield of fluorescence by the in-
troduction of a formyl group is attributed to the decrease of the
non-radiative decay rate constant (k;,), as shown in Table 3.

Hydrogen bonding should accelerate the rate constants of
non-radiative deactivation due to the high frequency of vibra-
tional motion. Inoue et al. reported that the fluorescence quan-
tum yield of aminoanthraquinone or aminofluorenone deriva-
tives decreased in alcoholic solvents by intermolecular hydro-
gen bonding interaction.***

The proximity effect can also explain the acceleration of
non-radiative deactivation.’*’  When the energy difference
between the excited n* state and 77r™* state is small, non-ra-
diative decactivation can be accelerated by proximity. For ex-
ample, the observation that the quantum yield of fluorescence
of trans-2-styrylpyridine and trans-4-styrylpyridine is smaller
than that of trans-stilbene is explained by the perturbation of
the 77r* state with a nearly isoenergetic n7t™ state, resulting
in greatly enhanced non-radiative decay‘38

In the hemiindigo compounds, the rate constant of non-radi-
ative deactivation decreased with the introduction of a formyl
group in both the £ and Z isomers. The explanation of the
above mechanisms need further investigation.

The introduction of the formyl group affects the fluores-
cence as well as the isomerization behavior. In acetonitrile
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and methanol, the fluorescence emission was strongly
quenched. As mentioned above, quantum yields of the Z-to-
E isomerization of 3 were 0.3 in all the solvents examined.
However, the quantum yield of the Z-to-E isomerization of 4
was strongly dependent on the solvent, and was estimated to
be 0.17, 0.05, and 0.009 in benzene, acetonitrile, and metha-
nol, respectively. It was believed that intermolecular hydrogen
bonding between methanol and 4 would accelerate the non-ra-
diative deactivation. Our results show both the fluorescence
and isomerization efficiencies were lowered.

Temperature Effect on the Non-Radiative Deactivation
Processes. Intramolecular hydrogen bonding accelerates the
deactivation pathway from the excited state, and, therefore,
the quantum yield of fluorescence emission of a hydrogen
bonded isomer is sometimes smaller than the compound with-
out hydrogen bonding, as previously reported.l(Hg

The fluorescence lifetime of E-3 (Ty = 210 ps) is shorter
than that of Z-3 (T, = 350 ps) in benzene, indicating some role
of the intramolecular hydrogen bonding in the deactivation
from the excited singlet state of E-3. Fluorescence emission
of Z-2 was not observed at room temperature. In addition,
Z-to-E isomerization did not occur in Z-2 with photoirradia-
tion, indicating that Z-2 underwent ultra fast deactivation from
the excited singlet state through intramolecular hydrogen
bonding. However, at 77 K in ethanol glass, Z-2 exhibited a
fluorescence emission with a maximum at 520 nm and a life-
time of ca. 8 ns, indicating that deactivation through intramo-
lecular hydrogen bonding was suppressed with decreasing
temperature.

These results indicate that intramolecular hydrogen bonding
plays an important role in the deactivation from the singlet ex-
cited state in Z-2 and E-3.

As described in the results, quantum yields of the E-to-Z
isomerization of E-3 and E-4 were estimated to be less than
0.01 in toluene. In addition, the intersystem crossing process
was negligible. Therefore, we can postulate that the singlet
lifetime (7¢) of the E-form is explained by Eq. 3, while kg,
is the rate constant of non-radiative deactivation through intra-
molecular hydrogen boning and is dependent on temperature.

Te = 1/(ks + kar) 3)

The fluorescence lifetime of E-3 increased from 210 ps to
2.9 ns with decreasing temperature from 295 K to 185 K in
toluene. The fluorescence lifetime of E-4 increased from 4.6
ns to 8.1 ns with decreasing temperature from 295 K to 185
K in toluene. The Arrhenius plot of In(k,) vs T~! gave a
straight line, as shown in Fig. 13. The activation energy and
frequency factor for k,, were calculated to be 2.7 kcal mol ™!
and 5.2 x 101 s~1, respectively, for E-3, and 1.4 kcal mol !
and 2.2 x 10° s7!, respectively, for E-4 from Eq. 4.

In(ky,) = In(1/7¢ — kf) = InA — E,/RT @)

The fluorescence lifetime of E-4 becomes constant at 8.0 ns
under 140 K. As a result, the values from 295 K to 250 K were
used for the calculation of the activation parameter.

The frequency factor of non-radiative deactivation for E-4
was smaller than that of E-3 by a factor of 100 in toluene. This
result indicates that the frequency of the vibrational mode at-
tributed to non-radiative deactivation was lowered by the in-

Photoisomerization of Hemiindigo
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Fig. 13. Arrhenius plot for non-radiative deactivation from
the singlet excited state of E-3 (a) and E-4 (b) in toluene.

troduction of the formyl group, probably due to the inductive
effect of the formyl group or hydrogen bonding interaction be-
tween the formyl group and the NH group in the pyrrole ring.

Potential Energy Surface of E-Z Isomerization. In non-
polar solvents, such as benzene and toluene, the stabilization
energy of E-3 was estimated to be 7 kcalmol~™' due to the
presence of intramolecular hydrogen bonding from the DSC
experiment. On the other hand, Z-3 was stabilized at 0.85
kcal mol~! in methanol due to the presence of intermolecular
hydrogen bonding. Potential energy surfaces of the E-Z iso-
merization based on the singlet excitation energy estimated
from fluorescence and fluorescence excitation spectra are
shown in Fig. 14.

Quantum yields of Z-to-E isomerization of 3 were 0.31 and
0.33 in benzene and methanol, respectively, while those of 4
were 0.17 and 0.009 in benzene and methanol, respectively.
Since the rate constants of fluorescence (k¢) of 3 and 4 in tol-
uene were almost the same, the rate constants of non-radiative
deactivation and isomerization in the singlet excited state were
strongly dependent on solvent polarity and hydrogen bonding.
As summarized in Table 3, introduction of the formyl group
brings about a decrease of the rate constant of non-radiative
deactivation as well as the rate constant of isomerization in
the singlet excited state. On the basis of the results of the sol-
vent dependence of isomerization of 4, the rate constant of
non-radiative deactivation was accelerated in a polar protic
solvent such as methanol, probably due to the intermolecular
hydrogen bonding interaction.

Conclusion

Compound 3 exhibited almost one-way Z-to-E isomeriza-
tion upon irradiation with 366-nm light, although Z-3 and E-
3 have similar absorption coefficients at 366 nm, due to the
considerably large difference between ®,_, and ®g_,,. How-
ever, 3 gives a photostationary mixture with a very high ratio
of Z-isomer to E-isomer, 85:15, upon irradiation at 546 nm,
where E-3 has a much higher absorption coefficient than Z-3.

Introduction of the formyl group to the pyrrole ring of 3 im-
proves the thermal stability in solution. The quantum yield of
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Fig. 14. Potential energy surface of E—~Z isomerization of 3 and 4 in benzene and in methanol.

isomerizaiton of 4 in methanol was lowered by a factor of 100
compared to that in benzene, while the quantum yield of iso-
merization of 3 was almost the same in methanol and
benzene. Introduction of the formyl group resulted in an in-
crease in the quantum yield of fluorescence and fluorescence
lifetime.

On the basis of the these findings, it was found that the in-
tramolecular hydrogen bonding plays an important role in con-
structing photochromic compounds having an absorption band
in the visible region, and the substituents and solvents affect
their photochromic properties.
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