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bstract

Photochromic properties of the diarylethene derivative 3,4-bis-(2,4,5-trimethyl-thiophen-3-yl)furan-2,5-dione (1) were investigated in hex-
ne at room temperature under one-photon (linear) and two-photon (nonlinear) excitation. Results of steady-state excitation anisotropy and
uantum–chemical calculations (AM1, ZINDO/S) provide insight into the nature of the broad absorption spectrum of the open-form of 1 as an
verlapped mixture of several electronic transitions. The quantum yields of cyclization and cycloreversion reactions of 1 were obtained over a
road spectral range and the photochemical stability of 1 was determined for different excitation wavelengths. The two-photon absorption (2PA)

pectrum of the open-form of 1, with maximum cross-section ≈80 GM at 674 nm, was obtained using an up-converted fluorescence method.
wo-photon induced cyclization reaction of 1 was accomplished under picosecond excitation and the corresponding reaction quantum yield was
stimated, providing a comprehensive investigation of this 2PA photochrome.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Photochromic properties of organic molecules have attracted
cientific interest due to their potential application in the devel-
pment of optical data storage materials [1–4]. Hirshberg con-
tituted a chemical memory model based on a reversible change
n the molecular structure during light irradiation [5]. Since
hat time a vast number of studies on photochromic proper-
ies of organic compounds were reported, including photoin-
uced trans–cis isomerization [6], valence tautomerism [7],
omolytic cleavage [8], hydrogen transfer [9] and cyclization of

-conjugated chromophores [10]. In spite of multiple studies,
rganic photochromic compounds have found little application
n optical data storage due to serious problems with their thermal
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nd photochemical stability. Among the wide variety of pho-
ochromic molecules (see, for example, spiropyrans and spiroox-
zines [11], fulgides [12], azobenzenes [13], etc.); diarylethene
erivatives are, perhaps, the most promising photochromic sys-
ems. They were developed by Irie et al. [14,15] and Lehn and
o-workers [16,17] for application in high density optical mem-
ry devices.

Diarylethenes are a relatively new class of thermally
rreversible photochromic compounds with excellent thermal
tability, resistance to fatigue during cyclic write and erase
rocesses, fast response, high sensitivity and nondestructive
eadout capability [18–21]. One of the most studied diarylethene
ompounds is 3,4-bis-(2,4,5-trimethyl-thiophen-3-yl)furan-
,5-dione (1) [14,18–20,22–25] The open-ring form (O) of
(Fig. 1) is transparent in the visible spectral range and
ndergoes cyclization reaction under UV irradiation resulting
n the formation of the colored closed-ring form (C) [14]. The
ycloreversion reaction C → O proceeds under visible and UV
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Fig. 1. Schematic diagram of the cyclization and cyc

ight irradiation resulting in the bleached open-ring form. The
eversible photocyclization of 1 with more than 100 coloring and
leaching cycles under one-photon excitation has been reported
14]. Solvent effects on the photochromic reaction quantum
ields along with the fluorescence properties of 1 were also
nvestigated [22–25]. These measurements revealed at least two
ypes of conformers in the excited state of diarylethene 1. One
f them is more planar conformer with C2 symmetry (so-called
antiparallel” (AP)) which undergoes ring-closed processes,
hereas another one is a twisted conformer with S2 symmetry

so-called “parallel” (P)) which possesses intramolecular charge
ransfer character and exhibits no photochromic transformation
22,23]. Theoretical study by semi-empirical molecular orbital
ethods revealed several similar types of conformers which

an exist in the ground state of 1, and only AP conformers
ndergo photochemical reaction [18]. As assumed by Irie and
o-workers [22,23], the relative amount of P and AP conformers
n the ground state depends on solvent polarity, with less polar
olvents corresponding to an increased amount of AP conformer.

The direct observation of the photochromic transformation of
under one-photon excitation was reported [20], where the time
onstants of the ring-closure, O → C and ring-opening, C → O
rocesses were determined by a picosecond transient absorption
pectroscopy method as <10 ps. However, little is known about
wo-photon photochromic properties of diarylethene deriva-
ives due to their relatively low two-photon absorption (2PA)
ross-sections. Experimental evidence of two-photon isomeriza-
ion and orientation of 1,2-dicyano-1,2-bis-(2,4,5-trimethyl-3-
hienyl)ethane in poly(methyl methacrylate) films was reported
y Sekkat et al. [26]. The same dye-doped photochromic
edium was investigated under two-photon excitation by Tori-

mi et al. [27,28] for the development of reflection confocal
icroscopy readout system for 3D optical memory. To our

nowledge, no data have been reported on two-photon pho-
ochromic properties of 1. This molecule is a promising pho-
ochromic compound for 3D-data storage technologies and its
hotophysical and photochemical properties exhibited under
ne- and two-photon excitation are a subject of great scientific
nterest and practical utility.

In this study, we report precise measurements of the pho-
ochromic and photochemical quantum yields of 1 over a broad

pectral region, along with the two-photon absorption spectrum
nd experimental evidence of two-photon induced photocycliza-
ion. In addition, we report the results of quantum–chemical and
inetic processes calculations of the electronic model of 1 based

t
r
i
P

ersion photochromic (isomerization) reactions of 1.

n reports by Irie and co-workers [20,22]. The main goal of this
aper is to provide a deeper understanding of the photochromic
nd photodecomposition processes in 1 under one- and two-
hoton excitation in order to provide the basis to develop a high
uality 3D-data storage materials and optimize their write–read
onditions.

. Experimental

3,4-Bis-(2,4,5-trimethyl-thiophen-3-yl)furan-2,5-dione (1)
as purchased from TCI America and used without further
urification. Spectroscopic grade hexane (Alfa Aesar) was used
s a solvent. The absorption spectra of the O-form and mix-
ures of O–C-forms of 1 were recorded with an UV–vis Agilent
453 spectrophotometer. The pure C-form was separated from
mixture of open and closed forms in the photostationary

tate by normal phase HPLC, using a Waters HPLC instru-
ent equipped with a binary pump (1525), an in-line degasser,
PDA detector (2996) and a manual injector (7725I). The best

hromatographic separation was achieved by using a silica gel
4.6 mm × 150 mm, particle size 5 �m, pore size 100 Å) analyt-
cal column, with a mobile phase of 97:3, hexanes:ethyl acetate
nder isocratic flow. The flow was 0.5 mL/min, the injection
olume was 50 �L, the column temperature was 30 ◦C and the
un time was 10 min. Steady-state fluorescence and excitation
nisotropy spectra were measured with a PTI Quantamaster
pectrofluorimeter in the photon-counting regime of the PMT
sing an L-format configuration [29]. All fluorescence measure-
ents were performed in 10 mm fluorometric quartz cuvettes for

he concentrations, C ≤ 5 × 10−6 M. The fluorescence quantum
ield of 1, ΦFL ≈ 0.003, was determined by a standard method,
elative to 9,10-diphenylanthracene in cyclohexane [29], corre-
ponding well with data reported in ref. [24]. The concentration
ependence of ΦFL in hexane was estimated by the excitation of
at the appropriate wavelength, λexc, where optical density D

λexc) ≤ 0.1. This dependence exhibited a nearly constant value
f ΦFL up to C = 5 × 10−4 M, and was used for the determination
f 2PA cross-sections by the up-converted fluorescence method
30].

The quantum yields of the direct, ΦO→C, and reverse, ΦC→O,
hotochromic reactions (O → C and C → O reactions, respec-

ively), were determined from the temporal changes in the cor-
esponding absorption spectra of 1 under steady-state Xe-lamp
rradiation passed through the excitation monochromator of the
TI Quantamaster spectrofluorimeter. All measurements were
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and excitation anisotropy, r, reaches its maximum value [29]:

r = (3 cos2 α − 1)

5
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erformed at room temperature in the darkness because of the
igh sensitivity of 1 to ambient light. The values of ΦO→C
nd ΦC→O were obtained by the absorption method described
n ref. [31] for air-saturated and degassed solutions prepared
y repeated freeze–pump–thaw cycles. Briefly, this absorption
ethod is based on measurement of the temporal changes in

he optical density, D (λ, t) at λmax ≈ 553 nm (long wavelength
aximum of the C-form of 1 in hexane), and optical density at

he excitation wavelength, D (λexc, t), during irradiation. The
-form of 1 has no absorption at 553 nm and, thus, it is straight-

orward to determine the number of reacted molecules, whereas
he number of absorbed photons by the O-form (for ΦO→C) or
-form (for ΦC→O) at λexc, was recalculated from the depen-
ences D (λexc, t), taking into account the individual spectral
hapes of the corresponding forms of 1. Two milliliter hexane
olutions of 1 with concentrations, C ∼ (1.5–2) × 10−5 M, were
laced into a 10 mm × 10 mm × 35 mm quartz cuvette and care-
ully sealed to avoid solvent evaporation during experiments.
he entire volume of the solution was irradiated with light irra-
iance 0.05–0.3 mW/cm2 in the 270–610 nm spectral range. The
rradiation power was measured with a Laserstar power meter
Ophir Optronics Inc.) with the sensitivity in the nW range. The
hanges in the absorption spectra during irradiation were mea-
ured with an UV–vis Agilent 8453 spectrophotometer. A probe
eam in this spectrophotometer was attenuated over 10-fold by
eutral filters in order to reduce photocyclization process during
he measurements. The same method was used for the determi-
ation of the photodecomposition quantum yields, ΦPh, of 1
nder one-photon excitation. First, an equilibrium between two
orms was reached at the corresponding λexc, and then the values
f ΦPh were determined from the temporal changes in equi-
ibrium spectra during the irradiation over a longer period of
ime.

The 2PA spectrum of the O-form of 1 was measured by the
p-converted fluorescence method [30] using a femtosecond
aser system (Clark-MXR 2010 Ti:Sapphire amplified, second
armonic of an erbium-doped fiber ring oscillator system (out-
ut 775 nm) pumped an optical parametric generator/amplifiers
TOPAS, Light Conversion), with pulse duration, τP ≈ 140 fs
FWHM), 1 kHz repetition rate, tuning range 560–2100 nm and
aximum average power ≈ 25 mW). The up-converted fluores-

ence of the O-form of 1 was detected for solutions in 10 mm
uartz cuvettes (C ≈ 4.4 × 10−4 M) with a PTI Quantamaster
pectrofluorimeter in the analog regime of PMT, relative to the
uorescein in water (pH 11) [30]. In order to decrease reab-
orption effects, the laser beam excited solutions near the exit
urface of the cuvette from which fluorescence was observed.
he number of reacted molecules during these measurements
as negligible.
The two-photon induced cyclization reaction of 1 was

bserved under high intensity excitation with a picosecond
d:YAG laser (PL 2143 B Ekspla) coupled to an opti-

al parametric generator (OPG 401/SH) with pulse duration,

P ≈ 35 ps (FWHM), pulse energy, EP ≤ 100 �J, at the wave-
ength, λexc = 810 nm and repetition rate, f = 10 Hz. The exci-
ation laser beam was focused into a 1 mm quartz cell of
exane solutions of 1 (the volume of solution was ∼40 �L;
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n
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∼ 4.3 × 10−3 M) to a waist of radius ∼ 0.12 mm. Appear-
nce of the C-form of 1 was detected spectrophotometrically
t λmax = 553 nm.

Quantum–chemical calculations of the electronic structure of
were performed using HyperChem V 7.0 for Windows. The

ptimized geometry of 1 in the ground state was obtained via
M1 approximation. A semi-empirical ZINDO/S method, with

he highest 10 occupied molecular orbitals (HOMO) and the
owest 10 unoccupied molecular orbitals (LUMO), was applied
o determine the corresponding electronic spectra. Average over-
ap weighting factors of 1.267 were used for � bonds, and
he values of � weighting factors were chosen in the range
.53–0.55 to obtain the best agreement with the long wavelength
xperimental maxima of the O- and C-forms absorption spectra
f 1.

. Results and discussion

.1. Steady-state spectral properties

The photoisomerization processes investigated for 1 are
hown in Fig. 1.

Individual absorption spectra of the O- and C-forms of 1
n hexane are shown in Fig. 2, curves 1 and 2. Correspond-
ng extinction coefficients of the O- and C-forms at λmax
ere 7.2 × 103 M−1 cm−1 (331 nm) and 2.7 × 104 M−1 cm−1

377 nm), respectively. The nature of the broad O-form absorp-
ion spectrum of 1 (Fig. 2, curve 1) was analyzed by excitation
nisotropy and quantum–chemical calculations (Table 1). The
xcitation anisotropy spectrum of 1 in silicon oil is shown in
ig. 2, curve 5. In viscous silicon oil at room temperature,
o fast rotation of 1, and corresponding depolarization effects,
ccurs during the fluorescence lifetime (τFL ≈ 360 ps) [20,22],
ig. 2. Normalized absorption (1 and 2), corrected excitation (4) and fluores-
ence (3) and excitation anisotropy (5) spectra of the O-form (1 and 3–5) and
-form (2) of 1 in hexane. λobs = 490 nm is the wavelength of the observation
f the excitation and anisotropy spectra (4 and 5). Excitation spectrum (4) is
ormalized to the absorption spectrum (1) at 400 nm.
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Table 1
Calculated maximum wavelength, λmax; oscillator strength, f; angle, β, relative
to the orientation of S0 → S1 transition; main orbital configuration (promotion of
an electron from the HOMO to the LUMO, |H → L〉, HOMO-1 to the LUMO,
|H-1 → L〉, and HOMO-2 to the LUMO, |H-2 → L〉) for the first three �–�*

electronic transitions of the O-form AP conformer of 1

Transition λmax (nm) F β (◦) Contribution to the
main configuration

S0 → S1 430 0.095 – 0.97|H → L〉
S
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Fig. 3. Kinetic changes in the absorption spectra of 1 in hexane
(C ≈ 2.5 × 10−5 M) under irradiation at: (a) λexc = 330 nm and (b) λexc = 550 nm
(temporal step between two adjacent spectra, �t = 100 s, irradiance of the exci-
t
o
λ
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f

0 → S2 401 0.0285 90 0.908|H-1 → L〉
0 → S3 294 0.35 26 0.94|H-2 → L〉

here α is the angle between absorption, S0 → Sn, and emis-
ion, S1 → S0, transition dipoles (S0, S1, Sn are the ground,
rst excited and higher excited electronic states, respectively).
hanges in r at λ < 320 nm (Fig. 2, curve 5) reveal the spectral
osition of the different electronic states in the broad absorp-
ion spectrum of the O-form. In the spectral range λ > 300 nm
he values of r did not exceed 0.14. Relatively low values of
at the long wavelength edge of the absorption band (Fig. 2,

urve 1) may be explained by assuming strong overlap of several
onparallel absorption electronic transitions. This assumption
as confirmed by the results of quantum–chemical calculations

Table 1). As can be seen, diarylethene 1 possesses of three non-
arallel �–�* absorption electronic transitions (with different
ngles, β, relative to the orientation of S0 → S1 transition) in the
90–440 nm spectral range. A sufficiently large value of β (90◦)
etween the S0 → S1 and S0 → S2 transitions, may be a reason
or the reduction in anisotropy, even in the case when α = 0◦
32]. High molecular symmetry as a contributing reason for the
educed anisotropy in the long wavelength absorption band [32],
s less probable, because the symmetry of the reactable O-form
antiparallel) conformer of 1 is not very high (C2 symmetry).

The excitation spectrum of the O-form (Fig. 2, curve 4) did
ot coincide with corresponding absorption curve 1, which indi-
ated a decrease in the fluorescence quantum yield, ΦFL, in the
hort wavelength part of the absorption spectrum, confirming a
omplicated electronic structure of the absorption band of the
-form.

.2. Quantum yields of the photochromic reactions under
ne-photon excitation

The kinetic changes in the absorption spectra of 1 (hex-
ne solutions) under the steady-state irradiation at λexc = 330
nd 550 nm are shown in Figs. 3 and 4, respectively. Observed
sobestic points of the absorption spectral changes reveal no
hotochemical products that can arise during the irradiation and
ffect the photoisomerization kinetics. The initial slopes of the
ependences Nmol = f (Nph) (where Nmol and Nph are the num-
er of reacted molecules and the number of absorbed photons,
espectively) are shown in the insets of Fig. 3. These measure-

ents were performed for different λexc in the absorption band

f 1, and the spectral dependences of the cyclization and cyclore-
ersion reaction quantum yields were obtained (Fig. 4). From
hese data, a weak spectral dependence of ΦO→C and ΦC→O

1
t
s
Φ

ation ≈0.140 mW/cm2 (a) and ≈0.100 mW/cm2 (b)). The initial spectrum is an
riginal O-form absorption (a) and photostationary state under the irradiation at

exc = 415 nm.

as observed. The values of ΦO→C were in the range 0.2–0.35
nd differed by ca. a factor of two from previously reported
ata (ΦO→C ≈ 0.13) [23]. The cycloreversion quantum yields of
, ΦC→O ≈ 0.1–16, were in a good agreement with previously
eported data [22,23].

Air-saturated and deoxygenated hexane solutions of 1 exhib-
ted nearly the same reaction efficiencies for both forms. This
uggests that molecular oxygen has no falcon the fast picosecond
hotoisomerization processes of 1.

A simplified electronic model of 1 (Fig. 5) is proposed
n the basis of spectral properties (Fig. 2), on the results of
uantum–chemical calculations, and also on the experimental
nd theoretical data reported by Irie et al. [14,20,22,23]. A
istinctive feature of the photochromic transformations of 1 is a
ast rate of the cyclization and cycloreversion processes: {1/k32,

/k31}≤ 10 ps; 1/k10 ≤ 2–3 ps, demonstrated via picosecond
ransient absorption spectroscopy [20]. Examination of the
pectral dependence (Fig. 4a), an increase in the value of
O→C at λexc = 440 nm reveals an efficient cyclization reaction
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observed spectral dependence of ΦO→C (the average value of
ΦC→O ≈ 0.14, was considered constant over the entire spectral
range). The spectral curves of the normalized values, Nmol/N0 are
shown in Fig. 6. λexc ≈330 and ≈400–405 nm, were found to be
ig. 4. Spectral dependences of the photocyclization, ΦO→C (a) and cyclore-
ersion, ΦC→O (b), reaction quantum yields of 1 for air-saturated (1) and
eoxygenated (2) hexane solutions.

→ C from the fluorescent state of the O-form with lifetime,
FL ≈ 360 ps. This is consistent with the results of transient

bsorption measurements of 1 in hexane [22]. Nearly the same
alues of ΦC→O at λexc = 377 and 550 nm (Fig. 4b) indicate
he cycloreversion processes occurring at these wavelengths

ig. 5. Schematic representation of the electronic structures of the open and
losed forms of 1.
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re similar in nature. This suggest that probable reaction
athway through the S1 state of C-form (i.e. S0 state of the
-form was excited to the S2 state, then relaxed to the S1

tate and transformed to the S0 state of the O-form with the
orresponding velocity constant, k10 (Fig. 5) proceeds, instead
f possible direct transformation C → O from the S2 state with
elocity constant k22.

.3. Kinetic analysis

The kinetics of the photochromic transformations of 1 under
teady-state irradiation was calculated for different λexc in order
o determine the optimized writing conditions for possible data
ecording. These calculations were performed with the differen-
ial equation:

dNCF(t)

dt
= −σCF · I0 · NCF(t) · ΦC→O

+ σOF · I0 · NOF(t) · ΦO→C, (1)

here NOF(t), NCF(t), σOF and σCF are the concentrations and
ne-photon absorption cross-sections of the O- and C-forms,
espectively and I0 is the irradiance of the excitation light (in
hoton/(cm2 s)).

Eq. (1) was solved numerically using the constant field
pproximation (i.e. I0 ≈ constant in the entire irradiation vol-
me), and with the start conditions: NCF(0) = 0, NOF(0) = N0
where N0 = NCF(t) + NOF(t) is the total molecular concentra-
ion of 1, assumed to be constant). The concentration of the
ncipient C-form was calculated over a broad spectral range for
arious steady-state irradiation conditions. These calculations
ere based on known photophysical parameters of 1 and the
ig. 6. Calculated spectral dependencies of the normalized concen-
ration of the C-form of 1, Nmol/N0, forming with total irradia-
ion dose (1) F = 1 × 1016 photon cm−2, (2) 5 × 1016 photon cm−2, (3)
× 1017 photon cm−2, (4) 5 × 1017 photon cm−2, (5) 1 × 1018 photon cm−2 and

6) 2 × 1018 photon cm−2.
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quantum yield ΦO→C ≈ 0.23 ± 0.02 at λexc = 405 nm (Fig. 4a,
curve 1). Good agreement of these values strongly supports the
similar nature of the cyclization process of this diarylethene
derivative under one- and two-photon excitation.
ig. 7. Spectral dependences of the photodecomposition quantum yield ΦPh (λ)
f 1 in (1) hexane, (2) the ratio of the absorption cross-sections σCF/σOF and (3)

OF/σCF. The solid line in (1) is presented as a guide.

he most efficient excitation wavelengths for the irradiation dose,
≤ 1017 photon cm−2, with maximum efficiency at 330 nm.

rradiation conditions in which F ≥ 5 × 1017 photon cm−2 cor-
esponded to the most effective writing wavelengths at λexc
320–325 and ≈410–420 nm, with maximum efficiency at the

eak of long wavelength absorption band. All calculated pro-
esses corresponded to linear excitation, i.e. were independent
f light irradiance.

.4. Photochemical stability

Photodecomposition quantum yields of 1, ΦPh, were deter-
ined in air-saturated hexane solution at room temperature

nder steady-state irradiation over a broad spectral range (Fig. 7,
urve 1). As can be seen, there was a strong spectral dependence
f ΦPh. The values of ΦPh 
 {ΦC→O, ΦO→C} revealed slow
hotochemical processes (velocity constants ∼108–109 s−1) rel-
tive to the fast photochromic transformation (∼1011–1012 s−1)
20], i.e. photodecomposition of 1 proceeds under the constant
quilibrium between two forms. The excited states of the O-
nd C-forms undergo photodecomposition simultaneously. It is
ifficult to separate quantitatively, the quantum yields of these
rocesses in the 270–440 nm spectral range from the experimen-
al values of ΦPh, due to unknown lifetimes of the excited states
f 1.

The kinetic analysis of the possible photodecomposition
rocesses was performed for the equilibrium state of 1 for
ifferent excitation wavelengths and reaction pathways. From
his analysis, the value of ΦPh should be independent of the
bsorption cross-sections σOF and σCF, in the case of the first-
rder photochemical reactions proceeding from the lowest elec-
ronic excited state of the O- and C-forms. Nevertheless, the
xperimentally observed spectral dependence of ΦPh (Fig. 7,
urve 1) was strong and exhibited two peaks at λexc ≈350
nd ≈410 nm. The spectral behavior of ΦPh was similar to the

orresponding dependence of the ratio, σCF/σOF in the range
exc ≤ 350 nm (curve 2), and to the reverse ratio σOF/σCF, at
exc ≥ 390 nm. This suggests relatively complex photochemical
eactions simultaneously proceed from different excited elec-

F
1
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ronic states of the O- and C-forms and cannot be described by
rst-order photoreactions.

From the data in Fig. 7, one can see the highest photo-
hemical stability of 1 in hexane corresponded to the excitation
avelengths λexc ≈390 and ≈440 nm (ΦPh ∼ (1.5–2) × 10−5),
hich can be used for optimization of the writing process with

ncreased value of the fatigue resistance.

.5. Photochromic transformation under two-photon
xcitation

The 2PA spectrum of the O-form of 1 is shown in Fig. 8 (curve
). The maximum of the 2PA spectrum (λexc = 674 nm) corre-
ponded to λmax = 337 nm, with the 2PA cross-section ≈80 GM
eing relatively large compared to other diarylethene deriva-
ives, e.g., for B1536 the reported value was <1 GM [26],
nd, thus, promising for practical applications. According to
uantum–chemical calculations, the observed 2PA band corre-
ponded to the S0 → S2 two-photon allowed transition in the
-form (Table 1). It can be assumed that the shoulder in the
PA spectrum at ≈405 nm is due to the long wavelength, lower
nergy transition in the O-form, S0 → S1.

Evidence of the two-photon induced photochromic cycliza-
ion reaction O → C of 1 under picosecond irradiation is shown
n Fig. 9. The changes in the absorption spectrum of the O-form
uring irradiation were sufficiently small (D < 0.03), ensuring
hat no reverse reactions occurred in the excitation volume, i.e.
he concentration of the C-form in the solution was negligible.
n this case the quantum yield of the cyclization reaction of
under two-photon excitation, ΦO→C

2PA , can be estimated using
PA spectrum of the O-form (Fig. 8, curve 2) and a Gaussian
patial and temporal beam profile approximation. The value
f ΦO→C

2PA ≈ 0.22 ± 0.05 was obtained at λexc = 810 nm, com-
arable to the corresponding one-photon cyclization reaction
ig. 8. Normalized (1) linear absorption and (2) 2PA spectra of the O-form of
in hexane.
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. Conclusions

The steady-state spectral properties of 1 in hexane, and the
esults of the quantum–chemical calculations, revealed a rela-
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o the transition with λmax of 337 nm. The two-photon induced
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xcitation at λexc = 810 nm. The estimated 2PA photocyclization
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ith the corresponding value of ΦO→C ≈ 0.23 ± 0.02 under
ne-photon excitation, compelling evidence that both one- and
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