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Abstract: The cycloreversion (ring-opening) process of one of the photochromic diarylethene derivatives,
bis(2-methyl-5-phenylthiophen-3-yl)perfluorocyclopentene, was investigated by means of picosecond and
femtosecond laser photolysis methods. The drastic enhancement of the reaction yield was observed only
by the picosecond laser exposure. The excitation intensity effect of the reaction profiles revealed that the
successive multiphoton absorption process leading to higher excited states opened the efficient cyclo-
reversion process with a reaction yield of (50 £+ 10)%, while the one-photon absorption directly pumped to
a higher excited state did not lead to the efficient cycloreversion reaction. These results indicate that not
the energy of the excitation but the character of the electronic state takes an important role in the
enhancement of the cycloreversion reaction.

Introduction thermally stable and fatigue-resistant photochromic compéund.
Both isomers of the diarylethenes differ from each other not
only in their absorption spectra, but also in various physical
and chemical properties such as fluorescence speetfective
indices? oxidation/reduction potential8,and chiral properties.
When radicals are located at both ends of the diarylethene
derivatives, the intramolecular magnetic interaction between

Photochromism is a photoinduced reversible isomerization
in a chemical species between two forms. The instant property
change arising from the chemical-bond reconstruction via
photoexcitation has been attracting much attention not only from
the viewpoint of the fundamental chemical reaction processes
but glso from the V'eWF’O'm of the application to optoglectronlc their radicals can be controlled upon irradiation with UV and
devices such as rewritable optical memory and switéhes. visible light!? The light emission control via photochromic

Among various photochromic molecules, diarylethenes with (aactions has recently provided novel functions in single
heterocyclic aryl rings have been developed as a new type of ygjecular device& In addition, the photochromic reaction can
— take place even in the crystalline phadd®irect detection of
lgsaka University. the reaction dynamics revealed that most of these photochromic

yushu University.
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The photochromic systems for the actual application, in Scheme 1
general, require several conditions such as (a) thermal stability
of both isomers, (b) low fatigue, (c) rapid response, (d) high
sensitivity, and (e) nondestructive readout capability. Because
the reaction in the excited state generally takes place in
competition with various processes in a finite lifetime, the large
rate constant of the photochromic reaction (the quick response)
is of crucial importance for an increase in the reaction yield
(the high sensitivity) and a decrease in undesirable side reactions
resulting in low durability (the low fatigue). On the other hand, 532 nm excitation. The sample solution was circulated during the
the nondestructive read-out capability is in conflict with the measurement under the repetition rat6.1 Hz, and the data were
above properties, fulfilling conditions (b)d). Hence, the obtained only with one-shot laser exposure for each spectrum.
introduction of gated-function is required for the photochromic ~ For the measurement of the dependence of the transient absorption
systems with nondestructive capability while reading-out by the spectra on the excitation intensity of the picosecond laser pulse, a pin-
absorption of the light. Recently, we reported multiphoton- hole with a diameter of 1.1 mm was placed before the sample solution.
induced enhancement of a cycloreversion reaction in photo- The intensity of the picosecond laser light transmitted through the sam-

chromic diarylethene derivativés24 This multiphoton-gated ple cuvette was measured by a laser power meter (Gentec, ED-200).
. . ) ._The reflection of the incident light at the surface of the cuvette was
reaction may provide a new approach to erasable memory media

; . - calibrated by the measurement of the cuvette containing only the
with nondestructive readout capability. Not only from the . ont
viewpoint of the application but also from the basic viewpoints

. . o " , To investigate the dynamic behavior under femtosecond laser light
of photochemistry, the selective excitation to a specific electronic o, itation, a dual OPA laser system for kinetic transient absorption

state leading to the target reaction seems to provide a novelmeasurements was us¥drhe output of a femtosecond Ti:Sapphire
approach for the control of the photochemical reactions. laser (Tsunami, Spectra-Physics) pumped by the SHG of a ct:Nd
To explore the precise and quantitative information on the YVO,laser (Millennia V, Spectra-Physics) was regeneratively amplified
dynamics and mechanisms of the multiphoton photochromic with a 1 kHz repetition rate (Spitfire, Spectra-Physics). The amplified
reactions, we have investigated the reaction profiles dependentoulse (1 mJ/pulse energy and 85 fs fwhm) was divided into two pulses

on the laser excitation intensity, excitation wavelength, and laser With the same energy (50%). The_se pulses are guided into two OPA
pulse durations in the present work. On the basis of these Systems (OPA-800, Spectra-Physics), respectively. OPA output pulses

experimental results and numerical simulations, it was revealed "¢ converted to the SHG, THG, FHG, or sum frequency mixing with
L a fundamental 800 nm pulse. These pulses can cover the wavelength
that not the energy of the excitation but the character of the

. . . . region between 300 and 1200 nm with-10 mW output energy and
electronic state plays an important role in the multiphoton " 159 ts fwhm. One of these two pulses was used as a pump light,

photocycloreversion process. and the other one which is reduced /5000 output power was
Experimental Section utilized as a monitoring light. The pulse duration was estimated to be

A picosecond laser photolysis system with a repetitive mode-locked 190 fs from the cross correlation trace at the sample position. The
NG YAG laser was used for transient absorption spectral measure- INtensities of the monitoring, reference, and pump beams were
ments2829The second harmonic (532 nm) with 15 ps fwhm and-1L5 monitored by photodlode detectors_and sent to t_he microcomputer for
mJ was used for excitation. The excitation pulse was focused into a further analysis. The sample cell with 2 mm optical length was used,
spot with a diameter of ca. 1.5 mm. Picosecond white continuum and the sample solution was circulated.
generated by focusing a fundamental pulse into a 10 cm quartz cell For the nanosecond transient absorption spectroscopy, SHG (532
containing a RO and HO mixture (3:1) was employed as a monitoring  hm) or FHG (266 nm) of the nanosecond YAG laser (Quanta Ray,

light. A sample cell with 2 mm optical length cell was used for the DCR3) with ca. 1 mJ output power and 5 ns pulse width was used as
excitation light. The combination use of the Xe lamp as a monitoring

(15) Tamai, N.; Saika, T.; Shimidzu, T.; Irie, M. Phys. Chem1996 100, light with the diode array detector with a gated image intensifier
4689 (Hamamatsu, PMA-50) provides the transient absorption spectra with

(16) Miyaéaka, H.; Nobuto, T.; Itaya, A.; Tamai, N.; Irie, @hem. Phys. Lett.

1997 269 281. ca. 10 ns temporal resolution.
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Tsiper, E.; Kryschi, CChem. Phys1999 246, 115. reactions between the open-isomer and the closed-isomer as shown in
(19) Ern, J.; Bens, A. T.; Martin, H.-D.; Mukamel, S.; Tretiak, S.; Tsyganenko, Sch 1n-H Wako. infini d d with
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(23) Miyasaka, H.; Murakami, M.; Itaya, A.; Guillaumont, D.; Nakamura, S.; Steady-State Absorption Spectra.Figure 1 shows the
Irie, M. J. Am. Chem. So@001 123 753. ground-state absorption spectraloh n-hexane solution. The
(24) Miyasaka, H.; Murakami, M.; Okada, T.; Nagata, Y.; ltaya, A.; Kobatake, . .
S.; Irie, M. Chem. Phys. LetR003 371, 40. closed-form ofl, 1(c), has the absorption maximum at 585 nm

(25) Hania, P. R.; Telesca, R.; Lucas, L. N.; Pugzlys, A.; van Esch, J.; Feringa, j ici ; - .
B. L Snijders, J. G.. Duppen. Ki. Phys. Chem. 2002 106, 8498. in the visible region, together with peaks at 305 and 380 nm in

(26) Okabe, C.; Nakabayashi, T.; Nishi, N.; Fukaminato, T.; Kawai, T.; Irie, the UV region. On the other hand, the open-formlofl(o),

M.; Sekiya, H.J. Phys. Chem. 2003 107, 5384. ; ; ; P
27) Shim. S.. 500, T.. Bae, 5. C. Kim, K. S.. Kim. .Phys. Chem. 2003 has the aI:')sorlpnon onl'y in the UV region. The quantum yield

107, 8106. . . of the cyclization reaction fror(0) to 1(c) was 0.59, whereas
(28) m‘lﬁsi'é":ﬂ'gg 4"";5%’33(‘1% T. Kotani, S.; Muneyasu, R.; ltayaOkem. the quantum yield of the cycloreversion reaction leading to the
(29) Miyasaka, H.; Moriyama, T.; Itaya, Al. Phys. Cheml996 100, 12609. 1(0) production from1(c) was 0.013:3d
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Figure 1. Absorption spectra of the closed-ring isomerlofl(c) (blue AR TR A SR T B0 R | T T T
smooth line), and the open-ring isomé(p) (black dotted line), in the & 0 40 80 120 0 40 80 120
state inn-hexane solution. Time / ps
(a) S — Figure 3. Time profiles of the transient absorbanceld€) in n-hexane,
......,\ 1ns excited with a 15 ps fwhm, 532 nm laser pulse with 0.4 mJromtput
” ,_,/_ 100 power, and observed at 440 nm (a), 710 nm (b), 890 nm (c), and 580 nm
SL . ps d). Solid i luti Iculated on the basis of th |
= 80 ps (d). Solid lines are convolution curves calculated on the basis of the pulse
g 60 ps widths of pump and probe pulse (15 ps) and a time constant (10 ps). The
S 50 ps lines in (d) are the results calculated with the reaction yield as a parameter.
o 40 ps From the top, the_ reaction yields of 0, O.Ql, 01 0.2,0.3, 0.4,10.5, 0.6, and
g 20 P 0.7 were respectively set for the calculation with the pulse width of 15 ps
st ps and the time constant of 10 ps. The bold line with the reaction yield of 0.4
5 fg g: best reproduces the experimental result in (d) (see text).
]
< 0ps . iy o .
S e -10 ps the excitation, almost all positive absorption signals disappeared
— ——————————=1-26 ps and constant negative absorption remained. As shown in Figure

400 500 600 700 800 800 1000
Wavelength / nm

2b, the transient absorption spectrum at 100 ps after the exci-
tation was identical with the negative image of the ground-state
absorption spectrum. In addition, this negative absorption spec-

g(bg,; trum was observed even at several seconds after the excitation

ﬁ without circulation of the sample and the ground-state spec-

g 02 trum covering the UV region consisted of orlyo) and 1(c).

K The UV light irradiation after several hundred shots of the pico-

o 00) second laser pulse perfectly recovered the absorbantépf

% Hence, this negative absorption signal as observed in the tran-

-g -0.2 sient absorption spectra at and after 80 ps following the exci-

2 tation was assigned to the cycloreversion reaction figo) to

> -04 1(o). Summarizing the above results and discussion, the cyclo-
reversion reaction with no remarkable subreaction completed

6 -
400 500 600 700 800 9001000

within several tens of picoseconds following the excitation.

Wavelength / nm

Figure 2. (a) Time-resolved transient absorption spectra(ofin n-hexane,
excited with a 15 ps fwhm, 532 nm laser pulse with 0.4 mJ#rootput

Figure 3 shows the time profiles @{c) in n-hexane solution
monitored at several wavelength points following the picosecond
power. (b) Transient absorption spectral¢f) in n-hexane normalized at 532 nm -Iaser excitation with 0.4 mJ/mroutput pqwer. The
590 nm, observed at 10 ps (red line) and 100 @sdfter the excitation. time profllg§ at 440, 710, and 890 nm show the raP'd appearance
The blue solid line is a negative image of the ground-state absorption of Of the positive absorbance followed by the decay in several tens
1(c). of picoseconds time region. The solid lines in Figure-8are
curves calculated on the basis of the pulse widths of the exciting
and monitoring pulses and the decay time constant. In this
Spectroscopy of the Cycloreversion Reactiorkigure 2a shows  calculation, the monophasic decay with a time constant of 10
the time-resolved transient absorption spectrb(ofin n-hexane  ps was assumed. This figure shows that curves thus calculated
solution, excited with a picosecond 532 nm laser pulse. An reproduce the experimental results well. On the other hand, the
excitation intensity of 0.4 mJ/mfwas employed for the spectral  time profile at 580 nm shows that the negative transient
measurements. A negative absorption band with a maximum atabsorbance appearing within the response of the apparatus
585 nm and positive absorption bands in the wavelength regionsrecovers slightly in several tens of picoseconds time region,
longer than 650 nm and shorter than 450 nm appear immediatelyfollowed by the constant negative value due to the cyclorever-
after the excitation. The former negative absorption can be safelysion process fromi(c) to 1(o).
ascribed to the bleaching signal of the ground sidt®. On For the analysis of the time profile at 580 nm, we tentatively
the other hand, the positive absorption bands are assigned tassumed the simple reaction scheme that the excited state of
the excited state of(c) because the decay time constant was 1(c)undergoes deactivation into the ground state in competition
in agreement with that for the recovery of the former bleaching with the cycloreversion reaction leading to th@) production
signal as will be shown in later. At and after 80 ps following as shown in Scheme 2, where the reaction yield of the cyclo-

Picosecond Laser Photolysis and Transient Absorption
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b 1 I I 1 Figure 5. Time-resolved transient absorption spectrd @) in n-hexane,
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Figure 4. Time profiles of the transient absorbanceldt) in n-hexane, . . . .
excited with a 150 fs fwhm laser pulse; (a) excited at 580 nm and monitored avallabl_e n .thIS measurement (Ca_' 3 ns), and th_e yield was
at 680 nm, (b) excited at 580 nm and monitored at 620 nm, and (c) excited almost identical to the cycloreversion quantum yield1¢f)
at 540 nm and monitored at 580 nm. Solid lines are calculated curves by obtained by the steady-state irradiatigs.
taking into account the pulse durations, the time constant, and the reaction

yield. The excitation energy dependence of the reaction profile

under the femtosecond laser pulse exposure was investigated
Scheme 2 by changing the pump laser wavelength. Figure 4c shows the
S, K, time profile monitored at 580 nm following the 540 nm laser
k excitation. The quick appearance of the negative absorption was
kn ‘

followed by the monophasic decay with a time constant of 9.6
So + 1.5 ps. The residual signal at and after several tens of
Closed isomer  Open isomer picoseconds following the excitation was also estimated to be
1-2%. In the excitation wavelength region of 54620 nm,
reversion reactiond,, is represented dg/(k, + ko). Here, k, no remarkable difference of the recovery time constant and the
andk, are respectively the rate constant of the deactivation into residual signal due to the cycloreversion reaction was observed,
the ground state and that of the cycloreversion reaction. In the indicating that the drastic enhancement of the cycloreversion
analysis, 1K, + k,) was set to the decay time constant of the yield under picosecond laser excitation was not due to the
positive absorption signals of 10 ps. Solid lines in Figure 3d vibrational excess energy in the excited state attained by the
are the curves calculated with variods, values. This figure excitation of the visible band df(c).

indicates that the experimental result is well reproduced with  Excitation Intensity Dependence of the Cycloreversion

@, = 40%, although the quantum yield of tigc) to 1(0) in Reaction Dynamics under Picosecond Laser ExcitatioriTo
n-hexane solution was obtained to be 1.3% under steady-stateexplore the large enhancement of the cycloreversion reaction
irradiation’3 yield under the picosecond 532 nm laser excitation, the

Femtosecond Laser Photolysis and Dynamics of the excitation intensity dependence of the reaction dynamics was
Cycloreversion Reaction. Prior to the discussion on the investigated. Figure 5 shows transient absorption spectta of
enhancement of the cycloreversion reaction yield, we show the (c) in n-hexane solution excited with a picosecond laser pulse
dynamic behaviors under femtosecond laser pulse excitation.with an excitation intensity of 0.06 mJ/nmThe transient
In Figure 4 are exhibited the time profiles dfc) in n-hexane absorption spectra immediately after the excitation show a
solution excited with a femtosecond laser pulse. The time profile negative absorption band centered at 585 nm and the positive
monitored at 680 nm following the excitation at 580 nm shows absorption signal with a maximum at 880 nm and that in the
the rapid appearance of the positive absorption due to the excitedvavelength region shorter than 500 nm, as observed in Figure
state, followed by the monophasic decay with a time constant 2 with much higher excitation intensity. With an increase in
of 9.8+ 0.6 ps. At the monitoring wavelength of 620 nm (Figure the delay time after the excitation, these positive and negative
4b), the quick appearance of the negative absorption signal dueabsorption bands decrease in several tens of picoseconds time
to the bleaching of the ground statéc) was followed by the region. No remarkable time evolution was observed at and after
recovery in several tens of picoseconds time region. This 80 ps following the excitation, and the residual negative
timeprofile was reproduced also by a single-exponential function absorption safely assigned to the cycloreversion reaction leading
with the time constant of 9.6 1.0 ps. The residual signal-{1 to the production ofl(o) was also detected. In addition, the
2%) at and after several tens of picoseconds following the time constants of the decay and the recovery were 10 ps, which
excitation is ascribable to the conversion bfc) to 1(o). was the same as that obtained for the high excitation condition.
Actually, the residual signal did not decrease in the time window Comparison of the residual intensity in longer delay time,

J. AM. CHEM. SOC. = VOL. 126, NO. 45, 2004 14767
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Figure 6. Excitation intensity effect of the 15 ps 532 nm laser pulse on Excitation Intensity (mJ / mm?)

the transient absorption spectraldt) in n-hexane solution. The incident ) N itv d d f . bsorb f
energies of 0.4 mJ/mfthe higher) and 0.06 mJ/nfwere employed. (a) Figure 7. Excitation intensity dependence of transient absorbandga)

Absorption spectra observed at 0 ps (blue dotted line) and at 30 ps (blalckin n_—hexa_ne, observed at 20 ps, 580 nm‘(tm)g and 2.0 ps, 900 nmAY),
solid line) after the excitation with the lower output power. (b) Absorption excited with a 15 ps 532 nm laser pulse. Lines in the figure are the calculated

spectra observed at 0 ps (blue dotted line) and at 30 ps (black solid line) U"V€S with the parameter set 1 in Table 2 (see text).
after the higher excitation intensity. (c) Spectra observed at 0 ps after the
excitation with the lower excitation intensity (blue dotted line) and with  this broad positive absorption did not appear at O ps and was

the higher one (black solid line). (d) Spectra observed at 30 ps after the remarkable at 30 ps. It should be mentioned that this species

excitation with the lower excitation intensity (blue dotted line) and with L . .

the higher intensity (black solid line). All of the spectra were normalized completely decreased with increasing delay time after the

at 880 nm. excitation as shown in Figure 2. Because the time constant of
the decay was not dependent on the monitoring wavelength of

however, clearly indicates that a much weaker residual signal the positive band in the higher excitation condition in Figure 2,

relative to the positive absorption in the early stage after the the lifetime of this transient species could be estimated to be

excitation was obtained in Figure 5. This result indicates that <10 ps.

some nonlinear processes are responsible for the enhancement Mechanisms of the Enhancement of the Cycloreversion

of the cycloreversion under picosecond excitation as observedReaction under the Picosecond Laser Pulse Excitatiorl.o

in Figure 2. more precisely explore the drastic enhancement of the cyclo-

Not only were the spectra dependent on the cycloreversion reversion reaction under the picosecond laser excitation, the
yield as a remaining absorption signal, transient absorption excitation intensity dependence on the transient absorption
spectra immediately after the excitation were also dependentsignals was investigated. Figure 7 shows the result at 20 ps after
on the excitation intensity as shown in Figure 6, where the the excitation. The transient absorbance at 900 nm, due to the
spectra were normalized at the positive absorption maximum excited state of(c), increased consistently with the excitation
at 880 nm. One can easily find several characteristic differencesintensity in the region where the excitation intensity is rather
of the spectra in Figure 6. First, we discuss the time evolution low, while further increase of the excitation intensity led to the
of the transient spectra under the lower excitation condition with decrease of the transient absorbance. Because the ground-state
0.06 mJ/mrA. Figure 6a shows the normalized absorption bleaching monitored at 580 nm monotonically increased with
spectra observed at 0 and 30 ps after the excitation, indicatingincreasing excitation intensity, the decrease of the excited state
that the positive absorption band shape is almost independenin high excitation intensity is not attributable to the deactivation
of the delay time and the negative absorption signal in the to the ground state but to the cycloreversion reaction.
spectrum at 30 ps after the excitation is slightly larger than that ~ Actually, at 160 ps at which the cycloreversion reaction was
at 0 ps. The slightly larger contribution of the negative finished, the increase in the reaction efficiency with increasing
absorption in the spectrum at 30 ps is attributable to the excitation intensity was confirmed as shown in Figure 8. Here,
production of the open isomer in longer delay time. On the other the ordinate is given as the conversion efficiency defined as
hand, the normalized absorption spectra observed at 0 and 3QAA at 580 nm at 160 ps following the excitation divided by the
ps after the excitation with the higher energy (0.4 mJ#nim absorbance of(c) at 580 nm before the laser excitation. The
Figure 6b shows a remarkable difference. The intensity of the unity of the conversion efficiency means that alllgt) in the
negative absorption with a maximum at 585 nm at 30 ps is much exposed volume is converted 1¢o) by the laser irradiation. In
larger than that at 0 ps. In addition, one can find the difference the region where the excitation intensity is low, the slope of
in the spectral band shape in the 68B0 nm region where  the reaction efficiency in Figure 8 is ca. 1.8, indicating that the
1(c)in the ground state has no absorption and only the positive two-photon absorption process is responsible for the cyclo-
absorption signal was observed in transient spectra. reversion.

The spectrum at 30 ps shows that rather broad absorption is Prior to the quantitative discussion on the simulated results
overlapped on the spectral band observed at 0 ps, indicatingshown by lines in Figures 7 and 8, it should be mentioned here
that some additional species was produced in the condition with that a less efficient nonlinear ring-opening process was observed
the higher excitation intensity. As shown in Figure 6¢c and d under the femtosecond excitation. Usually, the two-photon
where the absorption spectra at 0 and 30 ps under the lowerabsorption process can be divided into two classes such as a
and higher excitation condition were respectively normalized, simultaneous process and a stepwise process. In the former
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Excitation Intensity (mJ/mm?) picosecond laser excitation. Hence, we can safely conclude that

the stepwise two-photon process via the actual intermediate S
Figure 8. Excitation intensity dependence of the conversion efﬁciency of state, rather than the simultaneous two_photon process, was
1(c)in n-hexane, observed at 160 ps after the excitation with a 15 ps, 532 ible for th h t of th | .

nm laser pulse. Lines are calculated curves on the basis of the parametetresDonSI e. ortheen ancemeh 9 € cycloreversion proce§s
set shown in Table 2; set 1 (P1, black line), set 2 (P2, blue line), and set 3 under the picosecond laser excitation. Actually, the decrease in
(P3, red line). the transient absorbance due to the excited statj@fin a
rather high excitation intensity in Figure 6 directly supports the

Table 1. Specifications of the Laser Systems . . .
stepwise absorption process of the excited state.

LASER  wauelongth | oty e oMl o Numerical Computer Simulation for the Multiphoton
PS (N&"-YAG) 532nm 15 ps 051.0m] 6.7% 10 ~7 x 10° Cycloreversion Reaction.To quantitatively estimate the cy-
< (OPA/ 640610 1501 c 15 6 7W (110;nJ) 7W/clrcr)llz0 cloreversion reaction yield in the higher excited state attained
FTi:(Sapphire) s S W aom)  Wieme by the second-photon absorption, we employed the computer
ratio comparable 1/100  1/100 1 0 numerical simulation based on Scheme 3, where several

parameters for the simulation are indicated as italic styles such

simultaneous absorption process, the ground-state molecule i€@5€532 (S1), @n (Sn), and®, (). Here, sz (S1), ©n (Sh), and
excited via simultaneous two-photon absorption even in the ®o (S are respectively the extinction coefficient of thestate

wavelength region where the molecule has no ground-state®f 1(C) at 532 nm, the yield leading to the, State from the
absorption. The number of the molecules excited by the higher excited state (pattained by the second-photon absorp-

simultaneous two-photon absorption is represented by eq 1. tion, and the cycloreversion reaction yield at thesgte.
Although the estimation of the extinction coefficient of

N, = 5'Ng'| 2 (1) transient species is generally difficult, the overlap of the
absorption band of the ground-state molecule on the transient
Here,0 andNy are two-photon absorption cross-section and the absorption provides a rather rational estimation ofede (Sz)
number of the ground-state molecules, respectivessthe peak value in the present case. The transient absorption spectrum is
intensity of the excitation pulse with the unit of the number of in general given as th&absorbance that is in proportion te (
photon divided by unit area size and the time, typically given — ¢g) x Cein the condition where th€. value is the same as
as photon number cm s, the bleaching concentration of the ground-state molecules. Here,
On the other hand, the latter stepwise two-photon absorption ee, €5, andCe are respectively the extinction coefficient of the
process takes place in such a manner that the transient speciesxcited-state molecule, that of the ground-state molecule, and
produced by the first one-photon absorption by the ground-statethe concentration of the excited-state molecule. The transient
molecule again absorbs the second photon resulting in theabsorption spectrum immediately after the excitation with weak
production of higher excited states. Because the second-photorexcitation intensity as shown in Figure 5 showed the negative
absorption by the transient species occurs in competition with absorbance at 532 nm. Because the open-form is not yet
the first-photon absorption by the ground-state molecule, the produced immediately after the excitation and the transient
number of the photon in a laser pulse is an important factor for absorbance can be regarded as— ) x Ce, the negative
the stepwise two-photon absorption process. AlthoughNthe  absorbance indicates that thg, (S;) value is smaller than that
is also in proportion with 2in the stepwise absorption process, of 1(c) in the ground state at 532 nm, 11 000 Mcm™L. In
the saturation tendency is pronounced with increasing excitationaddition, the transient absorption signals around 505 nm in the
intensity. That is, under the condition that most of the ground figure under the weak excitation condition are almost zero,
state was pumped up to the State in the high excitation indicating that the extinction coefficient of the excited state of
intensity region, the production of thg Sate via the absorption  1(c) is almost the same as that of the ground state (ca. 6000
of the second photon was considered as a one-photon processM ! cm1). Because the spectral band shape of the dip due to
The specification of the excitation lasers listed in Table 1 the bleaching of the ground statéc) in Figure 6a and ¢ under
indicates that both the output energy per pulse and the pulsethe weak excitation condition is almost the same as the negative
duration of the picosecond laser are almost 100 times largerimage of the absorption spectrumXg), it could be concluded
than those of the femtosecond laser pulse and the peak intensitieghat the absorption spectrum of the exciti@d) has no sharp
of these two laser outputs are almost comparable with eachstructure around 560550 nm. Hence, we could estimate that
other. By taking the focusing area size into account, the peakthe extinction coefficientess, (Sy), is ca. 6000 M cm2,
intensity corresponding toin eq 1 under the femtosecond laser In the actual calculation, we carried out the numerical
excitation condition is ca. 10 times larger than that by the simulation by using thess, (S;) values of 3000, 6000, and 9000
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Table 2. Parameter Sets for the Simulation

5 15
g 5x10 set1 set2 set3
5 15 D, (Sy) 0.013 0.013 0.013
a o . . .
% 4x10 7 (S)lps 10 10 10
o 310 €532 (So)/M~temt 11 000 11 000 11 000
g €s32(S))/ M~temt 6000 6000 6000
€ 2410 D, (S) 0.5 05 05
: e S
15 n :
o 1x10 7 (S)/ps 0 2 0
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Figure 9. Excitation intensity dependence of the relation between the ™~
incident energy of a 15 ps, 532 nm laser pulse and the transmitted photon S @', (S) Sn
number (blue®). The absorbed photon number (1@ in the 1(c) (7.5 x n e
10°° M) in n-hexane solution is the value obtained by the subtraction of hvsso
the transmitted photon number from the incident light energy (the curve of ’ hvss
lg). The curves T3 and A3 are calculated results for the transmitted light g e ’
energy ) and the adsorbed light energf)(with parameter set 3 in Table 1 Si
2 10ps
. hvs3,
M~ cm™® to confirm the effect of theess; (S;) on the 1.3%
cycloreversion reaction yield, (S,). Hence, the most important Sy == Y —
variable parameters ae, (S,) and ®, (S;). To more quanti- Closed isomer Open isomer

tatively check the validity of the numerical simulation, we
measured the incident and transmitted intensities of the pico- and was not detected at O ps in the excitation condition with
second 532 nm laser pulse as a function of the excitation 0.4 mJ/mm, this new species is produced after the second-
intensity, as indicated in Figure 9. The numerical simulation photon absorption of the;State. To take the contribution of
was performed in such a manner that parameters chosen forthis transient species into account, we have adopted Scheme 4
the fitting of the experimental results in Figures 7 and 8 where the reaction pathway to thg' State from the $state
simultaneously can reproduce the experimental results shownwas included. In addition, this;Sstate was assumed not to
in Figure 9. undergo the effective cycloreversion reaction upon the excitation

First, we concentrate our discussion in Figure 8 where the to a higher electronic state. The extinction coefficient and the
excitation intensity dependence of the conversion efficiency of lifetime of the $,; state were respectively set to be identical to
1(c)to 1(o)was plotted as a function of the excitation intensity. those of the $state that can undergo the effective cycloreversion
In this figure, three lines with different parameter sets were reaction in the higher excited state. The calculated result based
plotted. The line P1 (smooth line) is the result calculated with on Scheme 4 (parameter set 3 in Table 2) is shown as a bold
the parameter set 1 where Scheme 3 was assumed and thkne (P3) in Figure 8, indicating that the calculated result well
cycloreversion yield®, (S,), and the internal conversion yield reproduces the experimental results in the entire excitation
to S state, @4(S,), from the higher excited state {)Swere intensity region.
respectively set to be 0.5 and 0.5. In addition, the lifetime of  In addition, the simulation result thus calculated also repro-
the § state was assumed to be zero or much shorter than theduces the relation between the incident energy and the transmit-
time interval of the numerical integration (0.1 ps). Although ted photon number in Figure 9 where the energy transmitted
the calculated curve reproduced the experimental result in thethrough the sample was measured as a function of the incident
region where the excitation intensity isca. 0.4 mJ/mr the energy of the excitation picosecond 532 nm laser pulse into
deviation between the experimental results and the calculatedthe sample. The ordinate is given as the number of the photon.
curve was pronounced with a further increase in the excitation The dotted linel) is the simple relation between the excitation
intensity. The contribution of the lifetime in the higher excited intensity and the number of the photon at 532 nm. Closed circles
state to the deviation was quantitatively elucidated by the are the experimental results of the transmitted light energy, and
calculation with the parameter set 2 in which the lifetime of open circles indicate the absorbed light energy obtained by the
the S, state was assumed to be 2 ps. It should be noted that thesubtraction of the number of the absorbed photon from the
lifetime of the higher excited state is usually in the order of dotted linelo. The solid lines, T3 and A3, are the results with
subpicoseconds and the value of 2 ps is an exaggerated one tthe parameter set 3 assuming the presence of thetede that
elucidate the contribution of the finite lifetime of thg State. does not undergo the cycloreversion reaction in the higher
Although the curve thus calculated as a broken line (curve P2) excited state. The calculated curves well reproduce the experi-
slightly shows a saturation tendency in high excitation regions, mental results in the entire region of the incident excitation
the large deviation is still observed between the experimental intensity. The reproduction of the conversion efficiency in Figure
and calculated results. This result indicates that the lifetime of 8 and the number of the absorbed photon in Figure 9 by the
the S, state is not a major factor for the saturation tendency in same parameter set leads to the conclusion that the two-photon
the experimental result. absorption process into the State resulting in the open-form

In the explanation of Figure 6, we pointed out that some new isomer is in competition with the absorption process by some
transient species was produced under the high excitationtransient species as noted by th¢ State produced by the
intensity. Because this transient species was observed at 30 piternal conversion from the,State.
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Figure 11. Difference absorption spectra {1(c) 85% andl(0) 15%) in
n-hexane solution observed at 100 ns after the excitation avb nslaser

T \ L ] pulse with 0.1 mJ/m/output power. Excitation wavelength for the red
0 1 2 3 dotted line and that for the blue solid line were 532 and 266 nm, respectively.
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Figure 10. Weighted residual values between the experimental and the the.callcullated CUIVE Was observed in the region of high
calculated results of excitation intensity dependence of the conversion excitation intensity, the values of 3000 and 9000%m™1 for

efficiency of 1(c) in n-hexane, observed at 160 ps after the excitation with es32 (S1) reproduced the experimental results in the region of
a 15 ps, 532 nm laser pulse. Parameters used for the calculation were as

Residual

follows: (a) parameter set 3ASt) = 6000 M- cmi-2, do(S,) = 0.5, rather low excitation intensity. For the low excitation region,
and®, (S)) = 0.5); (b)es3S1) = 9000 ML cmL, @(S,) = 0.4, andd,, the cycloreversion reaction yield in the higher excited state,
(Sv) = 0.6; (C)es3AS1) = 3000 M cm™2, @y(Sy) = 0.6, and®y' (Sy) = D4(Sh), was estimated to be 60% fess; (S;) = 3000 M1 cm!

0.4. and 40% foressz (S;) = 9000 M~ cm™L. By taking into account

the possibility of some other nonlinear processes in the high
excitation intensity region and the uncertainty of the extinction
coefficient of the excited state at 532 nm, we may conclude
that higher excited state has a rather high cycloreversion yield
as (50+ 10)%. Summarizing the above results and discussion,
it can be concluded that the drastic enhancement in the
cycloreversion efficiency under the picosecond 532 nm laser
excitation is ascribed to the large reaction yield in the higher

The excitation intensity dependence of the transient species
of the § and §' states was also analyzed by the numerical
simulation with the parameter set 3 in Table 2. As was shown
in Figure 7, the transient absorbance ascribed to the excited
state of1(c) decreased with increasing excitation intensity in
rather high intensity of the incident picosecond laser light. The
broken and dotted lines in Figure 7 are calculated results for
the contribution from the Sstate and that from the;Sstate, . - .
respectively, and the solid line was obtained by the summation excited Stéte attained by the secqnd-photon absorption.
of the contributions from both of the excited states. In this  Comparison of the Cycloreversion by the 532 nm Two-
summation, the extinction coefficient of the State is 1.2 times ~ Photon Absorption to That by the 266 nm One-Photon
larger than that of the Sstate. The calculated solid curve well Absorption. On the properties of the ;Sstate, it is worth
reproduced the experimental result, showing the decrease of thénentlon_lng a recent theoretical mv_es_tlgatlon on the gxcr[ed state
excited states with increasing excitation intensity. In addition, Of the diarylethene systeffi;** predicting that the excited state
the solid line for the transient absorbance at 580 nm, which is ©ptically forbidden from the §state locates in the vicinity of
due to the bleaching of theoState of1(c) at 20 ps, also the optically allowed Sstate._ AIthough t_he production of t_his
reproduced the experimental results by the parameter set 3. State is not allowed by the direct excitation from thestte, it

In any case, it is worth noting here that the calculated curves May possibly be generated via internal conversion from higher
without the contribution from the 1S state reproduced the S, excited state. Provided that the selection rule of the optical
experimental results shown in Figures- in rather low absorption is applicable to the preséft) molecule, the higher
excitation intensity less than ca. 0.4 mJ/Amwhere the excited state produced via the absorption by tiiestate is also
contribution from the transient species noted as test@te is optically allowed from the @state. To elucidate the characters
very small. The above results indicate that the higher excited Of the §" and §' states, we measured the reaction profiles by
state produced by the second-photon absorption from the S the excitation at 266 nm. In this experiment, we employed the
state of1(c) has a large reaction yield, 50%, of the cyclorever- hanosecond laser pulse with long pulse duration, because the
sion, although some ambiguity remains in the estimation of hanosecond laser has a long pulse duration (ca. 5 ns) as
parameters such as the extinction coefficient of the excited statecompared to the lifetime of the,Sstate and the effective

at 532 nm. multiphoton absorption process can be negligible. The cyclo-
Thus, we performed the numerical calculation by changing reversion reaction yield under a nanosecond 532 nm laser pulse
the extinction coefficient of the State at 532 nmess, (Sy) for excitation of1(c) in n-hexane solution as shown by the red line

the reproduction of the experimental results, as mentioned inin Figure 11 was ca. 1% and was in consistent with that under
the beginning of this section. The excitation dependence in steady-state light irradiation (1.3%).
Figure 8 was analyzed by using different valuesegb (Sy).

The weighted residual;, values between the experimental (30) Uchida, K.; Guillaumont, D.; Tsuchida, E.; Mochizuki, G.; Irie, M
9 b p Murakami, A.; Nakamura, SJ. Mol. Struct.(THEOCHEMN) 2002 579,

results,Z, and calculated results;, were exhibited in Figure 115.
i i i i - _EN. /7 (31) Guillaumont, D.; Kobayashi, K.; Kanda, K.; Miyasaka, H.; Uchida, K.;
10. The weighted residual value is givenras: (Z — Fi)/ Z" Kobatake, S.; Shibata, K.; Nakamura, S.; Irie, MPhys. Chem. 2002

Although the deviation between the experimental results and 106, 7222.
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The spectrum observed at 100 ns after the excitation at 266excited states. In addition, precise calculation with quantitative
nm in Figure 11 shows the production of the closed-form. reliability is still difficult for higher excited states of large

Because the solution contains bdift) (85%) andl(o) (15%), molecular systems such as diarylethene derivatives. Recent
the difference of the population of(c) and 1(0), AN, is investigatiod! by Guillaumont et al. reported that the lower
represented by the following eq 2. barrier for the cycloreversion reaction is attained in higher
excited states. In addition, it was pointed out that these states
€ 0265(;0 o6 are optically forbidden states from the ground state. This result
AN = 2660 2660 Dy 77— supports the present experimental result that the successive two-
€0 Cotec Cc photon absorption opens the effective cycloreversion reaction
60266CC a6 in the higher excited state. The difference in the reactivity
Dc o [ 1o (2) between one- and two-photon absorption processes suggests that

€0°%%Co + €.2°C i ; ;
o ~o ¢ *C the symmetry of the electronic states takes an important role in

. . the cycloreversion in the higher excited state.
Here,Co, Cc, €05, andec2%¢ are respectively the concentration

and the extinction coefficient o1(0) and 1(c). The values  Concluding Remarks

Do-c?*®anddc-o?*C are respectively the reaction yield of the  pjcosecond pulsed excitation of the closed-isomer of the
cyclization and that of the cycloreversion at 266 nm excitation. diarylethene derivatives led to the drastic enhancement of the
lo represents the number of the photon absorbed by the systengycloreversion reaction. The dependence of the reaction profiles
and the number of the total incident photon at 266 nm, and the on the excitation intensity, pulse duration, and the excitation
concentration of the photon is 2.2 10~ M. Here, AN is wavelength indicated that this enhancement is attributable to
defined as a positive value for the case that the population of the production of the higher excited state with a large reaction
1(c) increases. The ratiocSo/Cc ando?*¥ec?®® are 0.15/0.85  yjeld of the cycloreversion (5& 10)% attained via a successive
and 2.1/1, respectively. Provided that all of the photon is two-photon process. Comparison of the reaction yield by one-
absorbed and the cyclization yield &foc?*° is the same as  photon absorption to higher excited states to that via the
that obtained under the Steady'state ||ght irradiation (059), WEe successive two_photon process showed that not the energy of
could estimate the cycloreversion yiellic-0?®, on the basis  the incident light but the character of the excited electronic state
of the change of the absorption in Figure 11. The increase of js of crucial importance for the efficient cycloreversion reaction
the 1(o) state in the above experimental condition with the tg take place. The relation between the character of the electronic
Do value of 0.59 led to the estimation of the.—.o?*¢ value state and the reaction yield in the higher excited state is now
to be ca. 1%. In other words, th@c—o?%® value could be under investigation.

estimated to be less than a few % even in the case that the Fipally, it is worth pointing out here that the present excitation
cyclizations yield®o-c?*® is unity. The small cycloreversion  congdition of ca. mJ/mfis equal to the intensity of ndm? that
yield also assists the presence of the Sate with a small  can be attainable by the combination use of the diode picosecond
CyCloreVerSion reaction y|e|d in the h|gher excited state attained visible laser and a microscope_ We anticipate that the present
by one more photon absorption under the picosecond laseryesuylt will provide a new approach for one-color light control
excitation. The above results indicate that the production of of the gated photochromic system, which can be utilized for an

higher electronic excited states does not directly lead to the erasable memory system with nondestructive readout capability.

effective cycloreversion reaction and that the character of the
electronic state takes an important role in the reaction. Acknowledgment. We thank Dr. S. Nakamura from the
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