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Abstract

To investigate the dynamics of photoinduced ring-opening and -closure reactions in crystalline phase, we measured transient absorption spec
of spironaphthooxazine microcrystalline powder by femtosecond diffuse reflectance spectroscopy and examined their temperature dependence. T
lifetimes of the excited state of the spiro form and the subsequent non-planar open form were about 3 ps and 3 ns at room temperature, respective
The temperature dependence of their decay constant showed the Arrhenius type behavior and the activation energy of the ring-opening and -closi
reactions are estimated to 7 and 12 kJThotespectively. The yield of the non-planar open form became smaller at lower temperature, and it was
zero below about 140 K. The experimental results and kinetic analysis indicate that a short-lived species having a molecular conformation differer
from the non-planar form should be considered as an intermediate in the ring-opening reaction.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction a few ps after ps or fs laser excitatiph-6]. However, the con-
formational change into a planar form occurs in the same time
Spirooxazine is one of the most fatigue-resistant in phoscale to the C—O bond cleavage reaction in the singlet excited
tochromic compounds, and the photochromic feature has beg®,) state of the closed form.
studied from the viewpoints not only of its applicationstooptical In crystalline phase of spironaphthooxazine (1,3-
memories and switches but also of fundamental elucidation afiinydro-1,3,3-trimethylspiro[2H-indole-233H]naphth[2,1-
photochemical reactiofi—6]. Upon UV light excitation, spiro  b][1,4]oxazine], SNO), a non-planar open form of lives in
carbon—oxygen (C-O) bond of the colorless spiro form breaka nanosecond time scale, which was confirmed directly by
and the subsequent isomerization leads to colored open isomeegmtosecond transient absorption measurenjéatil] The
called photomerocyanines (PMCs), as show®dheme 1[1-3]  non-planar form is generated in 5ps after excitation, and it
The PMCs return back to the initial spiro form thermally or pho-returns back to the ground state spiro-isomer in 3ns, not
tochemically. The primary photocoloration process have beefeading to trans-planar PMCs. The similar photochemical
investigated intensely in solution systems, and the structure angaction dynamics was observed for several spyropyran and
electronic nature of a non-planar open form just after C-O bondpyrooxazine compounds, and the lifetime of the non-planar
cleavage are one of the most interesting tofile$]. Although  form was influenced by the molecular and crystalline structures
several works with picosecond and femtosecond pump-prob]. In crystalline phase, any structural changes of molecules are
techniques were reported, the detail reaction dynamics of thetrongly restricted in a lattice environment, so we can confirm
non-planar open form has not been clear yet. This will be owinglearly a non-planar nature of the photoprimary product. Thus,
to very rapid isomerization into planar forms of PMC. It was the investigation of ultrafast dynamics of crystalline systems
reported for several spiropyran and spirooxazine compoundsrings more detailed information on the primary process
that characteristic absorption spectra of planar PMCs grew up iof the photochromic reaction. Furthermore, we have found
recently that the microcrystalline powder of SNO exhibits
mpondmg author. Tel.: +81 6 6879 7838 pho.toc.oloration exglusively by intense. femtosecond laser
*+ Corresponding author. Tol- +81 6 6879 7837, excitation. _We cgnS|der the photocolpratlon meqhanlsm f_rom
E-mail addresses: asahi@ap.eng.osaka-u.ac.jp (T. Asahi), the viewpoint of time-dependent density of short-lived transient
masuhara@ap.eng.osaka-u.ac.jp (H. Masuhara). species, and proposed that cooperative interactions of excited
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Scheme 1.

states and non-planar open forms play an important role imvas not observed after 100 shots of exaction pulses in the tem-
the femtosecond laser-induced photochromigf®10]. The  perature range from 208 to 367 K. The spectral data at one delay
elucidation of the primary photochemical reaction dynamics igime were measured several times changing the position of sam-
essential also for understanding this femtosecond laser-inducgdies every 50 laser shots. At the temperature below 200K, the
photocoloration phenomenon. sample position was changed after every one measurement and
In this work, we have measured femtosecond transienthe data was averaged, because a photocoloration was detected

absorption spectra of SNO microcrystalline powder at variougfter 50 laser shots.
temperatures, and investigated the temperature dependence ofThe sample temperature was controlled in the range from
photoinduced ring-opening and -closure reaction dynamics. Th&90 to 363 K by placing the sample in a Dewar vessel. When the
lifetimes of the $ state and the non-planar open form becamesample was set to lower than the room temperature, the vessel
longer at lower temperatures, which means that both the C—@as contained with ethanol cooled by mixing liquid nitrogen,
bond breaking in the Sstate and ring-closure reaction of the and when above room temperatures, it was with water heated
non-planar open form are thermally activated events and needlith a tube heater.
a local and transient lattice deformation. We found also that
the yield of the non-planar open form decreased with lowerin@8, Results and discussion
temperature. On the basis of these results, we will discuss the
dynamics of photoinduced ring-opening and -closure reactions. ;. Transient absorption spectra and their temporal
and propose the photo isomerizatiom mechanism in the crySyofiles
talline phase.

As representative examples, the transient absorption spec-

2. Experimental tra and their time profiles at 363 and 168K are shown in
Figs. 1 and 2We have already reported that a transient absorp-
2.1. Materials tion spectrum with a peak at 500 nm and a plateau from 600 to

800 nm was observed just after excitation at 295K and can be
SNO (Aldrich) was recrystallized from hexane (spectralassignedtothe,SS; absorption band of the spiro forfn,9-11]
grade, Nacalai Tesque) in dark and sublimated under vacuuriThe subsequent absorption spectrum with two peaks at 480 and
The averaged particle size of the powder samples was abo@#0 nm remained in a nanosecond time scale and it was assigned
several tens gium. The powder sample was contained in quartzto a non-planar open form. Based on the results, we assign tran-
cells with 1. mm optical path length and degassed with a vacuumsient absorption spectra at various temperatures.

pump. At 363K, an absorption band with a peak at 500 nm and a

broad one around 740 nm are observed immediately after exci-
2.2. Femtosecond transient absorption spectrum tation. After the decay of the band at 500 nm in 4 ps, two broad
measurement bands at 460 and 760 nm remain. Analyzing the temporal pro-

files of the absorption at 500 and 740 nm, the lifetimey) of
The details of our femtosecond diffuse reflectance spectrahe S state and thatr(;s) of the non-planar open form are esti-

scopic system have been reported elsewhiE2€13] The fun-  mated to be 1.5 and 600 ps, respectively. On the other hand, at
damental output from a regenerative femtosecond Ti:sapphirg68 K an absorption peak at 500 nm was observed immediately
amplifier was frequency doubled (390 nm) and used as a fenafter excitation as well as at the room and high temperature;
tosecond excitation pulse. The residual of the fundamental outtowever, the subsequent transient absorption spectrum with a
put was focused into a 1 cm quartz cell containingHn order  peak around 740 nm is less striking. From the temporal pro-
to generate a white-light continuum as a probe light. The tranfiles of the transient absorption, the decay time constant of the
sient absorption intensity was displayed as percentage absor$: state of the spiro form is 22 ps and that of the non-planar
tion (Yabsorption), given by %absorption =10Q1 — R/Ry), open form constant is longer than 20 ns. These results indi-
whereR andRg represent the intensity of the diffuse reflected cate that at a low temperature the yield of the non-planar open
white-light continuum of a probe pulse with and without exci- form is lower than that at the room temperature, although non-
tation, respectively. The excitation intensity was adjusted to b@lanar open form hardly reverts to the ground state of the spiro
less than 0.9 mJ/cfaunder which any long-lived photoproducts form.
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Fig. 1. Transient absorption spectra and the temporal profiles at 50@han¢ 740 nm () for SNO microcrystalline powder at 363 K. The decay time constants
at 500 and 740 nm are 1.5 and 600 ps, respectively.
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Fig. 2. Transient absorption spectra and the temporal profiles at 49@han¢l 740 nm ) for SNO microcrystalline powder at 168 K. The decay time constants
at 490 and 740 nm are 22 and 12 ns, respectively.

3.2. Temperature dependence of the rate constants of vibrational motions such as twisting around the spiro carbon,
ring-opening and -closure reactions and lattice deformation. Moreover, it is demonstrated that the
activation energy of the ring-closure process is larger than that
The lifetimes of the $state and the non-planar open form areof the ring-opening reaction in the State.
summarized iffable 1 The Arrhenius plots of the rate constants,
ks1 andkis, which are defined, respectively, asdyand 1fjs, Table 1
are shown inFig. 3. It is clear that the ring-opening reaction Lifetimes of the excited state of the spiro forms1, and the non-planar open

. . form, 7eis, of SNO mi tall d
in the S state and the ring-closure one of the non-planar form > ° microcrystatine powder

show the Arrhenius type temperature dependence((BQ. Temperature (K) 751 (ps) Tcis (NS)
E 363 15 0.6
Ink=Ina— L) e >3 20
275 4.3 4.6
We estimated the frequency factor and the activation energg64 : a5-0
for the decay of the Sstate to beds;=5.3x 10?s~ and 222 g'g 0.0
Esi=7kImot?, and those of the non-planar form to be 5og 10 a
Acis=5.0x 1019571 and Egs= 12 kdmot L, respectively. The 193 14 >20
result indicates that the ring-opening reaction does not occur it68 22 a

orthogonal parent geometry of the indolino and oxazine chro-’7 140 and >5 ns -

mophors and that it will be coupled to both the intramolecular 2 No data.
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_ where %Absk; ) means the transient absorption at a wave-
] lengthA and at a delay time (seeFig. 4). On the base of the
transient absorption spectra and their temporal profiles, we can

E~12kJ mol’ set %Absk; ¢) to be the sum of the contributions of the Sate
b A~s0x 10! and the non-planar open form, as shown by @}
100 & | | L | 1 1 H
25 30 35 40 45 50 55 6O %AbS(; 1) = £51.,[S1] + ecis 1 [CiS] (3)

3 -1
107/T(K™) . _
wheress1, andsis, are absorption coefficients of the Sate of

Fig. 3._Temper_ature de_pendencgk_gi andkg;s (filled circles) and Arrh_enius the spiro form and the non-planar open form at a wavelehgth
233%?5 (solid lines) using H4). Fitting parameters; andA, are shown in the respectively. [S1] and [cis] are the densities of thstte of the
' spiro form and the non-planar open form. As showitable 1,

Tamai et al. reported that the ring-opening reaction inon the other hands is shorter than 25ps ands is longer
the § state dose not need any activation energy in solutiofhan 600 ps in the temperature range examined here. Then, when
and does not depend on solvent viscog@yB]. Molecules in ~ @ssuming the first-order kinetics and using the reaction yi|d,
fluid solution and rigid glass matrix can change their con-706AbS%; ¢) at delay times less than 50 ps can be presented by
formation easily owing to enough free voluniie-3,14] on  the following equation.
the other hand, molecular conformation changes are hindered
strongly by the neighboring molecules in crystalline phase%Abs@; 1) = [S1]y [¢€cis,/\ + (es12 — Péecis 1) eXIO(T)]
and some structural changes leading to its open forms will st
be restricted by a local free volume which is determined by 4)

molecular packing manner in the crystal. Consequently, thg . e [S1) the initial density of the § state. Because

ring-op_ening reaction of SNO c_rys_tal is slower compare toexp(—t/t51) is approximately zero at= 50 ps, we obtained the
a solution system and large activation energy (7 kJ1Hois relation between Yield and as the following:
necessary for C—O bond breaking. Indeed, we have recently

reported that the ultrafast dynamics of the ring-opening and ¢;q|q — ( £cis7400m) 4 (5)
closure reactions is sensitive to the crystalline structure. The £S1500 nm

Iife_time_ of the § state and the n_on-planar open form are g0 temperature dependence of Yield is showrFig. 5.

quite different between. SNO and |ts_chloro-sqbst|tutgd COMgince absorption coefficient will not vary drastically in the exam-
pound  (5-chloro-1,3-dihydro-1,3,3-trimethylspiro[2H-indole- 3, 4 temperature range, the dependence means that the yield
2,3-[3HInaphth[2,1-b][1,4]oxazine], CI-SNO) in crystaliine of the non-planar open form decreases linearly with decreasing

phase "?‘t room temperature, while their photochromic Olyn""m'cl%mperature and the non-planar open formis not generated below
in solution is almost the same to each otlfigt], Furthermore,

CI-SNO microcrystal showed a temperature independent life-

. . 1.0 F T T A
time of the g state; it was 1 ps both at 295 and 77 K.
08 |- i
3.3. Temperature dependence of the yield ratio of the 06 L |
non-planar open form Yield ®
04 - o -
As mentioned above, the yield of the non-planar open form 02 - |
is dependent on the temperature. To consider the dependence
quantitatively, we estimated the relative yield, Yield, from Eq. R ' ‘ ' =
) 0 100 200 300 400
Temperature/ K
0, .
Yield = Y6AbS(740 nm; 50 ps) (2) Fig. 5. Temperature dependence of relative yield, Yield, of the non-planar open

%Abs(500 nm; 0 ps) form.
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140K. This result is consistent with the transient absorption conversion
measurement at 77 K. As shownhig. 6, transient absorption

spectrum with a peak around 500 nm was observed, while any
characteristic band of the non-planar form absorption at 740 nm

was not even at 5 ns after excitation.

Potential Energy

non-planar

open form

spiro form

3.4. The mechanism of the ring-opening reaction

Reaction Coordinate
The above results demonstrate that the decay processes both
of the S state and the non-planar open form need thermal actiEig. 8. Scheme and potential curve for the ring-opening reaction according to
vation and that the former lifetime is much shorter than the lattef"°d€! B (see text).
one in the temperature from 160 to 360 K. On the contrary, the . . .
. P . ry conformational change, i.e. the distance betweggdand O
yield of the non-planar open form decreases drastically at lower . . L
. aﬁoms, mutual angles of indoline and oxazine rings, and so on.
temperatures. These temperature dependences indicate that only
a part of the $states changes into the non-planar open form. W%,
. . . . 4.1. Model A
here consider the following two-reaction mechanism as the pho-

toinduced ring-opening reaction.#wdel A, we take account of
an intermediate species (X) from the Siate to the non-planar spiro form, a short-lived intermediate, and the non-planar open

open form, and imodel B a rapid non-radiative relaxation path- : .
. L . _form, respectively. Using the rate constants for each process
way to the ground state of the spiro form. A schematicillustration, .. o . .
: ) . - defined inFig. 7, the rate equations of [S0], [S1], [X], and [cis]
of the reaction potential surface for each reaction mechanism IS 6 given as
presented irFigs. 7 and 8respectively. The horizontal axis of 9

the potential energy curve represents the degree of the moleculdfS1]

The reaction scheme is showrHiy. 7, where [SO], [S1], [X],
and [cis] represent the concentration of thh@aBd S state of the

== — _kq[S1 6
» 1[S1] (6)
k k. . d[x
S, : X 4 cis % = k1[S1] — ko[X] — k3[X] 7)
ko dcis]
= k3[X 8
S\L L = kalX] ®)
0 d[S0]
—— = kp[X 9
p» 2[X] 9)
S We ignore here the ring-closure reaction of the non-planar
: 4 form because it is much slower than the other processes, and
¢ ki assume that the;State decays only through the ring-opening
s | k¥fmoly— reaction. From these rate equations, [cis] can be represented by
g g TN the following equation:
43 Kk ks /N .
= B/ 4 Y , 1 1— exp{—
E N el / [cis] k1k3[S1]o { exp{—(k2 + k3)t}
g TN/ k1 — (k2 + k3) ko + k3
[ X non-planar S
open form PMC _ 1- e);cp(_klt)] (10)
1

spiro form

Therefore, the yield of the non-planar form is represented by

k1k3[S1]o ( 1 B i )
ko +k3s k1

Reaction Coordinate

(11

Fig. 7. Scheme and potential curve for the ring-opening reaction according t@ =
model A (see text). ki — (k2 + k3)
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and the frequency factors of the two processes are comparable
o2 to each other. So, itis considered that the yield of the non-planar
I e ] open form will be small in crystal even at a high temperature.
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3.4.2. Model B

The rate equations for [S0], [S1], and [cis] in case of model
Fig. 9. Calculated temperature dependence of the yield of the non-planar opPe8 are given by
form on the bases d¥fodel A, using Eq.(13) for several values alz/A3 and

temperature / K

—Ep. d[S1
ke [oT] = —ky[S1] — k[S1] (14)
k3 .
®= 12)  d[cis]
ot ks 12 2 sy (15)
Because the short-lived intermediate X was not observed directly[so]
in the transient absorption measurement, wétsd > k1 and — — 5 = ka[S1] (16)

simplify Eq.(11)into Eq.(12). By assuming the Arrehnius type

temperature dependence forX Sy and X— cis, Eq.(12) can And & can be represented by

be rewritten to _ k1 17)
o 1 13) ki +k2

1+ % exp (_ EzR—TE3) D = k1151 (18)

... where
Az, Az, E>, andE3 represent frequency factors and activation

energies for each process, respectively. 9shows the calcu- g, — 1 (19)
lation results ofp using Eq(13)for several values of,/A3 and k1 + k2
E3 — E». The calculatedp shows an almost linear relation to 1
the temperature in the region of 100—400 K, when the value ofr=—- ke (20)

. Ts1
E3— E5 is about 5kJmotl. A smaller value oft3 — E5 leads B s is ind d ¢ 8 b
to a linear increase ob in a lower temperature range and a y assumingk; is independent of temperature, E#8) can be

saturation behavior in a high temperature region, while for thdewritten to

larger value @ increase super-linearly with temperature above . (1 ko ) Te1 = 1 — koter = 1 — k2 exp Es1
200 K. The similar behavior is observed for changing the value ~ \ tg; 2) = 2t51= Asy RT
of As/As.

On the other hand, the experimental resultdrnn Fig. 5 (1)

shows a linear temperature dependence in the range from 140fagy. 10 shows the calculated temperature dependence by Eq.
360 K, which is quantitatively similar to the calculated one using(21) for several values o2, using the experimental values of
AlA3=0.5 andE3 — E; =5kJ motL. Therefore, we consider As;=5.3x 1012s1andEs; =7 kJ molL. The calculated result
that model Ais a probable reaction mechanism for explaining théased on model B is clearly disagrees with the experimen-
present result. A short-lived intermediate, X, is generated beforl result as far as assuming the temperature-indeperident
the non-planar open form which lived over several hundreds psio obtain a linear temperature dependence atbove certain

and willreturn to the ground state of the spiro form in competitivetemperature by using ER1), one may assume a negative tem-
with changing to the non-planar form. Because the experimentglerature dependence &, i.e. k> increases with decreasing of
result of Yield is a relative yield of the non-planar open form, temperature. However, in general non-radiative decay of aro-
we cannot estimate the absolute valuedgfAs, Eo, andEs. matic compounds became slower at lower temperature. Then, we
However, the numerical calculationshig. 9 suggest strongly can conclude that the observed temperature dependence cannot
thatthe activation energy of % Syislargerthanthatof X> cis  be explained by this reaction model.
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