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Photochromic ring closure reaction dynamics of 1,2-bis(2-methylbbiziojphen-3-yl)hexafluoro cyclopentene

and its derivatives in solution has been studied by femtosecond time-resolved fluorescence. Time-resolved
spontaneous fluorescence of the open isomer reveals a fast component of around 1 ps and a slow component
on the order of 100 ps. Fluorescence time profiles, reaction quantum yields, and relative populations of the
parallel Cs symmetry) and antiparalleC; symmetry) conformations indicate that both time components are
attributable mostly to th€, conformer that undergoes the ring closure reaction. The fast component is assigned
to the direct ring closure reaction, and the slow component is assigned to the reaction through conformation
change. Time constants of the slow component for the derivatives are inversely proportional to the reaction
quantum yields, suggesting that the rate of the conformational dynamics is comparable to the rate of other
population relaxation processes. The relative amplitude and exact time constant of the fast component depend
on the detection wavelength displaying a higher relative amplitude with shorter time constant at longer
wavelengths. The results allow us to propose a conformational inhomogeneity model, in which a broad
distribution of conformations of the open isomers in the ground state is projected into two minima in the
excited electronic potential surface to lead to the slow and the fast reaction pathways.

Introduction SCHEME 1: Chemical Structures of the Open and
Closed Isomers of 1,2-Bis(2-methylbenzb]thiophen-3-

Diarylethene derivatives have received much attention re- yDhexafluorocyclopentene (BTF6) and Its Derivatives

cently because of their potential application to various opto-
electronic devices such as optical memories, optical switches,
and displayt2 Diarylethene derivatives, especially with hetero- . F7

cyclic aryl groups, show excellent thermal stability and fatigue VD : s

resistance that are indispensable for practical applicatidhs. ST R o Closed isomer

An additional requirement for the application is the fast reaction \VA P,

rate, which leads to high reaction quantum vyield and high ;88:2%0_[) Tl ‘I} PP
efficiency in optoelectronic devices. The high photochromic ’ RR
reaction quantum yield also reduces undesirable side reactions 2 s

to give better fatigue resistance. Therefore, the study on the

Anti-parallel(C,) conformer

57

dynamics of the photochromic reactions provides valuable ;g $=22)CH3)
information for the design of the photochromic materials with
improved optoelectronic properties. BTF6 R=1

A diarylethene molecule exists mostly as an open isomer after DAMBTF6, R=COCH,
synthesis and is nearly colorless. Upon UV irradiation, the open Parallel(C,) conformer DCYBTF6, R=CN

isomer undergoes ring closure reaction, as shown in Scheme 1, 2UV and visible lights induce ring closure and opening reactions,
whereas the ring opening reaction of the closed isomer can berespectively. It is also shown that the antiparall@f)(conformer can
initiated by visible lightt As shown in Figure 1, the closed undergo the ring closure reaction, whereas the paraligldonformer
isomer shows a new absorption band in the visible region due 2"t

to thesr-electron delocalization. The electrocyclic ring closure
and ring opening reactions obey the Woodwattbffmann rulé
based on ther-orbital symmetries of hexatriene, the basic

framework of the diarylethene derivatives. According to the
correlation diagram of the six-electron electrocyclic reaction,
the interconversion between the open and closed isomers is

t Present address: Department of Chemistry, University of California, forbidden in the ground state whereas the two may convert by
Berkeley, CA 94720. photoexcitation in the conrotatory mo#e.
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always straightforward because a TA signal consists of several
(a) contributions originated from the ground state, excited state,
and all product staté.3° On the other hand, time-resolved
spontaneous fluorescence (TRF) provides unambiguous infor-
mation on the population dynamics of the excited state.
Therefore, TRF is an ideal tool for the study of the dynamics
(b) of a reaction occurring in the electronic excited state such as
the one investigated here, although femtosecond TRF has not
been employed in the study of the photochromic ring closure
reaction dynamics of the diarylethene compounds. One of the
reasons might be that th&, conformer is known to undergo
T ultrafast ring closure reaction but does not fluoresce signifi-

Absorbance

z (c) cantly, whereas th€s conformer does not undergo the photo-
2 1.01 chromic reaction but fluoresces significantfy.

3 In this work, we have investigated the photochromic ring
2 closure reaction dynamics of the diarylethene derivatives shown
g in Scheme 1 using femtosecond TRF, although it is known that
E 0.0- the photoactiveC, conformer does not fluoresce significantly.

300 400 500 600 700 One of the advantages of the TRF is that a molecule that absorbs
wavelength (nm) light strongly must emit strongly before it relaxes, even when
FLglife tl.t' Absorp:ic;n ?get‘ztr(? IQf th;a c;péa_lr_]Fizo(m)er (3031::;‘;'5_%:2”(%;@ the fluorescence quantum yield is very low, because of the linear
otostationary state (dotted lines) o a) an n : H H ; oo
Ehloroform. Fll},orescence spectra of BTF6 (solid line) and DAMBTF6 rBeIatlonshlp bet"vee’.‘ Fhe E'nStelr.' A (spontaneous em|SS|on_) and
(dashed line) are shown in (c). (absorption) coeff|C|ents._ That is, ti@ conformer must emit.
strongly before the reaction takes place as far as the time
Molecular conformations and their relative populations may resolution of the TRF apparatus is high enough to resolve it,
have a profound effect on the chemical reactions and dynamicspecause theC, conformer absorbs strongly. In our previous
in liquids* The dynamics of the ring closure reaction of \work 17 we have successfully used TRF of the closed isomer to
diarylethene derivatives appears very complicated because thgeveal the dynamics of the ring opening reaction of 1,2-bis(2-
open isomer can have two conformations: the two aryl groups methylbenzdjjthiophen-3-yl)hexafluorocyclopentene (BT,

are oriented as either parall€ysymmetry) or antiparallel®, although it is known that the closed isomer does not emit.
symmetry) geometries!? The closed isomer h&s, symmetry

exclus_ively as long as it is prepared by the photorea_cti(_)n of the Experimental Section
open isomer. Because a molecule @ symmetry is in a
favorable geometry for the ring closure reaction via conrotatory ~Femtosecond Time-Resolved Fluorescence Apparatus.
mode, theC, conformer can easily undergo the ring closure Femtosecond TRF was acquired by the fluorescence upconver-
reaction, whereas th&, cannot!3 sion method. The laser system for the TRF has been described
Dynamics of both the ring closure and opening reactions have in detail previously:’ Briefly, it consists of a femtosecond Ti:
been studied. The photochromic ring opening reaction was Sapphire oscillator (Tsunami, Spectra Physics), a home-built
reported to occur in the region of a hundred picosecéiés? multipass Ti:sapphire amplifier operating at 5 kHz, and a
Previous studies on the photochromic ring closure reaction of noncollinear optical parametric amplifier (NOP&)The NOPA
diarylethene derivatives have shown that the reaction takes placavas pumped by the second harmonic of the amplified funda-
in the picosecond time scale, although their dynamics are quitemental at 800 nm to produce 50 fs pulses tunable across the
complicatedt518-27 Tamai et al. reported that in the case of Visible. The output of the NOPA around 620 nm was frequency
diarylethene with thiophene oliogmer, the intermediate species doubled and served as the excitation pulses. The remainder of
are formed within 100 fs, followed by the closed isomer the 800 nm output was used as a gate in the fluorescence
formation in 1.1 p$3 Kryschi and co-workers reported that a upconversion.
precursor state is formed in 1 ps followed by the ring closure  The TRF apparatus has been described in detail elsewthere.
in less than 10 ps for 1,2-bis(2-methylthien-3-yl)perfluorocy- The excitation pulse at around 310 nm was focused into a 200
clopentené>2!For 1,2-bis(5-phenyl-2-methylthien-3-yl)cyclo- u«m path length flow cell  a 5 cm focal length lens.
pentene, Hania et al. suggested a preswitching dynamics of rapidFluorescence was collected and focused into an upconversion
mixing and relaxation of the electronic states occurring on the crystal by a reflective objective lens. The fluorescence and the
subpicosecond time scale followed by the ring closure in 4.2 800 nm gate pulses were mixed in a 508 thick BBO crystal
ps2228Ring closure of around 3 ps was also reported for bis- in a type | phase matching condition. Time resolution of the
(5-pyridyl-2-methylthien-3-yl)perfluorocyclopente®tlnterest- TRF apparatus was 150 fs (full width at half-maximum) as
ingly, Miyasaka et al. reported that the ring closure reaction of determined by the cross-correlation between the scattered pump
2-bis(2,4,5-trimethyl-3-thienyl)maleic anhydride proceeds intwo and the gate pulses. Polarizations of the pump and the gate
pathways: a fast process occurring irr2 ps and a slow pulses were set to a magic angle to measure TRF signals
pathway occurring in several hundred picoseconds, where theindependent of the polarization effects.
latter is solvent viscosity dependéit. Picosecond TRF was measured by the time correlated single
Presumably, the complexity of the ring closure mechanism photon counting (TCSPC) method. In the TCSPC experiment,
is considerably attributable to the conformational diversity of fluorescence was collected by a parabolic mirror, dispersed by
the open isomer. The intrinsic ambiguity of the transient a monochromator, and detected with a thermoelectrically cooled
absorption (TA) method is also partly responsible for the microchannel plate photomultiplier tube (Hamamatsu R3809U-
complication, as TA is used in all previous studies of the 51). Outputs of the photomultiplier tube (start pulse) and a fast
femtosecond dynamics. Interpretation of a TA signal is not photodiode (stop pulse) were processed by a pair of 1 GHz
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amplifier/discriminator (EG&G Ortec, 9327) and analyzed by

a picosecond time analyzer (EG&G Ortec, 9308). The width of Reference

the instrument response function was 50 ps. ¥
Quantum Yield Measurement. Accurate measurement of

the reaction quantum yield is important to substantiate the

reaction mechanism. When products do not absorb the excitation Xe Lamp

light so that the reaction proceeds in forward direction only, a

reaction quantum yiel® can be expressed by

1000 2000 3000
Time (s)

-._'_:_‘07 A ro

d[R(1)] Transmittance
QP() =~ = NoV 6y T
whereP(t) is the number of photons absorbed by the reactant
per unit time at time, [R(t)] is the molar concentration of the Fod Slucrescence
reactant at time;, No is the Avogadro’s number, and is the Figure 2. Schematic of the reaction quantum yield measurement setup.
sample volume. Using Beer’s law and integrating ovegive The inset shows a typical time trace of the emission intensity (converted

to concentration) oflO vs exposure time of the 310 nm light.

1 _ - _ —1 _
QPOJ;[l (o] dt (b) "NAVIAQ) — AT (2) The experimental setup for the quantum yield measurement

is shown in Figure 2. A typical time trace of the fluorescence

whereP is the total number of photons per unit tinigf) is of the open isomer is also shown as an inset. A Xe lamp with
the transmittance at timige is the molar extinction coefficient 3 10 nm bandpass filter centered at 310 nm and a frequency
at the excitation wavelengthy is the path length of the cell,  goybled Nd:YAG laser at 532 nm were used as excitation lights

andA(f) is the absorbance of the reactant at timBecause the o the ring closure and opening reactions, respectively. Solu-
open isomer does not absorb in the visible, eq 2 can be used tQjpns of the open isomer with a known concentration of around
obtain the quantum yield of the ring opening reaction by visible 10-5 \ in chloroform were prepared and stirred during the

light, if the initial concentration of the closed isomer is known. measurement. Intensities of the excitation and transmitted lights
~ Because the ring opening as well as the ring closure can beyere monitored simultaneously by photodiodes. Fluorescence
initiated by the UV light, irradiation by the UV light creates a intensity was measured by a combination of a bandpass filter,
phptostationa!ry state where both the open and thg closed isomerg photodiode, and a lock-in amplifier. A beam splitter was placed
exist. In addition, both the open and closed isomers show i, front of the sample to compensate for the intensity fluctuation
comparable absorbance in the UV spectral region, as shown ingf the excitation light sources. The power meter was calibrated

Figure 1. Taking into account the ring opening reaction of the ang reflections from optical surfaces were also carefully
produced closed isomer by UV light during the measurement, compensated.

eq 1 is modified to Materials and Sample Preparation. Molecular structures

d[O®)] of 1,2-bis(2-methylbgnzb[thiophen-3-yl)hexafluorpcyclopen-
el 7 R —(NA\Ofl[POQC'°S“"(1 — 10*€ob[0(‘)1) 4 tene (BTF6,1), 1,2-bis(6-acetyl-2-methylbenztgfhiophen-3-
dt _ yl)hexafluorocyclopentene (DAMBTF62), and 1,2-bis(6-
P,Q°P""{1 — 10 <] (3) cyano-2-methylbenzo]thiophen-3-yl)hexafluorocyclopen-
tene (DCYBTF6,3) in the open and closed configurations are

with shown in Scheme 1. Open isomers were synthesized according
to the procedure reported previoudly?® The samples were
A(t) = b{eo[O(t)] + e[CH)]} dissolved in chloroform and flowed through a cell with a 200
um path length to ensure fresh volume of sample on each shot
[O(0)] = [O(1)] + [C()] during the measurement. The sample reservoir was irradiated

) by visible light during the TRF measurement to keep the
where O and C represent the open and the closed isomersmolecules in open isomers and to avoid photoexcitation of the
respectively. At the photostationary state, djf3ft = 0 and closed isomers of diarylethene derivatives by 310 nm light,

the ratio of Q°su" and Q°Pe""d at 310 nm can be obtained.  which apparently induces photochemical degradation.
Therefore, the ring closure reaction quantum yield can be

obtained by measuring [©].

The concentration of the open form in the photostationary
state may be determined by NMR or another spectroscopic Figure 1 shows the absorption and emission spectra of the
method afterward. Here, we measured the concentration of theopen isomers and the photostationary states of compoiinds
open isomer directly from the fluorescence intensity of the and2 at nearly the same concentrations. The absorption spectra
solution. Because the absorption of the closed isomer at 3100f the photostationary states show a broad feature in the visible,
nm is due to the $(n = 2) states and the;®and is centered  which is the characteristic absorption band of the closed
at 550 nm, emission from the closed isomer is negligible in the isomers! Absorption band<20 (open isomer of2) and 2C
400~480 nm region according to Kasha’'s rdfeThus, the (closed isomer oR) are red-shifted from the corresponding
emission in the 4086480 nm region can be safely assigned to isomers ofl due to the substituted acetyl group. Emission
the open isomer. In addition, interconversion betweenGhe maxima of 10 and 20 are observed at 430 and 450 nm,
andC, conformers is fast enough for the two conformers to be respectively. Note the large fluorescence intensity difference
in equilibrium during the quantum yield measurement time scale, of the two compounds. In addition, the fluorescence quantum
which is typically several seconds, although the interconversion yield of 20 is lower than that oLO by approximately 10 times,
rate is slow compared to the NMR time scale gf<3® which agrees with the previous observation that an increase in

Results
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Figure 3. Decay rate of the slow component in the TRF vs reaction

quantum yield for the diarylethene derivatives shown in Table 1. M

TABLE 1: Decay Rate of the Slow Component in the TRF

and the Reaction Quantum Yield for the Three Compounds 0 1 P 3

4
Shown in Scheme 1 and .
1,2-Bis(2-methylbenzo[b]thiophen-3-yl)maleic Anhydride Time delay (ps)
(BTMA) Figure 4. Representative TRF signals of BTF6 open isonHD)(
quantum yield lifetime (ps) gﬁ?ﬁrj\:ed at several different wavelengths following the excitation at
BTMA 0.21 400
DCYBTF6 0.40 190 TABLE 2: Fluorescence Decay Time Constants and Relative
BTF6 0.48 140 Amplitudes of BTF6 (10) and DAMBTF6 (20) at Various
DAMBTF6 0.80 90 Detection Wavelength3
he ri I i ieldde infra) lead o 0
the ring closure reaction quantum yieldde infra) leads to a
decrease in the fluorescence intensfy. ’IDEtg:)m) 7 (fS) T;(:)S)O) lDE‘(r;rg) 110((1;8()0 o T; (gp(s; 56)
o ; ; : 4 140 (1. 4 17 34 )
A typical time trace of the fluorescence intensityl® during 426 150 (1.0) 447 1300(0.38) 90 (0.62)

th_e measurement of the ring closure quantum yield is shown _in 463 760(0.40) 160(0.60) 462 930 (0.47) 86 (0.53)
Figure 2. The system reaches the photostationary state at which 480 510 (0.68) 150(0.32) 484 850 (0.52) 89 (0.48)
the ring closure and opening reaction rates are equal. It can be 517  340(0.78) 140(0.22) 492 760 (0.56) 87 (0.44)
seen that around 50% of the open isomer is converted to the ggg %8 Eg-g% igg gg-ggg 289 Zgg %8-2% 38 gg-g%
closed isomer in the photostationary state. Because the con- : : : :
centration of the open isomer at tirhean be obtained directly 624 300(0.98) 140(0.02) 524 690 (0.69) 93(0.31)
from the fluorescence intensity, the extinction coefficients of ~ #Numbers in parentheses are the relative amplitudes.
the open and the closed isomers at 310 nm can also be obtained
from the absorbance. With these values, the ring closure reaction624 nm can be detected, although the stationary fluorescence
guantum yield can be obtained accurately by the integration of intensity at, > 600 nm is zero. The TRF signals can be fitted
eq 3. The ring closure reaction quantum yieldsl@f and20 well by a two-exponential function with a fast component with
were calculated to be 0.48 and 0.80, respectively. Quantumca. 1 ps time constant and a slow 100 ps component, as seen in
yields of other compounds have also been measured andthe TCSPC measurements. The time constant of the fast
summarized in Table 1. The quantum yield 1 at 260 nm component is similar to the values reported previottsiy 24
was reported to be 0.35 in hexatfelhe quantum yield of the  and can be safely assigned to the direct ring closure reaction
ring opening reaction ofC was measured to be 0.3, in close time. Interestingly, however, the relative amplitude and the time
agreement with the previous repétt. constant of the fast component show clear detection wavelength
Picosecond TRFs of the BTF6 derivatives were measured bydependence: the time constant decreases and the relative
the TCSPC method at their emission maxima. The emission amplitude increases as the detection wavelength increases. The
originates from the open isomers in eitl@r or Cs conforma- time constants and relative amplitudes of the TRFLOY at
tions, and the decay reflects the weighted average of bothseveral detection wavelengths are listed in Table 2. Note that
conformers. The TRF ol O can be fitted well by a single  the fast component is not observed for< 450 nm. Femto-
exponential with a time constant of 150 ps, and thaR6f second TRF signals &O, shown in Figure 5, are very similar
decays double exponentially with4 and 90 ps time constants, to those of1O. The detection wavelength dependence is also
where the 4 ps component is instrument-limited. The slow the same, although the fast component is clearly observed at
components for both compounds are much longer than the timeall detection wavelengths. The time constants and amplitudes
scale of the ring closure reaction reported previously. Note that of the TRF of20 are listed in Table 2.
the 100 ps components were assigned to the population Because the detection wavelength dependence indicates a
relaxation of theCs conformer$? because the fluorescence of change of the fluorescence spectrum in time, the TRF spectra
an open isomer was assigned to @onformer that does not  were reconstructed from the TRF time traces at several detection
undergo the ring closure reaction. Picosecond TRFs of the otherwavelengths. Figure 6a shows the TRF spectr2®ft several
compounds were also measured and the results are listed intime delays, compared with the stationary fluorescence spectrum.
Table 1. Quite interestingly, the quantum yields and the decay As implied from the TRF signals, the fluorescence spectrum
rate (1fitetime) Show a linear relationship, as shown in Figure shifts to blue rapidly and reaches the stationary state in a few
3. picoseconds. To estimate the change of the average wavelength,
To time-resolve the ring closure reaction dynamics directly, the first moments of the spectra were calculated and shown in
femtosecond TRF was measured by the upconversion methodFigure 6b. The fluorescence shifts to blue by 3 nm in 900 fs.
Figure 4 shows the normalized femtosecond TRF signal©of  As expected, the time scale of the blue shift matches with the
at several detection wavelengths. Note that the TRF signal attime scale of the fast decay component.
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1f 426 nm that is, the fast decay component in the TRF is due to the ring
] L\"\«M_____/ closure reaction directly from the initially excited state.

o} - - . Populations of th&€; andC, conformers in liquids affect the
T 447 nm /\a—»._....‘ reaction quantum vyield and the dynamics profoundly. The
£ relative populations of th€s andC, conformers ofLO in CDClg
S O - . . are 35:65 when measured by NMRThe rate of interconversion
S 462 nm _/"‘*—-—---~ betweenCs and C, should be slower than is, because they
= were observed as separate peaks in the NMR spectrum, but fast
4 q: . . z enough to be in equilibrium in solution during the quantum yield
g Q _/\"'"“““‘“*‘" measurement time scale. Quantum mechanical calculations also
£ found that theC, conformer is the major component in most of

2: - : the related compoun®:3°-41 A related compound, 1,2-bis-(2-

507 nm / 1 methyl-5-(2-(4-benzoylphen-1-yl)ethen-1-yl)thien-3-yl)perfluo-

ol ) v 0 5 70 rocyclopentene, show€s and C, populations of 12:88 in a

0 100 200 300 semiempirical calculatiof? Quantum yields above 0.5 were

observed for several diarylethene molecules to confirm that that
the relative population of th€, conformer is higher than 05*2

The high ring closure reaction quantum yield 2O also
indicates thatC; is the major conformer in the liquid and that

it absorbs light strongly as well. These considerations establish

Time delay (ps)

Figure 5. Representative TRF signals of DAMBTF6 open isongd)
measured at several different wavelengths following excitation at 315
nm. Insets show the signals in shorter time scale.

(@ 3 ] that the fluorescence at initial times must be due to the open
€ /\ ] isomer that reacts.
T Stationary . .
22 /\ 1 The TRF signals show two time constants of around 1 and
2 /\ 2ps] 100 ps, where the fast time constant can be assigned to the ring
% 1 /\ 1ps] closure reaction time. It was suggested that fluorescence of the
< /\ 500 fs | dithienylethene compounds in the open form originates from
0 ~2001s the Cs conformer that does not undergo the ring closure
440 460 480 500 520 540 32 it i i
) Wavelength (nm) reaction2 Thus, it is tempting to assign the slow component
465 to the Cs conformer. However, the fact that ti@ conformer
is the major component in the liquid and that the reaction
g 464K guantum yield is much higher than 0.520 indicates that the
< 463} C, conformer may also be responsible for the slow component.
2 Moreover, the linear relationship between the fluorescence decay
5 462} : :
2 rate of the slow component and the ring closure quantum yield
B 461 strongly suggests that the slow component is due toGhe
% 460 ‘ . ‘ . conformer that reacts. That is, the slow reaction channel
0 1000 2000 (f:;c))oo 4000 5000 competes with the population relaxation to the ground state by

the internal conversion, as their rates are comparable. The slow

Figure 6. (a) TRF spectra 20 reconstructed from the time traces at . . .
several detection wavelengths. The stationary fluorescence spectrumreac’[Ion channel may also compete with the conformational

is shown for comparison. (b) Average emission wavelength representeddynamics to theCs conformer, ifCs is lower in energy tharc,
by the first moment of the spectra shown in (a). Note that the first in the excited state.

moments do not match with the maxima of the TRF spectra due tothe  Thys, the reaction proceeds by the two channels: §dsps

absence of the shorter wavelength region. and slow~100 ps time scales. It should be noted that the two
. . channels do not imply two parallel processes, although they both
Discussion arise from theC, isomer; only one rate constant would be

We have investigated reaction dynamics of the photochromic observed for a reaction with two parallel channels from a
diarylethene compounds by time-resolved fluorescence, whichcommon kinetic intermediate. The conclusion is in line with
unambiguously measures the population of the excited chemicalthe report by Miyasaka et & where the solvent viscosity effect
species. The TRF signals are relatively simple to show two on the photochromic reaction rates of 2-bis(2,4,5-trimethyl-3-
exponential components with prominent detection wavelength thienyl)maleic anhydride (TMTMA) was measured by femto-
dependence, although the TA spectra of the similar photochro-second transient absorption. They observed a{dsl ps and
mic molecules reported previously are quite complicated. The a slow several hundred picosecond components with the latter
TA spectra usually show bands over the entire UV/visible being viscosity dependent. They also observed that the reaction
spectral region with several time constatt&2428Those were quantum yield and the decay rate of the slow component in the
discussed in terms of preswitching dynarffcas well as fluorescence and TA signals are inversely proportional to the
intermediates. Because we have measured the decay of theolvent viscosity, which led to the conclusion that the reaction
reactants, not the formation of the products, we cannot rule out undergoes by two channels: a direct fast pathway in less than
the possibility of the formation of intermediates. However, the 10 ps and a slow pathway through conformational dynamics.
TRF signals show instrument-limited rise and the spectra do One problem of this conclusion is that all TRF signals are
not change significantly over time, indicating that the TRF attributed to theC, conformer, and the emission from tiGa
signals originate from the same emitting species throughout theconformer is absent. A possibility is that the radiative lifetime
time window of this work. In addition, numerous transient of the Cs conformer is much longer (that is, the oscillator
absorption studies showed that the closed isomer is formed instrength is smaller) than that of tH&, conformer to show
a few picoseconds, the same time scale observed in this work;negligible intensity in the TR
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The fast component in the TRF shows distinctive detection 4
wavelength dependence: its relative amplitude increases and J.'.“ 39
the time constant shortens at longer wavelengths. The short 0, .0,
component is detected even at the wavelengths where the 2
intensity of the stationary fluorescence spectra is zero. It is to A0 j e

be noted that the fast component is not due to the closed isomer,
because the fluorescence lifetime of the closed isomer was
reported to be 22 ps irrespective of the detection wavelergth.
The reaction product, the closed isomer, is formed in the ground
state through conical interaction, because we do not observe
emission from the closed isomer all times, although the closed
isomer does emit with the emission maximum around 630 nm
with a 22 ps lifetimél’ The detection wavelength dependence
can be translated into the spectral dynamics as shown in Figure
6. Such fluorescence spectral dynamics in time can be originated
from various relaxation processes of the excited state such as
the solvation, vibrational relaxation, and conformational changes.
Relaxation of the excited state in any circumstances, however,
cannot reproduce_the blue shift ot_)serv_eql in thi_s work, becauseFigure 7. Potential energy surface of the ground statele¥ in
the ground st_ate is at the potentlal_ minimum in t(_erms of the ntiparallel C;) conformation along the two dihedral angles generated
nuclear coordinates and the relaxation processes in the excitedhy the ab initio calculation.

state are energy dissipation processes. We considered another

possibility that the system consists of a distribution of spectro- 100
scopically distinct chemical species in the excited state and the
species emitting in the red side exhibit shorter lifetimes than
those emitting in the blue side. Specifically, we considered a
possibility that the dihedral angles that distinguish @eand

Cs conformers are distributed over a broad range and those
emitting in the red undergo the ring closure reaction faster than
those emitting in the blue. In this model, the excitation of the
open isomer in some conformation creates an excited state that
emits in the red side and undergoes the ring closure reaction
directly in around 1 ps through conical intersectfényhereas 0
the excitation of some other conformers creates an excited state (=5.-5) (0.0) (5.5)
that emits in the blue side and undergoes the ring closure (48, . A0;) (deg)

reaction slowly in about 100 ps via conformational change. Figure 8. Cross section of the potential energy surface shown in Figure
. . . . 8 along the ¢6,, +6,) direction, which is the conrotatory reaction
To examine the conformational inhomogeneity along the yqrdinate.

reaction coordinate, we have performed quantum mechanical

calculations on the ground state using the density functional antihonding and bonding characters between the two adjacent
theory. Comprehensivab initio calculations on the related  syifur atoms, respectively, whereas their corresponding excited-
compounds have been reported previod3ff;**4%and here we  state HOMOs show bonding and antibonding characters,
focus only on the aspect of conformational flexibility. The respectively. This explains how the electrons are excited and
calculation of BTF6 was carried out using the Gaussian 03 why the open form is closed and the closed form is opened by
package with the B3LYP functional and the standard 6-31G* excitation.

basis sets. Two stable geometries close to @eand Cs Compiling all the theoretical and experimental results such
conformers are obtained in the geometry optimization procedure. s the stationary absorption and emission spectra, bimodal TRF
The energy difference between the two is 125 éo give a decays, and their wavelength dependences, the potential energy
relative population€s:C;) of 1:2, in good agreement with the  surfaces responsible for the photochromic reaction dynamics
previous resultd® Next, we calculated the potential surface of 10 are proposed in Figure 10. Previous results on the ring
around theC, conformation along the two dihedral angles to opening reaction dynamics by TRF of the closed isomer are
determine the distribution, and the results are shown in Figure also considered, where a considerable barrier for the ring
7. In the figure the positive+6:, +6) diagonal direction  opening reaction was indicated. In Figure 10, two potential
corresponds to the conrotatory ring closure reaction coordinate.minima emitting at 420 and-600 nm, which are responsible
The cross section along the diagonal direction is shown in Figure for the slow and fast fluorescence decays, respectively, are
8. Interestingly, the potential surface along the diagonal direction indicated. According to the picture, initial excitation and

is much shallower than the off-diagonal directions; that is, the subsequent ultrafast vibronic and electronic relaxations create
molecules have a broad distribution of the dihedral angles along at least two states different in the conformation, from the broad
the reaction coordinate at room temperature. The vertical conformational distribution of the molecules in the ground state.
excitation energies for the open and closed forms of BTF6 are The one emitting in the long wavelength side undergoes fast
calculated to be 336 and 545 nm, respectively, which are in direct ring closure reaction, perhaps through the conical interac-
agreement with the experimental values. Figure 9 shows thetion, whereas the one emitting in the short wavelength side
calculated structures and the highest occupied molecular orbitalsundergoes conformational change prior to the ring closure. In
(HOMOs) of the ground and vertically excited states for both our model, the red emitting species with a very large Stokes
10 and1C. The ground-state HOMOs d4fO and1C show the shift must lie closer to the product conformation than the blue
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Although qualitative features are the same I@ and 20,
they are different in one important resped© does not show
the fast decay component in the TRF at wavelengths shorter
than the stationary fluorescence maximum. Contrary to the
previous report>18-27 this suggests that the slow channel is
the major path to the closed isomer f0®; that is, the ring
closure reaction irLlO occurs mostly via the slow conforma-
tional change. This also suggest that the two potential minima
for 10 are more clearly separated than 2@, which may
account for the relatively low reaction quantum yield ld.
For 20, the short component occurs at all wavelengths with
significant amplitudes, although the slow channel is still the
major path, as shown in Table 2. Thus, the strategies to increase
the reaction quantum yield should be 2-fold: to increase the
population of theC, conformation and to open up the fast
channel by controlling the conformation of the open isomer.

Conclusions

We have measured femtosecond time-resolved spontaneous
fluorescence of the open isomer in the photochromic reaction
of diarylethene derivatives. High time resolution and the
advantages of the TRF facilitated the analysis of the complicated

3 ring closure reaction dynamics. A fast decay component around
Open (0.00 V) Closed (0.45 eV) 1 ps in the TRF of the open isomer was detected, whose
Figure 9. Structures and the ground- and vertically-excited-state @mplitude and the time constant are detection wavelength
HOMOs for both the open and closed forms of BTF6. Relative energies dependent. Two emitting states were resolved: one emitting at
are given in eV. the stationary fluorescence wavelength and the other emitting
in the red side of the stationary fluorescence. The former
undergoes slow ring closure reaction+#100 ps via confor-
mational change, whereas the latter emitting in the red undergoes
fast ring closure reaction il ps possibly through the conical
4 intersection. We suggest that initial broad distribution of the
conformations around the dihedral angles of the two aromatic
rings produce such distinct excited-state conformations.
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