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Abstract

The reaction dynamics of the photochromic ring-opening reaction of 1,2-bis(5-formyl-2-methyl-thien-3-yDperfluoro-
cyclopentene (CHO-BMTFP) in dichloromethane solution was investigated using femtosecond transient absorption spec-
troscopy. The data were analyzed in terms of a model potential and single-electron density matrices, which were calculated
using the collective electronic oscillator (CEO) approach and the INDO/S semiempirical Hamiltonian. The S,—S; and
Sy—S, transitions of the closed isomer were resonantly excited using 120 fs pump pulses at 610 and 410 nm, respectively. A
temporally delayed white light continuum probe pulse monitors the decay of the S; or S, state as well as the recovery of the
S, state. Within the first picosecond after excitation, CHO-BMTFP was observed to undergo a fast structural relaxation
along the S, potential energy surface into a minimum constituting a precursor of the ring-opening process. The rather long
lifetime of the precursor, 7, = 13 ps, was consistent with the calculated potential barrier in front of the conical intersection
with the S, potential energy surface, which may arise from stabilization of the nearly planar closed isomer by an efficiently
delocalized w-electron system. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Photochromic dithienylethene derivatives have re-
ceived much attention as potential materials for opti-
cal data storage media and optical computer devices
[1-6]. The photochromic €electrocyclic reaction of
this class of photochromic compounds is understood
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to obey the Woodward—Hoffmann rules applied to
the m molecular orbital symmetries of cyclohexadi-
ene (closed isomer) and hexatriene (open isomer) [7].
Ring opening and ring closure reactions occur photo-
chemically in the conrotatory mode, while the ther-
mally induced ground-state reaction, predicted to
take place in the disrotatory mode, is sterically hin-
dered by the two trans-standing methyl groups in the
2' position of the thiophene rings. Fig. 1 shows the
absorption spectra of the open isomer (solid line) and
closed isomer (dashed line) of 1,2-bis(5-formyl-2-
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Fig. 1. Absorption spectra of the open (solid line) and closed
(dashed line) isomer of CHO-BMTFP in CH,Cl .

methyl-thien-3-yl)perfluorocyclopentene (CHO-
BMTFP). The structure formulae of both isomers are
depicted in Fig. 2. The assignment of the absorption
bands to the excited singlet states is based on collec-
tive eectronic oscillator (CEO) calculations of the
respective isomers of CHO-BMTFP, geometry-opti-
mized at the AM1 [8] level. Upon UV irradiation, the
open isomer undergoes a ring-closure reaction, while
the ring-opening reaction may be induced by excita-
tion with visible light. Previous time-resolved studies
of electrocyclic reactions in fulgids and other
dithienylethene derivatives have shown that both
ring-opening and ring-closure processes occur in the
ps time domain [9-15]. Until now, reaction kinetics
of only four diethienylethene derivatives, namely
1,2-bis(2,4,5-trimethyl-thien-3-yl)maleic  anhydride,
and three differently substituted 1,2-bis(2-methyl-
thien-3-yl)perfluorocyclopentenes, have been investi-
gated on the ps and fs timescale, respectively [12-15].
The ps transient absorption spectroscopy studies of

the maleic anhydride derivative in solution and of
1,2-bis(2-methyl-thien-3-yl)perfluorocyclopentenes
in solution as well as in the crystalline phase, lead to
an estimation of the time constants of the ring open-
ing and ring closure reaction of shorter than 10 ps
[12,14]. Analogous investigations of the open isomer
of the oligothiophene derivative of BMTFP, with
femtosecond time resolution, yield a ring-closure
reaction time constant of about 1.1 ps[13]. Recently,
the dynamics of the ring-opening reaction of 1,2-
bis(2 - methyl-5-(2 - (4 - benzoyl-phenyl-vinyl))-thien-
3-yDperfluorocyclopentene in solution were inves-
tigated with fs transient absorption spectroscopy and
biexponential decays of the photoinduced absorption
with the time constants, 7, = 1.9 ps and 74, =9 ps
were observed [15].

In the present study, we have investigated the
ring-opening reaction kinetics of 1,2-bis(5-formyl-2-
methyl-thien-3-yl)perfluorocyclopentene (CHO-
BMTFP) in dichloromethane solution with fs tran-
sient absorption spectroscopy. CHO-BMTFP was ex-
citedtothe S, and S, state using 120 fs pump pulses
tuned to the respective maxima of the first and
second absorption band (i.e., at 610 and 410 nm, see
Fig. 1). The excited state relaxation as well as the
recovery of the S, state of the closed isomer were
monitored by temporally delayed white light probe
pulses (350-850 nm). The transients of photoin-
duced absorption and bleaching were analyzed in
terms of a potential model extracted from calcula
tions of the Sy, S,, and S, potential energy hyper-
lines, performed in the recently developed collective
electronic oscillator (CEO) approach [16—18]. The
theoretical analysis allows the ascribing of the ob-
served decay dynamics to a fast structural relaxation
process to a precursor, forming a minimum in the S;

Fig. 2. Structure formulae of the open (left) and closed (right) isomer of CHO-BMTFP.
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potential surface, which is separated from the conical
intersection by a potentia barrier.

2. Experimental

Transient absorption spectra with femtosecond
time resolution were measured using the pump-probe
technique. Pump and probe pulses were generated by
a femtosecond laser system consisting of a passively
mode-locked Ti:sapphire laser oscillator (Clark-
MXR, NJA-4), a regenerative Ti:sapphire amplifier
(Clark-MXR, TRA-1), and an optical parametric am-
plifier (Clark-MXR, V-GOR). The optical parametric
amplifier (OPA) produced, at a repetition rate of 1
kHz, 120 fs pulses with energies of 1-20 w.J, which
were tunable between 470 and 670 nm. Either OPA
pulses, tuned to 610 nm, or the frequency-doubled
amplified oscillator pulses at 410 nm, generated
within the OPA, were used as pump pulse beam. The
pump pulse intensity was measured with a calibrated
powermeter (Coherent, LaserMate Q). The excitation
density was varied between 0.5 and 2 mJ/cm?.
White light continuum probe pulses (300—-1000 nm)
with a time dispersion of 0.5 ps were generated by
focussing the remainder of the fundamental laser
pulses (0.2 mJ per pulse), amplified in the OPA, into
a 2 mm thick D,O flow cuvette. A variable delay
line provided a temporal delay () for the pump
pulses of up to 60 ps with a resolution of 2.4 fs. The
pump and probe pulses were parallel polarized in all
pump-probe experiments. The intensity of the trans-
mitted probe beam with and without pump pulse
excitation, 1(p) and 1(0), respectively, was measured
by chopping the pump pulse beam at a frequency of
6 Hz. For each data point, 13000 pulses were aver-
aged. The ratio of [(p)/1(0) corresponding to the
pump pulse induced change of the transmission,
AT = T(p) /T(0), was determined with a precision of
103, The time dispersion of 0.5 ps over the spectral
range of the white light continuum probe pulses was
corrected for by determining the =5 = 0 point from
the rise of the bleaching or transient absorption
signals at spectral intervals of about 80 cm™*. Trans-
mission spectra of the sample were obtained by
dispersing the probe pulses with a polychromator
containing a 400 lines/mm grating in combination
with a CCD detector system (LOT, InstaSpec IV).

CHO-BMTFP, synthesized and purified as re-
ported by Gilat et a. [5], was dissolved in spectro-
grade dichloromethane at a concentration of 6.4 X
10~* mol /. The solution was pumped at 5 ml /s
through a 400 wm flow cell to ensure that, at the 1
kHz repetition rate, a fresh solution volume was
probed by every laser pulse.

3. Electronic coherence signatures of ring opening

The ring-opening reaction of CHO-BMTFP was
theoretically investigated by calculating the potential
energy surfaces of the Sy, S;, and S, states aong the
reaction coordinate g, which is defined as the dis-
tance between the two C atoms, C4 and C24 (see
Fig. 3), where the bond breaking takes place. Ini-
tialy, the structures and ground-state (S;) energies,
E,, of the open and closed isomer were calculated by
geometry optimization at the AM1 level followed by
single configuration interaction (Cl) computations
using the semiempirical AM1 procedure of Gaussian
94. The reaction coordinate was modeled by fixing
the C4—C24 distance q at values between 430 and
140 pm with a step width of 10 pm. The structures of
the intermediate conformations were obtained by
optimizing al other geometry parameters at each
given q distance, and the associated S, energies,
E,(a), were calculated performing single configura-
tion interaction (Cl) computations. The resulting S,
potential energy hyperline E,(q) is shown in Fig. 4
(open circles). The optimized geometries of the
closed and open isomers are localized at q = 154 pm

2
S
1 (4/ 027

Fig. 3. Structure formula of the closed isomer of CHO-BMTFP
with the numbering of the ‘heavy’ atoms: C, S, F, O.
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Fig. 4. Schematic illustration of the S,, S;, and S, potential
energy surfaces (i.e, E4(q), Ex(q), ExXq) aong the reaction
coordinate q defined as the distance between the atoms C4 and
C24 (see Fig. 3); C* and P* denote the initialy excited state and
precursor, respectively. The rate parameters krq, ks, k; and k,
are described in Section 4.

and q=393 pm of the S, hyperline and are sepa-
rated by a large, 1.6 eV potential barrier.

The structural data of the geometry-optimized
open and closed isomers as well as those of the
intermediate conformations were used as input data
for the ZINDO code [19] to compute the INDO/S

Hamiltonian parameters and reduced single-electron
density matrices for the S, state, pp,:

pmn = <dlCnCilQ), €]

where ¢ (c,,) are creation (annihilation) operators of
an electron at the mth atomic orbital, and |g) isthe
ground-state multi-electron wave function. The diag-
onal elements p,, represent the electronic charge
density at the nth orbital, whereas the off-diagonal
elements p,,,, with m= n, describe the bond-order
(electronic coherence) structure associated with a
pair of atomic orbitals. The ground-state density
matrix pn,, is expanded using only the 2p, atomic
orbitals of the heavy atoms (i.e, C, O, S and P),
which form the m-electron system and therefore
congtitute the HOMO and LUMO. The resulting
k x k matrices (where k = 27 is the number of heavy
atoms) are displayed as contour plots (£, in Fig. 5).
The labeling of atoms is given in Fig. 3. The top
panelsin Fig. 5 show the ground-state density matri-
ces for the closed isomer (q= 154 pm) and for the
open isomer (q =393 pm). The differences in the
m-electron conjugation are clearly reflected in the
off-diagonal elements: while the w-electron system
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B33 02500 — 03000
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Fig. 5. 2D-Contour plots of the electron modes of the closed isomer: &g, &;, &, (left side) and of the open isomer: &}, &1, &5 (right side).
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of the closed isomer is delocalized along the m-con-
jugated backbone (0O1-C2-C6-C7-C8-C9—C19—
C20-C21-C22—-C26—-027) over the dithienylethene
unit, for the open isomer the m-conjugation is less
pronounced. In particular, the off-diagonal 9,/19 and
19/9 matrix elements experience the largest differ-
ences in the course of the electrocyclic reaction: they
are very small for the closed isomer and substantially
increase with rising g. The dependence of pg 19 ON
exhibits a sharp rise between 175 and 225 pm (see
Fig. 6).

We employed the CEO technique [16-18] to
compute and analyze the optical spectra using as p
an input. The molecular transition dipole is a single-
electron operator which may be expanded in the
form P =X, #mnCrmCp, Where u, is the transition
dipole moment matrix element. The optical transi-
tions between the ground state, g, and excited states,
v, are described using the transition density matrix
elements:

(&) mn=Cvlcncilg). (2)
The linear optical response is given by the fre-
quency-dependent linear polarizability a(w):

_ 201}( gv)mn( gv)k|
a(w) - XV: rT%E(I/-‘Lmnrl"“kl _QVZ—(C!)-Fi]_;})Z ’

(3

Here I, is the dephasing rate, and v is the index of
the excited singlet states, |v) with energies, E,, and
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100 150 200 250 300 350 400 450
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Fig. 6. Variation of the ground-state density matrix element
between the atoms C9 and C19 ( pg ;4) along the reaction coordi-
nate q; the vaue of pg,9, Which reflects the m conjugation
between the blocks L and R of CHO-BMTFP, increases sharply as
g increases from 175 to 225 pm. This characterizes the change of
the single to double bond (see Fig. 2).

transition frequencies, (2,=E, — E;. The matrices,
¢,, and frequencies, (2,, are determined by solving
the time dependent Hatree—Fock (TDHF) equations
for the density matrix

(1) = (T () leme V(1))
=B+ 28,()(E)mn+a (D(E) mn-
(4)

where W (t) represents the multi-electron wave func-
tion of the molecule driven by the external electro-
magnetic field. The equations were solved using the
Density Matrix Spectral-Moment Algorithm (DSMA)
[18]. This procedure yields the matrices, £, and
frequencies, (2,, computed as eigenfunctions and
eigenvalues of the linearized TDHF equation, respec-
tively. The adiabatic potential energy surfaces of the
excited states, S, and S,, along the reaction coordi-
nate g can be computed by adding the energy of the
electronic mode, 2,(qg) with v=12 to the S, en-
ergy at the desired nuclear configuration q [20,21]

E.(a9) =E(a) + 2,(q). ()

The S, and S, potential energy hyperlines, E,(q)
and E,(q), calculated as functions of q (= C4-C24
distance), are shown in Fig. 4 (see open squares and
open triangles). Since the electronic modes were
obtained in the adiabatic approximation, the resulting
S, and S, hyperlines do not lead to reliable informa-
tion in the region of the photochemical reaction
funnel. Pericyclic singlet reactions are predicted to
occur nonadiabatically via a conical intersection to
the S, potential energy surface [22-24]. We as-
sumed that the potential barrier at g = 180 pm on the
caculated S; hyperline is followed by a conical
intersection point at q = 215 pm, as indicated by the
dashed crossed connection lines between the S, and
S, hyperlines.

& congtitute electronic normal modes, since they
describe collective (oscillatory) motions of holes and
electrons (e.g., the oscillating excitation density).
Examination of these modes alows for the interpre-
tation of optical spectra in terms of charge distribu-
tions in excited states and motions of electrons and
holesin real space, totally avoiding the time-consum+
ing calculation of multi-electron eigenstates [16—18].
While the diagonal elements, (¢,),,, represent the
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photoinduced net charge on the nth atomic orbital,
the dynamical bond-order (or coherences) between
the nth and mth two atomic orbital is represented by
the off-diagonal elements, (£),,, (n# m). Perform-
ing this procedure for CHO-BMTFP, we calculated
the two lowest-energy electronic modes, ¢, (v=1,
2), with eigenfrequencies corresponding to the exci-
tation energies of the S, states. The vth oscillator
describes the optical transition between the ground
state and the vth excited state. The contour plots of
the first electronic modes, £, (closed isomer) and &;
(open isomer), depicted in Fig. 5 (center), directly
illustrate both photoinduced net charges and photoin-
duced electron-hole pairs (i.e., coherences) for the
transition to the reactive S, state. Both electronic
modes are almost symmetric with respect to the
diagona (¢, = &,,) as well as to the anti-diagonal
(m-n) direction. The variation along the diagonal
exhibits the center of the electron—hole motion,
whereas its delocalization is reflected by the off-di-
agonal elements. In the case of ¢, (closed isomer),
the optical excitation is delocalized along the C6—
C7-C8-C9—C19-C20-C21-C22 chain. As the con-
tour plot of £; (open isomer) shows, ring opening is
accompanied by an interruption of the delocalization
between C9 and C19. The contour plots of the
second electronic modes, £, (closed isomer) and &,
(open isomer) (see Fig. 5, bottom), display similar
features. However, the size of the largest exciton
coherence (from C6 to C22) of ¢, is somewhat
smaller and the delocalization is less pronounced.
The electronic excitation, £;, shows relevant coher-
ences only along C8—C9-C19-C20, C4-C6-C7 and
C24-C22-C21.

As suggested by the structure of the contour plots
of ¢ and &, (see Fig. 5), CHO-BMTFP can be
divided into three atom groups (‘ blocks') L (left), R
(right), and C (central) corresponding to the heavy-
atom chains between O1-C9, C19-027 and C10—
C18, respectively. Block C acts as a separator and is
approximately independent of g. In contrast, varia-
tions of q significantly affect the coherences within
and between the L and R blocks (see the diagonal
and off-diagonal rectangles in Fig. 5). To elucidate
this feature in more detail, we defined a 2 X 2 den-
sity matrix coarse grained over the L and R blocks of
£. & (&gp) is computed by summing the absolute
values of the elements within the L (R) block. Simi-

2.8 T T T T T T

2,4

>

(]

~ 1,64

)

&D 124 o~ ~e (§Z)intra
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Fig. 7. Variations of the total electronic coherences within (solid
lines, &pya) and between (dashed lines, &) the blocks L
(01-C9) and R (C19-027) adong the reaction coordinate q for
the S; and S, states. The coherences were calculated by summa-
tion of the absolute values of the respective matrix elementsin the
contour plots of ¢; and &, displayed in Fig. 4 as explained in the
text.

larly & r and &g are obtained by summing the
absolute values of off-diagonal elements between the
blocks. The global intrablock (interblock) coherence
is given by the sum &iya= &1 + érp (Siner = LR
+ &g ). The variation of the globa coherences along
the S, hyperline are displayed in Fig. 7. The plot
clearly shows that (&) decreases while (£;)ia
increases in the course of the ring opening reaction.
The global coherences for the ¢, mode are aso
depicted in Fig. 7. In this case, the (&,),,, and
(&,)imra CONErENces merge as q is increased.

4. Transient absorption spectra

To probe the differences in the reactivity of the S,
and S, states of closed CHO-BMTFP in
dichloromethane solution, transient absorption spec-
tra were recorded with pump pulses tuned to the
Sy—S, transition at 610 nm and to the S,—S, transi-
tion at 410 nm, as indicated by arrows in Fig. 2. The
time dependence of the photoinduced transmission
changes AT(7p,A) is given by the delay time 7, of
the pump relatively to the arrival time (i.e.,, 7, = 0)
of the probe in the sample. The tempora evolutions
of the transient absorption spectra between —0.5 ps
and + 31 ps for 610 nm and between —0.6 ps and
+61 ps for 410 nm are shown in Figs. 8 and 9,
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transient absorption spectra excited at 610 nm

transmission changes

— T T T T T T T T T
300 400 500 600 700 800 900 1000
wavelength / nm

Fig. 8. Tempora evolution of the transient absorption spectra
recorded at delay times 7, between —0.5 ps and +31 ps. The
excitation wavelength is 610 nm.

respectively. The spectra at 7 < —0.5 ps provide
the baseline with AT(A) = 1. The pesks at 610 nm
and 410 nm are due to scattered light of the pump
pulses. While transmission changes with AT(A) > 1
characterize photoinduced bleaching of the S,—S,
and S,—S, spectra at 520—680 nm and 360—430 nm,
respectively, the photoinduced (S,—S,) absorption,
appearing in the wavelength ranges 430-520 nm and
680-850 nm, is ascribed to transmission changes
with AT(7) < 1. The time dependence of the pho-
toinduced transmission changes recorded at a fixed
wavelength A = A, (i.e,, AT(7)) is denoted as tran-
sient or decay curve of photoinduced bleaching
(AT(7p) > 1) or absorption (AT(7p) <1). We in-
vestigated the influence of the pump pulse intensity
on the transients and did not observe any significant
difference in the decay dynamics for excitation den-
sities between 0.5 and 2 mJ/cm?.

Figs. 10 and 11 depict photoinduced bleaching
(middle panels) and absorption (top and bottom pan-
els) transients, as examples for the respective wave-
length range, which were measured upon excitation
of the S,—S, transition at 610 nm (see Fig. 10) and

the S,—S, transition at 410 nm (see Fig. 11). The
photoinduced bleaching transients (see Figs. 10 and
11, at center: Ay = 544 nm or Ay, = 581 nm, solid
line), displaying the recovery dynamics of the S,
state of the closed isomer, can be described by the
exponential decay function A, X exp(— 7/ 7,) With
the time constant 7,, = 13 + 1 ps. This suggests that
the S, state is uniformly repopulated by deactivation
of a metastable state forming a sufficiently deep
minimum in the S, potential energy surface. An
unstable precursor acting as barrierless exit to a
conical intersection with the S, potential energy
surface is expected to decay within one vibrational
period (< 1 ps) to the S, state of either the closed
and open isomer. This is obviously in contradiction
with the observed time constant of the photoinduced
bleaching transients of 7,, =13 + 1 ps. Since CHO-
BMTFP is a nonfluorescing compound, the S, state
of the closed isomer should be repopulated on the ps
scale essentially by internal conversion (1C). The two
bleaching transients in Figs. 10 and 11 have identical
decay dynamics. Within the 50 ps time scale, the
signal does not decay to zero. The long-lived bleach-

transient absorption spectra excited at 410 nm

transmission changes

T T T T T T T T T T
500 600 700 800 900
wavelength / nm

Fig. 9. Tempora evolution of the transient absorption spectra
recorded at delay times 7, between —0.6 ps and +61 ps. The
excitation wavelength is 410 nm.
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ing signal, attributed to the population of the triplet
state, is somewhat larger for 420 nm excitation
(25%) than for 610 nm excitation (20%). The pho-
toinduced absorption transients (see Figs. 10 and 11,
bottom and top, solid lines) are very well fitted by a
sum of two exponentials: AT(rp) =A; X (1 —

1.00

A =610 nm

pump
0.95 =442 nm

A63

transmission change

0.90

10 20 30 0 50
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Fig. 10. Transients of photoinduced absorption detected at 442 nm
(top), 693 nm (bottom) and transient of photoinduced bleaching
detected at 544 nm (center). The pump pulse wavelength is 610
nm.
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Fig. 11. Transients of photoinduced absorption detected at 464 nm
(top), 767 nm (bottom) and transient of photoinduced bleaching
detected at 581 nm (center). The pump pulse wavelength is 410
nm.

exp(—7p/7) + A, X (1 — exp(—7p/7,)) (thick
broken lines) with the time constants =, = 0.9 ps and
7, =13 ps. The fit of the transients excited at 610
nm (S,—S, absorption) has an amplitude ratio of
A=A,/A,=6.14 0.3, while that for the transients
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excited at 410 nm (S,—-S, absorption) is about 3.3.
To understand the reaction kinetics causing these
decay characteristics, the absorption transients are
analyzed in terms of a two-term sequential reaction
model which is derived in the following way.

We ascribe the short time dynamics (7, = 0.9 ps)
to fast structura relaxation of the initially prepared
state C* on the S, potential energy surface, which
decays to a metastable state P* forming a minimum
in the S; potential energy surface (see Fig. 4). The
existence of this state, P*, is justified by the rather
small quantum yield (4%) of the ring-opening reac-
tion induced at 610 nm [25] and by the slow recov-
ery of the S, state with a time constant of about 13
ps. P*, the precursor of the reaction, is separated by
abarrier from a (weakly) avoided crossing or conical
interaction between the S, and S, surfaces, where
the photochemical reaction takes place. The decay
rate of the initialy excited state C*, k; =1/7,, is
determined by the rate constant of conformational
relaxation to the precursor P*, ks, and that of all
photophysical unimolecular decay processes back to
the S, state of the closed isomer: k, =k + kg,
where k€ =k + ks + kg, is the sum of the rate
constants of internal conversion (IC), intersystem
crossing (1SC) and intrinsic fluorescence (F), respec-
tively. The population density of the precursor, [ P*],
decays by the ring-opening reaction (ko ), as well as
by radiative and radiationless deactivation to the S,
state of the closed isomer: k, = kg + kP with kP =
kic + kisc + ki. The reaction kinetics at t= 7, >
300 fs (i.e, after pump pulse excitation) can be
approximated by the rate equations describing the
temporal evolutions of the population densities [ )],
[C*(1)], and [P*(t)] of the ground state, S,, the
initially excited state, C*, and the subsequently pop-
ulated (structurally relaxed) precursor, P*, respec-
tively:

d[c(1)]

Ol e, ®
POl iem-klr@n @
SO _Licerr+wterl @

with the boundary conditions [ P*(t = 0)] =[P*(t =
)] = 0 integration of the coupled differential equa-
tions yields:

[C (D] =[Cg]e™™, (9)

kST
[P (0] = (651

(e—kzt_ e—klt), (10)

© kPkgr
Tk -k,

[S(D] = [S(0)] +[C5]

" (1—e ™Y KkPkgy (1—e k)
k1 kl_ kz kz ,

(11)

where [C¥ ] is the population density at t = 0. Note
that by definition, the total population density [ Sy(t
<0]=[S(O]+[C¥]=1. The quantum yield of
the ring-opening reaction, .o, is given by the
expression:

[S)(OO) S)(O)] Ksr Kro

Dy =1- = . 12
RO [CJ] klkz ( )

In the spectral range of the observed photoinduced
absorption, the transmission changes of the white
light probe pulse are caused by the states C* and P*,
and the temporal evolution of AT has a biexponen-
tial form:

1- AT(t)a((al— ag)e kit

kSI'
ki — ko

(e* kot _ e kll))

+(az = ag)

Kyt

Ksr et
((al()\)_ ag(A) —(ax(A)— aO(/\))W)
1K2

Ksr ekt
ky =k

+ (a3(A) — ap(A)
(13)

where ay(A), a,(A), and a,(A), are the absorption
coefficients of S,, C*, and P*, respectively. The
time constants 7, = 0.9 psand 7, = 13 ps and thereby
the rate constants k; = 1.1 x 10%? s™* and k, = 7.7
% 10 s! were obtained from the biexponential
fits of the transients in Figs. 10 and 11. To evaluate
the rate constant of the ring opening reaction, kgq,
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we used the experimental value of @, = 4% [25]
and assumed that the structural relaxation to P*
dominated the decay of C*. This latter assumption is
consistent with the fact that the recovery of S, does
not contain a measurable contribution of a fast com-
ponent with a time constant of 7,. We obtained
Kro = 3.1 X 10° s (775 = 325 ps). Since the fac-
tor (ksr)/(k, — k,) in Eq. (13) is close to unity, the
amplitude ratio A=A, /A,, obtained from the biex-
ponential fits of the absorption transients, corre-
sponds to (a,(A) — a,(1) /(a,(A) — ay(A)) and re-
flects thereby the difference in the S,—S,, absorption
coefficients of the initially excited state C* and the
precursor P*. A= 6 in the case of initial excitation
of the S,—S, absorption, and A = 3 for excitation at
410 nm (S,—S, absorption), showing that the differ-
ence of absorption coefficients {a,(A) — a,(A)} de-
creases by a factor of two by going to the shorter
wavelength.

5. Conclusions

The combination of forefront experimental and
theoretical techniques, femtosecond transient absorp-
tion spectroscopy and the collective electronic modes
(CEO) approach has made it possible to elucidate the
kinetics of the ring-opening reaction of 1,2-bis(5-for-
myl-2-methyl-thien-3-yl)perfluorocyclopentene
(CHO-BMTFP). The determination of the S,, S,,
and S, potential energy surfaces along the reaction
coordinate g, computed using the semiempirical AM1
procedure and the CEO approach, provides a micro-
scopic model for the analysis of the spectroscopic
data The transient photoinduced absorption and
bleaching, monitored at detection wavelengths be-
tween 450 and 850 nm, probes structural relaxation
dynamics aong the S; potential energy surface with
subsequent decay to the S, surface of the closed and
open isomer as well as the recovery dynamics of the
S, state. The theoretical analysis of the absorption
transients in terms of the potential model provides
the following scenario of excited state dynamics. the
120 fs pump pulse prepares on the S, potential
energy surface the initially excited state C* which
decays by fast structural relaxation (g =1 ps) to
the precursor P*. Since P* forms a minimum in the
S, potential surface, which is separated from the

conical intersection (at = 215 pm) by a potential
barrier (at q= 180 pm), its lifetime (r, = 13 ps) is
determined by radiationless deactivation to the S,
state of the closed isomer, whereas the time constant
of the ring opening reaction is rather long 7, = 325
ps. The potentia barrier presumably arises from
stabilization of the closed isomer structure with q =
180 pm by maximum delocalization of the w-elec-
tron system.
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