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State-of-the-art experimental and theoretical tools were used to investigate the gas-phase relaxation dynamics of various pho-
toexcited photochromic dithienylethene molecules in situations were several relaxation channels are simultaneously at play.
Unconstrained and constrained dynamics were addressed by considering unbridged and bridged molecules with a polyether
bridge of various size (from 2 to 4 units). Time-resolved ultrafast ionization spectroscopy techniques were used to probe the
dynamics. This revealed the existence of several relaxation pathways from the first excited state to the ground-state. Character-
istic times were determined for each process. These channels are competing at an early stage of the dynamics only when the
initial wavepacket splits in two parts. A striking excited state wavepacket oscillation is observed in bridged molecules. A general
reaction mechanism is proposed which rationalizes the carbon-carbon distance rule which is widely used as an empirical tool to
predict the photoactivity of photochromic molecules in crystals.

1 Introduction

A major part of the femtochemistry studies on isolated
molecules in the gas phase, concerns situations where a se-
ries of non adiabatic events occur sequentially!. Although
the number of degrees of freedom is significant in large or-
ganic molecules, a single process is often dominating each
step of the sequential decay and competing relaxation pro-
cesses can be neglected. Here, we aim at exploring a sig-
nificantly different situation where parallel, and so compet-
ing, relaxation processes are simultaneously at play inside the
same molecule. Although the present paper adopts a very
general point-of-view with respect to parallel relaxation pro-
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cesses in molecules isolated in the gas phase, photochromic
dithienylethene molecules will be considered in view of their
practical impact. We consider indeed important to examine
whether in the intrinsic dynamic of these molecules, the pho-
tochromic reaction pathway is in competition with relaxation
pathways which reduce the photochromic yield.

The TUPAC Technical Report on “Organic Photochromism™?
defines photochromism as a reversible transformation of
chemical species induced in one or the reverse direction by
absorption of electromagnetic radiation between two forms, A
and B, each one having a different absorption spectrum. Pho-
tochromic molecules present various optoelectronic applica-
tions such as optical memories and optical switches .

Normal dithienylethene (N-DTE) and its substituted deriva-
tives are often used as photochromic organic compounds. Nu-
merous studies in condensed phases, solutions*® or crys-
tals”-8, have revealed their outstanding properties: e.g. weak
photodegradation, excellent thermal stability and high pho-
toconversion yield. Theoretical investigations are also avail-
able® '3, The photochromic reaction pathway of these
molecules corresponds to a switch between an open form (OF)
and a closed form (CF) through a photoinduced electrocycliza-
tion process. The ring closure reaction is initiated by UV radi-
ation while the reverse process occurs upon visible irradiation.
The time scale of the OF-CF photoconversion falls in the pi-
cosecond range and varies with the molecular structure 413
In crystals '%!7, the photochromic yield is strongly dependent
on the distance between the two carbon atoms which partici-
pate in the photocyclisation, hence offering a qualitative tool
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to rationalize photochromic efficiencies in view of applica-
tions.

The present paper addresses a slightly different class of
molecules, derivatives of inverse dithienylethene (I-DTE),
where a photoconversion between OF and CF is also respon-
sible for the photochromic property. The OF and CF of I-
DTE molecules are shown in Figure 1. I-DTE differs from
N-DTE by the bond location between the lateral thienyls sub-
stituents and the perfluorocyclopentene ring. It is in B of
the sulfur atom in N-DTE whereas it is in & position in I-
DTE. The latter configuration offers more flexibility to syn-
thesize substituted I-DTE molecules '®. I-DTE hence appears
as the photochromic core of a new class of photochromic
compounds which have not received yet as much attention
as N-DTE molecules. The similarities and differences be-
tween I-DTE and N-DTE systems have been explored in sev-
eral works 131822,

Visible s @ s

HiC Xy CH, ~CH,

Open Form (OF)

Closed Form (CF)
Fig. 1 Photochromic reaction of I-DTE.

The dithienylethene OF (both N-DTE and I-DTE) presents
two conformations, that are distinguished by the parallel
(called P conformer of pseudo-Cs symmetry) or antiparallel
(AP conformer of pseudo-C2 symmetry) orientations of the
thienyl groups. Condensed phase experiments on N-DTE re-
vealed a very slow internal conversion between the two con-
formers with a much larger timescale than us*. This suggests
that the P and AP conformers are separated by large energy
barriers. A lower barrier was observed for I-DTE®. The fact
that the P conformer, where the thienyl groups do not have
the proper orientation for the photocyclisation reaction, has no
photochromic property is an indication that the landscape in
the excited potential energy surface (PES) is also fairly com-
plicated with basins and energy barriers which prevent find-
ing the photochromic pathway to CF within the lifetime of
the excited state. The existence of a non-reactive conformer
is an important issue for the practical use of DTE molecules.
Bridged variants of the I-DTE molecules have been synthe-
sized, named I-DTE-O, with x = 2,3,4, in order to lock the
ground state I-DTE core with the reactive geometry (AP con-
former), they are shown in Figure 2 together with unbridged
I-DTE molecule. Other kind of I-DTE bridged molecules
with chiral bridges were synthesized and NMR studies were
done, which showed that 100 % of these bridged molecules are
locked in the AP conformer in CDCl, solvent 20 In the present

work I-DTE-O, molecules are isolated in the gas phase, and
we anticipate that the efficiency of bridges in these molecules
may be reduced due to the flexibility of the bridge.

DTE-O, (OF)

DTE-O, (OF)
Fig. 2 Opened forms of basic and bridged molecules.

We mentioned above that the excited PES landscape in N-DTE
is fairly complicated, this must be the case in I-DTE also. In
the perspective of femtochemistry studies which are at the cen-
ter of the present work, the presence of multiple energy basins
and barriers may result into a splitting of the initial wavepacket
and evolution along relaxation pathways which compete to-
gether. This offers a unique benchmark to explore dynamical
regimes involving parallel relaxation pathways. The present
experimental work complemented by theoretical calculations
considers the [-DTE and I-DTE-O, molecules, shown in Fig-
ure 2, isolated in the gas phase. The basic idea is to launch
the photochromic I-DTE core in different regions of the ex-
cited PES to explore how subsequent dynamics is affected by
the initial geometry. Since the Franck-Condon principle pre-
cludes varying the region of excitation, the series of -DTE-O,
bridged molecules is used to create a variety of initial geome-
tries around the AP conformer and to observe the competition
between the photochromic reaction pathway with non reactive
pathways.

On the experimental side, the gas phase reaction dynam-
ics of I-DTE and I-DTE-O, molecules is explored using the
femtosecond pump-probe approach in a detection scheme
which couples photoelectron spectrometer and ion mass spec-
trometry. This documents directly the relaxation of the ini-
tial electronic excitation within electronic states as a func-
tion of the time delay between the photoexcitation pump and
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photoionization probe. The interpretation of these results
is supported by density functional theory (DFT) and time
dependent-DFT (TD-DFT) calculations which overview the
isomers which can be present in the experiment and docu-
ment their excitation and ionization energies. Beside reveal-
ing the evidence of parallel relaxation pathway, joint experi-
ment/theory allows us proposing a general model which ac-
counts for the cyclisation reaction mechanism in isolated I-
DTE compounds.

2 Experimental details

The setup used for the present femtosecond pump-probe ex-
periments has been described elsewhere3?* and is schemed
in Figure 3. Shortly a pulsed valve operating at 20 Hz creates
a supersonic jet in the source chamber (Pgyyce ~ 107> mbar).
Helium is used as the carrier gas at a pressure of ca. 2 bars.
An oven is mounted on the orifice plate of the valve. The solid
sample is introduced in the oven and maintained at a tempera-
ture between 320 K and 350 K, below the limit of the decom-
position of the molecule which is to be evaporated. The latter
is checked experimentally by mass spectrometry.

—

|
I E<— Camera
I <——Imaging detector
Pulsed =
valve Oven : (VMI)
|
I Molecular beam
("" A
o N
/ | T Femtosecond
. | lasers
Water Skimmer |
cooling | lons detector
|

(TOF-MS)

Source chamber Detection chamber

Fig. 3 Schematic of the experimental setup.

After passing through a 1 mm diameter conical skim-
mer, the molecular beam enters in the detection chamber
(Pgerection ~ 1077 mbar) where it crosses perpendicularly the
pump and probe femtosecond laser beams. The pump laser
wavelength is the third harmonic of a Ti:Saphire laser and
was measured at 265 nm, with a ~ 3 nm full-width-at-half-
maximum (fwhm). The probe laser wavelength was measured
at 795 nm (Ti:Saphire laser), with a ~ 20 nm fwhm. The
measured cross correlation between the laser pulses is 120 fs.
The probe pulse is delayed by a variable time with respect to
the pump pulse. The pump-probe delay is varied up to 60 ps

enough to cover the entire dynamics.

The probe operates by multiphoton ionization. The resulting
photoions (PI) and photoelectrons (PE) are extracted along a
vertical axis. The PI are monitored by a Time-Of-Flight Mass
Spectrometer (TOF-MS) and the PE are monitored indepen-
dently using a Velocity Map Imaging (VMI) device? which
documents their kinetic energy and angular distribution.

Raw images of the 2D projection of the PE distribution are
recorded by a CCD camera. To recover the 3D distribution,
they are inverted according to the pBASEX algorithm® using
the LV_pBASEX inverse Abel Transform software?’. Since
raw images suggest an isotropic distribution of the PE, the in-
version procedure was limited to an isotropic decomposition.
The energy calibration of the image was provided by the mul-
tiphoton ionization of the oxygen molecule %%

The I-DTE derivatives used in the present work (see Fig-
ure 2) were synthesized and purified as described by Takeshita
M. et al.'®. I-DTE 1,2-bis(3,5-dimethyl-2-thienyl)perfluoro-
cyclopentene features the photochromic core which is pre-
sented in the bridge molecules. The latter are constrained with
a polyether bridge and are named I-DTE-O, where x corre-
sponds to the number of oxygen in the polyether bridge.

3 Computational methods

The photochromic core of the I-DTE molecules is composed
of three rigid rings. Hence, a reduced number of flexible co-
ordinates needs to be explored to identify the possible con-
formers. Nevertheless, due to the flexibility of the polyether
bridge a large number of rotamers is accessible to the bridged
I-DTE-O, molecules. For this reason, a two-step protocol was
used to explore the ground state PES. In the first step, molec-
ular dynamics (MD) simulations were performed to identify
a panel of structures and the results reflect the chemical intu-
ition (see the Electronic Supplementary Information, ESI, for
details). At this stage, various conformers, including P and
AP conformers were identified. In the second step, molecu-
lar structures, selected from MD trajectories, were optimized
using the Gaussian 09 package®. These optimizations have
been performed both for the ground-state (Sg) and excited-
state (S;,) using DFT and TD-DFT approaches, respectively.
The 6-31G+(d) atomic basis set was used since it was found
to yield valuable results for both the geometrical and optical
properties of a rich variety of conjugated molecules'. Be-
cause of the size of these molecules the calculation was lim-
ited to I-DTE-O,, x < 3.

In line with previous DFT calculations dedicated to N-DTE?,
the minima of the Sy and S,, PES of the I-DTE-O» 3 molecules
have been determined using the ®B97X range-separated hy-
brid functional3>33. Unlike to conventional hybrid function-
als, these hybrids avoid the common overtwisting problem of
the excited-state structure3! and produce valid S,, geometries.
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A tight convergence criteria (residual RMS force smaller than
1073 a.u.) was used. Hereafter, the Spopr geometry refer to
the structure of the molecule optimized in the S,, state. To as-
certain the nature of the optimized structures, vibrational fre-
quencies have been systematically computed using analytical
and numerical derivatives for the So and S,, critical points, re-
spectively.

The PBEO hybrid functional has been used to determine the
UV-Vis optical properties3*3>. It was chosen for its fast and
accurate predictions of the absorption and emission properties
of I-DTE in condensed phase®.

The calculations results are detailed in the ESI where opti-
mized geometry of the conformers are given together with ver-
tical and adiabatic transition energies to the first lowest excited
states. Informations on theoretically determined ionization en-
ergies are also provided in ESI. Results which are directly rel-
evant to the present experimental work are listed in Table 3.

4 Experimental results

4.1 Photoelectron

PE images were recorded up to a pump-probe delay of 60 ps
for I-DTE and I-DTE-O, 3 molecules. After inversion, the ra-
dial distribution in each image reflects a PE spectrum. Given
the measured signals are fairly low, the section below reports
various summations within these spectra to get reliable infor-
mation.

4.1.1 Summed photoelectron spectra:To increases sub-

stantially the signal/noise ratio and to identify clearly the
shape of PE spectra, all those performed at various pump-
probe delays are summed together. Summed spectra are
shown in Figure 4 for I-DTE and I-DTE-O; 3. The PE signal
is too low with I-DTE-O4 to deserve a reliable PE spectrum.
This is due to a very small lifetime of the product under the
temperature conditions in the oven which cannot be compen-
sated by using large product quantities, given the low yield of
its synthesis.
Although broad and apparently structureless, the spectra in
Figure 4 can be decomposed as a combination of two expo-
nential decay functions and a Gaussian function centred about
0.6 - 0.7 eV which mimics a broad peak. Nevertheless, a single
exponential decay is observed in the middle panel for [-DTE-
O, and the Gaussian peak is visible for [-DTE and I-DTE-O,
only. The fit parameters which define the exponential decay
and Gaussian functions are reported in Table 1. Given the lo-
cation of the black arrows in Figure 4, the broad Gaussian peak
can be assigned to a 3 probe photon ionization of the S; state
in the Sg o,y geometry, i.e. prior to any structural relaxation.

4.1.2 Time resolved photoelectron signals:Summation
over the radial distribution in each image leads to the total

0.0 05 10 1530
Energy (eV)

Fig. 4 Summed PE spectra. The dotted lines represent the
contributions to the fit performed with the parameter listed in

Table 1. The arrows indicate the maximum PE energy expected from
a vertical [1 pump + 3 probe photon] ionization scheme from the Sy
optimized geometry Sq ,; (in red); from a 3 probe photon ionization
of the Sy state with the Sg ,,; geometry (in black); and from a 3
probe photon ionization of the Sy state with the Sy ,,; geometry (in
blue) (out of the figure range for I-DTE in the top panel). The arrows
were located with the theoretical calculations reported in Section 3.

PE signal as a function of the pump-probe delay. It is shown
in Figures 5 up to 6 ps and in the inserts up to 20 ps. For each
molecule, a multiexponential evolution is observed: first, a
rapid decay (few hundred of femtoseconds); then a longer one
(few picoseconds); finally the signal does not go to zero at very
long time scales (see inserts at ~ 20 ps) and stabilize to ~ 5-
10% of the maximum. The PE signals in Figure 5 were fitted
by two exponential decay functions (exp (—[’7) with i = 1,2)
convoluted by the cross correlation function of the pump and
probe laser pulses. For reasons that will appear later, the
plateau is represented by a step function at time zero, also
convoluted by the cross-correlation function. The time con-
stant of the exponential functions is given in the top of Table 2
for each molecules. The interpretation model which justifies
this fit is presented later.

4.1.3 Time resolved PE signal at low and high PE ener-
gies:When inspecting the PE images recorded at pump-probe
delays between 0 and 60 ps, the shape of the PE spectra does
not change significantly, and do not need to be presented thor-
oughly. However, the behavior at time delay below 1 ps re-
veals small differences, at the limit of sensitivity of the exper-
iment, when comparing the PE signals corresponding to low
(< 0.25 eV) and high (> 1.2 eV) PE kinetic energies. Evolu-
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Max Epp Max Epp
Exponential 1 Exponential 2 Gaussian from from

S00pr 13T Sy opl3]
Eq (eV) Er (eV) fwhm (eV) Eq (eV) V) (eV)
T-DTE 0.120 0.750 0.180 0.660 163 0.59
I-DTE-Oy - 0.600 0.150 0.600 1.62 0.48
I-DTE-O- 0.200 0.600 - - 1.87 0.87

Table 1 Parameters defining the two exponential decay

<exp (— %) > and the Gaussian (exp (— (f;}f j}z )) functions used
to fit the PE spectra displayed in figure 4. The last two columns give
the location of the red and black arrows in figure 4 (Epg, is the
expected energy of the ejected PE. [X,Y’] correspond respectively to

the number of pump and probe photon).

intensity (a.u.)

I-DTE I-DTE-O, I-DTE-O3 I-DTE-Oq4 f’c
ty 170 £ 4 fs 290 + 3 fs 200 + 3 fs 120 £ 5 fs =
to 38+0.1ps 3.70+0.01ps 6.80£0.03ps 1.75+0.04 ps §
Period - 1.03+0.01 ps 1.20 £ 0.03 ps 1.1 £ 0.1 ps %

Table 2 Relaxation time constants of I-DTE, I-DTE-O,, I-DTE-O3
and I-DTE-Oy4 from the PE signal and oscillation period of each
bridged molecules from the TOF signal.

tions of the PE signals as a function of the pump-probe time
delay are reported in Figure 6. The raising time of the low
energy signal (in purple) is apparently slower by ~ 25 fs in
I-DTE and I-DTE-O3. This corresponds to a 25 fs delay to
reach the maximum, and this extra delay show up also in the
decay after the signal has reached its maximum.

4.2 Photoion experiments

4.2.1 Mass spectra:Time-of-flight (TOF) mass spectra
have also been collected for each molecule as a function of
the pump-probe delay. Figure 7 shows the sum of all TOF
spectra recorded during an experiment. In each spectrum, the
parent mass is assigned to the the narrow peak with the char-
acteristics sulfur and carbon isotopic distribution. Fragment
peaks are observed at lower masses. They are broader than
the parent peak, due to the recoil velocity along the fragmen-
tation coordinate. Note that the fragmentation likely occurs
during the ionization process, when the absorption of extra
photons above the ionization limit gives enough internal en-
ergy to stimulate its fragmentation?>.

The parent peak is observed at 396, 482, 526 and 570 amu in
the mass spectra of I-DTE, I-DTE-O,, I-DTE-O3 and I-DTE-
Oy, respectively. No other intense narrow peak is observed,
indicating both the purity of the sample used in these experi-
ments and the absence of the thermal degradation in the oven.
Nevertheless, impurities are observed in small quantities with
[-DTE-O,, they are labeled with stars in the figure.

A very small fragmentation is observed with I-DTE, compared
to the other molecules. The fragments correspond to a loss of
methyl groups. For the three bridged molecules, fairly large

=500
© 450
2400
2

S 350
]

£ 300

200"

1 0 1 2 3
Delay (ps)

Fig. 5 Total PE signal as a function of the pump-probe delay for the
I-DTE (a), I-DTE-O; (b) and I-DTE-O3 (c) molecules. The pump
and probe wavelengths are 265 and 795 nm respectively. The full
curve running through the experimental points is a fit using the
parameters listed in Table 2. The dashed curve shows the
contribution of the two exponential decays and step function used in
the fit (see text for details).

intensity fragments are measured at 394, 409 and 424 amu.
They correspond to the partial or total loss of the polyether
bridge. No other fragment is observed with I-DTE-O3 and I-
DTE-Oy. In contrast a close inspection of I-DTE-O; spectrum
reveals barely visible fragments between 300 and 370 uma.
Another fragment, which does not appear with the scale of the
Figure 7 is also observed at 60 amu for I-DTE-O,. It corre-
sponds to the ionized polyether bridge.

4.2.2 Time resolved PI signals:The intensity of each
peak in the above mass spectra was monitored as a function
of the pump-probe delay. Summing the signal for all frag-
ments lead to the full PI signal. It has been checked that its
time dependence has the same shape as observed in Figure 5
for the corresponding PE signals. Since no charged particule,
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Fig. 6 PE signal corresponding to low (< 0.25 eV, in purple) and
high (> 1.2 eV, in orange) PE kinetic energy as a function of the
pump-probe time delay for the I-DTE (a), I-DTE-O, (b) and
I-DTE-O3 (c) molecules. The pump and the probe wavelengths are
at 265 and 795 nm respectively.

electron or ion, is lost in the detection, the full PI signal is in-
deed the exact counterpart of the PE signal.

Time dependent PI signals are shown in Figure 8 for a few
peaks: the I-DTE, I-DTE-O,, I-DTE-O3, I-DTE-O4 parents
and for the bridged molecules, the fragment of largest mass
(m/z = 424). As observed in Figure 5 for the PE signals but
with different ratio, a rapid decay is followed in each parent
peak by a longer decay. The very striking observation with the
bridged molecules is that an oscillation regime, which does not
show up at first glance in the PE signals, is superimposed to
the longer decay for both the parent and the fragment. Ap-
parently in-phase oscillations are observed between the parent
and fragment of I-DTE-O, whereas the oscillations are very
distinctly out-of-phase for I-DTE-O3. Given the signal/noise
ratio, it is hard to conclude for I-DTE-Oy.

For technical reasons, it was not possible to reduce the 2-

I-DTE
I-DTE-O0,
I-DTE—-0O, }L
I-DTE-0, }\
P ™ J
300 350 400 450 500 550 600
m/z

Fig. 7 Mass spectrum of the I-DTE, I-DTE-O,, I-DTE-O3 and
I-DTE-O4 molecules as labeled in the figure. Peaks marked with an
asterisk (*) are due to impurities.

I i 1-DTE-0, parent
25| . I1-DTE parent

I-DTE-0, fragment
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Fig. 8 Ion peak intensity as a function of the pump-probe time delay
as labelled in the figure. The pump and the probe wavelengths are at
265 and 795 nm respectively. The full line is a fit running through
the experimental points and the dotted lines are the contributions
(see text for details).

photon ionization of the parent molecule by the pump pulse
alone. Hence, the parent peak intensity is not zero at nega-
tive time when the probe pulse precedes the pump pulse. In
turn at positive time, both photo-excited and ionized parent
molecules are present and interact with the probe pulse. The
former lead to the time dependent signal and reflects the de-
sired excited state dynamics of the parent molecule whereas
the latter may absorb a probe photon and fragment subse-
quently. Calculations on the electronically excited I-DTE ions
show indeed that energy levels are present in the 1 to 2 eV ex-
citation range of the I-DTE-O, ions. The excess energy due
to the absorption of a probe photon (1.5 eV) may induce frag-
mentation, thus reducing the amont of parent ion. This ex-
plains why at long time delay, the parent ion signal goes be-
low that measured at negative time. This effect is clearly ob-
served for [-DTE-O; and I-DTE-QOy, barely visible for I-DTE

6| Journal Name, 2010, [vol]1-12
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and not at all for I-DTE-Os. Since the 2-pump-photon ioniza-
tion is likely to form the molecular ion out of its equilibrium
geometry, the subsequent absorption of a probe photon can
depend on the pump-probe delay and include a damped oscil-
lation regime, due to the structural relaxation of the molecular
ion about its equilibrium geometry. When observed, i.e. for
[-DTE-O; and I-DTE-OQy, this effect is superimposed to (and
likely hard to disentangle from) the time depend photoioniza-
tion signal which reflects the excited state dynamics of the
parent molecule.

5 Data analysis and discussion

5.1 [Initial excited state

Molecule  State eﬁzrcgl?t(f\/n) f State description
I-DTE Si 3.63 0.28 HOMO — LUMO

Sy 423 0.07 HOMO-1 — LUMO
S3 4.45 0.06 HOMO-2 — LUMO
Dy 7.72 - -

I-DTE-O, Sy 3.53 0.15 HOMO — LUMO
S> 4.16 0.05 HOMO-1 — LUMO
S3 431 0.04 HOMO-2 — LUMO
Dy 7.73 - -

I-DTE-O3 S1 3.67 0.34 HOMO — LUMO
Sy 4.27 0.07 HOMO-1 — LUMO
S3 435 0.01 HOMO-2 — LUMO
Do 7.48 - -

Table 3 Vertical excitation energy calculated at the
TD-PBE0/6-31+G(d)//0B97X/6-31+G(d) level for OF-AP
conformer in the Sg ,,; geometry, corresponding oscillator strengths
f and state description. Dy is the ground state of the ion. The
complete table is presented in the ESI.

Table 3 indicates that the transition to the S; state of the OF-

AP conformers of I-DTE, I-DTE-O; and I-DTE-O3, presents
a strong oscillator strength and corresponds to a HOMO —
LUMO electron promotion. In contrast, transition to S, and
S5 states present smaller oscillator strengths, reduced by a fac-
tor 4. Hence, the pump pulse at 265 nm (~ 4.6 eV) is likely
to populate the S; state rather than S, or S3 although it has
enough energy to promote transitions above Sz state.
The molecular orbitals corresponding to the Sp-S; excitation
are shown in the ESI. Their shape is typical of open-ring
dithienylethenes 3¢ and indicates that the electronic excitation
corresponds to a transitions of 77* character mainly localized
onto the double bonds of the central ring. It has been shown
that such a characteristics is required to induce the cyclisation
reaction which is responsible for the photochromic property
of DTEY.

5.2 Gas phase dynamics: an enhanced complexity

Four dynamical features characterize the gas phase dynam-
ics of I-DTE and I-DTE-O,: two time constants in the or-
der of 120-290 fs, 1-7 ps and a plateau which might reflect
a very slow decay in the > 100 ps regime. These three dy-
namical features might be compared to decays observed in
Isibashi et al.* and Sangdeok er al.® time resolved studies
in the condensed phase. A fourth, very important dynamical
feature exists in the gas phase dynamics of bridged I-DTE-
O, molecules: an oscillation regime which is superimposed
to the few picosecond delay. These 4 dynamical features are
discussed hereafter.

5.2.1 Two competitive relaxation mechanisms:The
photochromism of dithienylethene molecules is associated
with the photoinduced electrocyclization reaction schemed in
Figure 1. The distance between the two C-atoms forming the
CC bond during the cyclisation process is larger in the OF
than in the CF. It appears as a convenient order parameter to
examine the photoinduced OF-to-CF switch. We define as the
“OF-CF distance” the distance between the two C-atoms in-
volved in the o-bond formation.

The OF-CF distance of the optimized S state is larger than
the one of the S; state. This suggests that slopes exist in the
S; surface, which can move the molecule out of the Franck-
Condon region of excitation and drive it to a region of shorter
OF-CF distance. Note that the o-bond is not formed at the
geometry of the S; state. The two carbon atoms, which will
be eventually bound together, are simply in better position to
do so than at the Sy equilibrium geometry. This suggests that
the OF-CF distance cannot be identified directly as the reactive
coordinate even if involved in the reaction mechanism. Likely,
deformations along several coordinates associated with a non-
adiabatic energy transfer to the ground state PES participate
simultaneously to the photocyclisation process.

Calculations performed on a model skeleton of the I-DTE
molecules showed that conical intersections (CI) exist be-
tween the S and the Sy PES which could drive a fast relax-
ation from the S; state to the ground state '%!3, finally promot-
ing the electrocyclization reaction on the ground state surface.
Importantly CI cannot be reached from the Franck-Condon
region of the Syp-S; excitation by simply varying the OF-CF
distance, but trough a multidimensional dynamics.

We have seen that the So-S| excitation corresponds to a ™
transition localized on the C=C double bond of the central
ring. An analogy can be drawn with the behavior of mono-
alkenes and cyclic alkenes. The zmz* excitation in these
molecules results in a multidimensional dynamics where tor-
sion about the C=C double bond is combined with pyramidal-
ization about one of the carbon atoms. Then the molecule
reaches a CI which funnels the electronic excitation as vi-
bration of the ground state3®. The same kind of behavior is
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likely at play in the initial step of the excited state dynamics
of the I-DTE and I-DTE-O, molecules. Accordingly, the &x*
transition launches a vibrational wavepacket on the S; PES,
which will undergo a multidimensional propagations, initially
along torsion and pyramidalization coordinates. As it spreads
on the excited PES, the wavepacket can reach the CI men-
tioned above. A rapid transfer to the ground state and subse-
quent photocyclisation would proceed. The faster time con-
stant which appear in Table 2 documents the early dynamics
of excited I-DTE and I-DTE-O, molecules and must be as-
signed to this pathway. It falls in the 120-290 fs range for
those molecules studied in the present work. This makes the
initial step of the gas phase dynamics much faster by at least
a factor 3 than observed in the condensed phase on BTF6+.
This is probably realistic since this step involved large ampli-
tude movements that are likely constrained and slowed down
in the condensed phase.

As said in the Introduction, the majority of femtochemistry
studies concerns a series of non-adiabatic events occurring se-
quentially. When a bi-exponential behavior is observed, the
initial population rapidly decays into a level which decays
more slowly. This picture does not apply here since S; is pop-
ulated initially and the 120-290 fs time constants corresponds
to a transfer to the ground state through a CI. The ionization
potential of I-DTE and I-DTE-O, molecules is too large in-
deed (see Table 3) to expect detection by the probe laser after
the molecules have reached the ground state through the CI.
We are left with the conclusion at this point that the excited
state dynamics of these molecules is much more complicated
than anticipated above, when comparing these molecules to
mono-alkenes and cyclic alkenes. The number of deforma-
tion coordinates where the initial wavepacket can spread is
indeed larger in the present case. Hence it is conceivable that
a part of the wavepacket which does not find the CI at early
time, spreads over deformation degrees of freedom which are
not involved in the access to the CI. Hence, the time constant
which falls in the 1.75-6.8 ps range in Table 3 is assigned to
the evolution of this component of the wavepacket.

The picture with two parallel relaxation channels which
emerges in the present gas phase experiment has been en-
countered also in condensed phase experiments that will be
described elsewhere. It is discussed now in terms of coupling
efficiency between vibrational modes. The two decays which
appear in Table 3 are assigned to the reactive AP isomer, ex-
cited to the S; electronic state, but in two different classes of
vibrational modes among those that are populated by verti-
cal excitation from the ground state. Those associated with
the movement toward the CI lead to the short time constant
and the other modes to the long time constant. Actually this
suggests that the two classes of modes are essentially uncou-
pled at a time scale of a few picoseconds corresponding to
the slow time constant, otherwise intramolecular vibrational

repopulation of the modes stimulating movement toward the
CI would be at play and a single time constant would be ob-
served. This seems surprising at a first glance, but the discus-
sion of the oscillation regime in the next Section indicates that
such mode uncoupling exists in the [-DTE-O, molecules. Let
us mention also that the existence of two relaxation pathways
is supported by the calculations on the model diarylethene '°.
One can figure out that part of the wavepacket is composed by
modes directly coupled to the ground state after the photoex-
citation, whereas the other part is composed by other modes
poorly coupled to the ground state and beating in the S; fun-
nel. The observed decay figures out the coupling with modes
involved in the CI and thus to the ground state. The separa-
tion of the modes in two operative classes has been involved
very often in the radiationless decay of molecules to explain
different dynamical behaviors operating in parallel .

5.2.2 The plateau observed after the transient decays:
The energetics of the OF-AP and OF-P conformers of I-DTE
which is provided by the DFT calculations, suggest a relative
Boltzmann population at the nozzle temperature (~ 340 K)
ranging between 75 % and 90 % in favor of the OF-AP
conformer. At the final expansion temperature, 200 K,
the AP:P ratio would reach 98:2. However, a supersonic
expansions with helium as carrier gas is likely to freeze
configurations rather than thermalizing them“%4!. Hence,
the actual conformer ratio is expected to be between the two
limiting value, anyway strongly dominated by the photoactive
OF-AP conformer. Nevertheless, this leaves a maximum of
25 % of the I-DTE molecule in the non-reactive isomer OF-P.
Table 1 in the ESI indicates that the OF-P conformer can
absorb the pump laser light at 265 nm. Hence, a possibility
is that the plateau observed in I-DTE in Figure 5 (left panel)
reflects the OF-P conformers which are present in the beam.
The latter indeed would be excited by the pump laser at
265 nm and probed by multiphoton ionization by the probe
laser at 795 nm as for the OF-AP conformer.

Figure 5 reveals also that a plateau exists for I-DTE-O,
and I-DTE-O3 in about the same amount as for I-DTE. At
first glance, this could be attributed to the occurrence of
OF-P conformers in the beam as just discussed for I-DTE.
However this does not fit with NMR studies which showed
that other kind of I-DTE bridged molecules with chiral
bridges are present exclusively as the OF-AP conformer in
CDCI; solvents 20 whereas the height of the plateau is about
the same for the three molecules and represents ~ 5-10% of
the full signal. This might reveal that a suprathermal barrier
exists between the two isomers which prevents their thermal
equilibration in the condensed phase environment whereas
the barrier would be accessible in the gas phase.

An alternative interpretation of the plateau in Fig-
ure 5 is provided by a theoretical investigation at the
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CASPT2/CASSCF(10,10)/6-31G(d) level of the Sy, S; and
S, surfaces of the N-DTE and I-DTE molecules 3. It appears
that a CI exists between the S; state of the OF-AP I-DTE
conformer and the S; state of the OF-P I-DTE conformer
which provides a downhill path from S, OF-AP I-DTE to
S; OF-P I-DTE which is non-reactive. It was suggested in
Section 5.1 that the excitation by the pump laser is toward
Si. Nevertheless the oscillator strength to S, and S3 is only a
factor 4 smaller than that to S;. As the energy of the pump
photon (4.68 eV) is large enough to reach the S, and S3 levels,
a small initial population into these states can be anticipated
with the possibility that the downhill path mentioned above
populates the non reactive S; OF-P I-DTE.

This alternative interpretation of the plateau in I-DTE can be
extended to the I-DTE-O; and I-DTE-O3 molecules. Hence
we would be facing a third relaxation pathway of the initial
wavepacket in parallel with the two that have been unraveled
in the previous section. Of course, the energetics of this new
pathway is very constrained to provide a downhill path from
S, OF-AP I-DTE to S; OF-P I-DTE. Hence, we anticipate
that the branching ratio to this relaxation pathway, i.e. height
of the plateau with respect to the minimum intensity of the
full signal, is very sensitive to the energy of the pump photon.
Unfortunately with the present design of the laser facility,
it was not possible to vary the excitation wavelength and
to probe accordingly the presence of this new relaxation
channel.

5.2.3 Oscillating wavepacket:The oscillation regime of
bridged molecules is observed in the PI signal almost exclu-
sively. This appears clearly when comparing Figures 5 and
8: large amplitude and fully resolved oscillations are observed
in Figure 8. Only very dim oscillations, close to the experi-
mental limit, are observed in Figure 5 for I-DTE-O, whereas
the signal/noise ratio does not allow to conclude for the other
bridged molecules. The oscillation regime which is observed
on the PI signal corresponds to a modulation of the second de-
cay discussed above in the PE spectra by 1.1 ps (~ 35 cm™)
oscillations.

When considering the total PI signal of I-DTE-O,, it appears
that the contribution of numerous small fragments which are
not (or poorly) modulated, is smoothing the oscillations and
reducing their relative amplitude. This is a strong indication
that the oscillations are associated with a periodic variation
of the ionization efficiency as a function of the pump-probe
time delay due to a modulation of the ionization cross sec-
tion with the geometry of the molecule. This observation is
consistent with the energy diagram in Figure 9 which shows
that a quasi resonance for the 3-probe photon ionization of I-
DTE-O, (middle panel) from the equilibrium geometry of the
Sy state (S1,0pr in the figure) is not preserved at other geome-
tries (for instance in the Franck-Condon region which is also

shown in the Figure). Oscillation about the equilibrium geom-
etry of the S; state thus likely results in a modulation of the
ionization cross section. Unfortunately, it is difficult to dis-
cuss further the I-DTE-O, oscillations because of the scram-
bling effect that was revealed at the end of Section 4.2.2. The
oscillations observed in the PI signal of I-DTE-O3; are much
more interesting because this scrambling effect is not at play.

10 __I-DIE % 10 I-DTE-0,
8 1P ¢IP 8 IPT —1pP
26 26
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Fig. 9 Energy diagram of I-DTE, I-DTE-O; and I-DTE-O3, made
from data in Table 3. The purple arrows correspond to 265 photon
(i.e. 4.67 eV), red arrows correspond to a 795 photon (i.e. 1.56 eV).

The energetics of the I-DTE-O3; molecule is qualitatively simi-
lar to that of I-DTE-O», but significant quantitative differences
exist, which prevent the ionization resonance mentioned above
paragraph. In contrast a resonance exists in the ion which al-
lows the absorption of a fourth probe photon at specific ge-
ometries. Hence, when the excited I-DTE-O3 molecule os-
cillates about the equilibrium geometry of the S state, it can
be ionized by 4 or 3-probe photon whether this resonance is
active or not. When the fourth photon is absorbed, enough
energy is brought in the ion for fragmentation, hence transfer-
ring population from the parent ion to fragments. Since this
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mechanism acts as a switch between parent and fragments, it
is likely to generate the out-of-phase oscillations observed in
Figure 8 between the I-DTE-Os3 parent and its fragment.

The oscillating regime observed in Figure 8 is damped with
the same time constant as that of the second decay. Two mech-
anisms can be proposed for such coupled relaxation: i) di-
rect vibronic relaxation to the ground state*?; ii) coupling of
the oscillating vibrational mode to deformation mode which
targets the CI. In this latter case the vibrational coupling in-
duces also a relaxation to the ground state but it is not direct
and implies an intramolecular vibrational energy redistribu-
tion toward modes that are active regarding the photochromic
reaction. Note that the situation is somehow different from
the beating observed formally on cis-stilbene** or TDMAE**,
where vibrational modes orthogonal to the reaction pathway
are populated.

In general, an oscillation regime occurs in a molecule when
the wavepacket describing its vibrational motion overlaps
several vibrational levels which beat together. These levels
may belong to the same vibrational mode* or to different
modes?*. In the former case the 35 cm™! energy which is
associated with the 1.1 ps oscillation would correspond the
mode energy, whereas in the second case it would correspond
to the energy difference between the two modes. Both situ-
ations can be anticipated from calculations performed in the
present work: the vibrational spectrum calculated at the Sy
equilibrium geometry reveals indeed low energy modes that
are consistent with the 35 cm™! value; three modes also ex-
ist in the region of 1270-1370 cm~!, which are separated by
~ 35 cm™!. Although no final answer can be given to deter-
mine which situation is at play, a tentative discussion can be
given because the implication in terms of oscillation damping
is not the same in both cases.

In the situation where the oscillations are due to the exci-
tation of several quantas of a single large amplitude motion
mode, the full vibrational wavepacket is also likely composed
of modes which are higher in energy. Indeed, the excess en-
ergy provided by the excitation is ca 12,500 cm™!, can hardly
be fully accommodated by the low energy mode. Moreover,
the energy stored in the low energy mode is probably not large
enough to overcome the barrier toward the CI. Hence the ob-
served decay of the electronic excitation is likely due to the
coupling of one or several modes of higher energy with a co-
ordinate targeting the CI. Alternatively a direct coupling with
the ground state cannot be precluded. Since the oscillations
within the low energy mode are damped at the same rate than
the electronic excitation, this mode is essentially uncoupled to
other modes, otherwise its decay would be faster.

In the second situation, where three high energy modes are
populated coherently, the redistribution of the oscillations
would be faster than that of the electronic excitation. In-
terestingly oscillations were also observed in the cyclorever-

sion (ring opening) of 1,2-bis(2-methylbenzo[b]thiophen-3-
yDhexafluorocyclopentene (BTF6) in n-hexane*®. This be-
havior is apparently similar to that observed in the present
work, although it is not clear which vibrational mode is in-
volved.

As a final remark, the fact that no oscillation appears in the
PI signal of unbridged I-DTE molecule does not mean that no
oscillating wavepacket is present in the excited state dynamics
of this molecule. The bridge in the bridged molecules is not
at the origin of the oscillation regime. Through its partial loss
after ionization, it simply reveals that an oscillation regime ex-
ists within the molecule. Its absence in I-DTE precludes the
observation of possible oscillation.

6 Conclusion

The relaxation dynamics of electronically excited pho-
tochromic inverse dithienylethene (I-DTE) derivatives was in-
vestigated by time-resolved photoelectron and photoion spec-
troscopy, using a velocity map imaging device and a time of
flight mass spectrometer respectively. A femtosecond pump
(@265 nm) - probe (@795 nm) arrangement coupled to beam
setup was used in a scheme where the system under investiga-
tion, which is isolated in the gas phase, is probed by multipho-
ton ionization. Both the unbridged I-DTE molecule and three
derivatives bridged by methoxy groups of various lengths were
studied. The experimental results were complemented by
first-principles calculations. Information on the low energy
electronic states of these molecules, both in their neutral and
ionized forms, at various geometries were provided by TD-
DFT, whereas the ground-state structures have been sampled
through molecular dynamics calculations.

We found that the electronic excitation decays with two time
constants. This was not interpreted as a two step relaxation
along a single reaction path as usual in femtochemistry. In-
stead, two parallel paths were assumed as suggested by calcu-
lations of the model diarylethenes molecules '°, after the initial
wavepacket has split in two parts, each one having its own de-
cay rate. The faster one (several femtoseconds) is assigned
to the wavepacket relaxation through a conical intersection
leading to the ground state of the closed form. The longer
one (several picoseconds) is attributed to a relaxation of the
other part of the wavepacket to the ground state through a vi-
bronic coupling. The latter is either direct or indirect after in-
tramolecular vibrational energy transfer has populated modes
which are coupled to the CI. An oscillation regime is created
by the pump laser excitation.

The central part of the present work is the splitting of the initial
wavepacket which opens two parallel paths for the relaxation
of the electronic excitation. Most probably, this situation ap-
plies to the whole family of dithienylethenes molecules and to
other classes of molecules such as diarylethene and beyond.
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Furthermore one can assume that in crystalline phase, the dis-
tortion of the molecules to reach the CI is not possible. The
only mechanism being also available is the vibronic coupling.
The condition for photochromism in the solide phase becomes
also a condition on the relative location of the S| minimum
and the barrier on the Sy between the OF and CF.
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