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Excited state dynamics of isolated

6- and 8-hydroxyquinoline molecules

J.-M. Mestdagh *

Abstract

The
hydroxyquinoline (nHQ) molecules (n=6,8) was in-

photoinduced  dynamics of isolated n-
vestigated in femtosecond pump-probe experiments. A
qualitative difference was found between 8HQ and 6HQ.
After an initial rapid decay corresponding to the depar-
ture of the initial wavepacket out of the Franck-Condon
region of the excitation, the 8HQ probe signal decays
to zero in 0.37 ps whereas a much longer time constant
of 10.4 ps is observed in 6HQ. This interrogates on the
role played by the intramolecular H-bond N- - -HO which
is at play the 8HQ molecule. Ab-initio were performed
at the MCSCF /aug-cc-pVDZ level on the 8HQ molecule
to help the discussion. A complex energy landscape was
found, which includes a conical intersection.

1 Introduction

Bi-functional molecules which carry both a proton
(or H-atom) donor and a proton (or H-atom) accep-
tor group have attracted attention very early because
of their key role in photochemistry and photobiol-
ogy [1, 2]. The n-hydroxyquinoline molecules belong
to this class of molecules. They carry a hydroxyl and
an imine group which make them amphoteric, the
former group being weakly acidic in the ground elec-
tronic state and the second weakly basic. The am-
photeric character is enhanced upon electronic exci-
tation and formally the hydroxyl proton (or H atom)
can transfer to the imine group. A fundamental as-
pect is that the H-atom (or proton) is transferred

*LIDYL, CEA, CNRS, Université Paris-Saclay, CEA Saclay
91191 Gif-sur-Yvette France.
fcorresponding author - lionel.poisson@cea.fr

L. Poisson ™*

between H-bonded groups [3]. Note that no distinc-
tion is made below whether a proton or a H-atom is
transferred. We simply indicate that a H-atom trans-
fer is at play. This is justified by the fact that this
distinction is not as pregnant in the gas phase (see
below) as in solvents.

The photoinduced tautomerization of n-
hydroxyquinoline molecules has motivated a series of
studies in many laboratories. For instance, Olivier
Poizat and coworkers have performed picosecond
transient absorption spectroscopy experiment on
6-hydroxyquinoline in organic solvents and various
aqueous solutions [4]. Too many works have ap-
peared on this question to quote them thoroughly. In
all of them, as in the work by Poizat and coworkers,
the n-hydroxyquinoline molecules are coupled to an
environment: solvents or solutions [5, 6, 7, 8, 9, 10],
polymer films [11], cyclodextrin [12] or reverse
micelles [13].
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Figure 1:  Scheme of the 6-quinolone/cis-6-

hydroxyquinoline/trans-6-hydroxyquinoline (top
line) and 8-quinolone/cis-8-hydroxyquinoline/trans-
8-hydroxyquinoline tautomers (bottom line).

The present work aimed at investigating the in-



trinsic photoinduced dynamics of n-hydroxyquinoline
molecules, i.e. the dynamics of these molecules when
free of any environment. The main point was to ex-
amine whether electronic excitation can stimulate the
exchange of a H atom between the hydroxyl and the
imine groups without the participation of an envi-
ronment which may lower an energy barrier, or offer
alternative reaction paths to the direct path.

The comparison between the 6-hydroxyquinoline
and the 8-hydroxyquinoline molecules appeared espe-
cially relevant for this purpose since an intramolecu-
lar H-bond is present between the hydroxyl and imine
groups in the latter molecule and not in the former.
Two possible geometries of these molecules, that we
call cis- and trans- by convenience and the relevant
tautomers, 6-quinolone and 8-quinolone, where the
H-atom transfer is achieved are drawn in Fig. 1. Here-
after, n-hydroxyquinoline /n-quinolone tautomers are
labeled nHQ/nQ, where n labels the C atom which
caries the O atom. The atom numbering is given in
Fig. 1.

Gas phase isolation of the nHQ molecules in a
setup which associates a molecular beam, femtosec-
ond lasers and a velocity-map imaging (VMI) de-
tection is the dedicated technique to observe the
early instants of the photoinduced dynamics of these
molecules in the absence of coupling with an envi-
ronment. Accordingly, the specie under study is iso-
lated in the vacuum. At time zero, it is electronically
excited to the desired state by absorption of a pho-
ton from an ultrashort (femtosecond) laser pulse (the
pump laser). After a certain time delay 7, the specie
of interest is interrogated to get as much informa-
tion as possible on its chemical nature and quantum
state. This is achieved by adapting mass spectrome-
try and photoelectron spectroscopy to real-time mea-
surements. An ultrashort laser pulse (probe laser),
generally of a different wavelength than that of the
pump laser, is used to ionize the specie under study
at time 7. When the extracting plates are tuned to
detect photoelectrons (resp. photoions) and the ap-
propriate data treatment is performed, photoelectron
energy spectra (resp. a mass spectrum) are recorded
as a function of 7. This documents both the chemi-
cal nature of the specie that is ionized by the probe
laser and its electronic state (or superposition of elec-

tronic states) as a function of 7. This kind of setup
is routinely used in the domain of gas-phase femto-
chemistry. In the present work, it was operated with
pump pulses at 266 nm and probe pulses at 800 nm.
Also, the VMI was tuned to detect photoelectron only
and a standard time-of-flight spectrometer was added
to mass analyse the photoions. The pump pulses
acted through single photon excitation and formed
a vibrational wavepacket in the S; state of the nHQ
molecules under study. The subsequent wavepacket
evolution was followed as a function of 7 by multipho-
ton ionization with the time delayed probe pulses.

The experimental information was complemented
by ab-initio calculations to map semiquantitatively
the energy landscape of 8HQ/8Q which is involved in
the pump-probe process. Accordingly, electronic ex-
citation and ionization energies were computed along
a reaction path where the hydroxyl H-atom of 8HQ
is transferred to the imine group, hence forming
8Q. Three calculations were performed according to
whether the geometry optimization along the reac-
tion path minimizes the ground electronic state S,
the first electronically excited state S; or the ground
ionic state Dgy. These calculations were performed at
a semiquantitative level of theory. The vertical exci-
tation and ionization energy of 6HQ/6Q and 8HQ/8Q
were examined in a separate calculation at a higher
level of theory.

2 Results

2.1 Photoelectrons

The experimental work has started with the femtosec-
ond Time Resolved PhotoElectron Spectroscopy/(fs-
TRPES) investigation of the 6HQ and 8HQ molecule
as explained in the Technical Section (Sec. 5). A se-
ries of photoelectron images (raw-VMI-images) were
recorded at various pump-probe time delays ranging
from -500 fs to +470 ps. As explained in Sec. 5, each
raw-VMI-image was reconstructed using the pBasex
algorithm to get the corresponding VMI-distribution.
This provided us with the three quantities Iy(E,7),
I,(E,7) and I4(E,7) where E is the kinetic energy of
the photoelectrons and 7 the pump-probe time delay.



6HQ

8HQ

Intensity (arb.

0.00 0.25 0.50 0.75 0.00 0.25 0.50 0.75 1.00
Pump/probe delay (ps)

Figure 2: 6HQ (left) 8HQ (right) : 3D-plot of the
Io(E,7) and I2(E,7) quantities extracted by the p-
Basex algorithm from raw-VMI-images recorded in a
266/800 nm pump/probe experiment. The horizontal
scale in each panel is the pump-probe time delay (in
ps), the vertical scale, the photoelectron energy E (in
eV) and the color scale, the photoelectron intensity
(in arbitrary units). The color code for intensities is
given on the right of the figure.

The I4(E,7) signal was always very weak and is not
reported here. The other two quantities are shown
as 3D-plots (7, E, Intensity) in the left (resp. right)
column of Fig. 2 for 6HQ (resp. 8HQ). Note that the
three scales (energy, time delay and signal intensity)
is the same in the four panels of the figure.

Each panel of the figure shows the relevant photo-
electron spectrum (vertical scale, intensity) as a func-
tion of the time delay 7 (horizontal scale). Only the
first 1 ps appears in the figure. A qualitative dif-
ference is immediately apparent when comparing the
8HQ and 6HQ molecules. With 8HQ, the Iy(E,7)
and I5(E,7) quantities decay rapidly within the 1 ps
time window of the figure, whereas with 6HQ, these
quantities are extending beyond 1 ps. They were still
significant up to 470 ps.

The 3D-plots reported in Fig. 2 contain the essen-
tial information regarding the photoinduced dynam-
ics of the 6HQ and 8HQ molecules, i.e. the time evo-
lution of the photoelectron spectra. The latter reflect
the time evolution of the excited wavepacket that is

probed. A common assumption is to describe such
an evolution as a sequential population transfer from
one transient to the other. Here, we found enough to
consider three transients:

A B2 C (1)
where 71 and 7, are the corresponding decay time
constants. Transient A stands for the initial wave
packet generated by the pump laser pulse, whereas
transient C is the final step of the wavepacket evolu-
tion, when the available electronic energy is too small
to allow for a measurable photoionization signal by
the probe laser. Transient B is a landmark along the
wavepacket evolution. Unraveling its nature is dis-
cussed below.

A way to extract the desired information from
Fig. 2 is to reconstruct each 3D-plot, i.e. to fit the
I,(E,7) quantities by a linear combination of the
type

L(E,7)= > fi(B)xn(r), (2)

i=A,B

where n;(7) is the population of the transient A or B
at delay time 7, and f;(E) the photoelectron spec-
trum of each transient i=A or i=B for photoelectrons
distributed as the Legendre polynomial of order p.
Transient C does not appear in Eq. 2 since has a too
small electronic energy to be detected by photoion-
ization (see its definition in Eq. 1). In short, Eq. 2
assumes that at each delay time, the observed pho-
toelectron spectrum is the superposition of two spec-
tra, that of A and that of B in a ratio that depends
on the delay time through the populations n4 g (7).
The latter are are provided by algebraic integration of
the differential equations describing the kinetic model
(see Eq. 1). The decay times 71 and 72 that appear in
the na p(7) expressions are considered as fit param-
eters. A time convolution is included into the inte-
gration to account for the cross correlation function
between the pump and probe pulses (about 80 fs).
We found convenient to include the time origin g
(zero delay time between the pump and the probe)
as further parameter in the fit procedure which re-
constructs the 3D-plots of Fig. 2.

Reconstruction of the 3D-plots based on an opti-
mization of the n;(7) functions through the three pa-
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Figure 3: Comparison between reconstructed (right
panels) and original 3D-plots taken from Fig. 2 for the
8HQ molecules (left panels). The top panels (resp.
bottom) shows Iy (resp. Is) plots.

rameters 71, 7o and tg. In practice, given a set of
these parameters, an algebraic parsimonious adjust-
ment of the f!(E) spectra is performed on the whole
3D-plot as described by Mortada et al. [14]. This pro-
vides a first guess of the reconstructed plot. Then, a
least square procedure minimizes the residue between
the reconstructed and the original 3D-plot. The ba-
sis set used for the parsimonious adjustment includes
the time evolution of the populations of transients
A and B (n4,p(7)) and a constant for adjusting the
background. A Singular Value Decomposition (SVD)
analysis was used to get the weight of each na (1)
curve as a function of the photoelectron energy E.
The latter quantity represents the desired photoelec-
tron spectrum f;45(E).

In Dbrief, the present parsimonious adjust-
ment/SVD procedure provides all the information on
the dynamics, i.e. both the f;'F(E) spectra (i=A
and B) and the time constants 71, 7. It is actually
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Figure 4: Photoelectron spectra f;f‘ (E) of transient
A in green (resp. fPZ(E) in red) for those elec-
trons distributed as Legendre polynomial Py (p=0,
full curves) and Py (p=2, dashed curves). They are
provided by the parsimonious adjustment/SVD pro-
cedure as described in the text. The vertical lines
show the expected resonances of the probe laser with
Rydberg states of principal quantum number n and
quantum defect § as labeled in the figure.

fairly similar to the data analysis described by
Ruckebusch et al.[15] or by Panman et al.[16] in the
context of Time-resolved vibrational spectroscopy.
Its reliability for reconstructing the 8HQ 3D-plots
can be appreciated in Fig. 3. A reconstruction of
similar quality was achieved for the 6HQ 3D-plots.
The corresponding photoelectron spectra f;;"B (E)
are shown in Fig. 4 and the time constants 71 and
in Tab. 1.

1 2
Molecule  (ps)  (ps)
GHQ 0.6 104
8HQ 0.0563 0.37

Table 1: Time constants 7, 7o provided by the par-
simonious adjustment/SVD procedure.

2.2 Photoions

Time-of-Flight (TOF) mass spectra were recorded in
both the 6HQ and 8HQ experiments as a function of
the pump—probe time delay 7. Their sum over 7 is
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Figure 5: Mass spectra of the 6HQ (left panel) and
8HQ (right) molecules.
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Figure 6: Mass spectra of the A (left panel) and
B (right) transients in the 8HQ experiment. The
spectra were provided by the parsimonious adjust-
ment/SVD procedure applied to photoion 3D-plots
that are not shown here.

shown in Fig. 5. The main peak at mass 145 u in each
spectrum corresponds to the parent ion. The frag-
ment masses are the same in both experiments but
the fragmentation is significantly more efficient with
8HQ. The main fragment at 11542 u is significantly
broader than the parent peak. This is barely visible
with the scale of the figure. This peak is likely asso-
ciated with the loss of CO. Peaks of smaller masses
are observed at 90 u, ~63 u,...

Given the larger fragmentation in the 8HQ exper-
iment, a more elaborated data treatment was per-
formed. Plotting the mass spectra as a fonction of
the pump-probe time delay provided 3D-plots sim-
ilar as those of Fig. 2, except the vertical scale is
a photoion mass spectrum instead of a photoelec-

So So — S So — Sy SO — Dy
6Q 0.97 2.155 2.901 5.369
cis-6HQ 0 4.356 5.513 7.010
trans-6HQ  -0.02 4.418 5.061 7.036
8Q 0.73 1.764 3.258 5.357
cis-8HQ 0 4.016 5.102 7.576
trans-8HQ  0.34 4.073 5.417 7.638

Table 2: Relative energies (in eV) of the cis-nHQ),
nQ and trans-nHQ (n=6 and 8) molecules, their ge-
ometries being optimized at the MP2/aug-cc-pVDZ
level of theory (second column). The cis-nHQ en-
ergy is taken as reference. The other columns
report CAS(12,12)/aug-cc-pVDZ vertical excitation
(column 3 and 4) and ionization (last column) ener-
gies from the optimized Sy state of each molecule.

tron energy spectrum. A similar parsimonious ad-
justment/SVD procedure as above was used to recon-
struct the photoion 3D-plots. However, less param-
eters are included in the adjustment since the time
constants listed in Tab. 1 does not need to be adjusted
again. The output of this data analysis is the mass
spectrum of the transients A and B shown in Fig. 6.
The two mass spectra look the same but the fragment
peaks are more intense with transient B than with
transient A. When bringing this figure (mass spec-
tra) together with Fig. 4 (photoelectron spectra), a
full experimental characterization of transients A and
B is obtained.

2.3 Calculation

The calculation methodology described in the Tech-
nical Section (Sec. 5) was used to predict the relative
energetics of the of cis-nHQ, trans-nHQ and nQ (n=6
and 8) molecules at the MP2 and CAS(12,12)/aug-
cc-pVDZ level of theory. The results are shown in
Tab. 2.

Fig. 7 reports the relative energy of the Sp, S, So,
Dy and D; levels of the 8HQ/8Q molecules along a
reaction path that connects cis-8HQ to 8Q. This path
is defined in the Technical Section (Sec. 5). The cal-
culation were performed at the CAS(2,2)/cc-pVDZ
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Figure 7: Energy of the Sg, S1, So, Dy and D; levels
along a tentative reaction path connecting cis-8HQ
(right hand side of the plots) to 8Q through a transi-
tion state TS. The black/solid (resp. red/long dashed
and blue/short dashed) curves show the energy pro-
files when the molecular geometries are optimized for
the S (resp. S; and Dg) state. See the technical
section for details.The thin cyan dotted curves show
Rydberg states (n=3-10) converging to the optimized
Dy state, assuming a 6=0.1 quantum defect. The blue
vertical arrow show the energy of the pump photon
and the pink arrows that of the probe photons.

level of theory. Three curves are shown for each level
whether the molecular optimization was performed
for the Sy, S1 or Dg state. These calculations must be
considered as semiquantitative and meant as guide-
lines for the discussion.

3 Discussion

A preliminary remark must be done from the calcu-
lations reported in Tab. 2. Strikingly, the Sy — S}
excitation energy of the 6Q and 8Q molecules is much
lower than that of the corresponding cis-nHQ and
trans-nHQ molecules. The H-atom transfer from the
hydroxyl to the imine group is therefore exothermic
along the S; potential energy surface: A F=-1.53 eV

for cis-6HQ—6Q and -1.52 eV for cis-SHQ—8Q. The
reverse is predicted along the ground electronic state
surface (respectively 0.97 and 0.73 eV). This illus-
trates the statement made at the beginning of the
introduction that electronic excitation enhances the
amphoteric character of the nHQ molecules. In that
sense, the H-atom transfer from the hydroxyl to the
imine group is stimulated by the electronic excitation.

The calculations reported in Tab. 2 show that cis-
8HQ is significantly stabilized with respect to both
trans-8HQ and 8Q. This makes that the 8HQ experi-
ment necessarily proceeds from cis-8HQ. In contrast,
cis-6HQ and trans-6HQ have about the same energy,
suggesting that the 6HQ experiment proceeds from
both geometrical isomers.

An important observation in Fig 4 concerns the
shape of the fgl’B photoelectron spectra in Fig 4.
They are broadly structured. This can be under-
stood as revealing a series of broad peaks superim-
posed on a featureless decay starting at a zero energy
and extending up to 1.5 eV or more. Such a shape
is common in the present kind of experiments where
the probe laser acts through multiphoton ionization.
For instance, this was observed in our work on the 2-
hydroxypyridine dynamics [17] and in that of Bohl et
al. on the coronene photionization.[18] Its interpre-
tation is given in the latter works: i) The featureless
decay appears because part of the ionization proceeds
by evaporation of thermal electron upon autoioniza-
tion of the superexcited molecule which has absorbed
three (or more) non resonant probe photons; essen-
tially isotropically distributed photoelectrons are ex-
pected for this process, in agreement with the fact
that the featureless decay is almost not existing in
the £5°7 spectra (see Fig 4). i) The structure of
peaks appear upon the resonant absorption of two
probe photons by a Rydberg state followed by a direct
single photon ionization. This phenomenon is know
as ” Rydberg Fingerprint Spectrocopy” [19]. Possible
resonances which match the observed peaks are indi-
cated by vertical line in Fig 4. They are located using
the simple Rydberg formula I E — ﬁ where IE is
the ionization energy of the species of interest, n the
principal quantum number and § the quantum defect
of the Rydberg series under consideration. Strongly



overlapping resonances between ns (6=0.7-0.9), np
(6=0.4) and nd (0=0.2) Rydberg states with n=4-7
are suggested by the figure. Note that such an over-
lap precludes a detailed analysis based on ” Rydberg
Fingerprint Spectrocopy” as done in our work on the
2-hydroxypyridine dynamics.[17] To a large extent,
this difficulty was bypassed here by the parsimonious
adjustment/SVD procedure which allowed us docu-
menting the photoelectron spectrum of transients A
and B.

The dominant effect of autoionization/evaportaion
(featureless decay) and Rydberg fingerprint (broad
peaks) processes on f(’i’f spectra significantly com-
plicates the interpretation of their shape in terms of
dynamics of the neutral electronically excited nHQ
molecule that is the subject of the present investi-
gation. These shapes are affected indeed by the dy-
namics mediates ionization by the probe laser: evap-
oration dynamics of the superexcited state for the
featureless decay; dynamics within the intermediate
Rydberg state for the broad peaks. These dynam-
ics are initiated during the ionization step and are
therefore not expected to be affected dramatically by
varying the pump-probe delay time 7. Hence, al-
though the exact shape of the f0A72 or ng spectra is
not relevant for discussing the dynamics of the neu-
tral electronically excited nHQ molecule, the shape
differences between the ffiQ and 5, i.e. the deforma-
tion of the overall photoelectron spectrum as a func-
tion of 7, likely reflects the desired information. Our
work on the 2-hydroxypyridine dynamics exemplifies
this possibility in a context where only the overall
photoelectron spectrum is documented.[17] The sit-
uation is richer here since the f{iQ and fF, spectra
were extracted explicitly from the overall photoelec-
tron spectrum. The discussion below takes advantage
of this opportunity.

We come now to the centre of the discussion. It
concerns the qualitative difference observed between
the 6HQ and 8HQ dynamics: both the photoion and
the photoelectron probe signals decay to zero in less
than 1 ps with 8HQ, whereas a much slower decay
is observed with 6HQ. This appears quantitatively in
Tab 1, the time constant of the the slow decay being
10.4 ps for 6HQ and 0.37 ps for 8HQ.

A direction for rationalizing this observation is to
note the proximity between the imine and hydroxy
groups in cis-8HQ which does not exist in either cis-
6HQ or trans-6HQ. In cis-8HQ, a five member ring
NCCOH closed by an intramolecular H-bond N---HO
(for cis-8HQ) or NH---O (for 8Q) stabilizes the struc-
ture. This appears clearly in Tab. 2. In 6HQ, where
no intramolecular H-bond is anticipated, the com-
puted energy difference between cis-6HQ and trans-
6HQ is essentially zero (more precisely, within the
expected calculation uncertainties). In contrast, cis-
8HQ, where such a bond is present, is stabilized by
0.34 eV with respect to trans-8HQ where no such
bond exists. Importantly, Tab. 2 suggests that the in-
tramolecular H-bond in c¢is-8HQ also stimulates the
ground state H-atom transfer reaction which trans-
forms cis-8HQ into 8Q. The latter reaction is indeed
less endoenergetic (0.73 eV) than the corresponding
one for the cis,trans-6HQ to 6Q transfer (0.97 V).

It is very tempting at this point to associate the
rapid decay of the photoelectron and photoion sig-
nals observed in the photoinduced dynamics of 8HQ
(compared to that of 6HQ) to the mediating effect of
intramolecular the H-bond. Let-us examine this in
more details by first discussing the predictions of the
computational data in Tab. 2 and Fig. 7.

The vertical excitation energies listed in Tab. 2 sug-
gest that the pump photons at 266 nm (4.66 eV) ex-
cite the 6HQ and c¢is-8HQ in the S; state with a
significant internal energy (0.3 eV for 6HQ; 0.6 eV
for cis-8HQ). Energetically, the Sy state cannot be
accessed initially. Also, it is seen from Fig. 7 that
the probe photons at 800 nm (1.55 eV) likely oper-
ate through 2- or 3-photon processes to ionize the
nHQ/nQ system in its way from nHQ to nQ as it is
still in the S; state.

From Tab. 2, photoelectron energies up to 2.0 eV
are expected for the 3-probe photon ionization of
cis-6HQ (resp. 1.10 eV for cis-8HQ). Smaller en-
ergies are expected for detection of 6Q and 8Q: up
to 1.44 eV and 1.06 eV, respectively. These numbers
should be considered as lower bounds of the expected
energies since the calculated energies of the Dy states
correspond to the optimized geometry of Sy states.
Nevertheless, we do not think that this modifies the
ordering between the expected photoelectron ener-



gies and the following qualitative analysis applies.
When the H-atom transfer is achieved, the expected
energy of the photoelectrons is reduced, especially
for the 6HQ/6Q system. This tendency can be fol-
lowed along the reaction path for 8HQ/8Q in Fig. 7.
Whatever the optimization that is chosen, the energy
of the S; state decays steadily from cis-8HQ to 8Q
whereas a transition state is observed along the Dy
curve. This predicts that the photoelectron energy
decreases as the wavepacket that is probed proceed
along the H-atom transfer coordinate.

A very unexpected observation is made when turn-
ing to the photoelectron spectra of transient A (green
curves) and B (red curves) in Fig. 4. The A spectra
of 8HQ (top right panel) have a bump centred at
0.85 eV which is essentially absent in the B spectra.
The reverse is observed in 6HQ. It is also interest-
ing to observe that the peak near 0.5 eV in the 8HQ
spectra is enhanced from A to B whereas the opposite
behavior is observed in 6HQ. The different behaviour
of the average photoelectron energy suggests that the
electronic configurations involved in the transient B
detection are not the same whether 6HQ or 8HQ is
considered.

Let us first bring together the computational en-
ergetics discussed above for 6HQ/6Q and the exper-
imental observation. The computation indicates a
reduction of the photoelectron energy when 6Q is
probed instead of 6HQ, whereas the experiment sug-
gests the opposite behavior: features of large energy
are favored over those of small energy when switching
from A to B in the spectra shown in Fig. 4. Tran-
sient B which is populated by the decay of A is thus
unlikely associated with the formation of 6Q.

The following picture emerges for the 6HQ dynam-
ics. Transient A represents the initial wavepacket
when the pump laser excites cis-6HQ in the S; state.
Transient B then likely represents the wavepacket
as it has moved out of the Franck-Condon region
and has spread over the S; potential energy surface.
Along this picture, the time constant of 0.16 ps given
in Tab. 1 for transient A would be the timescale for
the wavepacket to move out of the Franck-Condon
region. The longer time constant of 10.4 ps given
to transient B would then be the time needed for the
wavepacket to explore the S; potential energy surface

and find its way to the ground electronic energy sur-
face (the undetected transient C) where the H-atom
transfer may occur. When the wavepacket crosses the
latter location, it evolves certainly very rapidly. Be-
cause this rapid evolution follows a slow dynamics, it
cannot be probed efficiently and does not lead to the
apparition of an observable feature in the photoelec-
tron spectrum. No transient C can be detected, even
for a very small duration. This question is examined
again at the end of the discussion.

An apparently similar roaming behavior has been
reported in our work on the excited state dynamics of
2-Hydroxypyridine. [17] Nevertheless, the time scale
of the roaming behavior is much longer here: 10.4 ps
versus 1.3 ps.

We turn now to the 8HQ/8Q dynamics. It was
discussed above that the maximum photoelectron en-
ergy that is expected from Tab. 2 for photoioniz-
ing 8HQ and 8Q is 1.10 and 1.06 eV, respectively.
This difference is far too small, within calculation
errors, to help deciding whether transient B is asso-
ciated with 8HQ or 8Q. Importantly, the difference
between the green (transient A) and red (transient
B) spectra which favors low energy features in the
transient B spectra is consistent with the reduction
discuss above of the photoelectron energy when the
wavepacket proceeds towards 8Q along the 8HQ-8Q)
reaction path.

A simple assumption at this point is to imagine
a similar situation for 8HQ/8Q as that above for
6HQ/6Q where Transient A represents the initial
wavepacket in the Franck-Condon region and Tran-
sient B the wavepacket as it spreads on the S; poten-
tial energy surface. The question is why the lifetimes
of Transients A and B are so short with 8HQ/8Q.

Fig. 7 reveals two interesting features on the
8HQ/8Q surface: i) no barrier is present, i.e. the
potential energy decreases steadily between 8HQ and
8Q along Si; ) a bump is present along Sy and
make Sy close to S; when the reaction path is op-
timized to minimize S; (red curves). We interpret
the latter feature as the vicinity of a conical intersec-
tion between the Sy and S; potential energy surfaces.
No attempt was made to scrutinize the exact loca-
tion of the conical intersection. Nevertheless, these
two features help us refining the picture of the 8HQ



dynamics and putting it in perspective with that of
6HQ. The steady slope that is predicted by the cal-
culation along the reaction path of the 8HQ/8Q sys-
tem is likely due to the presence of the intramolecu-
lar H-bond and may not exist in 6HQ/6Q where no
such bond exists. The latter expectation is consis-
tent with the three time shorter lifetime of A in SHQ
than in 6HQ (0.053 ps versus 0.16 ps, see Tab. 1).
Along this picture, the slope along the S; surface in
8HQ/8Q drives the wavepacket near the conical inter-
section where it is rapidly transferred to the ground
state surface and potentially to the transfer reaction
of the H-atom. From the assumption done for build-
ing the reaction-path in Fig. 7 this movement of the
wavepacket involves essentially the displacement of
the H-atom. The more efficient fragmentation ob-
served in Fig. 6 for transient B is an indication that
upon ionization by the probe laser, the ions that are
formed when the H-atom is on his way between the
O- and the N-atom (transient B) contain more in-
ternal energy than ions formed when the H-atom is
still in the Franck-Condon region of excitation by the
pump laser (transient A). Because the H-atom is very
light, the displacement along the reaction path may
be very rapid and account for the 0.37 ps lifetime of
transient B.

Actually, a conical intersection may exist in 6HQ
also and its access involves also the displacement of
the H-atom. The much slower dynamics that is ob-
served indicates that if existing, such a conical in-
tersection cannot be accessed directly, essentially be-
cause no intermolecular H-bond is present to config-
ure adequate slopes in the S; surface. Hence, the
electronically excited 6HQ/6Q system experiences a
roaming dynamics where the conical intersection is
found after a long time.

4 Summary and conclusion

The photoinduced dynamics of isolated 6-
hydroxyquinoline (6HQ) and 8-hydroxyquinoline
(8HQ) molecules was investigated in a molecular
beam setup coupled to a pulsed femtosecond pump-
probe laser facility. The pump pulses (266 nm)
excited these molecules to the S; state, whereas

time delayed probe pulses (800 nm) interrogated the
subsequent dynamics in a 2- or 3-photon ionization
process. The resulting photoelectrons and photoions
were detected separately. Accordingly, the energy
and angular distributions of the photoelectrons and
the mass spectrum of the photoions were recorded
as a function of the pump/probe time delay.

A specific treatment was applied to these data.
It couples Singular Value Decomposition (SVD) and
Parsimonious Adjustment (PA) and allowed us ex-
tracting all the information pertaining to the kinetic
model used to describe the dynamics that is probed.
The model assumes that three transients A, B and C
are at play sequentially: “A” is the initial wavepacket
as it is launched by the pump laser in the Franck-
Condon region of the Sy potential energy surface; “C”
is the final step of the wavepacket evolution when the
electronic energy is too small to allow photoionization
by the probe laser; “B” is an intermediate step where
the wavepacket has spread over the S; potential en-
ergy surface before it decays to “C”.

The beauty of this data treatment was to provide
us with the photoelectron and mass spectra of tran-
sients A and B as a function of the pump-probe delay
between the pump and probe pulses. This informa-
tion can be considered as an almost full experimen-
tal characterization of the photoinduced dynamics of
the 6HQ and 8HQ molecules under investigation. A
step further would be a correlated information be-
tween the photoelectron and photoions generated by
the probe laser. This was precluded with the present
laser system, whose recurrence is 20 Hz only.

Ab-initio calculations were performed at various
level of theory (CAS(2,2)/cc-pVDZ, MP2/aug-cc-
pVDZ and CAS(12,12)/aug-cc-pVDZ) to help the
discussion. Beyond energy considerations regarding
the nature of the excited energy level that is probed
(S1), the number of probe photon needed for the de-
tection (2 or 3) and the possibility of probing through
Rydberg resonances, an important information con-
cerns the H-atom transfer reaction where the H-atom
of the hydroxyl group in 8HQ switches to the imine
group and forms 8-quinolone (8Q). A complex energy
landscape was found where slopes created by the in-
tramolecular H-bond drive the electronically excited
wavepacket to the vicinity of a conical intersection



where it switches to the ground electronic surface.

Importantly, a reliable picture of the 6HQ and
8HQ dynamics cannot be drawn from either the
sole experimental or the sole computational infor-
mation mentioned above. Such a situation is com-
mon in gas phase reaction dynamics studies when
sub-picosecond wavepacket evolutions are followed in
middle size molecules (10-30 atoms). The comple-
mentarity between both approaches is necessary.

In both the 6HQ and 8HQ molecules, transient A
decays into B with a much smaller time constant 7y
than B into C (time constant 72). In spite of this
similarity, the dynamics of 6HQ and 8HQ are qual-
itatively different, 7 and 75 being much larger in
6HQ than in 8HQ (0.16 and 10.4 ps versus 0.053 and
0.370 ps, respectively). This interrogates on the role
played by the intramolecular H-bond N- - -HO, which
is present between the hydroxyl and imine groups
of 8HQ. A clue is provided by the calculations per-
formed on the 8HQ/8Q system. Slopes, whose ex-
istence is likely related the H-bond, exist in the S;
potential energy surface of this molecules and offer
a direct path to the excited wavepacket formed by
the pump laser to a conical intersection where it can
switch to the ground state energy surface, possibly
forming the H-atom transfer product 8Q. A similar
situation is unlikely in the 6HQ/6Q system where
no such intramolecular H-bond is present. Then, a
roaming dynamics associated with much larger time
constants would be a play.

5 Technical section

5.1 Chemicals

The present work was initiated in collaboration
with Olivier Poizat, who provided us with the nHQ
molecules. As described in Ref. [4], they were com-
mercial products (Kodak, Sigma) either recrystal-
lized from ethyl ethanoate or purified by vacuum dis-
tillation.
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5.2 Experimental setup

A detailed description of the experimental setup ap-
pears in former publications of our group [20, 21,
22]. The setup was installed on the femtosecond
SLIC/LUCA laser facility at CEA Saclay®.

Briefly, the desired nQ/nHQ molecules were seeded
into a pulsed molecular beam operating with he-
lium at a repetition rate of 20 Hz. The molecular
beam crossed pulsed femtosecond pump and probe
laser beams at right angles. The co-propagating laser
beams were overlapped spatially.

The pump pulses (266 nm wavelength) excited the
nQ/nHQ molecules electronically whereas the probe
pulses (800 nm wavelength) allowed us monitoring
the resulting nQ/nHQ dynamics through ionization.
The time delay between the pump and probe laser
pulses could be varied over a 1 ns range using a delay
line. The cross-correlation between the laser pulses
was 80 fs. This fixed the time resolution of the ex-
periment. Finally, both lasers were linearly polarized
and importantly, the polarization of the probe laser
was within the plane defined by the molecular and
laser beams.

5.3 Probing photoelectrons

A Velocity Map Imaging (VMI) detector, designed
as described by Eppink and Parker, [23] was used
to detect the photoelectrons. The latter were ex-
tracted perpendicularly to both the molecular and
the laser beams and fs-TRPES experiments could be
performed as described by Stolow et al. [24].

Raw 2-dimensional photoelectrons images were col-
lected by the VMI as a function of the time delay 7
between the pump and probe laser pulses. We call
them raw-VMI-images. This provided us with the
2D-projection of the 3D energy and angular distribu-
tions of the photoelectrons, which represents the full
information on the photochemical process that was
probed. The scrambled information on these dis-
tributions that was present in the raw-VMI-images
must therefore be disentangled. The pBasex algo-
rithm was used for this purpose. [25] It reconstructs

Thttp://iramis.cea.fr /slic/



the VMI-distribution from the measured raw-VMI-
images.

The pBasex algorithm is based on the inverse Abel
transform and takes advantage that the angular dis-
tribution of the photoelectrons has a cylindrical sym-
metry about the polarization of the probe laser, the
latter being perpendicular to the extraction axis of
the VMI. As a result of the cylindrical symmetry, the
3D angular distribution of the photoelectrons can be
described by a single polar angle: the angle 6 between
the scattering direction of the photoelectrons and the
laser polarization. Within the pBasex algorithm, this
distribution was expended on a basis of Legendre
polynomials P,. Since the probe laser was linearly
polarized, only even orders appear: p=0,2,4,... A
raw-VMI-image, which was recorded at time delay
7 was therefore reconstructed as a VMI-distribution
given by I(R,0,7) = Io(R,7)[1+B2(R, T) Pa(cos 6)+
Ba(R,T) Py(cos 6) + ...| where R and 6 are the po-
lar coordinates of the photoelectrons in the VMI-
distribution and 7 the pump-probe delay. The polar
radius R is a function of the kinetic energy of the
detected photoelectron. A separate experiment was
performed where the nHQ molecules are replaced by
0,4 molecules, which are ionized by multiphoton ab-
sorption of the probe laser. The well-known ioniza-
tion energetics of O, was used to relate the R scale
to a scale of kinetic energy E [26].

In the present work the Legendre expansion was
limited to p=4. Hence, the pBasex treatment of
the raw-VMI-images provided us with three sets
of quantities Io(E,7), I2(E,7)=Io(E,7)xB2(7) and
L(E,7)=Io(E,7)xB4(7). Io(E,r) refers to photoelec-
trons isotropically distributed and documents the en-
ergy spectrum of these photoelectrons as a function
of the time delay 7. Io(E,7) (resp. I4(E,7)) provides
the same kind of information for the photoelectrons
distributed as the Legendre angular distribution of
second (resp. fourth) order.

5.4 Probing photoions

A linear Time-Of-Flight (TOF) mass spectrometer
was used to collect the mass spectra. The correspond-
ing measurements document the signal intensity of
mass selected ions as a function of the pump-probe
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time delay 7.

5.5

The MOLPRO quantum chemistry package [27] was
used for conducting ab initio calculations on the Sy,
S1, So, states of 8Q/ cis-8HQ/trans-8HQ. The Dy and
D; states of the corresponding ions were documented
also.

A first series of geometry optimizations were per-
formed without geometry constraint at the MP2 (Sec-
ond order closed shell Mgller-Plesset perturbation
theory [28]) level of theory using the augmented
correlation-consistent double-zeta (aug-cc-pVDZ) ba-
sis set [29]. This provided us with a first guess of
the structure of the 8Q, cis-8HQ and trans-8HQ tau-
tomers. As expected from the chemical intuition, pla-
nar geometries were found. With difficulty, the tran-
sition state between 8Q and cis-8HQ was searched.
Again, in consistency with the chemical intuition, a
planar geometry was found.

Given this information, a reaction path was built to
follow the H-atom transfer from 8HQ to 8Q. Within a
Z-matrix representation of the molecular system, this
was achieved by varying the N-H distance between
2.08 and 0.9A, assuming that the molecule stays pla-
nar. All other coordinates but the C-H distances were
optimized along this path. The optimization was per-
formed by using energies provided by state-averaged
MCSCF/MULTT calculations [30, 31] as input into
OPTG program. The MULTT program was operated
as a 2-state (Sp, S1) averaged CAS(2,2) (two elec-
tron in two orbitals), using the cc-pVDZ basis set.
Three optimizations were conducted. In the first two,
the ground electronic energy Sy and the first excited
electronic state S; were used as input by the OPTG
program. For the third one, a separate CAS(1,2) cal-
culation was performed using the ground state ionic
energy Dg as input of the OPTG program. Four-
teen points were sampled along the H-atom transfer
coordinate.

For each point along the H-atom transfer path
a more accurate state-averaged CAS(6,6) was per-
formed using the aug-cc-pVDZ basis. This provided
us with three series of potential energy curves (Sg, Sq,
Sa, Do, D1) which follow the reaction paths either op-

Computation technique



timized for the ground electronic state Sg, or the first
excited electronic state Sy, or the ground ionic state
Dy.

Finally, CAS(12,12)/aug-cc-pVDZ calculations
were performed for each stable geometry found at
the MP2 level of theory. This was performed for both
the 8Q/ cis-8HQ/trans-8HQ and 6Q/ cis-6HQ/trans-
6HQ series of conformers, hence documenting their
vertical excitation and ionization energies So-Si1, So-
SQ, So—Do and SO-Dl.

Note that only semiquantitative computational in-
formation is necessary for the interpretation of the
present experimental data. This justifies the choice
of using a limited active space in the CAS calcula-
tion. Of course if the present calculations were in-
tended to be a step towards dynamical calculations,
a much larger active space and inclusion of correc-
tions for the dynamical electronic correlation would
have been required as exemplified recently by Gonon
and coworker for benzopyran, a molecule of similar
size as 8HQ [32, 33]. Another issue could have been
accurate comparisons with spectroscopic data as ex-
emplified by Chen et al. also for molecules of similar
size as those treated in the present work [34]. In that
case extensive MRCI-F12/aug-cc-pVDZ would have
been necessary. Again, such purposes were beyond
the scope of the present calculations.
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