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We report on microscopic observation of solvation by argon atoms of excited states of an ethylenic-like
molecule, TDMAE (tetrakis dimethylaminoethylene). Two experimental methods were used: gas phase
dynamics for the observation of the evolution through excited states, matrix isolation spectroscopy for
characterization of the initial states. Excited state dynamics was recorded after the molecule had been deposited
on the surface of a large argon cluster (n &~ 100) by pick-up. The deposited cluster was characterized by mass
spectrometry and by its shifted photoelectron spectrum. The time evolution of the system was visualized by
femtosecond pump/probe velocity map imaging of photoelectrons. The time evolution of deposited TDMAE
excited at 266 nm can be modeled via a modified three state model, as in the free molecule. The initially
excited state is of valence character, and a Rydberg state mediates the passage to a zwitterionic configuration.
The specific solvation of Rydberg states by the surface of the cluster was directly observed and is discussed.
It represents the striking outcome of the present work. It is inferred that differently from the gas phase,
solvated Rydberg states resulting from state mixing within a R,;; complex in the presence of the argon surface
are reached. Solvation of these Rydberg states should be effective through interaction of the ion core of the

excited molecules with the cluster.

Introduction

The electronic excitation of polyatomic molecules is generally
followed by relaxation of the electronic energy to the ground
state or to metastable low lying states such as triplet states in
hydrocarbons. This determines their photochemical and photo-
biological properties where the reactivity of the originally
excited state is low due to efficient competition with fast
relaxation processes. This is especially true for highly excited
states. The relaxation is driven by nonadiabatic processes, where
the great number of molecular modes of polyatomic molecules
can couple the electronic configurations of the initial and final
states.

The theory of these processes has been well-established for
isolated molecules.! Two major mechanisms are at play involv-
ing both nonadiabatic processes. In the first, the relaxation occurs
as a tunnelling process between the two relevant states through
many oscillations of the vibrations, or it can proceed directly
via the intersection of excited surfaces.? In the first process,
each vibration has a small coupling efficiency, and the global
efficiency is derived from the number of coupled modes. This
compares more with a dissipative, statistical mechanism. In the
second mechanism, a wavepacket is prepared on the initially
excited surface and descends rapidly through the seam of
crossing to the lower surface, driven by surface gradients.

Since, in general, relaxation is observed in condensed phases,
it is essential to conduct the relevant experiments in the presence
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Figure 1. TDMAE molecule.

of a perturbing medium. Experiments have been conducted so
far either in the isolated limit case or in the condensed phase
liquid or matrix or crystal. The systematic investigation of the
effects of the medium at experimental or theoretical levels is
not an overstudied theme, by far, although several authors have
sought to address it at a microscopic level. The effects of the
medium can be ascribed to many factors: the increased density
of levels in a condensed medium and the level broadening by
collisions. There, the medium can be considered as passive and
only provides a continuum to match the energy of the initial
and final states.>* On the other hand, the potential energy
surfaces can be solvated differently by the medium, or the
coupling between the configurations can be strongly affected
by it. This active effect of the medium should be specifically at
play when one of the electronic configurations is ionic or
Rydberg and is thus strongly affected by the medium.

We shall address such a problem here, the coupling of excited
configurations in a molecule possessing charge transfer inter-
mediates, zwitterionic states, and Rydberg states, with a
microscopic solvating medium. This molecule is tetrakis dim-
ethylaminoethylene (TDMAE), shown in Figure 1. We per-
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Figure 2. (a) Schematic scaled representation of the TDMAE molecule deposited on an argon cluster after pick-up. The TDMAE molecule almost
matches a surface substitution site of argon. The average size is in general estimated to be ~100—200 atoms. For convenience, a 50 atom cluster
is pictured here. (b) Log normal distribution of argon clusters in supersonic expansion (av size n = 100, fwhm 100).

formed two types of measurements on TDMAE solvated by
argon: steady state measurements in an argon matrix environ-
ment and time-resolved experiments on TDMAE—argon surface
clusters (Figure 2) to monitor dynamic solvation in this
microenvironment.

TDMAE was chosen because of the generic properties of
ethylene-like molecules caused by their electronic state con-
figurations. Indeed, ethylene has long been recognized as
displaying a conical intersection between the valence szz* state
(V of C'—C" biradical type) and a zwitterionic state (Z, Ct—C™).
The latter intersects with the ground state (N) and causes
dissipation of electronic energy.>-° The decay of excited valence
states in ethylene-like molecules is very fast 115 due to this
excited state scheme combined with a large change in geometries
between the V and Z configurations. This sets the best conditions
for the intersection of surfaces on which the wavepacket
movements can be very fast (20 fs), as for ethylene for which
the relevant torsional movements have very little inertia.!%!!

Owing to its very low ionization potential (5.4 eV'?), TDMAE
displays increased interactions between the V and Z configura-
tions. The electronic relaxation from an initially excited V st
state leads to a Z state, but this decay is mediated by a diffuse,
Rydberg state>”-!7-19 (R). This behavior was determined through
time-resolved photoelectron spectroscopy of supersonically
cooled TDMAE.?" Also, we wished to keep the potentialities
of techniques such as photoelectron spectroscopy to investigate
the flow of energy over electronic states in the presence of a
perturbing medium. These techniques are generally difficult to
apply in clusters owing to size distributions that average the
properties, especially in small clusters.?! Thus, we used the
largest clusters to overcome this difficulty. We also emphasize
that the experimental methodology employed here (pick-up)
favors the formation of surface deposited TDMAE and is far
less sensitive to size effects than interior clusters. To date, very
scanty results have been reported on photoelectron spectroscopy
in the presence of a medium.???3 The solvation of halide anions
away from the surface of water or clusters was investigated by
photoelectron spectroscopy,?*> and solvated electrons were
characterized at the surface of clusters by photoelectron imag-
ing.26

The results presented in this paper demonstrate that photo-
electron detection of deposited molecules can be achieved at
the surface of argon clusters. The effect of the cluster is
described by comparing the photoelectron spectra of free
TDMAE with those of TDMAE deposited at the surface of the
argon cluster. Time-dependent solvation of a Rydberg interme-

diate state of the molecule in the presence of argon is
highlighted. Solvation by an infinite medium of argon also was
performed by embedding TDMAE in argon crystals where, due
to its size, the molecule was embedded in a disubstitutional site.
The solvation shifts provided by matrix isolation spectroscopy
were used to identify the nature of the electronic states. On one
hand, valence states and ionic states are, respectively, weakly
and strongly red shifted in going from the gas phase to
matrices.””-?® On the other hand, Rydberg states are characterized
by strong blue shifts, which increase with the decreasing size
of the matrix cage.?® Therefore, we compare the UV spectra of
TDMAE in the gas phase, and in rare gas matrices, to assign
the valence and Rydberg transitions of the molecule. Such an
observation of the solvation of excited states of a molecule at
a very microscopic level is a key element in the photochemistry
of highly polarized compounds.

Experimental Conditions

Matrix Isolation Spectra. For matrix isolation spectroscopy,
the vapor of TDMAE at room temperature (pressure of 0.3
mbar) was premixed with the rare gas at ratios of 1:2000—1:
5000, and the mixture was condensed onto an LiF window
cooled by a liquid helium flow in an ultrahigh vacuum chamber.
Optically transparent samples were grown at 5 K for Ne, 20 K
for Ar, and 25 K for Kr. An Acton Research UV—vis
monochromator equipped with a 600 lines/mm grating, blazed
at 150 nm, and a stabilized D, lamp were used for absorption
measurements. Spectra were recorded with a UV-enhanced CCD
camera. For the measurements of gaseous TDMAE, we used a
10 cm cell with quartz windows for transmission, and the spectra
were recorded with a Shimadzu spectrophotometer.

Time-Resolved Cluster Experiments. Argon clusters were
generated by a pulsed supersonic expansion of high pressure
argon gas (up to 12 bar) through a 100 um nozzle. Average
cluster sizes were evaluated using the empirical relations derived
by Hagena®® and Buck and Krohne?' for continuous expansions.
We applied a correction factor of 2, taking into account the
pulsed expansion. This resulted in average argon cluster sizes
of ca. 100. The distribution in sizes is represented in general
by a log-normal function as shown in Figure 2b. As we shall
see later in this paper, the accurate determination of the cluster
size is not an important issue for the present work.

The TDMAE gas (0.2 mbar) was introduced in the expansion
chamber by a tube that was shaped to a rectangle (2 mm x 1
mm) and placed close to the nozzle. The molecules were
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Figure 3. 266/400 nm pump/probe photoelectron detection of TDMAE
deposited on argon clusters. Horizontal: delay between the pulse valve
and the ionization lasers. Vertical: kinetic energy release of the electrons.
The intensities are in false colors (white is most intense).
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Figure 4. Comparison of gas phase, room temperature absorption of
TDMAE (dashed line) and TDMAE in a Krypton matrix (black), an
argon matrix (blue), and a neon matrix (red). The three main bands
are labeled as discussed in the text.

captured by clusters of large dimensions (20 A in diameter)
and subsequently cooled by evaporation of argon atoms from
the cluster surface. If one evaluates the energy content of the
molecule as ~6000 cm™!, the cooling will evaporate 15 argon
atoms. This considers that each argon atom has been evaporated
from the surface and interacted with 8 atoms with 100 ¢cm™!
energy in the Ar—Ar bond. The probability of picking up a
molecule is a fraction of unity in our experimental conditions;
the number density of TDMAE is 1/10 of that of the clusters.
Hence, the fraction of clusters carrying more than one TDMAE
is negligible. The clusters are illustrated in Figure 2a.

The diffusion of TDMAE in the experiment chamber was
suppressed by the use of cryo-cooling, which brings down the
background electron signal to very low values, 1/100 of the
total count number of the deposited TDMAE signal. This can
easily be monitored by observing the background signal recorded
immediately before the opening of the pulse valve (see following
discussion and Figure 3).

Photoelectron imaging has been the preferred, most sensitive
diagnostic for the time evolution of deposited clusters, despite
the absence of mass resolution. In addition to the characterization
of the electronic state provided by photoelectrons, the sensitivity
of electron detection is greater since all electrons are detected.
This is not the case for the larger clusters ions with a mass
>2000 (50 Ar), which have a much poorer detectivity on
microchannel plates and also cannot be correctly focused on
the detector.

The angle averaged photoelectron spectrum is represented
as a function of the laser—valve time delay in Figure 3. It was
seen that before the opening of the valve, there remained a
negligible signal owing to the efficient cryo-cooling of the
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experiment chamber previously mentioned. If in turn we
monitored the ions ranging from TDMAE™ to TDMAE-Ar,™,
the ratio would be far less favorable.

It easily was verified that the photoelectron signal pertains
to large Ar, clusters with TDMAE. If the total ion signal is
recorded as a function of the valve opening and compared with
the equivalent electron signal, very few ions are detected during
the gas pulse. This shows that the observed electrons relate to
high mass ion deposited clusters.

Time Evolution. Femtosecond pump/probe experiments were
performed at the LUCA facility in Saclay on the systems under
study. The clusters were excited at 266 nm with a typical energy
of 30 #J in a 0.5 mm diameter spot. The evolution was probed
by 400 or 800 nm pulses with a 100 fs cross-correlation width
fwhm. The setup is described in ref 20 and was used essentially
to detect photoelectrons by velocity map imaging.

Data Analysis of Time-Resolved Photoelectron Spectra.
Photoelectron spectra were recorded for TDMAE deposited on
Ar, clusters, averaged over a range of cluster sizes as previously
mentioned. The set of raw images was transformed by the Abel
inversion using the pBasex®? procedure. Thus, the angular
distribution created by the laser absorption has the following
form, expanded in terms of Legendre polynomials:

1(0) = 1/4m(P, + P,(cos 6)) (1

As a reference, § = 0.8 for the Z state of gas phase TDMAE.
The pBasex program allows for the extraction of angular
dependence (i.e., Legendre polynomial coefficients of orders
of 0 and 2, respectively, Py and P) in the form

I(E,t,0)=o(E, t)(P,+ S(E, H)Py(cos 6)) 2)

where E is the electron energy, ¢ is the pump/probe delay, and
0 is the angle between the polarization of the ionization laser
and the direction of the electron recoil. The pBasex program
yields o(E¢) (termed the Py component or isotropic component)
and ou(E,1)B(E,t) (the P, component or anisotropic component).
The Py isotropic term relates to the intensity of the photoelectron
emission at a given energy and time, while the anisotropic term
relates to the degree of alignment of the electrons with the
ionizing field.

Results

The measurements described here are aimed at interpreting
the electronic relaxation of an excited molecule in the presence
of a perturbing medium by matrix isolation and femtosecond
photoelectron spectroscopies.

Matrix Isolation Spectroscopy. UV absorption spectra of
TDMAE were recorded in the gas phase and several rare gas
matrices. Figure 4 compares the absorption spectra of TDMAE
in the gas (dotted line) and in Ne, Ar, and Kr matrices. The gas
phase spectrum exhibits three features, a broad shoulder at ~340
nm, a well-defined band at ~270 nm, and a band at ~220 nm,
which extends further to the blue region (these bands are labeled
1—3 in the following discussion). This spectrum resembles the
previously measured one by Nakato et al.,'® which extends down
to 170 nm, and clearly shows the three bands riding on a
continuum absorption background, which they attributed to
n—m* valence transitions. However, in our case, the background
seems less prominent or even absent, which suggests that it may
be due to impurities in their spectra. The three bands were
attributed to Rydberg transitions, likely 3ns <— N6, Because of
their extended orbitals, Rydberg states are sensitive to external
perturber effects that have long been used as a means to
distinguish these states from valence or ionic states. In general,
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Figure 5. Matrix isolation absorption spectra of TDMAE deposited
in argon (top) and neon (bottom). The experimental spectra are in black,
and the simulations are the sum of four Gaussian components (three
Rydbergs and one valence). The individual Gaussian components are
shown in green and are found to be either insensitive to the nature of
the matrix (blue vertical line corresponding to the V transition with a
maximum at 271 nm in the matrix) or blue shifted in neon presumably
due to the closer packing in this medium.

as a function of perturber density, bands belonging to transitions
from the ground valence state to the Rydberg states show
significant broadening, accompanied at high densities by blue
shifts with respect to the transitions in the isolated molecule.?
Isolation in a solid rare gas matrix represents a case of extreme
density, manifested by the largest blue shifts and broadening.?’
Here, the matrix data show a number of features, some identical
to the gas phase spectrum, others not: (a) band 1 (shoulder) at
~340 nm in the gas phase spectrum is very weakly distinguished
in Ne matrices, but it becomes gradually more conspicuous in
Ar and Kr matrices, although less clear-cut than in the gas phase.
In the latter two matrices, it appears clearly blue shifted with
respect to the gas phase. (b) The band in the gas phase at 265
nm turns out to consist of more than one component in the
matrix spectra, as can clearly be seen in Ne matrices, where it
is replaced by a doublet band, and in the slight asymmetry of
the band in Ar and Kr matrices. This is more clearly seen in
Figure 5, where the bands are fitted by a set of Gaussian line
shapes. The low energy component does not show significant
shifts from Ne to Ar matrices, as is known for valence bands,
but the high energy component shifts to higher energies, as does
band 1, which points to their Rydberg character.?? (c) The third,
high energy band, whose position is ill-defined, seems blue
shifted in matrices with respect to the gas phase. In summary,
the matrix data confirm the previous assignment by Nakato et
al.,'® for all three bands having a Rydberg character, but we
see that band 2 in the matrix consists of two components in
which one has valence character.

Time-Resolved Photoelectron Spectra. In a resonant two
photon ionization of a molecule, the emitted electron contains
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very useful information on the intermediate excited state: the
electron kinetic energy is correlated to the vibrational energy
content of this state, and the orientation of the electron velocity
vector with respect to the ionization field is sensitive to the
electronic symmetry of the excited state.'?2% The most sensitive
method to follow the time evolution of a nonstationary electronic
state is the time-resolved imaging device described previously.
Several experiments have considered the energy shift of
photoelectron spectra on clusters.?’?2 Aniline, for example,
deposited on large helium clusters essentially displays the same
spectrum but is broadened by phonons. Polarization effects of
the ejected electrons and localization of the electron source at
the interior or the surface of the cluster have not yet been
discussed, to our knowledge. Cluster effects on the polarization
of photodetached electrons from anion clusters have been
observed,** and the depolarization was assigned to momentum
transfer between the electron and the solvent molecules within
the cluster.

The following measurements concern deposited TDMAE on
argon clusters excited at 266 nm and ionized at 400 nm. First,
the isotropic component Py informs us about the energy of the
excited state. In Figure 6a, the time dependence of the isotropic
component of the electron kinetic energy distribution, extracted
from the images, is plotted as a function of time: a(E,f) versus
pump/probe delay. At the longest delay times, the spectrum is
composed of a peak at 0.9 eV superimposed on a continuum-
like featureless band at lower energies. Just after the autocor-
relation of the pump and probe lasers, the spectrum is only a
broad, unsymmetrical feature with a maximum at ~1.4 eV.
Throughout the evolution, this broad structure transforms into
a peak in 1500 fs. These features are exemplified in Figure 6b
by cuts recorded at O fs (autocorrelation maximum of the pump
and probe lasers) and 3200 fs, at the end of the evolution. It is
also apparent in Figure 6a that a modulation of the spectrum is
visible with a period of 500 fs; these oscillations are best seen
close to zero energy and vanish after 2500 fs delays. Their
intensity maxima are signaled by white bars in Figure 6a.

The same experiments were performed with a 800 nm probe,
which had sufficient energy to ionize the V state by one photon
in the bare molecule. Owing to solvation on the cluster, the
energy of the electrons close to zero for the one photon
ionization at 800 nm of the V state in the free molecule, was
upshifted by 0.34 eV in the cluster. This allows for observation
of the 250 fs temporal evolution of the V state. In addition,
two 800 nm photons have the same effect as 400 nm in the
free molecule. Indeed, we observed here that two 800 nm
photons yielded the same evolution characteristics as in Figure
6. We thus extended the observation to very long delay times;
this shows that the energy of electrons from the Z state slightly
decreases by 0.05 eV over time (20 ps) as appears in Figure
11.

Anisotropy in Angular Distribution Photoelectrons. The
second information that can be extracted from the images is
the angular distribution of the electrons with respect to the
ionization laser. This distribution characterizes the nature of the
outgoing wave of the ejected electron and by correspondence,
the excited electronic state. Here, we were interested not by
this electronic state, already examined previously,?® but by its
interaction with the argon medium of the cluster as revealed
by the polarized electron emission from the deposited molecule.

The full electron spectrum of deposited TDMAE between 0
and 1 eV does not originate from a single ionization mechanism,
as suggested by its shape: some bands are superimposed on a
continuum as appears in the time integrated spectrum of Figure



9204 J. Phys. Chem. A, Vol. 112, No. 39, 2008

(a) ™
>

N

b'l TFE

o® o

< @

© 1

©

c i

-500 0 3000
Pump / Probe delay fs

Poisson et al.

(b)

+3200fs 0.9 eV

10000000

Ofs 1.4eV

Electron counts (arbitrary units)
5000000

(=1

0 20 40 60 80 100 120 140 Pixels
i} b

0.9 36 eV

o —

Figure 6. (a) Isotropic Py term in the time-resolved photoelectron spectrum of deposited TDMAE Ar, (note that the vertical scale is nonlinear in
energy, also indicated). The white vertical lines indicate maxima in intensity characteristics of wavepacket oscillations. (b) Cuts of the photoelectron
spectrum at r = 0 and r = 3200 fs (horizontal scale nonlinear in energy, indicated as in panel a).
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Figure 7. Time averaged photoelectron spectrum of deposited TDMAE
as a function of the camera pixel number (i.e., in electron velocity
space). The nonlinear energy scale is also indicated. Black: Py
component, [&(E,7)[] Blue: P, component, [&(E,7)+ ] Dashed—dotted:
Gaussian function centered at pixel 40, 2 500 000 exp(—({x — 40}/
30)?). Red: Py component was substracted with the Gaussian function.
This corrected curve compares well with the blue curve representing
the P, component of the spectrum (blue); see text. Inset: energy
distribution corresponding to the Gaussian function.

Pixels

7. This Figure 7 displays the time integrated spectrum of the
Py component derived from Figure 6, summed over all times.
The same can be repeated for the P, component in Figure 7.
We observed that the Py and P, time integrated spectra differ
in shape, the latter one retaining only bands and almost no
continuum. We thus assumed that the difference allowed us to
distinguish between two different emission processes for the
electrons /Iy and Iy (discussed later in the text). Process 1: Ii(E,t,0)
= ay(E,H)Py with no anisotropy. Process 2: In(E,1,0) = ou(E,1)(Po
+ Ba(E,f)Py(cos 6)), with a second order P, (Legendre poly-
nomial) angular dependence for the electron anisotropy, where
the observed distribution is the sum I(E,1,0) = I(E,t0) +
I[[(E,[,@).

The Py component has contributions from /; and Iy, while
the P, component relates only to Ij. Hence, the angular
dependence of the time-resolved electron spectra was analyzed
via the previously mentioned analysis of the electron angular
distribution, to extract the sole /;; component.
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Figure 8. Time averaged photoelectron spectrum of free TDMAE as
a function of the camera pixel number (i.e., in electron velocity space).
Black: Py component, [Q(E,r)[] Blue: P, component, [&(E,7)+fL]
Dashed—dotted: Gaussian function centered at pixel 40, 2 500 000
exp(—({x — 40}/30)?)as in Figure 7. Red: Py component was substracted
with the Gaussian function. This corrected curve compares well with
the blue curve representing the P, component of the spectrum (blue);
see text.

This procedure was exemplified by the analysis of previous
results on free TDMAE, where three bands appear in the
photoelectron spectra and are also superimposed on a continuum
at low electron energies. The time integrated P, spectral
component of the electron images is represented together with
the P, component, shown in Figure 8. We see that they differ
in much the same way as before, and the P, spectrum is simpler
with only well-defined bands, while the Py spectrum contains
the same bands on a continuum. The two curves Py and P, can
be made to resemble, by subtraction of a Gaussian function, 7,
centered at 40 pixels (0.28 eV) to the Py spectrum as seen in
Figure 8. This yields a corrected isotropic spectrum, i.e.,
[0L(E,»)[] The value of (3, follows from the ratio of the P,
component to this latter spectrum. The relative intensity of these
two spectra, P, components/corrected Py, yields = 0.8 for
the band centered at pixel 60 (0.68 eV), assigned to the Z state
in ref 8.

It can thus be concluded that most of the background is due
to an isotropic component in the angular distribution of the
electron emission in the free molecule, pertaining to a different
electron emission process. We applied this procedure in Figure
7, for TDMAE deposited on Ar,, and also the anisotropic and
corrected isotropic electron spectra match as in Figure 8.
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Figure 9. Comparison of anisotropic P, component in photoelectron
spectra of free TDMAE (left) and deposited TDMAE (right). The
evolution of the free molecule is well-accounted for by a sequential
scheme V—R—Z.% The evolution of the spectrum of the deposited
molecule in R is emphasized by a white arrow.

For deposited TDMAE, the electron images taken with a
parallel pump and probe show smaller intensities for the P,
component, but the presence of an anisotropic factor in the
photoelectron spectra is unambiguous as in Figure 8. It
corresponds to a 8 value of 0.35 for the Z state. This polarization
is much less than for free TDMAE, where f3 is close to 0.8 for
the same band. The most distinctive effect is the suppression
of the low energy continuum in the anisotropic component P,
of the spectra, as can be seen in Figure 7, by comparing the Py
and P> components. The peak at 0.9 eV still contains a small
low energy tail.

We therefore used the anisotropic component P, as the source
of photoelectron time evolution in the following discussion, but
we must bear in mind that it is a slightly biased source since
the different energy components that we are about to describe
in the photoelectron spectrum have different anisotropy factors
(8). This is not important provided that we are not interested in
the absolute value of each of the components but in their
observation.

Time Decay Profiles in Photoelectron Spectra. We now
turn to the description of the time-resolved photoelectron spectra
of TDMAE deposited on Ar,. In Figure 9, we compare the time-
dependent spectra of the anisotropic components of free and
deposited TDMAE spectra. In the free molecule, three bands
are clearly visible on the left-hand side (Figure 9), displaying
unambiguously a sequential decay. The highest energy band
corresponding to V transforms into R and R into the lowest
energy state Z.29 At first sight, it is difficult to distinguish the
same evolution on the cluster deposited spectra, where only two
features are prominent in Figure 9, right: a high energy band
extends to 2 eV (V) and grows within the autocorrelation time,
as seen in Figure 6b, and a band at 0.9 eV rises in time (Z). A
very weak feature is seen at 0.68 eV, identical to the Z band of
the free molecule; this corresponds to the slight background of
free TDMAE, as mentioned previously.

The data were analyzed iteratively. At first, we used the same
three state sequential model as in ref 20 since in Figure 9, one
can see that the two regions V and Z are connected together,
allowing for the existence of another unseen band. In this way,
we could simulate most of the cuts of the evolution at fixed
energies and derive a decay time of 250 fs for V and a rise
time for Z. However, the time evolution of Figure 10c could
not be reproduced with the presence of a maximum at ~600
fs. This is related to the evolution depicted by the arrow in
Figure 9, which will be discussed later and assigned to the
solvation of R over ~0.5 eV. Solvation manifests itself in
absorption spectra by a shift of the bands and a narrowing as it
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proceeds in a given electronic state. As time and frequency are
thus related by what appears to be an approximate linear
relationship in Figure 9 (right, arrow), a sliding Gaussian
window was added to the sequential time evolution in R for
the free molecule, Sy(#),2° leading to S(¢) for deposited TDMAE:

The value of 900 fs represents a time constant for solvating
the maximum available energy E between the initially populated
state and the relaxed state, typically 0.6 eV. Thus, the window
changes in position as the electron energy channel is fixed at
AE and in width as time goes by with the 1600 fs constant.

The results are now reproduced in Figure 10, and again, band
V can be identified on the cluster at the highest energies: a decay
of 250 fs can be assigned to this component, as measured at
1.9 eV and reproduced in Figure 10a. The relevant photoelectron
spectrum of species V is deduced from the spectrum recorded
at the pump/probe autocorrelation, as appears in Figure 6b. This
band, V, overlaps bands R and Z, the only one really distinct.
Band Z is broader here for deposited TDMAE, while band R,
well-separated in the free molecule, is apparent only indirectly.
At 0.9 eV, band Z is observed to grow with a 1200 fs time
constant as represented in Figure 10d. The rapid decay of V
(250 fs) and the slow rise of Z (1200 fs) implies kinetically the
existence of an intermediate R. This intermediate can be
observed superimposed to V in the energy region of 1.8—1.3
eV and is shown in the fits of Figure 10 as the blue curve in
the components. We can see from Figures 6a and 10a,b that
between 1 and 2 eV, the time decay profile is continuously
changing: a short decay with a 250 fs time constant, lengthening
up to 1200 fs. In the fits of Figure 10, it appears clearly that the
maximum of relaxed R as deduced from the kinetic analysis is
located around 1.3—1.4 eV.

When comparing the photoelectron spectra of free and
deposited TDMAE, the latter are more difficult to characterize
because of a shift of the whole spectrum to higher energies and
in a smaller energy range. The domain is 1—2 eV for bands V
and Z in the deposited spectrum, as seen in Figure 9, while
that of the free system is 0.68—1.8 eV. In addition, the van der
Waals modes of the cluster broaden the spectrum notably.
However, in both spectra at low electron energies, a similar
broad background was simulated in velocity space by a Gaussian
component (centered at pixel 40, 0.28 eV) as in Figure 6b. This
background appears only in the isotropic photoelectron spec-
trum. The time evolution of this spectral component is similar
to a step function convoluted by the autocorrelation. A slow
rise component is only perceptible and can be accounted for
by the P, component.

Lastly, the evolution of the spectrum of deposited TDMAE
at long times was recorded as already mentioned with a 800
nm probe. This reveals an interesting difference with the free
molecule. In Figure 11, both deposited TDMAE and free
TDMAE (background) were recorded. It appears that the
spectrum of the deposited molecule continues to evolve with a
10 ps time constant, while the free molecule has ceased to
change.

Discussion

The combination of measurements in two different solvating
environments—argon matrix and argon cluster, brings a rather
precise description of the solvation effects on high excited states
of molecules in organized media formed by argon atoms. Time-
resolved experiments yielded the direct observation of stepwise
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Figure 10. Time evolution of selected photoelectron energy regions of the P, component (angle averaged): (a) 1.9 eV, (b) 1.4 eV, (c) 1.3 eV, and

(d) 0.9 eV.

solvation via photoelectron spectroscopy, while matrix isolation
spectroscopy informed on the initial electronic level characters.
The present discussion aims at giving a global picture of the
mechanisms that are at play when TDMAE deposited on argon
clusters was electronically excited.

The discussion is organized as follows. After reviewing the
type of electronic levels in the free molecule, the actual effect
of the solvent on the energy of these levels will be examined.
Then, we discuss the nature of the intense band at 265 nm. The
localization of the molecule on the clusters will be discussed
in view of its ionization and autoionization processes in contact
of the argon medium. The time-dependent dynamics as revealed
by the photoelectron shifts will then be reviewed.

Energy Levels of Free Molecule and Its Solvation by
Argon. The electronic structure of TDMAE is little known, aside
from the fact that it retains some essential characteristics of
ethylene, connected with a central double bond. There are very
few calculations establishing the electronic structure and
geometry of the molecule.'®3-37 Basically, the C=C backbone
of the molecule does not depart too far from planarity in the
ground state and an electronic state with szz* character can be
reached at 266 nm in the gas phase. This transition overlaps
others belonging to states of Rydberg character, one of which
starts below 400 nm, possibly 3s <— N. Therefore, the cluster
or the matrix should differentially stabilize the states: the valence
zr* to a minor extent, the Rydberg could be upshifted, while
the ion TDMAE™ will be stabilized by a charge induced dipole
interaction.

Energy of Deposited TDMAE Ion. In a previous paper,
where TDMAE was solvated within the interior of a cluster of

~60 argon atoms with two solvation shells, we estimated this
interaction as leading to an ionization threshold no lower than
4.8 eV,’® as compared to 5.4 eV in the gas phase.'® If the
molecule is at the surface of the argon cluster, the solvation
shell is at least reduced by a factor of 2 (see Figure 2a),
corresponding to a reduced number of interacting atoms. This
leads to an ionization potential no lower than ~5.1 eV. This is
confirmed by the ionization at short delay times with 266/800
nm. The energy of the outermost electron band generated by
one 800 nm probe photon, from the deposited molecule, is at
0.44 eV shifted by 0.36 eV from the value of the free molecule.
The argon environment diminishes thus the IP of the cluster
down to ~5.1 eV.

Energy Levels of Charge Transfer States in TDMAE. In
the same way, all states containing charges should be stabilized
by solvation. Thus, band Z, assigned to a transition to a
zwitterionic state with a very strong dipole, should be stabilized
by dipole—induced dipole interactions. Its stabilization should
be smaller as compared to the ion, as the charges are less
localized. In a similar fashion, the stabilization of the ion pair
states of I, (ITT7) is much less than that of the ion in rare gas
matrices.?® This is explained by the fact that the more bulky I~
is destabilized and counteracts the stabilization of the positive
smaller moiety. If we take an average ionization threshold for
the clusters, its value should be 5.04 eV, from the preceding
discussion, corresponding to a 0.36 eV shift in the IP of the
cluster. This takes into account the distribution of solvation sites,
owing to that of cluster sizes. If the stabilization of the ion and
of Z are the same, the electron energy would not change for Z.
Since the electron energy from the solvated Z state increases
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by 0.22 eV as compared to the free molecule, the latter Z state
is only stabilized by 0.36-0.22 = 0.14 eV.

Energy of Rydberg Levels of Deposited TDMAE. On the
contrary, Rydberg transitions are broadened, and the states of
lower n are strongly upshifted in rare gas matrices.?* The blue
shift originates from a greater repulsion by the neighboring
atoms in the matrix of Rydberg orbitals with sizes comparable
to the cage radius. An example is given by NO in the argon
matrix: the Rydberg bands are shifted by ~0.8 eV and 10—40-
fold broadened as compared to valence transitions. 27 This
situation is different in clusters since the Rydberg atom or
molecule on the cluster is relatively free. Indeed, for a small
cluster, Hg—Ar in the 7s Rydberg state, a double well was
found, a very shallow well at long distances (5.85 A) relating
to the van der Waals attraction and a deep one (at 2.8 A)
corresponding to a Hg*—Ar core surrounded by an electron. 04!
In this latter case, the argon atom is contained within the
Rydberg orbital. This behavior also was characterized for small
sodium—argon clusters (n < 9), where the 5s orbital surrounds
an ionic cluster.*? This shows that, depending on the initial
configuration, the excitation of a Rydberg state may lead to
different situations in the presence of perturbing (e.g., argon)
atoms. Also, at the surface of the argon cluster, the symmetry
of the Rydberg orbital is broken, and Rydberg states within a
nlA complex can mix, yielding some configurations that are
stabilized by the presence of the surface. A well-known example
is the case of NO—Ar,* where 3po and 3ps undergo strong
mixing and form a new state. A similar situation may arise at
the surface of an argon cluster; the Rydberg orbitals of the same
n should mix (hybridize) to minimize the repulsion of the argon
atoms. In addition, the repulsive energy contributions are likely
to be compensated for by the strong interaction between the
ionic core of the molecule and the surrounding Ar atoms as for
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matrix isolated NO in states n = 5.* Therefore, Rydberg states
of deposited TDMAE could be stabilized with respect to the
free molecule.

In the time-resolved photoelectron spectra of deposited
TDMAE, the shift of the Rydberg intermediate state cannot be
assigned with precision due to the overlap of the V, R, and Z
bands that are much broader in the deposited cluster as compared
to the free molecule as appears in Figure 9. These experimental
facts contribute to the difficulty in distinguishing the signature
of the R contribution in the photoelectron spectra of deposited
TDMAE. The kinetic analysis allows us to assign the maximum
of the Rydberg absorption at ~1.2 eV or lower. We estimated
in a first approximation that the level was stabilized in a range
of 0—0.2 eV. However, as we simulated, the shape of the
Rydberg transition strongly changes with time. If we simply
look at Figure 9, for the free molecule, the intensities of R and
Z are equivalent, which is no longer the case for the deposited
molecule. Hence, the spectrum of R deposited at initial times
is strongly broadened and evolves to a narrower form, taken
into account in eq 3. This reduces the apparent intensity of
Rydberg transitions of deposited TDMAE.

Nature of 266 nm Excitation. On the basis of the previous
assignment of the matrix isolated spectra (Figures 4 and 5), the
266 nm band is assigned to a valence transition (N—V), based
on the lack of a blue shift in the different matrices allowing for
the comparison of excitation of the system at 266 nm in the
different media: gas phase, cluster, and matrix. However, neon
matrix spectra revealed two components to this band, the blue
component having a Rydberg character. This component is likely
shifted in the gas phase to lower energies. Nevertheless, this
component will be the absorption at 266 nm since the observed
decays in the isolated molecule show, in Figure 9a, a unique
two step sequential evolution. This confirms that the excitation
reaches a unique valence state; otherwise, we would have
observed the simultaneous decay of two different states. The
deviation to this scheme in the gas phase amounts to only a
small background (~5%) on the decay of V, which could be
assigned to an underlying direct Rydberg excitation.

Anisotropy in Electron Distribution. The observation of
anisotropic angular distributions of the electrons from clusters
was quite a surprise since we expected the TDMAE molecule
to be somehow buried in the cluster with n = ~100 argon atoms,
after the thermalization following the pick-up process. There,
the room temperature molecule captured by the argon cluster
was cooled to 35 K while the excess energy is dissipated by
the evaporation of surrounding argon atoms in the impact region.
The atoms do not seem to reorganize around the TDMAE
molecule, to embed it, since the polarization of the electron
distributions can be explained only if, as represented in Figure
2a, some free space exists around the molecule. In the free solid
angle, this allows for the ejection of electrons in a direction
related to the polarization of the probe laser. There is simply
no recollision of some of the electrons with the surrounding
argon atoms (collision cross-section ~2 A2 ref 45). On the other
hand, as previously discussed, the energy of these electrons
depends on the interaction of the molecule with the medium,
taking into account the stabilization of the neutral and ionic
TDMAE molecules. Thus, the degree of polarization as com-
pared to that of the free molecule should be a measure of the
free solid angle around TDMAE. The f value is actually ~0.35
for the Z band, while it is close to 0.8 for the same band in the
free molecule. Thus, we can infer that there is 1/2 of the space
around the molecule, free for electron ejection. This is in
agreement with the representation of the deposited cluster that
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we have given in Figure 2, where TDMAE sits flat on the cluster
in a quasi-substitutional site. One could imagine a more refined
picture where the electrons emitted close to the argon surface
would be gradually depolarized. This simple geometrical picture
is also in agreement with the energy of the deposited ion cluster
intermediate between the free molecule and the interior cluster.

Autoionization in Free TDMAE Molecule and Clusters.
In the free molecule, it was shown that an isotropic component
contributes to the photoelectron spectrum, the Gaussian com-
ponent in Figure 8. The corresponding spectral distribution is
displayed in the inset of Figure 7 and corresponds to a
continuously decreasing function starting from E = 0. The two
aspects of this photoelectron component, a monotonous decrease
in intensity with energy, from E = 0, and the absence of
polarization, points to autoionization as the underlying phe-
nomenon competing with direct structured ionization. In the
autoionization process, the Rydberg state accessed by the probe
was core excited vibrationally or electronically. This excited
state is vibronically coupled with the ground state ion, which
causes the slow autoionization. The energy of the ion is
distributed over many vibrational final states close to the neutral
excited state; thus, the electron energy is close to zero. Also,
the polarization of the electron is lost with respect to the initial
state. Thus, we assign the unpolarized broad electron emission
to electronic autoionization in accordance with earlier discus-
sions.*® There, we found that the lowest energy configuration
of the TDMAE cation corresponded to a delocalized hole on
the nitrogens, while vertical excitation from the s7* state leading
to a s hole was energetically unfavorable; this implied an
important contribution of autoionization to the ionization
process.

The same broad continuum centered at zero energy in the
isotropic component was found for the photoelectron deposited
TDMAE. The additional Gaussian component had the same
shape and relative intensity with respect to the isotropic
spectrum, as appears in Figure 7. The fact that the autoionization
contribution is globally the same as for the free molecule
indicates a fast autoionization process, little affected by the
medium. This shows that the intermolecular modes TDMAE—Ar
do not contribute to the autoionization process here. However,
when the ion or high Rydberg states are solvated in a very
different way, the coupling scheme is modified. This will be
the case when the ions are much more solvated than the Rydberg
states, resulting in a higher gap and a faster and more efficient
autoionization.*’ The small difference in the autoionization
efficiency that we observed between the free and the deposited
molecule is an indication that the energy of the highly
autoionizing Rydberg states is stabilized in a similar way to
the ion in the cluster.

Dynamics of Deposited TDMAE. There are two important
aspects in the time evolution of the deposited molecule: the time
scale of evolution and the behavior of each of the states. The
time evolution of the deposited cluster excited at 266 nm was
analyzed in a modified sequential three level scheme as
compared to the free molecule. Two of the states, the initial
valence V and terminal Z (in our time range of 0 —10 ps)
straightforwardly were observed and assigned by comparison
to the free molecule. The second state of Rydberg nature is more
difficult to capture because its photoelectron spectrum overlaps
both other spectra and notably the broad valence of lesser
intensity in this photoelectron energy region (V is mostly
observed in the isotropic Py spectrum).

Kinetically, the decay of V and the rise of Z with different
time constants implies the existence of the R intermediate to
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which we assigned a 1200 fs time constant for the relaxed
intermediate, from Figure 10d. The dynamics of this intermedi-
ate on the argon cluster is thus responsible for the lengthening
by a factor of 3.5 as compared to the free molecule. Having
assigned the intermediate to the same Rydberg state (or states)
as in the free molecule, we recall the nature of this state. If in
the free molecule several Rydberg states might be distinguished
by their orbital symmetries, the presence of the argon cluster
mixes them by loss of symmetry. If the valence state seems
little affected by the cluster, the Rydberg state mediating the
V—Z evolution should, as we already discussed, strongly be
affected by the medium.

Indeed, when looking at the image in Figure 9(right), the
photoelectron spectrum at early times and higher energies
evolves continuously until Z is reached, as emphasized by the
arrow. A kind of maximum evolves with time as shown by
the arrow toward lower electron energies, in stark contrast to
the behavior of the free molecule where three definite energies
could be found. This also shows up by the existence of a
maximum in the time evolution at ~600 fs in Figure 10c. This
behavior was simulated with the use of a sliding window
implemented by eq 3. We exclude the possibility that TDMAE
might be ejected from the surface of the cluster as excited metals
can be*® since (a) the kinetics is different from the bare molecule
and (b) the Z band attained after relaxation of R is located at
0.9 eV instead of 0.68 eV in free TDMAE.

The gradual change in energy of R could correspond to the
gradual relaxation of this Rydberg state within its environment.
This relaxation can proceed (a) to a more stable electronic
configuration with respect to the environment or (b) to Rydberg
states of lower n values. On the other hand, the time scale, 600
fs, seems too short to be assigned to some progressive
reorganization of the argon environment of the TDMAE
molecule, which we shall see the evidence of later. We favor
as the interpretation of this evolution the equilibration of the
Rydberg molecule (process a), which is also witnessed in the
slow down of the whole relaxation process in the cluster
environment. The R—Z decay changes from 380 fs in the free
molecule to 1200 fs in the deposited cluster. The major cause
of this slow down is the loss of excess energy of the excited
TDMAE molecule with respect to the Z state. Also, another
cause might contribute to slow the relaxation of R in deposited
TDMAE as compared to the free molecule: the inertial effect
of the surrounding and interacting argon atoms, decreasing the
frequencies of the moving groups.’® Energy flowing to the argon
atoms from the vibrational motion of TDMAE accompanies the
relaxation, reducing the excess energy in TDMAE (R) and
slowing down the evolution. This means that the adaptation
process could correspond to a continuous solvation of the
Rydberg state via the ion core of TDMAE that is left free by
the mixed Rydberg orbital. This latter orbital will occupy the
free space outside the cluster, allowing for interaction on the
other side with TDMAE. This behavior is in striking contrast
to the response of the medium in the case of a Rydberg
excitation (NO 3s0) in an argon matrix.*’ There, the medium
has an instantaneous repulsive response to the creation of a
bubble. On the contrary here, the TDMAE ion core is attracted
by the cluster atoms. We also implicitly surmised in the
preceding discussion that the R—V coupling initiating the
evolution was unaffected by the argon atoms as the V—R decay
seems unchanged by the presence of argon atoms (i.e., with a
250 fs time constant). The movement is direct from V to R for
the wavepacket to traverse the conical intersection between the
two surfaces and is only limited by the local slope of the
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potential, and this region does not seem strongly affected by
the presence of argon atoms.

To characterize the solvation of the Rydberg band, we
measured also the relative evolution of the photoelectron
spectrum. This band is thoroughly overlapped with V and Z,
but its high energy edge can serve as a reference of the
relaxation. The correlation of the edge energies E(f) — E(0)/
(E(0) — E(o)) characterizes the relaxation rate as displayed in
Figure 12 and shows a lifetime of ~600 fs for this evolution.
The simulation of this evolution is in accordance with the
preceding kinetics showing a time lag of 250 fs for the initiation
of the evolution. This lag corresponds to the lifetime of the V
state, which is unaffected by the cluster before this relaxation
operates. Thus, the evolution at early times of deposited
TDMAE at the surface of argon can be described as the V—Z2
relaxation mediated by the gradual equilibration of a Rydberg
intermediate with respect to the cluster.

It is important to mention that we observed wavepacket
oscillations maintained for as long as 2.5 ps on the deposited
cluster. These oscillations still appeared after electronic relax-
ation on the rise of the Z state, monitored via the isotropic term
that has a higher intensity. This is a proof that coherence was
maintained through the electronic relaxation of TDMAE on the
cluster where the motion of the molecule is changed by the
environment but not randomized. Despite the presence of the
cluster, electronic relaxation still occurs via a wavepacket motion
mechanism.

There is evidence that geometrical reorganization of the
cluster occurs after the electronic relaxation to Z since the energy
of the electrons originating from the Z state continues to
decrease slowly in time with a 10 ps time constant. This time
scale corresponds probably to several combined effects: cooling
via evaporation of argon atoms and embedding the polarized
system deeper in the cluster, while it is still plastic.

Conclusion

The stepwise solvation of the ethylenic TDMAE molecule
by the presence of argon atoms was observed in a unique way
by a combination of two methods: matrix isolation spectroscopy
and photoelectron spectroscopy. Matrix isolation, by providing
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a static environment (a cage), allows the characterization of the
nature of high electronic states, whereas time-resolved photo-
electron spectroscopy shows the progressive solvation of the
excited system at the surface of a cluster.

This revealed two effects of the medium on the electronic
relaxation of a molecule involving polar and Rydberg states in
the presence of argon clusters: one mostly electronic involving
relaxation within the Rydberg manifold and the second corre-
sponding to the stabilization with time of a polarized system at
the surface of a cluster. This surface is a model system since it
provides a way to evidence the specific influence of the solvation
on each of the states involved in the cascade of the relaxation.
The general trends of the mechanism operating in the free
molecule are still effective here: relaxation from an initial
valence state to a zwitterionic state through a Rydberg state.
However, the medium has a dramatic effect in differentially
lengthening the evolution on levels that it perturbs: the Rydberg
states. We visualized the time-resolved stepwise solvation of
these Rydberg states formed during the temporal evolution and
observed their equilibration at the argon surface. This relaxation
was interpreted here as the transition between different mixed
Rydberg states existing only in the presence of the argon surface
at times shorter than a few picoseconds. After 10 ps, the effect
of the rearrangement on the argon atoms could be observed.
Here, the Rydberg states were accessed in the process of
electronic relaxation and not directly as absorption did not allow.
Recently, we applied with success this methodology to directly
access Rydberg states of a large molecule, DABCO, showing
similar relaxation steps starting from the Rydberg manifold.
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