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Electronic continua in time-resolved photoelectron spectroscopy.
I. Complementary ionization correlations
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We examine the role of electronic continua in time-resolved photoelectron spectroscopy studies of
polyatomic nonadiabatic dynamics. We have investigated the two limiting cases for such studies.
We consider here the limiting case of complementary ionization correlations where the two
nonadiabatically coupled excited electronic states 共S 2 and S 1 兲 correlate 共in the Koopmans’ picture兲
to different cation electronic states. We show, using an example of ultrafast internal conversion a
linear polyene, that this favorable case allows for disentangling of the electronic population
dynamics from the coupled vibrational dynamics. In the following paper, we investigate the
unfavorable case of corresponding ionization correlations. © 2001 American Institute of Physics.
关DOI: 10.1063/1.1331636兴
INTRODUCTION

coupled to a true continuum, leading to nonadiabatic photodissociation dynamics.14,15
Rapid electronic dephasing leading to a strong reduction
in transition dipole generally limits the spectrosopic ‘‘observation’’ of excited state dynamics to times within the electronic dephasing time, T *
2 . A classic example of this is the
S 2 ←S 0 absorption spectrum of butadiene in which the very
broad vibrational structure cannot be resolved.16 Double
resonance, such as resonance Raman spectroscopy, which
projects the excited state back onto the ground electronic
state, can reveal details of the initial excited state
dynamics17–19 but, importantly, only for times on the order
of T 2* . To obtain information about the molecular dynamics
after T 2* , i.e., on the ‘‘dark’’ state, double resonance techniques where the final state is not the ground electronic state
will be useful.
In this paper we consider an alternative approach to
these problems, through the use of time domain techniques.20
The large bandwidth of a femtosecond pump pulse allows for
preparation of a coherent nonstationary superposition of molecular eigenstates—a wave packet. The wave packet evolution is monitored via a coherent 共femtosecond兲 probe pulse
which projects it onto a final state as a function of time. The
set of these coherent two-photon transitions contains interferences between degenerate transitions which depend on the
evolving phase factors of the molecular eigenstates; in other
words, the signal modulations depend on the dynamical evolution of the wave packet.
The femtosecond pump–probe technique has been successfully applied to a wide range of problems in gas phase
chemical dynamics.20–31 The choice of the final state onto
which the wave packet is projected is very important as it
affects the information content and determines the experimental method 共e.g., detection of photons versus particles兲.
The particular choice of the molecular ionization continuum
as a final state has been argued32–35 because the ground state
of the ion is often well known, ionization is a universal detection scheme 共no ‘‘dark’’ states兲, and multiply differential
detection techniques such as photoelectron spectroscopy may

The excited state dynamics of polyatomic molecules is
dominated by the nonadiabatic coupling of vibrational and
electronics degrees of freedom. This mixing of electronic
and nuclear motions induces both charge redistribution and
energy flow in molecules. It is the primary step in the photochemistry of polyatomic molecules,1 photobiological processes such as vision2 and photosynthesis, and underlies
many concepts in molecular electronics.3 The Born–
Oppenheimer approximation 共BOA兲 plays the pivotal role in
defining the potential energy surface that allows us to represent nuclear trajectories, thus permitting a mechanistic picture of molecular dynamics. The BOA is exact provided that
the nuclear kinetic energy is negligible. Breakdown of the
BOA, therefore, is uniquely due to the motions of the atoms
and occurs at the intersections or near intersections of potential energy surfaces belonging to different electronic
configurations.4 The nonzero matrix elements of the nuclear
kinetic energy operator which induce these transitions between zeroth order states are due to the so-called ‘‘promoting
modes.’’ These radiationless transitions5–10 often lead to
complex, broadened absorption spectra due to the high density of nuclear states and a strong variation of transition dipole with nuclear coordinate.
High resolution spectroscopy provides the most detailed
insights into these processes, as in the cases of the Renner–
Teller and Jahn–Teller effects11 and conical intersections.12
In some larger molecules such as pyrazine, ‘‘exact’’ solutions to the radiationless transition problem have been
demonstrated.13 In general, however, it remains a challenging problem when the state density becomes very high and
multi-mode vibronic couplings are involved. Especially challenging is the case of greatest interest to photochemistry—
when the zeroth order excited states are directly or indirectly
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be employed, increasing the information content of the measurement.
Femtosecond time-resolved photoelectron spectroscopy
共TRPES: for a recent review, see Ref. 36兲 is beginning to be
applied to a variety of problems. Its application to polyatomic nonadiabatic dynamics was studied theoretically ten
years ago37 and first demonstrated for the case of S 1 – S 0
internal conversion in hexatriene.38 TRPES has been applied
to wave packet dynamics in simple systems,32,39–42 intramolecular vibrational energy redistribution,43–45 nonadiabatic
intramolecular dynamics 共internal conversion兲,46–52 photodissociation dynamics,53,54 picosecond spin-orbit coupling
共intersystem crossing兲,55,56 intracluster reaction dynamics,57
excited state proton transfer dynamics,58 and model molecular electronic switches.59 The outgoing photoelectron may be
differentially analyzed as a function of time not only with
respect to kinetic energy but also angular distributions60–69
and even spin polarization.70 Additionally, time-resolved
photoelectron-photoion coincidence 共PEPICO兲50 and
photoelectron-photoion
coincidence-imaging71
spectroscopies have been demonstrated.
We consider here the role of the electronic structure of
the ionization continuum in time-resolved photoelectron
spectroscopy experiments. The molecular ionization continuum contains two types of electronic structures: that due
to the ion core and that due to the free electron. The electronic structure due to the ion core is simply the set of electronic states of the cation. Electronic Koopmans-type correlations upon photoionization of neutral excited state
molecular orbitals may or may not, depending on the symmetries involved, allow for disentangling of electronic population dynamics from vibrational dynamics. In the present
paper we consider one of the limiting cases, that of complementary ionization correlations, which favors the disentangling of complex vibronic dynamics. When the electronic
correlations are mutually exclusive, the nonadiabatically
coupled excited neutral states correlate to different ion continua provided that the coupled states are of differing symmetry 共as is often the case兲. In this limiting case, the electronic population dynamics can be separated from the
coupled vibrational wave packet dynamics even in the presence of large geometry changes upon nonadiabatic crossing
or ionization. We demonstrate this possibility using the example of ultrafast internal conversion in a linear polyene.
In the second, following paper, we consider the other
limiting case of electronic correlations, that of corresponding
ionization correlations, which in general are expected to
hinder the disentangling. In these cases, where the nonadiabatically coupled excited states correlate to the same ion continua, considerations of the geometry changes 共displacements兲 upon nonadiabatic crossing and ionization become
important. We discuss this case using examples of ultrafast
internal conversion in the polyaromatic hydrocarbons
phenanthrene and naphthalene.
Finally, in a forthcoming third paper, the use of the electronic structure of the free electron 共the partial wave structure of the continuum兲 in wave packet measurements is considered from a theoretical point of view, using the general
nonperturbative formalism developed by Seideman.62,68 The
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FIG. 1. A picture of polyatomic nonadiabatic dynamics. The ␣ state prepared by the pump laser decays into the lower lying ␤ state due to nonadiabatic coupling. Here we assume that for these two states the Koopmans’type correlations upon ionization are complementary: The ␣ state
preferentially ionizes into the ␣ ⫹ ground state ion continuum, whereas the ␤
state preferentially ionizes into the ␤ ⫹ ion continuum, here shown as a
cation excited state. This scheme should allow the disentangling of electronic from vibrational dynamics during nonadiabatic processes, as discussed in the text.

partial wave distribution, that is to say, the photoelectron
angular distribution, is also generally sensitive to the electronic symmetry of the state undergoing photoionization.
Thus the measurement of time-resolved photoelectron angular distributions 共PADS兲 gives another route to the potential
disentangling of complex vibronic molecular dynamics. We
explore several different symmetry cases and discuss effects
important in the determination of PADS.
ION ELECTRONIC CONTINUA

We consider now in more detail the role of the electronic
symmetry of the final 共ion兲 state in pump–probe photoionization experiments. Photoelectron spectroscopy is a spectroscopy of electronic configurations that remains directly
sensitive to vibrational dynamics. A simplified but very useful picture is that emission of an independent outer electron
occurs without simultaneous electronic reorganization of the
ion core 共known as the Koopmans’ or frozen core
approximation兲.72,73 Partial ionization probabilities 共i.e., ionization into specified ion electronic states兲 can differ drastically with respect to the molecular orbital nature of the neutral electronic state.74,75 If a given electronic configuration
correlates, upon removal of the outermost electron, to the
electronic configuration of the ground electronic state of the
cation, then the corresponding photoionization probability is
much higher than if it does not. In other words, one-photon
one-electron operations are more probable than one-photon
two-electron operations.
In Fig. 1 we show a picture of the excited state dynamics
relevant to many polyatomic systems. A zeroth order
‘‘bright’’ state, ␣, is coherently prepared with a femtosecond
pump pulse. According to the Koopmans’ picture, it ionizes
into the ␣ ⫹ continuum, the electronic state of the ion ob-
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tained upon single-photon, single active electron ionization
of the outermost electron. This process produces a photoelectron band ⑀ 1 . In this example, we have chosen ␣ ⫹ to be the
ground electronic state of the ion. We now consider a nonadiabatic process which transforms the zeroth order bright
state into a zeroth order ‘‘dark’’ state, ␤, as induced by promoting vibrational modes of the appropriate symmetry. By
the same arguments, the ␤ state should ionize into the ␤ ⫹
ionization continuum, producing a photoelectron band ⑀ 2 .
Here we discuss the case of complementary correlations and
assume that ␤ ⫹ is an electronically excited state of the cation, as would be the case, for example, if ␤ contained doubly
excited configurations. Therefore, if we use a sufficiently energetic probe photon such that both the ␣ ⫹ and ␤ ⫹ continua
are open channels, we would expect a switching of the electronic ionization channel from ⑀ 1 to ⑀ 2 during the nonadiabatic process. This picture suggests that we should be able to
directly monitor both the changing electronically excited
state symmetry 共i.e., the electronic population dynamics兲 and
the coupled vibrational wave packet dynamics during ultrafast nonadiabatic processes. The use of photoionization
electronic correlations was considered in picosecond time
scale electronic population flow during intersystem
crossing.55 On femtosecond time scales, photoelectron spectroscopy remains a vibrationally resolved technique and
therefore the accompanying nuclear dynamics which promotes and tunes nonadiabatic dynamics can be observed via
the detailed structure of the ⑀ 1 and ⑀ 2 bands. Intramolecular
vibrational energy redistribution 共IVR兲 in the ␣ state which,
by definition does not alter electronic symmetries, can be
observed via the ␣ ⫹ photoelectron band ⑀ 1 . Similarly, IVR
in the ␤ state can be observed via the ␤ ⫹ band ⑀ 2 . If this
picture is correct, we have in principle a method to disentangle vibrational from electronic population dynamics even
though they are coupled. This could, when combined with
quantum dynamical calculations, yield unprecedented views
of the promoting and tuning mode dynamics as well as a
direct view of the extent of and time scale for IVR on the
‘‘dark’’ potential energy surface. Recently, we demonstrated
that such disentangling is possible via TRPES, using the example of femtosecond internal conversion in a linear polyene, all trans decatetraene47,48 and discuss these results in
detail below.
LINEAR POLYENE PHOTOPHYSICS

Linear polyenes are hydrocarbon chains that have long
been an area of fundamental and applied research.76 Their
nonadiabatic dynamics leads to the fundamental process of
cis-trans photoisomerization. Polyenes form the lightharvesting antennae in vision 共rhodopsin兲2 and light-driven
transmembrane proton pumps 共bacteriorhodopsin兲. The investigation of polyene photophysics is central to our understanding of electron delocalization and electron correlation in
molecules. They have also been a test bench for quantum
chemical theory due to their lowest excited state containing
doubly excited configurations.77
All trans 2,4,6,8, decatetraene 共DT兲 provides a classic
example of internal conversion in a polyene,76,78,79 the key
photoinitiated dynamics being cis-trans isomerization.80 A
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great deal of the investigations on polyenes and their substituted analogs have been devoted to the ordering of excited
electronic states, revealing that for simple polyenes with
more than three double bonds81 the first excited state has
doubly excited character, whereas the first dipole-allowed
state is the second excited state.82 In DT, the lowest excited
state is the one-photon forbidden 2 1 A g (S 1 ) state and the
second excited state is the one-photon allowed 1 1 B u (S 2 )
state 关the HOMO共兲→LUMO共*兲 transition兴. The
1 1 B u (S 2 ) state retains a planar structure.83 The electronic
origin of the S 2 state appears in the jet-cooled fluorescence
excitation spectrum at 34 784 cm⫺1 共4.3 eV兲. The electronic
origin of the S 1 state in DT has been observed at 28 963
cm⫺1 共3.6 eV兲 via two-photon fluorescence excitation.83
When the energy gap between S 2 and S 1 is large, the density
of S 1 vibronic levels can be very large compared to the reciprocal electronic energy spacing and the dark state forms
an apparently smooth quasicontinuum. Such a situation is
known as the statistical limit for the radiationless transition
problem. The S 2 – S 1 energy gap in DT is 5764 cm⫺1 共0.71
eV兲 placing this large molecule 共66 modes兲 in this statistical
limit. The statistical versus intermediate cases are discussed
in more detail in the following paper and references therein.
The 22 cm⫺1 bandwidth of the S 2 origin places a lower
共Lorentzian兲 limit on internal conversion time scale to S 1 of
around 200–300 fs.84 There is a rapid decreases in spectral
structure at ⬃2000 cm⫺1 and no resolvable structure beyond
4300 cm⫺1 above the S 1 origin. The lifetime of S 1 decreases
drastically beyond 3000 cm⫺1 above the origin, and is attributed to trans-cis isomerization.85–87 In comparison with octatetraene, the methyl end groups increase the state density
and, via interaction between the methyl torsion and lowfrequency skeletal modes of the chain, likely lead to a decrease in planarity and an increase in the internal conversion
rate. 共The torsional barrier is significantly reduced in S 1 relative to S 2 .兲 It is well known that nonplanarity leads to extremely fast internal conversion in butadiene and
hexatriene.88
In Table I we show the  molecular orbital occupancy,
electronic origins 共in eV兲, and semi-empirical weights for
neutral and cation electronic states of DT. The ground
states of the neutral and cation were calculated via the
B3P86/6-31G* and CASSCF共7,8兲/6-31G* methods.
CASSCF methods were also used for the calculation of the
2 1 A g (S 1 ) and 1 1 B u (S 2 ), as well as excited cation D 1 and
D 2 states. The B3P86/6-31G* method was also used to calculate some higher cation excited states. The weights were
obtained from the semi-empirical QCFF/PI⫹CISD method
in which all singly and doubly excited configurations in the
-orbital 4⫻4 MO space were used.89,90 It can be seen that
the S 2 state correlates, upon removal of the highest lying
electron, with the D 0 ground state of the cation, whereas the
S 1 state correlates predominately with the D 1 excited state of
the cation. Thus we can see that DT provides an example of
the case of complementary ionization correlations. We note,
as discussed in more detail below, that the geometry changes
between S 2 and S 1 and between D 0 and S 1 are significant
共there is bond order inversion between S 1 and S 0 兲. This usually leads to large amplitude motion and long vibrational
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TABLE I. Molecular orbital configurations, semi-empirical weights, and term energies in all-trans 2,4,6,8decatetraene. The optically bright state S 2 共4.3 eV兲 state is singly excited, whereas the lower lying dipoleforbidden excited S 1 共3.6 eV兲 state results from the interaction of both singly and doubly excited configurations.
The last column shows the cation electron configuration expected upon a Koopmans’-type single-photon, single
active electron ionization. It can be seen that S 2 correlates with the D 0 cation ground state configuration at 7.3
eV, whereas S 1 correlates predominantly with the D 1 cation excited state configurations at 8.5 eV. It is therefore
expected that the photoionization electronic channel should switch from D 0 ⫹e ⫺ to D 1 ⫹e ⫺ during the S 2
→S 1 internal conversion. For details, see the text.

Electronic
state

Energy
共ev兲

1a u

Molecular orbital occupancy
1b g
2a u
2b g
3a u

3bg

QCFF/PI
⫹CISD
weight

Correlated
ion state

Neutral
S 0 , 1 1A g
S 1 , 2 1A g

0.0
3.6

S 2 , 1 1B u

4.3

2
2
2
2
2

2
2
2
2
2

2
2
1
2
2

2
0
2
1
1

2
2
2
2
2
2
2

2
2
2
2
2
1
2

2
1
2
1
2
2
2

1
2
0
2
0
2
0

2
1
0
1

1

89%
35%
19%
19%
95%

D0 ,
D1 ,
D1 ,
D0 ,
D0 ,

1
1
1
1
1

2

Bg
Au
2
Au
2
Bg
2
Bg
2

Cation
D 0 , 1 2B g
D 1 , 1 2A u

IP⫽7.3
8.7

D 2 , 2 2A u

9.6

D 3 , 2 2B g

9.7

progressions. It is of interest to see how these effects hamper
the desired disentangling of electronic from vibrational dynamics.
EXPERIMENT

The molecular beam pump–probe photoelectronphotoion spectroscopy technique used in these experiments
has been previously described.34 Briefly, synchronized ps
Nd:YAG oscillator pulses 共phase-locked to a fs Ti:Sa oscillator兲 are regeneratively amplified at a 20 Hz repetition rate
to the 100 mJ level. After frequency doubling, the high
power ps 532 nm pulses are used to pump three prism dye
cell amplifier chains. The first chain provides J level 75 fs
Ti:Sa pulses at 765 nm, which are used to generate two white
light continua. These are independently amplified in the
other two dye chains to provide broadly tunable 60–100 fs
pulses in the visible, with ⬃0.5 mJ energies after compression. Harmonic generation from these pulses gave the pump
and probe pulses required for the experiments. A variable
temperature pulsed molecular beam valve (T⬍200 °C) was
used to introduce the seeded molecular beam into the extraction region of a dual flight tube photoelectron-photoion spectrometer. As illustrated by Fig. 2, both ions and electrons
could be monitored as a function of time. Isomerically pure
all-trans 2,4,6,8 decatetraene 共DT兲 was synthesized from the
Wittig reaction between hexadienal and crotyltriphenylphosphonium bromide.78
DT was sublimed at 30 °C into 600 Torr of He carrier
gas. This temperature was high enough to obtain sufficient
vapor pressure 共⬃0.5 Torr兲 yet low enough to avoid rapid
polymerization of the sample. The sample was exchanged
daily and there was no evidence of clusters in the beam.

1
1
0

1

96%
53%
41%
38%
43%
56%
20%

The 100 fs, 2 J pump pulse was centered at 287 nm, the
electronic origin of the S 2 state. The probe pulse wavelength
was varied in order to explore the role of different ion core
electronic continua on the form of the pump–probe photoelectron spectra. The two probe wavelengths used in these
experiments were 235 nm 共250 fs, 1 J兲 and 352 nm 共100 fs,
3 J兲. Both pump and probe laser pulses were recompressed
via fused silica prism pairs before entering the vacuum
chamber.
The absolute ⌬t⫽0 and laser cross correlation were determined via nonresonant 1⫹1 ionization of NO and 1⫹2
ionization of Xe. Using a f /80 spherical aluminum mirror to
focus the pulses in the interaction region, we estimate that
the pump laser intensity was ⬃1011 W/cm2 , whereas the
probe laser intensity was ⬃1010 W/cm2 . At these intensities
and frequencies, the ponderomotive broadening91 of the pho-

FIG. 2. A depiction of the time-resolved photoelectron spectroscopy experiment. A molecular beam is crossed by copropagating pump 共excitation兲 and
probe 共ionization兲 fs laser pulses in the interaction region of the spectrometer. Both ions and photoelectrons may be collected as a function of the
pump–probe delay time ⌬t.
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FIG. 4. One-color nonresonant two-photon ionization photoelectron spectra
of DT. The fs UV pulse was centered at 289.5 nm 共4.28 eV兲, just below the
S 2 band origin. 共a兲 Calculated CASSCF-DFT Franck–Condon progression
for the S 0 →D 0 transitions, at two different resolutions 共2.5 meV and 100
meV兲. 共b兲 The one-color, nonresonant two-photon ionization photoelectron
spectrum of DT at 289.5 nm. The ionization potential was measured to be
7.3 eV.
FIG. 3. 共a兲 Calculated CASSCF-DFT Franck–Condon progression for
the S 2 →D 0 transitions in DT, convoluted with a 75 meV instrumental
function. The structure is dominated by the 0-0 transition. 共b兲 Calculated
CASSCF-DFT Franck–Condon progression for the S 1 →D 1 transitions in
DT, convoluted with a 75 meV instrumental function. With scaled 共⫻0.8兲
displacement parameters; the result is shown as a dashed line.

toelectron spectra is less than the effective laser bandwidths.
The photoelectron kinetic energies were calibrated by photoionizing NO via three-photon transitions at 287 nm and 352
nm or a two-photon transition at 235 nm. The MCP detector
subtended an ⬃8° solid angle for electron collection. The
pump and probe laser polarizations were each parallel to the
electron time-of-flight axis for all experiments. The photoelectron spectra were averaged over 104 laser shots with a
200 MHz multichannel scaler and background signals due to
the pump and probe laser alone were subtracted. The photoelectron spectrometer resolution was ⬃100 meV at 1 eV.
RESULTS AND DISCUSSION
Cation electronic structure

To test our idea of using the electronic structure of the
ionization continuum as a template, we first need to know the
electronic level spacings and symmetries for the first few
excited states of the DT cation. Unfortunately, to our knowledge, there is no spectroscopic information available about
the low lying electronic states of the DT cation or even the
ionization potential of DT. With a combination of one-laser
multiphoton photoelectron spectroscopy and ab initio calculation, we were able to determine these. The ionization potential was measured by two-photon nonresonant 共⫽289.5
nm兲 ionization from the neutral ground state to be 7.3⫾0.05

eV, as discussed below. Two ion excited state vertical ionization potentials were determined via above threshold ionization 共ATI兲 using three-photon transitions.
The calculated B3P86/6-31G* ionization potential 共IP兲
is 7.12 eV. Using CASSCF geometries and force fields for
S 1 and S 2 and DFT 共density functional theory兲 geometries
and force fields for D 0 and D 1 , we were able to calculate
displacement parameters92 and Franck–Condon structure for
the S 2 →D 0 band, shown in Fig. 3共a兲, and for the S 1 →D 1
band, shown in Fig. 3共b兲. To match the resolution at the
kinetic energy expected in our experiments, the calculations
are convoluted with a 75 meV instrumental width function.
The relatively small geometry changes upon ionization of S 2
relative to D 0 involve four a g modes 共expansion of C⫽C
bonds and contraction of C–C bonds兲. The S 2 →D 0 band is
strongly dominated by the 0-0 transition. By contrast, the
S 1 →D 1 band involves a much larger geometry change 共S 1
has bond order inversion with respect to S 0 兲. We expected
that the combination of DFT and CASSCF geometries will
overestimate92 the Franck–Condon activity of the a g modes
for the S 1 →D 1 band. Therefore the result with scaled displacement parameters 共⫻0.8兲 is shown by the dashed line
and is compared with experiment below.
The observed nonresonant two-photon photoelectron
spectrum is compared with calculation in Fig. 4. In Fig. 4共a兲
we show the Franck–Condon activity between S 0 and D 0 ,
showing two different resolutions 共2.5 meV and 100 meV兲.
In Fig. 4共b兲 we show the experimental nonresonant twophoton photoelectron kinetic energy spectrum. Both calculation and experiment are characterized by a strong origin
band, supporting the calculated small geometry change between the neutral and cation ground states. Weak Franck–
Condon activity is revealed in the calculated high resolution

J. Chem. Phys., Vol. 114, No. 3, 15 January 2001

Electronic continua. I

1199

TABLE II. The vertical ionization energies predicted by CASSCF and DFT
methods 共see the text for details兲 and assignment of the peaks observed in
the one-color multiphoton ionization photoelectron spectra of Figs. 4 and 5.

Theory
共eV兲
Expt.
共eV兲

FIG. 5. One-color nonresonant multi-photon ionization photoelectron spectra of DT. The fs UV pulse was centered at 289.5 nm 共4.28 eV兲, just below
the S 2 band origin. 共a兲 Photoelectron spectrum revealing both two-photon
ionization, as in Fig. 4, and three-photon above-threshold ionization 共ATI兲.
共b兲 The three-photon ATI photoelectron spectrum, showing transitions to the
first D 1 共at 8.55 eV兲 and second D 2 共at 9.67 eV兲 2 A u cation electronic states,
in agreement with the ab initio results given in Table I.

spectrum via short progressions in the a g symmetry C⫽C
and C–C stretches. Very weak activity connected to lowfrequency CCC b u symmetry bending vibrations is predicted.
The ionization potential is estimated to be 7.12 eV. To compare with experiment, the 2.5 meV resolution spectrum was
broadened to 100 meV, shown as the dashed line in Fig. 4共a兲.
The experimental ionization potential was determined to be
7.3 eV and the overall width and shape of the spectra are in
reasonable agreement. The relatively small 170 meV offset
in the ionization potential, together with the similar Franck–
Condon profile, gave us confidence in using the calculations
to help assign the three-photon photoelectron spectrum, discussed below.
In Fig. 5共a兲 the experimental three-photon photoelectron
spectrum is plotted as a function of kinetic energy, revealing
both ionization into the ion ground state ( ⑀ k ⬍1.26 eV) and
other very weak bands at higher kinetic energy (2⬍ ⑀ k
⬍5 eV), signatures of ATI processes. To improve the energy resolution over this range, a retardation voltage 共1 V兲
was applied. This spectrum is shown in Fig. 5共b兲, plotted as
function of the electron binding energy, assuming a threephoton ionization. The two maxima observed suggest the
presence of two cation excited states at 8.55 eV and 9.67 eV,
respectively. The electronic symmetry expected for these
two states is 2 A u since they are populated by a three-photon
transition from the ground state. The calculations shown in
Table II suggest a low lying 2 A u state at 1.57 eV above the
ion ground state and a trio of near-degenerate states at 2.57
eV, of which one is of 2 A u symmetry. Therefore, two 2 A u
excited state origins of the DT cation are predicted to lie at
8.69 eV and 9.69 eV, respectively. The two experimentally
observed peaks are in good agreement. The D 1 and D 2 states
of the cation consist of the same electronic configurations,
the first being the symmetric and the second being the antisymmetric combination. It should be noted, however, that

D 0 1 2B g

D 1 1 2A u

D 2 2 2A u

D 3 2 2B g

D 4 3 2B g

7.118
共I.P.兲
7.29

8.69

9.62

9.71

9.91

8.55

9.67

¯

¯

due to poor energy resolution, weak signals, and overlapping
bands 共around 9.7 eV兲, it is difficult to comment on the band
shapes, their relative intensities, and their Franck–Condon
activity. In Table II we summarize the origin bands of the
ion states predicted and the assignment of the bands observed in photoelectron spectra obtained in these one-color
multiphoton ionization experiments.
Pump–probe experiments at 10.6 eV total energy

In all pump–probe experiments on DT presented here,
the pump pulse excited the S 2 共0,0兲 electronic origin at 287.5
nm. The first pump–probe experiment had a probe wavelength 共235 nm兲 sufficient to give 2.3 eV excess energy
above the ionization threshold. Therefore, dynamics occurring in the coupled S 2 – S 1 neutral states were projected onto
both the ion ground (D 0 ,1 2 B g ) and first excited (D 1 ,1 2 A u )
electronic states. As suggested by Table I, for single-photon,
single active electron emission, the S 2 state correlates with
D 0 ground state producing photoelectrons with kinetic energy ⑀ 1 , whereas the S 1 state correlates predominately with
the D 1 excited state 共at 8.55 eV兲, yielding photoelectron kinetic energy ⑀ 2 . This is the case of complementary ionization correlations, depicted in Fig. 1. For DT, this assumption
is supported by theoretical work suggesting that the ionization energies used here are low enough for independent electron approximations93 and confirmed by our experimental results, below. Therefore, as the nonadiabatic coupling
proceeds, we expected a switching of the photoionization
electronic channel. We expect that transitions to the D 2 state
共at 9.67 eV兲 are difficult to see due to the combination of
poor Franck–Condon overlap with the highly vibrationally
excited S 1 state and poor transmission of very slow electrons
( ⑀ k ⬍200 meV) through our spectrometer.
In Fig. 6 we show the measured DT parent ion signal as
function of time delay between pump and probe pulses. This
signal shows the rise time expected from the laser crosscorrelation 共Gaussian FWHM 290⫾20 fs兲 and a steplike behavior at positive time delays. There appears to be a slight
overall decay of the parent ion signal, with time constant
960⫾300 fs. We note that no fragment ions were observed.
The lifetime of the zeroth order S 2 state was expected to be
around 0.5 ps. As might be expected, the time dependence of
the total parent ion signal in this experiment appears insensitive to the electronic symmetry change induced by S 2 – S 1
internal conversion.
By contrast, as shown in Fig. 7共b兲, the time-resolved
photoelectron kinetic energy spectrum shows a dramatically
different result. Figure 7共a兲 shows the relevant energy level
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FIG. 6. Excited state dynamics at the S 2 origin of all trans decatetraene
共DT兲 as measured by time-resolved photoionization mass spectrometry. The
probe ionization laser 共235 nm兲 had sufficient energy to access both the D 0
ground and D 1 first electronic states of the cation. Parent ion signals
(C10H⫹
14) are shown as function of time delay between pump 共287.5 nm兲 and
probe pulses. No fragments were observed. The laser cross-correlation was
 L ⫽290⫾20 fs. An essentially steplike behavior is seen, showing that the
ion signal in this experiment does not reveal the nonadiabatic dynamics.

scheme. We expect a shift in photoelectron spectrum from a
higher energy band ( ⑀ 1 ⭐2.4 eV) to lower energy band ( ⑀ 2
⭐1.1 eV) upon S 2 – S 1 internal conversion. The photoelectron spectra of Fig. 7共b兲 are indeed characterized by a rapid
shift from a band centered at ⬃2.4 eV to a broad, structured
low energy band ranging from ⬃1.6 eV to 0 eV. This rapid
shift is the direct signature of the changing electronic configurations induced by S 2 – S 1 nonadiabatic coupling. The energetic component ( ⑀ 1 ⬇2.4 eV) is readily assigned to the
photoionization of S 2 into D 0 . The broad low energy band is
assigned to photoionization of S 1 into D 1 and roughly agrees
in width with the scaled Franck–Condon calculation shown
in Fig. 3b. As shown in Fig. 8, integration of these two bands
directly yields the S 2 – S 1 internal conversion times scale:
402⫾65 fs. This clear result obtains despite the geometry
changes involved.
These results demonstrate the strong selectivity of the
ionization dynamics for cases of complementary ionization
correlations and, importantly, show that disentangling of
electronic population dynamics from vibrational dynamics is
possible during ultrafast nonadiabatic processes.48 If vibrational wave packet dynamics were present in S 2 共e.g., by
exciting above the electronic origin兲 they would be revealed
by the vibrational structure in the ⑀ 1 band. Likewise, vibrational wave packet dynamics in S 1 is seen in the ⑀ 2 band.
The electronic populations dynamics accompanying the vibrational dynamics are synchronously observed via the
switching from ⑀ 1 to ⑀ 2 .
The decaying part of the ⑀ 2 band 共720⫾240 fs兲 and,
similarily, that of the ion parent signal 共Fig. 6, 960⫾300 fs兲
are likely the signature of the subsequent internal conversion
from S 1 to S 0 . We expect relatively poor Franck–Condon
factors for ‘‘hot’’ ground state S 0 ionization since the probe
pulse gives a maximum of 2.3 eV excess energy in the continuum, whereas the nascent ‘‘hot’’ S 0 ground state would

FIG. 7. Time-resolved photoelectron spectra revealing vibrational and electronic dynamics during internal conversion in all trans decatetraene 共DT兲.
共a兲 Level scheme in DT for one-photon probe ionization. The pump laser
prepares the optically bright state S 2 . Due to ultrafast internal conversion,
this state converts to the lower lying state S 1 with 0.7 eV of vibrational
energy. The expected ionization propensity rules are shown: S 2 →D 0
⫹e ⫺ ( ⑀ 1 ) and S 1 →D 1 ⫹e ⫺ ( ⑀ 2 ). 共b兲 Femtosecond time-resolved photoelectron kinetic energy spectra of DT pumped at 287 nm and probed at 235 nm.
There is a rapid 共⬃400 fs兲 shift in the distribution: from ( ⑀ 1 ) an energetic
peak at 2.5 eV due to photoionization of S 2 into the D 0 cation ground
electronic state; to ( ⑀ 2 ) a broad, structured band at lower energies due to
photoionization of vibrationally hot S 1 into the D 1 cation first excited electronic state. These results show a disentangling of electronic population
dynamics from vibrational dynamics. The structure in the low energy band
reflects the vibrational dynamics in S 1 .

contain up to 4.3 eV of vibrational energy. We note that
there is a nonzero signal near 1.6 eV, seemingly in the gap
between the two relevant ion states. This is due to small
deviations from our simple Koopmans’ picture and corresponds to S 1 photoionization into the D 0 continuum.
A central point in this paper is that photoelectron bands
in Fig. 7 contain much more information than simply the
‘‘rate constant’’ of the nonadiabatic process. Even with our
low energy resolution, we can see some vibrational structure
in the ⑀ 2 photoelectron band. This, in principle, contains very
detailed information about the state-to-state vibrational dynamics which promotes and tunes the electronic population
transfer, as well as the ensuing IVR which the wave packet
undergoes on the ‘‘dark’’ S 1 potential surface. We note that
the S 2 state is prepared here at its vibrationless origin and
therefore any vibrational dynamics observed must originate
from the S 1 state. All signals decay to zero on a longer time
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FIG. 8. Electronic population dynamics in DT at the S 2 origin. 共a兲 The
energy integrated ⑀ 1 photoelectron band 共1.8 eV–3.2 eV兲 of Fig. 7, plotted
as a function of time delay, showing the decay of the S 2 state. An exponential fit directly reveals the internal conversion rate: 402⫾65 fs. 共b兲 The
energy integrated ⑀ 2 photoelectron band 共⬍1.8 eV兲 of Fig. 7, plotted as a
function of time delay, showing the formation and 共on a longer time scale兲
decay of the S 1 state. This signal rises in 400 fs, due to internal conversion
from S 2 and decays ⬃700 fs, presumably due to subsequent internal conversion to S 0 .

scale, presumably due to S 1 – S 0 internal conversion. Although we are not able to extract detailed information about
the vibrational dynamics at the present time, a first indication
that one might be able to do so eventually can be seen from
Fig. 9, where we have replotted the photoelectron spectra of
Fig. 7, clearly showing the changing shape of the ⑀ 2 band as
a function of time. We see a general shift from higher energy
to lower energy electrons 共i.e, higher cation vibrational energy兲 within this band, as a function of time. This shift is
analogous to a time-dependent fluorescence red shift and
suggests that we are observing an ongoing IVR process on
the ‘‘dark’’ S 1 potential energy surface.
Many photoinduced polyatomic unimolecular reactions
are based on vibrationally ‘‘hot’’ molecules formed via ultrafast internal conversion.94 A fundamental approximation
in unimolecular reaction rate theory is that of the assumption
of statistical energy redistribution due to IVR 共i.e., the complete sampling of phase space兲 being very fast compared
with reaction.95 Many models and interpretations are based
on the supposition of fast, complete IVR. Increasingly, however, this assumption has come into question. DT has 66
internal degrees of freedom and 0.7 eV of internal energy
after conversion to S 1 and is therefore expected to be in the
‘‘statistical limit.’’ Nevertheless, we are able to observe, via
the photoelectron spectrum, some evolution in the vibrational energy distribution on the S 1 surface. We believe that
our experimental method could present new views of the
extent of and time scale for the onset of statisticality in an
isolated, energized molecule. The detailed extraction of the
vibrational wave packet dynamics associated with this internal conversion and its subsequent vibrational energy redistribution relies on modeling the multi-dimensional nonadiabatic coupling and calculating overlaps between this wave

FIG. 9. Time-resolved photoelectron spectra from Fig. 7, replotted here to
clearly show the changing shape of the ⑀ 2 band ( ⑀ kin⬍1.5 eV) as a function
of time. A shift from higher energy to lower energy photoelectrons within
the ⑀ 2 band as a function of time is suggestive an ongoing vibrational energy
redistribution process on the ‘‘dark’’ S 1 potential energy surface.

packet and the relevant states of the ion 共work presently in
progress兲.
Pump–probe experiments at 7.8 eV total energy

To confirm these ideas about the selectivity of the ionization continuum for specific electronic symmetries, we performed a second experiment by tuning the probe wavelength
to 352 nm to yield lower excess energy in the continuum
共now 0.54 eV兲. This is below the D 1 threshold and therefore
allowing one-photon ionization into the D 0 ground ion state
only. In contrast with the results of Fig. 6, we predicted that
the parent ion signal would now decay in ⬃400 fs since the
formed S 1 state should not correlate favorably with the D 0
continuum. In Fig. 10 we show that the time-dependent parent ion signal for 352 nm ionization is indeed well described
by a decay rate of 410⫾15 fs, confirming the above results.
The fact that the parent ion signal in Fig. 10 does not decay
completely to zero indicates that there remains a small tran-
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FIG. 10. Excited state dynamics at the S 2 origin of all trans decatetraene
共DT兲 as measured by time-resolved photoionization mass spectrometry. In
contrast with Fig. 6, the probe ionization laser 共352 nm兲 could access only
the ground electronic state of the cation. Parent ion signals (C10H⫹
14) are
shown as function of time delay between pump 共287.5 nm兲 and probe
pulses. The signal risetime 共the laser cross-correlation half-width兲 was  L
⫽84⫾4 fs. The parent ion signal decays with a time constant of 410⫾15 fs,
confirming the results of Fig. 8. A behavior very different from Fig. 6 is
seen, showing the crucial important of understanding the photoionization
dynamics in time-resolved ionization experiments involving nonadiabatic
dynamics.

sition probability between S 1 and D 0 . The poor Franck–
Condon factors associated with this transition are due to the
0.54 eV vibrational energy available in D 0 , as compared
with the 0.7 eV vibrational energy in S 1 , as well as significant geometry changes between S 1 and D 0 . Comparison of
the time-dependent parent ion signals at 235 nm with 352 nm
probe laser wavelength clearly demonstrates that the form of
the parent ion signal depends strongly on the specific photoionization dynamics and, in order to avoid misleading conclusions, must be analyzed for each specific case. This sensitivity of the integrated parent ion signal to the moleculespecific photoionization dynamics was previously
discussed54 in a study of the nonadiabatic dissociation dynamics of (NO) 2 .
In contrast with the 235 nm probe experiment, the mass
spectrum at 352 nm now shows fragmentation. In Fig. 11 we
⫹
show the time dependence of the main fragment ion C9H11
共m/e⫽119兲, which corresponds to loss of a methyl end group
from DT⫹ . It is important to note that the D 0 , S 2 , and S 1
states are all energetically stable at these energies of pump
and probe excitation and therefore the dissociation must arise
from a two-photon probe transition, yielding a total energy
of 11.3 eV. We note that the pump laser intensity was identical to that in the 235 nm probe experiment. However, the
probe laser intensity was approximately an order of magnitude higher at 352 nm, leading us to consider the possibility
of above threshold ionization 共ATI兲. A probe laser power
study supported this point, yielding a quadratic dependence
⫹
fragment ion and a linear dependence for the
for the C9H11
parent ion signal. This is confirmed by photoelectron spectroscopy results, discussed below. Interestingly, it can be
⫹
signal begins at almost zero near ⌬t
seen that the C9H11
⫽0 and rises with a time constant of 375⫾120 fs. This
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FIG. 11. A time-resolved photoionization mass spectrometry experiment
showing a fragment ion signal C9H⫹
11 , due to two probe photon ionization,
which was determined simultaneously with the data of Fig. 10. The laser
cross-correlation half-width was  L ⫽84⫾4 fs. The fragment ion signal rises
much more slowly than the parent ion signal, with a time constant of 375
⫾120 fs. This suggests that it derives from two-photon ionization of the S 1
state formed by internal conversion. On longer time scales, it appears to
decay 共⬃2 ps兲 presumably due to internal conversion of S 1 to S 0 .

strongly suggests that the fragmentation arises from twophoton ionization of the vibrationally excited S 1 state formed
by the internal conversion and not from two-photon ionization of S 2 . This is confirmed by photoelectron spectroscopy,
as discussed below.
In Fig. 12共b兲 we show the time-resolved photoelectron
spectrum for 352 nm probe laser ionization. Initially, the
spectrum is characterized by a low energy band, ⑀ 1 at 0.56
eV which decays with time. As indicated in Fig. 12共a兲, the ⑀ 1
band is due to one-photon ionization of S 2 into D 0 and corresponds exactly with the 235 nm ⑀ 1 band of Fig. 7, simply
shifted to lower energy by the reduction in probe photon
energy. This peak is narrower due to the improved kinetic
resolution at low energy. A broad energetic band, ⑀ 2 , ranging from 0.6 eV to 4 eV grows with time as the ⑀ 1 band
decays and therefore arises from photoionization of the
formed S 1 state. The ⑀ 2 band must, via energy conservation,
arise from two-photon probe ionization. As can be seen from
Fig. 12共a兲, due to the symmetry of the two-photon dipole
operator, the ion continua accessed via two-photon ionization may also include D 0 , D 3 , and D 4 . This explains the
broad range and high kinetic energy of the photoelectrons in
the ⑀ 2 band. Integration of the ⑀ 1 band, shown in Fig. 13共a兲,
provides yet another independent confirmation of the S 2 – S 1
internal conversion time scale, 377⫾47 fs, fully in agreement with the previous results. The decaying part of the ⑀ 2
component integration 共783⫾109 fs兲, Fig. 13共b兲, as in Figs. 6
and 7, is likely the signature of the subsequent internal conversion between the S 1 and S 0 states.
It is interesting to consider why, at invariant probe laser
intensity, the photoionization process switches from singlephoton ionization of S 2 to two-photon ionization of S 1 . We
note that in the both cases, the first photon is already above
the ionization potential and therefore the S 1 ionization is due
to absorption of a second photon in the ionization continuum
共ATI兲. This can be rationalized by a consideration of the
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FIG. 13. Electronic population dynamics in DT at the S 2 origin via twophoton ionization. 共a兲 The energy integrated ⑀ 1 photoelectron band 共⬍0.56
eV兲 of Fig. 12, plotted as a function of time delay, showing the decay of the
S 2 state. An exponential fit directly reveals the internal conversion rate:
377⫾47 fs, confirming the previous results. 共b兲 The energy integrated ⑀ 2
photoelectron band 共0.56 eV–4 eV兲 of Fig. 12, plotted as a function of time
delay, showing the formation and 共on a longer time scale兲 decay of the S 1
state. This signal rises in 400 fs, due to internal conversion from S 2 and
again decays ⬃700 fs, confirming the previous results.

FIG. 12. Time-resolved vibrational and electronic dynamics during internal
conversion for all trans decatetraene 共DT兲 via two-photon ionization. 共a兲
Level scheme in DT for one- and two-photon probe ionization. The pump
laser is identical to that in Fig. 7 and prepares the same S 2 state wave
packet. The expected ionization propensity rules are: S 2 →D 0 ⫹e ⫺ ( ⑀ 1 ) for
one-photon 共u↔g, as in Fig. 7兲 ionization and S 1 →→D 0 , D 3 , D 4
⫹e ⫺ ( ⑀ 2 ) for two-photon (g↔g) ionization. 共b兲 Femtosecond time-resolved
photoelectron kinetic energy spectra of DT pumped at 287 nm and probed at
352 nm, using both one- and two-photon probes. At 352 nm, the D 1 ion
state is not energetically accessible from the S 1 state via a single-photon
transition. Confirming the results of Fig. 7, there is a rapid shift 共⬇400 fs兲 in
the distribution: from ( ⑀ 1 ) a peak at 0.4 eV due to one-photon ionization of
S 2 into the D 0 cation ground electronic state; to ( ⑀ 2 ) a broad, structured
band at higher energies 共1–3.5 eV兲 due to two-photon ionization of the
vibrationally hot S 1 into the D 0 cation ground and excited electronic states.
The photoionization channel switches from a one-photon to a two-photon
process during the internal conversion indicating again that the electronic
structure of the ionization continuum is selective of the evolving electronic
symmetry in the neutral state.

relative rates of two competing processes: second photon absorption versus autoionization. For the case of S 2 , the photoionization correlation is with D 0 and therefore the ionization
is direct. In other words, the ‘‘autoionization’’ is extremely
rapid and second photon absorption cannot compete. For the
case of S 1 , the photoionization correlation is with D 1 . The
D 1 state, however, is energetically inaccessible and therefore
the transition is most likely into Rydberg series converging
on the D 1 threshold. For these to emit an electron into the
open D 0 continuum channel, there must be an electronic rearrangement, for which there is a finite autoionization rate. In
this case, the absorption of a second photon competes effectively with autoionization. These two-photon experiments

not only confirm the one-photon results, but also demonstrate
the symmetry selectivity of the photoionization process itself.
CONCLUSION

Nonadiabatic processes, ubiquitous in excited state polyatomic dynamics, lead to complex wave packet evolution
and strongly varying transition dipole moments due to the
mixing of electronic and vibrational degrees of freedom. An
important goal of our laboratory is to try to use femtosecond
wavepacket methods to disentangle these coupled degrees of
freedom in order to recover a picture of the evolution of the
zeroth order Born–Oppenheimer states. We considered in
detail the nature of the final state in polyatomic wave packet
dynamics experiments using photoionization detection. We
have argued that the molecular ionization continuum is a
very interesting final state for the study of nonadiabatic polyatomic wavepackets. The vibrational aspects of the wave
packet dynamics can be observed via the vibrational structure of the ionization continuum 共i.e., vibrational states of the
cation兲. The electronic structure of the continuum 共i.e., the
set of electronic states of the cation and the free electron
partial wave structure兲 is sensitive to the electronic population dynamics 共based on electronic propensity rules and symmetry properties of the free electron partial waves兲. We investigated the role of electronic continua 共the cation
electronic states兲 in femtosecond time-resolved photoelectron spectroscopy measurements and considered two limiting
cases of Koopmans’-type photoionization correlations. The
first case, complementary ionization correlations, discussed
in this paper, is one in which the coupled states 共e.g., S 2 and
S 1 兲 correlate to different cation electronic states. We suggested that this favorable situation can allow for a simulta-
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neous monitoring of both the electronic population dynamics
and the coupled vibrational wave packet dynamics.48 The
second limiting case, corresponding ionization correlations,
discussed in the following paper, is one in which the coupled
states 共e.g., S 2 and S 1 兲 correlate to the same cation electronic
states.
We studied ultrafast S 2 ⫺S 1 internal conversion dynamics in all trans 2,4,6,8-decatetraene as an example of
complementary ionization correlations. The S 2 state is singly
excited and correlates with the D 0 ground state of the cation.
The S 1 state, by contrast, contains doubly excited configurations and correlates preferentially with the D 1 first excited
state of the cation. By pumping the molecule to the S 2 origin
and then probing with a photon sufficiently energetic so as to
include both the D 1 and D 0 cation states, we obtained timeresolved photoelectron spectra which revealed the change in
electronic symmetry implicit in internal conversion, allowing
a direct determination of the internal conversion time
scale—400 fs. Furthermore, these spectra allowed observation of vibrational wave packet dynamics on the ‘‘dark’’ S 1
potential energy surface.
We confirmed these results with an independent experiment using two-photon probe laser ionization, where the first
probe photon was above the D 0 ionization threshold but below the D 1 state. Again, the same picture emerges and a
direct measurement of the internal conversion time obtains.
We also demonstrated that although the time-resolved integrated parent ion signals in pump–probe studies of nonadiabatic dynamics may have very different forms 共depending on
the specifics of the photoionization dynamics兲, they can be
readily interpreted in terms of their associated photoelectron
spectra. The measurement of integrated parent ion signals
alone may be potentially misleading for cases of excited state
polyatomic nonadiabatic dynamics.
In the following paper, we consider the unfavorable case
of corresponding ionization correlations in which we expect
the disentangling of electronic from vibrational dynamics to
be more challenging. In these cases, geometry changes 共displacements兲 become an important aspect of the problem. It is
also interesting to study the other component of the molecular ionization continuum, the free electron. As photoelectron
angular distributions 共PADS兲 are directly sensitive to
changes in excited state electronic symmetry, experiments
are presently underway both in our laboratory and elsewhere
to investigate this possibility.
We hope that the time-resolved photoelectron spectroscopy method will prove useful in many situations where
there are significant charge rearrangements during the excited state dynamics. In our current experimental work, we
are applying time-resolved photoelectron spectroscopy to excited state proton transfer, yielding both time scales and the
energy dependencies of the intramolecular processes.96 In the
area of molecular electronics, azobenzene serves as the
model of an ultrafast molecular switch. We have studied the
nonadiabatic intramolecular dynamics of azobenzene, determining time scales and shedding new light on the complex
primary photophysical processes.97 Of photochemical interest, the excited states of aldehydes and ketones, by contrast
with polyenes studied here, can have important carbonyl
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 -  * /n-  * interactions. We have examined the nonadiabatic dynamics in a series of dieneones,98 showing the importance of inductive effects on the competition between internal conversion and intersystem crossing. In the future, we
plan to investigate excited state electron transfer dynamics
using time-resolved photoelectron spectroscopy, with the
hope of directly observing the coherent vibrational dynamics
associated with the charge transfer.99 Together with the work
of many other laboratories, we are optimistic that a detailed
new view of the complex nonadiabatic processes that underpin our understanding of photochemistry, material photosciences, and molecular electronics will emerge.
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