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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 std®sandS;) correlate(in the Koopmans’ picture

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.26®1 American Institute of Physics.
[DOI: 10.1063/1.1331636

INTRODUCTION coupled to a true continuum, leading to nonadiabatic photo-
dissociation dynamic¥:*®

The excited state dynamics of polyatomic molecules is  Rapid electronic dephasing leading to a strong reduction
dominated by the nonadiabatic coupling of vibrational andi transition dipole generally limits the spectrosopic “obser-
electronics degrees of freedom. This mixing of electronicyation” of excited state dynamics to times within the elec-
and nuclear motions induces both charge redistribution ang,nic dephasing timeT} . A classic example of this is the
energy flow in molecules. It is the primary step in the ph0'82<—80 absorption spectrum of butadiene in which the very
tochemistry of polyatomic moleculésphot(_)biological Pro- proad vibrational structure cannot be resolv&double
cesses such as visiorand photosynthesis, and underlies oonance, such as resonance Raman spectroscopy, which

many concepts in molecular electronfcsThe Born- projects the excited state back onto the ground electronic
Oppenheimer approximatiaBOA) plays the pivotal role in state, can reveal details of thanitial excited state

defining the potential energy surface that allows us to repredynamic§7‘19 but, importantly, only for times on the order

sent nuclear trajectories, thus permitting a mechanistic picg; T3 . To obtain information about the molecular dynamics

ture of molecglar 'dynamlcs..The BOA is exact provided thatafterT* i.e.. on the “dark” state, double resonance tech-
the nuclear kinetic energy is negligible. Breakdown of the

S . niques where the final staten®tthe ground electronic state
BOA, therefore, isuniquelydue to the motions of the atoms wi(lql be useful g
and occurs at the intersections or near intersections of poten- L . .
In this paper we consider an alternative approach to

tial ener surfaces belonging to different electronic . ; ;
gy ging these problems, through the use of time domain technitfues.

configurationé. The nonzero matrix elements of the nuclear_l_he large bandwidth of a femtosecond pump pulse allows for
kinetic energy operator which induce these transitions be- 9 pump p

tween zeroth order states are due to the so-called “promotingeparaﬁ.On of a coherent nonstationary superposition of mo-
modes.” These radiationless transition¥ often lead to cular eigenstates—a wave packet. The wave packet evolu-

complex, broadened absorption spectra due to the high dern is monitored via a cohererfemtoseconfiprobe pulse

sity of nuclear states and a strong variation of transition di-Wht'd} E)rrIOJects |:10ntotatf|nal Et?te 63[5 a ﬂ.JtnCtlon of ttlme. .T?e
pole with nuclear coordinate. set of these coherent two-photon transitions contains inter-

High resolution spectroscopy provides the most detaileJerences between degenerate transitions which depend on the

insights into these processes, as in the cases of the Renne?!olvmg phase factors of the molecular eigenstates; in other

Teller and Jahn—Teller effedtsand conical intersectiors. words, the signal modulations depend on the dynamical evo-

In some larger molecules such as pyrazine, “exact” squ—IUt'onhOf fthe wave pzcket. o hmiaue has b
tions to the radiationless transition problem have been 'N€ femtosecond pump—probe technique has been suc-

demonstrated In general, however, it remains a challeng- ¢€SSfully applied to a wide range of problems in gas phase

. . 0_31 . .
ing problem when the state density becomes very high angemical dynamicé’ The choice of the final state onto
multi-mode vibronic couplings are involved. Especially chal-Which the wave packet is projected is very important as it

lenging is the case of greatest interest to photochemistry—aﬁeCtS the information content and determines the experi-

when the zeroth order excited states are directly or indirectlyﬁr_nental methode.g., detection of photons versus partigles
he particular choice of the molecular ionization continuum
. ) o as a final state has been argtfed®because the ground state
Present address: Lab. Collisions, Aga¢s, Reactivite IRSAMC, ; ; i At ; ; _
UMRS589 du GNRS, Toulouse, France. of the ion is often well known, ionization is a universal de
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be employed, increasing the information content of the mea-
surement.

Femtosecond time-resolved photoelectron spectroscopy
(TRPES: for a recent review, see Ref,) 3 beginning to be
applied to a variety of problems. Its application to poly-
atomic nonadiabatic dynamics was studied theoretically ten
years agd’ and first demonstrated for the case ®f-S,
internal conversion in hexatrief® TRPES has been applied
to wave packet dynamics in simple systethd’~*intramo-
lecular vibrational energy redistributidi;*® nonadiabatic
intramolecular dynamicsinternal conversiop*®~>2 photo-
dissociation dynamic®>* picosecond spin-orbit coupling
(intersystem crossing™>® intracluster reaction dynamic,
excited state proton transfer dynamiégnd model molecu- . T
lar electronic switche®’ The outgoing photoelectron may be Q

differentially analyzed as a function of time not only with FG. 1 A pict — diabatic d . Thatat
A e - . 1. A picture of polyatomic nonadiabatic dynamics. Thestate pre-
respect to kinetic energy but also angl‘”ar distribufidrs pared by the pump laser decays into the lower lyihstate due to nonadia-

and even spin polarizatiofl. Additionally, time-resolved patic coupling. Here we assume that for these two states the Koopmans'-
photoelectron-photoion coincidence(PEPICQ®® and type correlations upon ionization areomplementary The a state

photoelectron_photo")n COInCIdence_lmadlhg Spec_ preferentially ionizes into the* ground state ion continuum, whereas ﬁle

. state preferentially ionizes into th8" ion continuum, here shown as a
troscopies ha}ve been demonstrated. . cation excited state. This scheme should allow the disentangling of elec-
We consider here the role of the electronic structure Ofronic from vibrational dynamics during nonadiabatic processes, as dis-

the ionization continuum in time-resolved photoelectroncussed in the text.

spectroscopy experiments. The molecular ionization con-

tinuum contains two types of electronic structures: that due

to the ion core and that due to the free electron. The elepartial wave distribution, that is to say, the photoelectron
tronic structure due to the ion core is simply the set of elecangular distribution, is also generally sensitive to the elec-
tronic states of the cation. Electronic Koopmans-type corretronic symmetry of the state undergoing photoionization.
lations upon photoionization of neutral excited stateThus the measurement of time-resolved photoelectron angu-
molecular orbitals may or may not, depending on the symiar distributions(PADS) gives another route to the potential
metries involved, allow for disentangling of electronic popu- disentangling of complex vibronic molecular dynamics. We
lation dynamics from vibrational dynamics. In the presentexplore several different symmetry cases and discuss effects
paper we consider one of the limiting cases, thatahple- important in the determination of PADS.

mentaryionization correlations, which favors the disentan-

gling of complex vibronic dynamics. When the electronic

correlations are mutually exclusive, the nonadiabaticall)}ON ELECTRONIC CONTINUA

coupled excited neutral states correlate to different ion con-  We consider now in more detail the role of the electronic
tinua provided that the coupled states are of differing symsymmetry of the finalion) state in pump—probe photoion-
metry (as is often the cageln this limiting case, the elec- ization experiments. Photoelectron spectroscopy is a spec-
tronic population dynamics can be separated from theroscopy of electronic configurations that remains directly
coupled vibrational wave packet dynamics even in the pressensitive to vibrational dynamics. A simplified but very use-
ence of large geometry changes upon nonadiabatic crossirgl picture is that emission of an independent outer electron
or ionization. We demonstrate this possibility using the ex-occurs without simultaneous electronic reorganization of the
ample of ultrafast internal conversion in a linear polyene. ion core (known as the Koopmans' or frozen core

In the second, following paper, we consider the otherapproximation.’?3 Partial ionization probabilitie§.e., ion-
limiting case of electronic correlations, thatadrresponding ization into specified ion electronic statesan differ drasti-
ionization correlations, which in general are expected tacally with respect to the molecular orbital nature of the neu-
hinder the disentangling. In these cases, where the nonaditral electronic staté*’® If a given electronic configuration
batically coupled excited states correlate toghmeion con-  correlates, upon removal of the outermost electron, to the
tinua, considerations of the geometry chanddisplace- electronic configuration of the ground electronic state of the
ment3 upon nonadiabatic crossing and ionization becomecation, then the corresponding photoionization probability is
important. We discuss this case using examples of ultrafaghuch higher than if it does not. In other words, one-photon
internal conversion in the polyaromatic hydrocarbonsone-electron operations are more probable than one-photon
phenanthrene and naphthalene. two-electron operations.

Finally, in a forthcoming third paper, the use of the elec- In Fig. 1 we show a picture of the excited state dynamics
tronic structure of the free electrdithe partial wave struc- relevant to many polyatomic systems. A zeroth order
ture of the continuumin wave packet measurements is con- “bright” state, «, is coherently prepared with a femtosecond
sidered from a theoretical point of view, using the generapump pulse. According to the Koopmans’ picture, it ionizes
nonperturbative formalism developed by Seideffi.The into the @™ continuum, the electronic state of the ion ob-

/p* _'
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tained upon single-photon, single active electron ionizatiorgreat deal of the investigations on polyenes and their substi-
of the outermost electron. This process produces a photoeletisted analogs have been devoted to the ordering of excited
tron bande, . In this example, we have chosefi to be the electronic states, revealing that for simple polyenes with
ground electronic state of the ion. We now consider a nonamore than three double borfdshe first excited state has
diabatic process which transforms the zeroth order brightioubly excited character, whereas the first dipole-allowed
state into a zeroth order “dark” statg, as induced by pro- state is the second excited stitén DT, the lowest excited
moting vibrational modes of the appropriate symmetry. Bystate is the one-photon forbiddenl,Qg(Sl) state and the
the same arguments, th@ state should ionize into thg™ second excited state is the one-photon allowedB 1(S,)
ionization continuum, producing a photoelectron bad  state [the HOMQ@—LUMO(#*) transition. The
Here we discuss the case of complementary correlations ard'B, (S,) state retains a planar structfeThe electronic
assume thaB™ is an electronically excited state of the cat- origin of the S, state appears in the jet-cooled fluorescence
ion, as would be the case, for examplegitontained doubly  excitation spectrum at 34 784 ¢m(4.3 eV). The electronic
excited configurations. Therefore, if we use a sufficiently enorigin of the S; state in DT has been observed at 28 963
ergetic probe photon such that both #é and3" continua c¢cm™* (3.6 e\) via two-photon fluorescence excitatith.
are open channels, we would expect a switching of the eleahen the energy gap betweSpandS, is large, the density
tronic ionization channel frone; to €, during the nonadia- of S; vibronic levels can be very large compared to the re-
batic process. This picture suggests that we should be able tgprocal electronic energy spacing and the dark state forms
directly monitor both the changing electronically excited an apparently smooth quasicontinuum. Such a situation is
state symmetryi.e., the electronic population dynami@nd  known as the statistical limit for the radiationless transition
the coupled vibrational wave packet dynamics during ul-problem. TheS,—S; energy gap in DT is 5764 cht (0.71
trafast nonadiabatic processes. The use of photoionizatiogy) placing this large moleculé66 modesin this statistical
electronic correlations was considered in picosecond tim@mit. The statisticalversusintermediate cases are discussed
scale electronic population flow during intersystemin more detail in the following paper and references therein.
crossing’® On femtosecond time scales, photoelectron specthe 22 cm® bandwidth of theS, origin places a lower
troscopy remains a vibrationally resolved technique and| orentzian limit on internal conversion time scale & of
therefore the accompanying nuclear dynamics which proground 200-300 & There is a rapid decreases in spectral
motes and tunes nonadiabatic dynamics can be observed Wgucture at~2000 cni* and no resolvable structure beyond
the detailed structure of the and e, bands. Intramolecular 4300 cm! above theS; origin. The lifetime ofS,; decreases
vibrational energy redistributiofVR) in the a state which,  grastically beyond 3000 cit above the origin, and is attrib-

by definition does not alter electronic symmetries, can bgted totrans-cisisomerizatiorf>=¢7 In comparison with oc-
observed via ther" photoelectron bane; . Similarly, IVR  tatetraene, the methyl end groups increase the state density
in the 3 state can be observed via tjf¢” bande,. If this  ang, via interaction between the methyl torsion and low-
picture is correct, we have in principle a method to disenfrequency skeletal modes of the chain, likely lead to a de-
tangle vibrational from electronic population dynamics evencrease in planarity and an increase in the internal conversion
though they are coupled. This could, when combined withyaie (The torsional barrier is significantly reducedSprela-
quantum dynamical calculations, yield unprecedented viewgye to S,.) It is well known that nonplanarity leads to ex-
of the promoting and tuning mode dynamics as well as gemely fast internal conversion in butadiene and
direct view of the extent of and time scale for IVR on the paoxatriend®

“dark” pote.ntial energy .surface.. Recgntly, we dem_onstrated In Table | we show ther molecular orbital occupancy,
that such disentangling is possible via TRPES, using the eXsjactronic origins(in eV), and semi-empirical weights for

ample of femtosecond intezgal conversion in a linear polyyietral and cation electronic states of DT. The ground
ene,all trans decatetraerfé“® and discuss these results in giates of the neutral and cation were calculated via the

detail below. B3P86/6-31¢ and CASSCF/,8/6-31G"  methods.
CASSCF methods were also used for the calculation of the
2'A4(S)) and 1'B, (S,), as well as excited catioD; and
Linear polyenes are hydrocarbon chains that have lonp, states. The B3P86/6-3¥Gnethod was also used to cal-
been an area of fundamental and applied resédrd@ieir  culate some higher cation excited states. The weights were
nonadiabatic dynamics leads to the fundamental process obtained from the semi-empirical QCFFARTISD method
cis-trans photoisomerization. Polyenes form the light- in which all singly and doubly excited configurations in the
harvesting antennae in visigmhodopsin? and light-driven  z-orbital 4x4 MO space were uséd=° It can be seen that
transmembrane proton pumilsacteriorhodopsin The in-  the S, state correlates, upon removal of the highest lying
vestigation of polyene photophysics is central to our underelectron, with theD, ground state of the cation, whereas the
standing of electron delocalization and electron correlation ir5, state correlates predominately with tbe excited state of
molecules. They have also been a test bench for quantuthe cation. Thus we can see that DT provides an example of
chemical theory due to their lowest excited state containinghe case of complementary ionization correlations. We note,
doubly excited configuration€. as discussed in more detail below, that the geometry changes
All trans 2,4,6,8, decatetraen@®T) provides a classic betweenS, and S; and betweerD, and S; are significant
example of internal conversion in a polyefid®"°the key (there is bond order inversion betweSpandSy). This usu-
photoinitiated dynamics beingis-trans isomerizatiorf® A ally leads to large amplitude motion and long vibrational

LINEAR POLYENE PHOTOPHYSICS
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TABLE |. Molecular orbital configurations, semi-empirical weights, and term energiedl-tnans 2,4,6,8-
decatetraene. The optically bright sta&e (4.3 e\) state is singly excited, whereas the lower lying dipole-
forbidden exciteds; (3.6 eV) 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 tBatcorrelates with thé®, cation ground state configuration at 7.3

eV, whereas, correlates predominantly with tH#, cation excited state configurations at 8.5 eV. It is therefore
expected that the photoionization electronic channel should switch Bgme™ to D,;+e™~ during theS,

— S, internal conversion. For details, see the text.

QCFF/PI
Electronic Energy Molecular orbital occupancy +CISD Correlated
state (ev) 1la, 1bg 2a, 2by 3a, 3bg weight ion state
Neutral
Sy, 1A, 0.0 2 2 2 2 89% Do, 1%By
Sy, 21A, 3.6 2 2 2 0 2 35% D,, 1%A,
2 2 1 2 1 19% D, 12A,
2 2 2 1 0 1 19% Do, 12By
S,, 11B, 4.3 2 2 2 1 1 95% Do, 1°By
Cation
Do, 1%B, IP=7.3 2 2 2 1 96%
D,, 12A, 8.7 2 2 1 2 53%
2 2 2 0 1 41%
D,, 22A, 9.6 2 2 1 2 38%
2 2 2 0 1 43%
D3, 2%B, 9.7 2 1 2 2 56%
2 2 2 0 0 1 20%

progressions. It is of interest to see how these effects hamper The 100 fs, 2uJ pump pulse was centered at 287 nm, the
the desired disentangling of electronic from vibrational dy-electronic origin of theS, state. The probe pulse wavelength
namics. was varied in order to explore the role of different ion core
electronic continua on the form of the pump—probe photo-
electron spectra. The two probe wavelengths used in these
EXPERIMENT experiments were 235 nf250 fs, 1xJ) and 352 nn(100 fs,

The molecular beam pump-—probe photoelectron-3 nJ). Both pump and probe laser pulses were recompressed
photoion spectroscopy technique used in these experimentda fused silica prism pairs before entering the vacuum
has been previously describ&iBriefly, synchronized ps chamber.

Nd:YAG oscillator pulsegphase-locked to a fs Ti:Sa oscil- The absoluteA\t=0 and laser cross correlation were de-
lator) are regeneratively amplified at a 20 Hz repetition ratetermined via nonresonant+l ionization of NO and %2

to the 100 mJ level. After frequency doubling, the highionization of Xe. Using &/80 spherical aluminum mirror to
power ps 532 nm pulses are used to pump three prism dyfecus the pulses in the interaction region, we estimate that
cell amplifier chains. The first chain providgs level 75 fs  the pump laser intensity was 10"*W/cn?, whereas the
Ti:Sa pulses at 765 nm, which are used to generate two whitprobe laser intensity was 10°°W/cn?. At these intensities
light continua. These are independently amplified in theand frequencies, the ponderomotive broadettingthe pho-
other two dye chains to provide broadly tunable 60—100 fs

pulses in the visible, with-0.5 mJ energies after compres-

sion. Harmonic generation from these pulses gave the pump TOF Mass
and probe pulses required for the experiments. A variable Spectrometer
temperature pulsed molecular beam val¥e<@200 °C) was
used to introduce the seeded molecular beam into the extrac- iy
tion region of a dual flight tube photoelectron-photoion spec- S
trometer. As illustrated by Fig. 2, both ions and electrons Pump = Bem
could be monitored as a function of time. Isomerically pure Probe
all-trans 2,4,6,8 decatetraen®T) was synthesized from the At €
Wittig reaction between hexadienal and crotyltriphenylphos-

. . 178 Photoelectron
phonium bromide! Spectrometer

DT was sublimed at 30 °C into 600 Torr of He carrier
gas. This temperature was high enough to obtain sufficierft'G- 2. A depiction of the time-resolved photoelectron spectroscopy experi-

. : : ment. A molecular beam is crossed by copropagating p{exgitation) and
vapor pressurg~0.5 Tory yet low enough to avoid rapid obe(ionization fs laser pulses in the interaction region of the spectrom-

L. 9
po!ymerlzatlon of the Sample- The sample was eXChangeder. Both ions and photoelectrons may be collected as a function of the
daily and there was no evidence of clusters in the beam. pump—probe delay timat.
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FIG. 3. (@) Calculated CASSCF-DFT Franck—Condon progression for
the S,— D, transitions in DT, convoluted with a 75 meV instrumental
function. The structure is dominated by the 0-0 transitidm. Calculated
CASSCF-DFT Franck—Condon progression for ie—D, transitions in
DT, convoluted with a 75 meV instrumental function. With scaled.8)
displacement parameters; the result is shown as a dashed line.

toelectron spectra is less than the effective laser bandwidth
The photoelectron kinetic energies were calibrated by phot

ionizing NO via three-photon transitions at 287 nm and 352b
nm or a two-photon transition at 235 nm. The MCP detectork

subtended an-8° solid angle for electron collection. The

electron time-of-flight axis for all experiments. The photo
electron spectra were averaged ovef laser shots with a
200 MHz multichannel scaler and background signals due t

electron spectrometer resolution wad00 meV at 1 eV.

RESULTS AND DISCUSSION

Cation electronic structure

0_
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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 (28 eV}, just below the

S, band origin.(a) Calculated CASSCF-DFT Franck—Condon progression
for the S;—D,, transitions, at two different resolutiof2.5 meV and 100
meV). (b) 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.

eV, as discussed below. Two ion excited state vertical ion-
ization potentials were determined via above threshold ion-
ization (ATI) using three-photon transitions.

The calculated B3P86/6-3XGonization potential(IP)
is 7.12 eV. Using CASSCF geometries and force fields for
S, and S, and DFT (density functional theogygeometries
and force fields foD, andD,, we were able to calculate
aisplacement parametéfsand Franck—Condon structure for
e S,—Dg band, shown in Fig. @), and for theS;—D;
and, shown in Fig. @). To match the resolution at the
inetic energy expected in our experiments, the calculations

th

are convoluted with a 75 meV instrumental width function.

h"Iahe relatively small geometry changes upon ionizatioof

relative toD, involve four a; modes(expansion of GC
bonds and contraction of C—C bond$he S,— D, band is

the pump and probe laser alone were subtracted. The phot%trongly dominated by the 0-0 transition. By contrast, the

%1—>D1 band involves a much larger geometry charig§e
has bond order inversion with respect3g). We expected
that the combination of DFT and CASSCF geometries will
overestimat® the Franck—Condon activity of the, modes
for the S;— D, band. Therefore the result with scaled dis-
placement parameters<0.8) is shown by the dashed line

To test our idea of using the electronic structure of theand is compared with experiment below.

ionization continuum as a template, we first need to know the

The observednonresonanttwo-photon photoelectron

electronic level spacings and symmetries for the first fewspectrum is compared with calculation in Fig. 4. In Figp)4

excited states of the DT cation. Unfortunately, to our knowl-

we show the Franck—Condon activity betweBnand Dy,

edge, there is no spectroscopic information available abowthowing two different resolution®.5 meV and 100 me\V

the low lying electronic states of the DT cation or even theln Fig. 4(b) we show the experimental nonresonant two-
ionization potential of DT. With a combination of one-laser photon photoelectron kinetic energy spectrum. Both calcula-
multiphoton photoelectron spectroscopy adinitio calcu-  tion and experiment are characterized by a strong origin
lation, we were able to determine these. The ionization poband, supporting the calculated small geometry change be-
tential was measured by two-photon nonresorfart289.5 tween the neutral and cation ground states. Weak Franck—
nm) ionization from the neutral ground state to beZB05 Condon activity is revealed in the calculated high resolution
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T T T T T T T T ] TABLE II. The vertical ionization energies predicted by CASSCF and DFT

30 e 1 methods(see the text for detaillsand assignment of the peaks observed in
(b)

the one-color multiphoton ionization photoelectron spectra of Figs. 4 and 5.
25F

ol Do1%B, D;1°%A, D,27?A, D32?B, D,37B,

Theory 7.118 8.69 9.62 9.71 9.91
(ev) (.P)

Expt. 7.29 8.55 9.67

(ev)

715 8f0 8I5 9;0 915 1(;.0 1(;.5 ll‘.O
Electron Binding Energy (V) : due to poor energy resolution, weak signals, and overlapping
1 bands(around 9.7 eV, it is difficult to comment on the band
) . X . shapes, their relative intensities, and their Franck—Condon
0 1 2 3 4 5 6 activity. In Table 1l we summarize the origin bands of the

E,_ (eV) ion states predicted and the assignment of the bands ob-
served in photoelectron spectra obtained in these one-color

FIG. 5. One-color nonresonant multi-photon ionization photoelectron specmMultiphoton ionization experiments.

tra of DT. The fs UV pulse was centered at 289.5 @28 eVj, just below

the S, band origin.(a) Photoelectron spectrum revealing both two-photon .
ionization, as in Fig. 4, and three-photon above-threshold ioniz&ah). Pump—probe experiments at 10.6 eV total energy

(b) The three-photon ATI photoelectron spectrum, showing transitions to the | I b . ¢ DT ted h
first D, (at 8.55 eV and secondD, (at 9.67 eV 2A, cation electronic states, n all pump—probe experiments on presente ere,

in agreement with thab initio results given in Table I. the pump pulse excited tf# (0,0) electronic origin at 287.5
nm. The first pump—probe experiment had a probe wave-
length (235 nm) sufficient to give 2.3 eV excess energy

spectrum via short progressions in thg symmetry G=C  above the ionization threshold. Therefore, dynamics occur-

and C-C stretches. Very weak activity connected to low+ing in the coupleds,—S; neutral states were projected onto

frequency CC, symmetry bending vibrations is predicted. boththe ion ground Do,lng) and first excited D;,1%A,)

The ionization potential is estimated to be 7.12 eV. To com-electronic states. As suggested by Table I, for single-photon,

pare with experiment, the 2.5 meV resolution spectrum wasingle active electron emission, ti$ state correlates with

broadened to 100 meV, shown as the dashed line in F&y. 4 D, ground state producing photoelectrons with kinetic en-

The experimental ionization potential was determined to besrgy €;, whereas thé&, state correlates predominately with

7.3 eV and the overall width and shape of the spectra are ithe D, excited statdat 8.55 eV, yielding photoelectron ki-

reasonable agreement. The relatively small 170 meV offsatetic energye,. This is the case of complementary ioniza-

in the ionization potential, together with the similar Franck—tion correlations, depicted in Fig. 1. For DT, this assumption

Condon profile, gave us confidence in using the calculationss supported by theoretical work suggesting that the ioniza-

to help assign the three-photon photoelectron spectrum, dision energies used here are low enough for independent elec-

cussed below. tron approximations and confirmed by our experimental re-

In Fig. 5a) the experimental three-photon photoelectronsults, below. Therefore, as the nonadiabatic coupling
spectrum is plotted as a function of kinetic energy, revealingproceeds, we expected a switching of the photoionization
both ionization into the ion ground state,&1.26eV) and electronic channel. We expect that transitions toDhestate
other very weak bands at higher kinetic energy<(@  (at 9.67 eV are difficult to see due to the combination of
<5 eV), signatures of ATI processes. To improve the enfpoor Franck—Condon overlap with the highly vibrationally
ergy resolution over this range, a retardation voltége/) excitedS; state and poor transmission of very slow electrons
was applied. This spectrum is shown in Figbp plotted as  (€,<200 meV) through our spectrometer.

function of the electron binding energy, assuming a three- In Fig. 6 we show the measured DT parent ion signal as

photon ionization. The two maxima observed suggest théunction of time delay between pump and probe pulses. This

presence of two cation excited states at 8.55 eV and 9.67 e\¢jgnal shows the rise time expected from the laser cross-
respectively. The electronic symmetry expected for theseorrelation(Gaussian FWHM 29620 fs) and a steplike be-

two states iA,, since they are populated by a three-photonhavior at positive time delays. There appears to be a slight
transition from the ground state. The calculations shown iroverall decay of the parent ion signal, with time constant

Table 1l suggest a low lyingA,, state at 1.57 eV above the 960+300 fs. We note that no fragment ions were observed.

ion ground state and a trio of near-degenerate states at 2.9he lifetime of the zeroth orde®, state was expected to be

eV, of which one is oA, symmetry. Therefore, twéA, around 0.5 ps. As might be expected, the time dependence of
excited state origins of the DT cation are predicted to lie athe total parent ion signal in this experiment appears insen-

8.69 eV and 9.69 eV, respectively. The two experimentallysitive to the electronic symmetry change inducedSy S,

observed peaks are in good agreement. DhandD, states  internal conversion.

of the cation consist of the same electronic configurations, By contrast, as shown in Fig.(), the time-resolved

the first being the symmetric and the second being the antphotoelectron kinetic energy spectrum shows a dramatically

symmetric combination. It should be noted, however, thadifferent result. Figure (&) shows the relevant energy level

. Photoelectron Counts
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FIG. 6. Excited state dynamics at ti8 origin of all trans decatetraene =
(DT) as measured by time-resolved photoionization mass spectrometry. The 8
probe ionization lasef235 nm had sufficient energy to access both thg 2100 fs 5
ground andD, first electronic states of the cation. Parent ion signals 1500 fs L
(CyH7y are shown as function of time delay between puggv.5 nm anc_J 600 fs 8
probe pulses. No fragments were observed. The laser cross-correlation wa: 500 fs 150 B
7. =290+ 20 fs. An essentially steplike behavior is seen, showing that the <~
ion signal in this experiment does not reveal the nonadiabatic dynamics. 400 fs A
300 fs
200 fs
100 fs
scheme. We expect a shift in photoelectron spectrum from a 0fs ol 0
higher energy bandeg<2.4eV) to lower energy bandef 0 1 2 3
=<1.1eV) uponS,-S; internal conversion. The photoelec- Eiin(eV)

tro.n spectra of Fig. (b) are indeed characterized by a rapld FIG. 7. Time-resolved photoelectron spectra revealing vibrational and elec-
shift from a band centered at2.4 eV to a broad, structured tronic dynamics during internal conversion afi trans decatetraen€DT).

low energy band ranging fronr1.6 eV to 0 eV. This rapid (a) Level scheme in DT for one-photon probe ionization. The pump laser
shift is thedirect signature of the changing electronic con- Prepares the optically bright staf . Due to ultrafast internal conversion,

- . . _ . . . _ this state converts to the lower lying steg with 0.7 eV of vibrational
figurations induced b§,—S, nonadiabatic coupling. The en energy. The expected ionization propensity rules are shd@n:D,

ergetic componente~2.4eV) is readily assigned to the +e (&) andS,—D;+e (e;). (b) Femtosecond time-resolved photoelec-
photoionization ofS, into Dy. The broad low energy band is tron kinetic energy spectra of DT pumped at 287 nm and probed at 235 nm.
assigned to photoionization & into D; and roughly agrees Thereis a rapid~400 f9 shift in the distribution: from &;) an energetic
in width with the scaled Franck—Condon calculation shownPeak at 2.5 eV due to photoionization 8 into the D, cation ground
. . . . . . electronic state; tod,) a broad, structured band at lower energies due to
m. Fig. 3b_‘ As shown in F'Q- 8, integration O_f the§e two bands\’photoionization of vibrationally ho$, into theD; cation first excited elec-
directly yields the S,—S; internal conversion times scale: tronic state. These results show a disentangling of electronic population
402+65 fs. This clear result obtains despite the geometrydynamics from vibrational dynamics. The structure in the low energy band
changes involved. reflects the vibrational dynamics By .

These results demonstrate the strong selectivity of the
ionization dynamics for cases of complementary ionization
correlations and, importantly, show thdisentanglingof  contain up to 4.3 eV of vibrational energy. We note that
electronic population dynamics from vibrational dynamics isthere is a nonzero signal near 1.6 eV, seemingly in the gap
possible during ultrafast nonadiabatic proce$&ds.vibra- between the two relevant ion states. This is due to small
tional wave packet dynamics were presentSn(e.g., by deviations from our simple Koopmans' picture and corre-
exciting above the electronic origithey would be revealed sponds taS; photoionization into thé, continuum.
by the vibrational structure in the, band. Likewise, vibra- A central point in this paper is that photoelectron bands
tional wave packet dynamics i, is seen in thee, band. in Fig. 7 contain much more information than simply the
The electronic populations dynamics accompanying the vi<rate constant” of the nonadiabatic process. Even with our
brational dynamics are synchronously observed via thdéow energy resolution, we can see some vibrational structure
switching frome; to e,. in the e, photoelectron band. This, in principle, contains very

The decaying part of the, band (720+240 f9 and, detailed information about the state-to-state vibrational dy-
similarily, that of the ion parent signéFig. 6, 960+300 fg namics which promotes and tunes the electronic population
are likely the signature of the subsequent internal conversiotransfer, as well as the ensuing IVR which the wave packet
from S; to Sy. We expect relatively poor Franck—Condon undergoes on the “dark’S; potential surface. We note that
factors for “hot” ground stateS, ionization since the probe the S, state is prepared here at its vibrationless origin and
pulse gives a maximum of 2.3 eV excess energy in the cortherefore any vibrational dynamics observed must originate
tinuum, whereas the nascent “hot3, ground state would from theS, state. All signals decay to zero on a longer time
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energy integrated; photoelectron bandl.8 eV-3.2 eV of Fig. 7, plotted

as a function of time delay, showing the decay of $estate. An exponen-
tial fit directly reveals the internal conversion rate: 4@®5 fs. (b) The
energy integrated, photoelectron ban¢<1.8 e\) of Fig. 7, plotted as a
function of time delay, showing the formation atwh a longer time scale
decay of theS, state. This signal rises in 400 fs, due to internal conversion
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FIG. 8. Electronic population dynamics in DT at tiS origin. (a) The 100 100
s

from S, and decays~700 fs, presumably due to subsequent internal con- 0 0
version toS,.

100 100
scale, presumably due t6,—S, internal conversion. Al- 3006

though 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 éadband as 0 . .
a function of time. We see a ge_neral shl_ft fror_n hlgher energy 1Emg2,(ev)3 lmrgzy(ev)s

to lower energy electron@.e, higher cation vibrational en-

ergy) within this band, as a function of time. This shift is FIG. 9. Time-resolved photoelectron spectra from Fig. 7, replotted here to

analogous to a time-dependent fluorescence red shift arféfarly show the changing shape of ieband (e, <1.5 €V) as a function
. . f time. A shift from higher energy to lower energy photoelectrons within
suggests that we are observmg an ongoing IVR process Qt(hesz band as a function of time is suggestive an ongoing vibrational energy

the “dark” S; pqtential energy SU"_face-. _ redistribution process on the “dark$; potential energy surface.
Many photoinduced polyatomic unimolecular reactions

are based on vibrationally “hot” molecules formed via ul-

trafast internal conversiotf. A fundamental approximation packet and the relevant states of the {@ork presently in
in unimolecular reaction rate theory is that of the assumptiofprogress

of statistical energy redistribution due to IMRe., the com-
plete sampling of phase spackeing very fast compared
with reaction®® Many models and interpretations are based
on the supposition of fast, complete IVR. Increasingly, how-  To confirm these ideas about the selectivity of the ion-
ever, this assumption has come into question. DT has 6&ation continuum for specific electronic symmetries, we per-
internal degrees of freedom and 0.7 eV of internal energyormed a second experiment by tuning the probe wavelength
after conversion t®,; and is therefore expected to be in the to 352 nm to yield lower excess energy in the continuum
“statistical limit.” Nevertheless, we are able to observe, via(now 0.54 eV. This is below theD; threshold and therefore
the photoelectron spectrum, some evolution in the vibraallowing one-photon ionization into the, ground ion state
tional energy distribution on th8, surface. We believe that only. In contrast with the results of Fig. 6, we predicted that
our experimental method could present new views of thahe parent ion signal would now decay 00 fs since the
extent of and time scale for the onset of statisticality in anformed S; state should not correlate favorably with tbg
isolated, energized molecule. The detailed extraction of theontinuum. In Fig. 10 we show that the time-dependent par-
vibrational wave packet dynamics associated with this interent ion signal for 352 nm ionization is indeed well described
nal conversion and its subsequent vibrational energy redistrby a decay rate of 41015 fs, confirming the above results.
bution relies on modeling the multi-dimensional nonadia-The fact that the parent ion signal in Fig. 10 does not decay
batic coupling and calculating overlaps between this waveompletely to zero indicates that there remains a small tran-
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Pump—probe experiments at 7.8 eV total energy
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FIG. 10. Excited state dynamics at tBe origin of all trans decatetraene
(DT) as measured by time-resolved photoionization mass spectrometry.
contrast with Fig. 6, the probe ionization lag862 nm could access only
the ground electronic state of the cation. Parent ion signalgH{p) are
shown as function of time delay between purt87.5 nm and probe
pulses. The signal risetimghe laser cross-correlation half-widtwas =

FIG. 11. A time-resolved photoionization mass spectrometry experiment
IQhowing a fragment ion signaIQBL, due to two probe photon ionization,
which was determined simultaneously with the data of Fig. 10. The laser
cross-correlation half-width wag =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 o&he
=84x4 fs. The parent ion signal decays with a time constant of4IBs, ~ gtate formed by internal conversion. On longer time scales, it appears to

confirming the results of Fig. 8. A behavior very different from Fig. 6 is decay(~2 pg presumably due to internal conversionfto S,
seen, showing the crucial important of understanding the photoionization '

dynamics in time-resolved ionization experiments involving nonadiabatic

d ics. . .
ynamies strongly suggests that the fragmentation arises from two-

photon ionization of the vibrationally excite®| state formed

by the internal conversion anibt from two-photon ioniza-
sition probability betweers, and Dy. The poor Franck— tion of S,. This is confirmed by photoelectron spectroscopy,
Condon factors associated with this transition are due to thas discussed below.
0.54 eV vibrational energy available iD,, as compared In Fig. 12b) we show the time-resolved photoelectron
with the 0.7 eV vibrational energy i8,, as well as signifi- spectrum for 352 nm probe laser ionization. Initially, the
cant geometry changes betwespandD,. Comparison of spectrum is characterized by a low energy bandat 0.56
the time-dependent parent ion signals at 235 nm with 352 nmV which decays with time. As indicated in Fig.(&2 the e,
probe laser wavelength clearly demonstrates that the form dfand is due to one-photon ionization 8f into D, and cor-
the parent ion signal dependsonglyon the specific photo- responds exactly with the 235 n&3 band of Fig. 7, simply
ionization dynamics and, in order to avoid misleading con-shifted to lower energy by the reduction in probe photon
clusions, must be analyzed for each specific case. This seenergy. This peak is narrower due to the improved kinetic
sitivity of the integrated parent ion signal to the molecule-resolution at low energy. A broad energetic baagl, rang-
specific  photoionization dynamics was previouslying from 0.6 eV to 4 eV grows with time as thg band
discussetf in a study of the nonadiabatic dissociation dy- decays and therefore arises from photoionization of the
namics of (NO}). formedS; state. Thee, band must, via energy conservation,

In contrast with the 235 nm probe experiment, the massarise from two-photon probe ionization. As can be seen from

spectrum at 352 nm now shows fragmentation. In Fig. 11 wd=ig. 12a), due to the symmetry of the two-photon dipole
show the time dependence of the main fragment igH,C  operator, the ion continua accessed via two-photon ioniza-
(m/e=119, which corresponds to loss of a methyl end grouption may also includeD,, D3, andD,. This explains the
from DT™. It is important to note that thB,, S,, andS, broad range and high kinetic energy of the photoelectrons in
states are all energetically stable at these energies of puntpe €, band. Integration of the; band, shown in Fig. 13),
and probe excitation and therefore the dissociation must ariggrovides yet another independent confirmation of$he S,
from a two-photon probe transition, yielding a total energyinternal conversion time scale, 3747 fs, fully in agree-
of 11.3 eV. We note that the pump laser intensity was idenment with the previous results. The decaying part of édhe
tical to that in the 235 nm probe experiment. However, thecomponent integratiov83+109 f9, Fig. 13b), as in Figs. 6
probe laser intensity was approximately an order of magniand 7, is likely the signature of the subsequent internal con-
tude higher at 352 nm, leading us to consider the possibilityersion between thg, and S, states.
of above threshold ionizatioGATI). A probe laser power It is interesting to consider why, at invariant probe laser
study supported this point, yielding a quadratic dependencmtensity, the photoionization process switches from single-
for the GH{; fragment ion and a linear dependence for thephoton ionization ofS, to two-photon ionization o8;. We
parent ion signal. This is confirmed by photoelectron specnote that in the both cases, the first photon is already above
troscopy results, discussed below. Interestingly, it can behe ionization potential and therefore tBgionization is due
seen that the g, signal begins at almost zero neat to absorption of a second photon in the ionization continuum
=0 and rises with a time constant of 37520 fs. This (ATI). This can be rationalized by a consideration of the
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4 _ g photon ionization(a) The energy integratee,;, photoelectron ban@<0.56
ps | 100 15} eV) of Fig. 12, plotted as a function of time delay, showing the decay of the
2ps 2 S, state. An exponential fit directly reveals the internal conversion rate:
1ps 8 377+47 fs, confirming the previous result®) The energy integrated,
0.6 ps ‘5 photoelectron ban.56 eV-4 eV of Fig. 12, plotted as a function of time
- 50 i delay, showing the formation ar(dn a longer time scaledecay of theS,
state. This signal rises in 400 fs, due to internal conversion f8nand
again decays-700 fs, confirming the previous results.
0ps 0 ,
1 2 not only confirm the one-photon results, but also demonstrate
E i (V) the symmetry selectivity of the photoionization process it-

elf.

FIG. 12. Time-resolved vibrational and electronic dynamics during internalS
conversion forall trans decatetraenéDT) via two-photon ionization(a)
Level scheme in DT for one- and two-photon probe ionization. The pumpCONCLUSION
laser is identical to that in Fig. 7 and prepares the s&netate wave . . o . .
packet. The expected ionization propensity rules 8ge»>Dy+e ™ (e,) for Nonadiabatic processes, ubiquitous in excited state poly-
one-photon(u—g, as in Fig. 7 ionization andS;——D,, D3, D, atomic dynamics, lead to complex wave packet evolution
+e (ey) for twq—phpton @ g) ionization.(b) Femtosecond time-resolved gn(d strongly varying transition dipole moments due to the
photoelectron kinetic energy spectra of DT pumped at 287 nm and probed gb; i of electronic and vibrational degrees of freedom. An
352 nm, using both one- and two-photon probes. At 352 nm/DXheon . .
state is not energetically accessible from fiestate via a single-photon Important goal of our |a_borat0ry IS to try to use femtosecond
transition. Confirming the results of Fig. 7, there is a rapid $hi#00 f9 in ~ wavepacket methods ttisentanglehese coupled degrees of
the distribution: from €;) a peak at 0.4 eV due to one-photon ionization of freedom in order to recover a picture of the evolution of the
S, into the D cation ground electronic state; te,) a broad, structured _ ; ; ;
band at higher energied—3.5 e\j due to two-photon ionization of the éerOFlh horder BOI’nf ﬁp?.enlhelmer. Statles' We ConSIderei n
vibrationally hotS; into theD, cation ground and excited electronic states. etal t_ e nature_o the me_‘ state in _po_yatpmlc Wave_ packet
The photoionization channel switches from a one-photon to a two-photorlynamics experiments using photoionization detection. We
process during the internal conversion indicating again that the electroniggyve argued that the molecular ionization continuum is a
structure of the ionization continuum is selective of the evolving electronicvery interesting final state for the study of nonadiabatic poly-
symmetry in the neutral state. . . .
atomic wavepackets. The vibrational aspects of the wave
packet dynamics can be observed via the vibrational struc-
ture of the ionization continuurti.e., vibrational states of the
relative rates of two competing processes: second photon abation. The electronic structure of the continuuire., the
sorptionversusautoionization. For the case 8§, the photo-  set of electronic states of the cation and the free electron
ionization correlation is witlD and therefore the ionization partial wave structudeis sensitive to the electronic popula-
is direct. In other words, the “autoionization” is extremely tion dynamicgbased on electronic propensity rules and sym-
rapid and second photon absorption cannot compete. For threetry properties of the free electron partial wavéd/e in-
case ofS;, the photoionization correlation is with;. The  vestigated the role of electronic continughe cation
D, state, however, is energetically inaccessible and thereforelectronic statgsin femtosecond time-resolved photoelec-
the transition is most likely into Rydberg series convergingtron spectroscopy measurements and considered two limiting
on theD; threshold. For these to emit an electron into thecases of Koopmans’-type photoionization correlations. The
openD, continuum channel, there must be an electronic refirst case, complementary ionization correlations, discussed
arrangement, for which there is a finite autoionization rate. Irin this paper, is one in which the coupled states.,S, and
this case, the absorption of a second photon competes effe§;) correlate todifferent cation electronic states. We sug-
tively with autoionization. These two-photon experimentsgested that this favorable situation can allow for a simulta-
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neous monitoring of both the electronic population dynamicsr-7*/n-7* interactions. We have examined the nonadia-
and the coupled vibrational wave packet dynamifche  batic dynamics in a series of dieneoff@showing the im-
second limiting case, corresponding ionization correlationsportance of inductive effects on the competition between in-
discussed in the following paper, is one in which the coupledernal conversion and intersystem crossing. In the future, we
statege.g.,S, andS,) correlate to thesamecation electronic  plan to investigate excited state electron transfer dynamics
states. using time-resolved photoelectron spectroscopy, with the

We studied ultrafas§,— S; internal conversion dynam- hope of directly observing the coherent vibrational dynamics
ics in all trans 2,4,6,8-decatetraene as an example ofassociated with the charge transteTogether with the work
complementary ionization correlations. TBgstate is singly ~ of many other laboratories, we are optimistic that a detailed
excited and correlates with tii2, ground state of the cation. new view of the complex nonadiabatic processes that under-
The S, state, by contrast, contains doubly excited configurapin our understanding of photochemistry, material photo-
tions and correlates preferentially with tie, first excited ~ sciences, and molecular electronics will emerge.
state of the cation. By pumping the molecule to $eorigin
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