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Time-resolved dissociative intense-laser field ionization
for probing dynamics: Femtosecond photochemical ring
opening of 1,3-cyclohexadiene

W. FuR, W. E. Schmid, and S. A. Trushin®
Max-Planck-Institut fu Quantenoptik, D-85740 Garching, Germany

(Received 20 December 1999; accepted 24 February)2000

The concerted photochemical ring opening of 1,3-cyclohexadiene was investigated in the gas phase
by low-intensity pumping at 267 nm and subsequent probing by high-intensity photoionization at
800 nm and mass-selective detection of the ion yields. We found five different time constants which
can be assigned to traveling times along consecutive parts of the potential energy surfaces. The
molecule is first accelerated in the spectroscopic state 1B along Franck—Condon active coordinates,
then alters direction before changing over to the dark state 2A. All constants including that for
leaving the 2A surface are below 100 fs. These times are shorter than appropriate vibrational
periods. Such a maximum speed is evidence that the pathway is continuous leading from surface to
surface via real crossingsonical intersectionsand that the molecule is accelerated right into the
outlet of the 2A/1A funnel. On the ground state it arrives as a compact wave packet, indicating a
certain degree of coherence. The experimental method promises a high potential for investigating
dynamics, since many consecutive phases of the process can be detected. This is because the
fragmentation pattern depends on the location on the potential energy surface, so that monitoring
several different ions permits to conclude on the population flow through these locations. lonization
at the intensities used is normally considered to be an effect of the electric field of the radiation. But
in our case it is enhanced by resonances in the neutral molecule and in particular in the singly
positive ion, and it is not sensitive for the length of the moleduéferent conformers of the
product hexatriene The ionic resonances explain why hexatriene has a much richer fragmentation
pattern than cyclohexadiene. Coulomb explosion is observed from an excited state of a doubly
positive ion. Its mechanism is discussed. 2000 American Institute of Physics.
[S0021-960600)00819-9

I. INTRODUCTION correlation lineqdSec 1IN I
Pericyclic reactions are not only important for organic hv J

chemistry, but they can also serve as model systems in reac- | _ - — I

tion dynamics since it is easy to figure out qualitative poten-

tial energy surfaces for them on the basis of the Woodward— l,3-cyclohexo- cZc- tzt- I

Hoffmann rules. An example is the photochemical diene hexatriene

electrocyclic ring opening of 1,3-cyclohexadiene. It has re- Scheme 1

cently been investigated quantum chemicall§, by
resonance-Raman spectroscopyand by ultrafast spectros-
copy (transient absorption in solutidf**and transient ion-
ization in the gas phas&™. The molecule is excited in the
UV spectral rang€267 nm in this workin a =#* transition
to the (“bright” ) 1B, state, which very rapidly decays to the o
(“dark” ) w=* state 2A (see also Sec. Ill and Fig).2The P:exp< T AE ) )
2A, surface is higher than 1Bn the Franck—Condon region, hv As )’

but after a crossing with 1Breaches a minimum or station- a molecule passing this geometry with a velogitwill cross

ary point along the reaction coordinate. This so-called peripver to the lower surface with a probabiliy; As is the
cyclic minimum as well as a maximum of the ground-statemagnitude of the difference of the asymptotic slopes. The
surface at a similar geometry are characteristic of phototarger v As, the larger isP. Using the fairly high values
chemically allowed, ground-state forbidden pericyclic As=5eV/A and v=2x10"8A/s, one obtains with the
reactions:®*’ Both result from an avoided crossing of two above AE the very smallP=4x 10" That is, the mol-
ecules will oscillate more than 10times in the upper well
9Als0 at B. |. Stepanov Institute of Physics, Belarus Academy of Sciencesdefore reaching the lower surface. This is unrealistically
220602 Minsk, Belarus. long. Times in the lower picosecond range for ring opening

The energetic distanakE of the 2A minimum(far from
the Franck—Condon region we drop the subscripts 1 and 2,
because of the reduced symmetinom the 1A maximum is
more than 1 e\t. According to the Landau—Zener formula
(see, e.g., Ref. 16
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and internal conversion have been measured for the cyclassed>?® femtosecond pump-probe setup with transient
hexadiene derivative 7-dehydrocholestéfolor cyclohexa-  photoionization combined with mass-selective detection of
diene itself and a dialkyl derivative®!® More recently evi- ion yields.
dence has been presented for even shorter reaction times in The radiation source is based on a Ti-sapphire laser os-
the gas phagé®®and in solutiont®~*32%(The discrepancy to cillator (Spectra-Physics, Tsunanfoliowed by a one stage
the previous work is resolved in Refs. 13 and)28ere, as  Nd-YLF pumped(527 nn) Ti-sapphire stretcher—amplifier—
already in the brief account of this wotRwe report a 2A compressor devicdQuantronics, Series 100 and 4800
lifetime t,o= 77 fs for cyclohexadiene in the gas phase. Thiswhich supplies ultrashort pulses at 800 nm with energy up to
is shorter than an appropriate vibrational period. This mean300 uJ at a repetition rate of 1 kHz. This beam is split by
that already the first attempt to cross is successful. Thusneans of a dichroic mirror into two. One part is used as input
according ta1) AE~O0; that is, there must be a real crossing for frequency doubling and tripling in a commercial fre-
between the surfaces and there is a continuous pathway froquency converte(CSK Optronicg with 0.5 mm thick LBO
the upper to the lower surface. In fact, such a pathway passind 0.3 mm thick BBO crystals. The third harmori267
ing through a conical intersection between the 2A and 1Anm) serves for pumping and the remaining part of the fun-
surfaces is just what quantum chemical calculations havg@amental radiation for probing.
predicted: From the short,, , it was further inferred in Ref. The duration of the probe pulse, measured with an auto-
15 that the conical intersection is easily accessible, in parcorrelator by frequency doublingAPE, Pulsechedk was
ticular without any barrier, and surmised that it is situated110 fs (full width at half maximum. The pump pulse had a
near the line of steepest descent of the 2A surface. Here Wgaussian shape with a length of 130 fs as determined by
discuss this suggestio(Bec. VIQ in the light of recent difference frequency mixing with the 800 nm pulse in a 0.1
MCSCF calculations’ mm BBO crystal. The unfocused pump beddiameter 1
The data were measured by transient ionization in thenm) and the probe beam focused to a spot size of 260
gas phase with mass-selective detection, pumping by wealpy a lens with a focal length of 50 onwere colinearly
frequency-tripled Ti-sapphire laser radiatié?67 nm and  combined and guided into the photoionization chamber using
probing by the fundament&B00 nm) at high intensity. The 3 dichroic mirror. The probe had a peak intensity in the focal
nonresonant ionization has the advantage that there are Mane of about X10®Wcm™2 and the pump about
dark states. The various ion signals showed time behaviofo® W cm™2. The latter corresponds to 0.13 mJ ¢imthis is
different from each other, thus providing more informationg 19 of the saturation energh#/a) of cyclohexadiene, so
than with a single signal alone. In fact, we obtained timethat 0.1% of the molecules will be excited. In all the experi-
constants for several consecutive “phases” of the ring openments, the polarization of the probe laser was parallel to the
ing. This is an advantage over transient absorption whichnass spectrometer axis. The polarization of the pump laser
normally only probes a single electronic transition. could be rotated by a half-wave plate, selected for a small
The probe intensity used was in a range (2edge angle. In most of the experiments the polarization was
X 10"*Wcm %) where multiple ionization is observed and set tg the magic angle of 54.7° relative to that of the probe
where the ionization is considered to be caused by the elegsser. The half-wave plate, however, lengthens the pump

tric field of the laser light. This intense-laser field ionization pulse to 145 fs; therefore in some experimefitsbe indi-
(IF1) depends on the length of a borethich can expand cated this plate was not used.

during the ionization proce¥s~2 or (comparing different The delay between pump and probe pulses was varied
chemical specigson the length of the molecufé.Therefore it a resolution of 6.7 fs by a motorized translation stage
we expected to detect in this way also the length changes Qfnder computer control. The time-zero was determined as
the productZ-hexatriene resulting from a thermal single- o maximum of the transient ion signal for Xe which is due

bond isomerization, following the photochemical step, b re nonresonant (22) multiphoton ionization under the
(Scheme 1 But although t_hls_ process was detectable bygiven conditions. Two ion signaléormally a Xe peak and
resonance-enhanced photoionizatfdsee also Sec. V D and one of the cyclohexadiene-related sighaigere simulta-

Ref. 13, the IFI signal turned out to be insensitive for it. o, 51y recorded in each pulse using two boxcar integrators.
Another surprise was that the intense-laser field ionizatioRris method provided synchronization of different scans
seems to be enhanced by intermediate resonaffes. with an accuracy of-2 fs. The pump and probe beams were
VIB). . . . alternately blocked by two synchronized choppers. lon sig-
After presenting the experimental method, in Sec. IlI Weais were periodically measured with pump orily), probe

VSVIII b?\z/afly mtrodluce tr:f Igo.ten.tlal 'energ{i syrfaces gnld f'nonly (Ip) and with both lasers togethelr,] to determine the
ec. intense-laser field ionization and its potential for, - o 00 signab at a given delay time, S(t)=1,(t)

probing dynamics. Ir_1 Sec. V we present the_ results With—I v~ lpr- Each signal is averaged over 1000 pulses. The
some conclusions being drawn in each subsection separatepé.sulting signal-to-noise ratio was better than 300. For a

given mass the backgrountl,(+1,,) was typically kept less
than 30% of the maximum of the signal by limiting pump
Il. EXPERIMENTAL METHODS and probe intensities. The ion signals and the pump and
probe energiesmeasured by photodiodesrecorded by
All the experiments were conducted in a gas-phase reagated integrators, were stored in a computer for further
tion chamber at room temperature, employing the widelyanalysis.
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thermal dissociation of some ionic precursor in less than

GF about 1% of the extraction time cannot be distinguished from
I / prompt ions produced immediately by the probe pulse

i If the ions generated in the focal zone have an initial

kinetic energy with a horizontal component, they will be
e ——

forced on parabolic trajectories which may end at the sepa-
DT

rating wall outside the slit area and therefore are lost. This
favors ions with vertical initial speed and favors the detec-
tion of double peaks from Coulomb explosions.

All the experiment was performed at a gas temperature
of 293 K. Diffusion (molecular velocitg=100 m/$ and gas
flow were sufficient to replenish the irradiated volume in the
millisecond between the pulses and avoid any accumulation
of products.

CyclohexadiendFluka) was used after degassing with-
out further purification. According to gas-chromatography
mass-spectrometry it contained about 1% of impurities,
which did not disturb the measurements, however, since they
either absorb at shorter wavelengths than the pump radiation
(1,4-cyclohexadieneor only contribute a time independent
signal (benzene, i.e., the dehydrogenation proguct
Hexatrieng(product of ring openingwas present in concen-
trations of less than 0.3%-Hexatriene used for some com-
parison experiments was recovered from the commercial
(Fluka) mixture of Z- and E-isomers by scavenging
E-hexatriene with maleic anhydridé.

MS

MCP Ee—ird

Turbomolecular
Pump

FIG. 1. Setup for photoionization and mass-selective detection. The upper

part is equipped with CgRvindows (W) for the laser beaniLB), two grid . QUALITATIVE POTENTIAL ENERGY SURFACES
electrodes§GR1, GR2 to accelerate the ions generated in the focal region
and a gas fee(GF) through precision needle valves. A wgBW) separates The electrocyclic ring opening of cyclohexadiene is a

the gas cel(upper part from the high vacuum chambélower par} with ; g
the microchannel plattMCP). The slit helps to maintain the pressure dif- prototype of the more general class of phOIOChemlcaI pericy

ference. DT is the field-free drift tube and MS a magnetic shielding (?"C reactior)s. It is easy to construct ger]eral, though qua"ta'
meta). tive, potential energy surfaces for theiffig. 2): According
to the Woodward—Hoffmann rules in the interpretation of
van der Lugt and Oosterhofsee, e.g., Ref. 26we have the

The ionization chamber combined with a linear time-of- following.

flight mass spectrometer is sketched in Fig. 1. In its uppe(1) The first excited stat€lB) of the educt correlates with
part the ions generated in the focal region of the laser beam the first excited state of the product.

are accelerated in two steps by the fields between the tw®) The ground statélA) of the educt correlates with a two-
grid electrodeSGR1, GR2 and the separation wa(SW). electron excited staté?A in the figure of the product,
Then, in the lower part, the ions travel through a drift tube  gnd vice versa.

(DT), which has a slit at its upper end and is closed by a griq3) An avoided crossing of the correlation lines between 1A
at the lower end, and are detected by a two-stage and 2A creates a high barrier in the ground statkich
microchannel-plat§MCP, Galileg. The gases were inde- justifies the denotation “ground-state forbidden” for the
pendently fed through precision leak valves into the upper reaction and a collection well for the excited states. The
part of the chamber. The gas flow is set to provide a pressure |atter is called pericyclic minimum. It is biradicaloid in
in the range X 10™°-3X 10" " mbar in the upper part and character and has the same nature for all photochemical

10" '-10 *mbar near the MCP. The pressure ratio is  pericyclic reactions, no matter which was the primary
roughly given by the ratio of cross sections of the slit and of  excited state.

the pump. The background pressure<id0 °®mbar. The

spacing between the grids is 10 mm, the field strength 600 Figure 2 represents this general scheme. But the crossing
V/cm. The focus is centered between the grids. The spacinig not avoided everywhere. In a suitable sect{different

of SW and GR2 is 5 mm and the field strength between thenfrom the drawing planeof the potential surfaces there will
4800 V/cm. The ratio of the electric fields is 1:8, which is be a real crossing with the shape of a double c@mmeken
optimum for spatial focusing. The field-free drift tube is 250 lines in Fig. 3, and for the cyclohexadiene/hexatriene ¢ase
mm long. The ion of mass 80 has a signal peaked au3.6 and several other pericyclic reactidhi has been localized
time of flight with a pulse width of 8 ns. To pass the accel-by ab initio calculations. In contrast to the biradicaloid struc-
eration region between the focal zone and slit, such ionsure at the pericyclic minimum with its two decoupled elec-
require about 450 ngextraction timg¢. lons produced by trons, at the subsequent conical intersectich four elec-
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2B kind of potential energy surfaces. Such surfaces are, how-
2A ever, not known. The horizontal broken line only indicates
the minimum energy?2 eV>Y for fragmentation to gH;.

IV. DISSOCIATIVE INTENSE-LASER FIELD
IONIZATION FOR PROBING MOLECULAR DYNAMICS

Femtosecond time-resolved multiphoton ionization com-
bined with mass selective detection has proved to be a pow-
erful tool in time-resolved studies of chemical reaction
dynamics?263233ut it was not recognized befotithat, as
we show here, the different ions can represent different lo-
cations on the potential energy surface; instead, it was often
supposed that the different ionic fragments reflect a dissocia-
tion of the neutral molecule. Originally we chose nonreso-
nant ionization at long wavelengi{800 nm expecting that
there will thus be no dark states since the process will not
depend on resonances. Indeed we detect signals from all
states theoretically expected to be populated. On the other
hand, ions sometimes have absorptions at very long wave-
lengths. By such a resonant ionic excitation with photode-
composition we interpretSec. VIB why hexatriene has a
fragmentation pattern which is drastically different from that
of the reactant cyclohexadiene. This is another great advan-
tage over UV photoionization where the two isomers show
mass spectra which are practically indistinguishdble.

A third advantage turned out in the course of this work:
FIG. 2. Schematic potential energy surfaces of cyclohexadiene/hexatriengiost of the many ions differ in their time behavior. Hence

CeHg and of the parent ion g. The arrows indicate pumping with one .
267 nm photon and nonresonant 800 nm probing. The astgrishdicates there must be a number of different neutral precursors of the

the position of the conical intersectigautside the drawing planeloniza-  10NS. (All signals generated from a single precursor must be
tion of the molecule from the 2A state results in the formation of a ground-proportional to each other, since one entity can only have
state ion but with an excess vibrational energy of about 2.5 eV, which isgne time behavior, even if it contains several time constants.
partly due to the difference in the energies of the 1B and_ 2A states of th_ell.hese precursors cannot be chemical species since only two
neutral and partly due to the release of energy when the ion runs downhil
from the crossing region. This excess energy is enough to overcome the @€actant and producare present. Hence they must be loca-
eV barrier for dissociation of the parent iontg into GH; +H.3* The  tions on the potential energy surface. The many signals thus
ho_rizontal broken line with arrows indicates the threshold for this fragmen-permit us to deduce the population flow through a number of
tation. such locations. Note that this conclusion does not depend on
the interpretation of the ionization mechanism presented be-
low. It is also worth mentioning that the many time constants
trons are decoupled, and the manner of recoupling decidesre not extracted from a single sigrahultiexponential de-
between formation of different products and the edf&0o  cay); but most signals contain only one or two time con-
the CI not only provides a fast outlet of the funnel to thestants; each time constant is contained in several signals, so
ground state, but is also a branching point determining quarthat there is redundant information.
tum yields (product formation versus internal conversion Nonresonant ionization requires high intensity. We used
and the probability of the different photoproducts. about 2x 10"*W cm™2. Under such conditions ionization is
The upper part of Fig. 2 also shows potential energyusually assumed to be caused by the electric field of the laser
curves for the ions. The ground states of the two ions belongadiation(amplitude about 1.3 V AY).3>%%|t is often accom-
to different symmetry speciegust as the highest occupied panied by extensive fragmentation. It can be called dissocia-
orbitals of the neutral moleculgand therefore do not corre- tive intense-laser field ionizatiodDIFI). In a classical
late with each other. The two states are above the neutrahodef>>® the Coulomb potential for the electron and the
ground state by about 8.3 elbnization energy 8.25 eV for field of an intense laser superimpose to create an ionization
cyclohexadien®€ and 8.32 eV for hexatried®. According  barrier which for strong fields is low enough to cause effi-
to the photoelectron spectra, the first excited state is higheatient ionization of an atom or molecule. This model predicts
by 2.5 eV or 1.7 e\?? in the case of cyclohexadiene and the threshold intensitygs, for ionization of atoms by barrier
hexatriene, respectively. The next higher state can also bsuppressiori®
inferred from the absorption spectra of the idhés in Ref. B 4>
31 they are correlated in Fig. 2 with the ground states of the lesi=AIE)"Z7%, @
complementary ion. whereA=4x10°Wcm 2eV “is a numerical constant, |E
The fragmentation energy of the ions is also expected tohe ionization energy, and the charge of the resulting ion.
depend on coordinates, so that it could be represented Hyollowing DeWitt and Levis® we also use it for molecules.
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(According to Schrder etal, A=2.3x10°Wcm 2eV *  tion can serve taoughly determine the vibrational energy
for diatomic moleculed’) For cyclohexadiene with IE and thereby help tdistinguish different electronic states
=8.25eV for the ground state, the threshold intensity calcu- It may be asked why the excess vibrational energy does
lated from(2) is 1 g5=1.8X 10"*Wcm 2, not cause dissociation of the neutral molecules before it is
If the ionization efficiency mainly depends on the ion- transferred to the ion. In fact hot-ground-state reactions have
ization energy, we can expect an enhanced ion signal froroften been observed, in the case of cyclohexadiene, for in-
every electronically excited state independent of its elecstance a H migration and b elimination?® But they take a
tronic and vibrational naturéno dark excited state, as men- time of the order of nanoseconts***4*much beyond the
tioned abovg Since IE changes along the reaction pdie-  time scale of the pump—probe delay. In other words, single-
cause the ionic and neutral surfaces are not payalleé  photon excitation at 267 nm does not cause prompt dissocia-
ionization probability will depend on the location on a po- tion of cyclohexadienétwo-photon excitation ionizes)itso
tential surface This interpretation—as also the model on that all fragmentation observedhust haveoccurred in the
which Eq.(2) is based—tacitly assumes that the ionizationion. Although in the ion it may also be slow, only its result
process is vertical. A position dependence is even expected fill be monitored by the probe, since all processes taking
the process is only vertical in a first stégs often in multi-  place after ionization, but within a time much shorter than
photon processgsand such a dependence is sufficient to(e.g., = 1% of) the time needed for extractiqgabout 450 ns
allow measuring time constants. In the following four para-for mass 80, 280 ns for mass)3Will not be time-resolved.
graphs we consider three reasof@xcess vibrational and Another consequence of the Franck—Condon principle is
electronic energy, photochemistry of the jomhy also the  that at some locations of the potential energy surface the ion
fragmentation pattern depends on the location on the PES.js generated with excess electronic ener@he minimum
The Franck—Condon principle which is valid for vertical number of probe photons required is then, of course, larger.
transitions implies that most of the vibrational energy of theThis situation is typical of a photochemical reaction where
neutral precursor is transferred to the ion. This is immedithe molecule runs down a descending excited-state surface
ately obvious for the fraction of the energy contained in the(|ts s|ope drives the reactionlwhereas the ionic ground_
many Franck—Condon inactive modéselection ruleAv  state surface rises, being usually more similar to the ground-
=0). In case of a compact wave packet running down alongstate surface of the neutral. For example, ionization from the
the potential energy surface, the kinetic energy is even compericyclic minimum of cyclohexadiene/hexatriene leads to
pletely conserved during ionization; this is a consequence ohe top of a barrief= 1.5 eV®}) in the ion(Fig. 2. (It may
the original Franck principf which postulates conservation he worth noting that, despite the increased distance of ionic
of nuclear position and momentum in a vertical electronicang neutral surfaces, the ionization energy from the pericy-
transition. The case of the wave packet is probably appropriglic minimum is still smaller and the ionization probability
ate for the ultrashort processes described here. One source|gfger than in the ground statd. The excess electronic en-
the excess energy is transformation of electronic to vibraggy plus the vibrational energy transferred from the neutral
tional energy when a molecule runs down a potential energyahoyt 1 eV, the calculated energy difference between the
surface or when during internal conversion or chemical regranck—Condon region and the 2A minimumexceed the
action it crosses from an initially excited state to a lowerjyst fragmentation threshol® eV of the ion. Hence the
state.(Note that the total energy is conserved since coIIision%arem ion will not be generated from the 2A minimum.
are negligible in the gas phase in the fs time sgalesimilar Besides the excess electronic and vibrational energy, an-

situation has already been found in alkylbenzenes, whergiher source of fragmentation ihotodissociation of the ion
ionization from the vibrationally hot triplet state primarily resonances in the ion will. of course depend on its geom-

produced fragments, but not the parent idhEhis picture is etry (see also Sec. VIBand hence—to the degree to which

also supported by the recent femtosecond photoelectrofdnization is vertical—also on the position on the surface of
photoion coincidence studies of benzene, where after thge neytral. Usually the absorption of long-wavelength pho-
S;— S, internal conversion the photoelectron spectrum onlyy, s s more probable in ions than in neutrals due to the
indicated high-energy iorfS, just as expected if the excess higher density of electronic states in the ions. lonic photof-

vibrational energy of the neutral molecule is transferred toragmentation is operative in experiments with both nanosec-

the ion. Similarly, the photoelectron spectrum of hexatrieneond and femtosecond pulsésee the review of Weinkauf
only indicates ions with excess energy, if it is measured at &t al% and the discussion in Ref 16

delay (after UV excitation after which some of the initial To summarize this interpretation, the ionization prob-

e_Iectr_omil 42energy_ ha_s already been converted tQability depends on the location on the potential surface, be-
vibration-*“If the vibrational energy thus transferred to the cause the ionization energy depends ofdite to the nonpar-
ion exceeds the threshold for fragmentation, the parent iOQIIeI surface of neutral and ionand the fragmentation
will not be observed anymore, but a fragment instead. Thu attern changes with geometry for three reasons
when the neutral molecule runs down the potential energy ’
surfaces, more and more electronic energy is converted t@d) Due to the excess vibrational energy released on the way
vibration, and the ions observed will be lighter and lighter. In  down the potential energy surfaces. This energy is trans-
fact, we observed the lightest fragments at the latest times, ferred in a vertical ionization to the ion and there causes
i.e., after recovery of the ground stat®ec. V D. Hence, if fragmentation.

the fragmentation thresholds are suitabtmic fragmenta- (2) Due to excess electronic energy in the ion, since typi-
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cally a higher part of the ionic surface is reached in a

vertical transition from a reactive surface of the neutral.
(3) Due to photochemistry of the ion. Its resonangshich

can be at long wavelengthdepend on its geometry, and

its ground-state surface is reached without geometry

change from the neutral by vertical ionization.

Whereas a dependence on the location on the potential
can also occur at lower intensities, a special feature of field
ionization at laser intensities comparable or higher thay
is multielectron dissociative ionizatipme., multiple ioniza-
tion followed by dissociation through Coulomb explosion of
the charged fragment$ Organic molecules under these con-
ditions usually produce all possible fragment ions,
CH",CH; ,CH; ,C,H",C,H,, etc., including atomic carbon 04l 11
and hydrogen ion& %% With appropriate resolution some i ]
fragment ions show a doublet splitting corresponding to the 02t 12 A
recoil energy acquired in the Coulomb explosion, and such a ) A
splitting proves the formation by this process. Such a struc- 0.0 | ot ——cimesearbiinnd
ture is easily observed with the light atomic ion"HThe 0246 810121416
splitting arises, because in any Coulomb explosion which M/Z
takes place in the ionization zone between the acceleration S _ _
grids, Some charged fragments are cjected toward and sorfi, % Phoonatr nase specs o L eyochoaens, solt
aW?-y frqm th_e detector. The t.WO.gI’OUpS of |on§ W”! differ in gas sample with 110 fs laser pulses at 800 nm and intensity of about 2
their arrival time, and from this difference the kinetic energy x10*w cm 2 The spectra are normalized to the intensity of the parent
of e ons can be caleated e ey S ST e o e T o

Recently it has been found that DIFI is dramatically en-'2¢" ' 1ol ) '
hanced in \)//arious molecular and cluster systems atyson}nés{zl(esda}szf:;:?p/eii:eggain:li which is most fikely due to the doubly
critical internuclear distances, larger than equilibrium o
ones?12350-52Corkum and co-workers proposed to use the

DIFI sensitivity to atomic distances as a probe in time- . o .
resolved studies of a dissociative syst@rowever, as ex- a characteristic doublet shape; the splitting is due to recoll

plained abovesee also Secs. VA and V)Bhe DIFI frag- N9 originating f_romSlthe Coulomb explosion of a doubly
mentation pattern not only changes along a dissociatioﬁ_‘harged precursor ot Usmg the peak-splitting imat,
coordinate, but more generally depends on the position o ﬁ Kinetic energyE,, of the ions can bedcalculated by the
the potential energy surface and on structural changes whidf!loWing equation(see, e.g., Refs. 21 and 54

relative ion yield

the molecules experience during photoisomerization. Ewin=C(At?/m)(AU/d)?g?, (©)
V. RESULTS

In this section we also present, besides results, some ol ' '
immediate conclusions at the end of each subsection and a ' I
model for evaluation in Sec. V D. 08l
A. Mass spectra E L

>

Whereas with low-intensity photoionizatide.g., at 267 5 06
nm) the mass spectra of cyclohexadied€HD) and ° I
Z-hexatriene(HT) are almost indistinguishablélso with 2= 04r
REMPI*®), they show a rather different fragmentation pattern % I
when the molecules are ionized by an intense-laser (i = 02}
3): The yield of the parent ion is practically the same for
both isomers if ionized at 800 nm with an intensity around 380 400 420
2X10"Wcem™2, but in HT the light fragments with masses i ¢ fliaht /
around 51, 39, and 27 are more abundant by about a factor of ime of flight / ns
10, and thg atomic ions ‘Cand H" by two orders of magni- gig. 4, Time-of-flight spectrdH* signa) of CHD (solid line) andtZt-HT
tude, than in CHD. (dashed ling obtained under the conditions of Fig. 3. The intensities are

Formation of the atomic ions Cand H' is typical of normalized. The actual Hintensity in CHD is about 100 times smaller than
intense-laser field ionization of organic compounds. It is usul? HT: The asymmetry between the components of high and low kinetic

. . .. - ionizatidrel energy is just the other way around than in previous observations. This
ally attributed to dissociative multielectron ionizatior” In difference can be attributed to the discriminating properties of the slit used

fact, the H" signal in the time-of-flight spectruitFig. 4 has by us at the entrance of the mass-spectrometer flight @iRbé 53.
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where C=0.120 eVus 2amucntV 2, m is the molecular R A
mass,AU/d the electric field across the first pair of accel- o7
eration grids andy the charge in units of the elementary 124 39 -
charge. The splittings in Fig. 4 afet;p=11.3+0.3ns and 40
At,7=15.0+0.3ns. For theAU/d=422V cm ! employed,
this corresponds to a kinetic energy of thé kbn of 2.74
+0.15 and 4.820.20€V in case of CHD and HT, respec-
tively. Double ionization is confirmed by the peak at mass 40
with its satellite atM/Z=40.5; the latter is due to HT"
with a single'3C and shows the correct abundance. This
signal is obviously due to a stable state of this ion, whereas I
the H" is launched from a dissociative electronic state. The 0.0
H* peak was also noticed in a recent wéfk>but its origin '
from a Coulomb explosion was not recognized and a differ-
ent interpretation was presented. Double ionization was also
observed in aniline, pyridine and furah. T T
We cannot exclude that some other light fragments such 08L
as those with the masses 51, 39 and 27 are also due to double I
ionization and subsequent Coulomb explosion. If so, their 0.4
recoil-energy splitting seems not to be resolved by our in- I
strument. However, we assume that they are actually photo- 00k, ‘S
chemical products of the singly positive ion. Some of the 360 400 1300 1200 1500
ions thus produced may have vibrational excess energy and . .
may be metastable; i.e., they decompose during the extrac- time of flight / ns
tion time (100-500 ny thus giving rise to broad peaks. The ig_ 5. Transient time-of-flight spectrum of CHElashed lingrecorded at
broad group of peaks around mass 12 may be such a cas®p fs delay after single-photon pumping at 267 nm with 145 fs laser pulses.
too, although other workets®! prefer to assign it to Cou- The spectrum is obtained with photoionization by delayed pulses at 800 nm
lomb explosion. Leviet al. ascribe the broadening to recoil and intensity of about 2 10**W cm™2 The solid curve shows a spectrum

. . . . .. &5 of statictZt-HT recorded under identical conditions but with 800 nm only
In some 'mpU|S'Ve dissociation of the neutralbut such a (see Fig. 3. The spectra are normalized to the intensity of the ibin in

process seems to us less probable when many bonds haveet@h case. The numbers near the peaks indicate the mass values.
be broken, such as in this case.
We will discuss in Sec. VIB why HT is more liable to

ionic photodissociation and multielectron ionization and thus,<tants do not depend on the ionizing probe energy, al-

shows more light fragments than its isomer CHD. The oby,, 41 the relative height of the 'Hpedestal decreases with
served drastic difference between the DIFI mass spectra (Péwering of the probe energy. According to Sec. IV and Fig
the two moIecuIe_s{Fig. 3 has a practical consequence: It 3, we can expect that the parent iogHz (mass 8Dand the

allows us to monitor the appearance of the photoproduct anﬂagment GH: (mass 79 which is also the strongest one in

its identification. This expectation is confirmed by Fig. 5electron-impaél7 and low-intensity photoionizatidh mass

\(/jvhlere tfhe transuant IFI ma.\ss.spe(;trcugb reczo(;(;ed at 400 f§pectra, will contain information about the temporal history
elay aiter one-photon excitation o at nm, 1S pre- electronically excited states, whereas the light fragments

SHeTm(_T_(:] totgether V\f['th the IZ;IEI splectrum Qf T ot prf'exlc't,eqncluding atomic ions will reflect the product appearance and
- The two spectra are obviously very similar not only in , ,.ecses in the ground state.

the presence of the light fragments and their pattern, but also Typical transient signals for the former two ions are pre-

n their rec_0|I structureithe lower part of Fig. 5 The only sented in Fig. 6 in a singly logarithmic scale. The broken
difference is that the 400 fs spectrum also shows a Strong e shows the response function calculated for

depletion(i.e., a decrease compared with negative delays (1+3)-multiphoton ionizatior(3 is the minimum number of

++ [P ; : :
HT . This is not unexpected, since it will be hot_whgn robe photons required to ionize thB state on the basis of
produced from hot neutral HT, so that the corresponding |on$ne measured pulse shapes and time zero. The signals of the

will decompose. The similarity of the spectra clearly showsmasses 80 and 79 instantaneously grow with the pump pulse,

the presence of some form .Of hgxatriene at 400 fs. It can bFeach their maxima at 26 and 60 fs and then decay to values
concluded thathe ring opening is already complete at this near zero. After the pump—probe overlapping region both

time. ions show exponential decay over more than two orders of
magnitude with decay time constants o043 fs for the par-
ent and 7% 7 fs for the fragment ions. These values are
To monitor the dynamics of the photochemical ring averaged over at least 10 independent scans. They do not
opening of CHD, we recorded the delay-time dependence afepend on the intensities and relative polarizations of the
various ion yields. All the transient ion signals were found topump and probe beams. Only at higher pump energies a
be proportional to the pump energy, which confirms that theysmall negative pedestal at long delay can be seen for both
are produced by absorption of a single UV photon. The timemasses owing to a partial depletion of the educt. In order not

08 51, 4

04t

relative ion yield

2000 2200 2400 2600 2800 3000

B. Time dependence
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FIG. 6. Relative ion yield in CHD for the pareni8g and fragment gH;
ions versus the time delay between the 130 fs pump at 267 nm and the 11G. 8. Anisotropyr of the H" signal in CHD versus delay timiebetween

fs probe at 800 nm. The symbols show the experimental data and the lingse 267 pump and the 800 nm probéias been calculated from the transient
represent singly exponential fits to them. The broken curve is the respongd™ signals recorded for paralleS() and orthogonal §,) polarization by
function calculated for a pump pulse of 130 fs FWHM and a probe pulse ofusing Eq.(3). For normalizationy =0 (S,/S, =1) has been assumed for the
110 fs FWHM assuming that three probe photons are used for ionizationregion of the minimum around 1700 fs. The solid curve shows a single-
The shape of the transient signals for the parent and fragment ion at mass 23ponential fit to the data in the region 500-1300 fs, giving an anisotropy
does not depend on the relative polarizations of the laser beams. Note: Thiecay rate of 1.720.22 ps*.

data are slightly offset in such a way as to have a zero pedestal at long delay.

fragments with the masses 39, 27 and 1 measured under

to distort the singly exponential decay in the logarithmicthese conditions. These fragment iongd¢, C,H; and H
scale in such cases, the data presented in Fig. 6 have besinow practically the same steep growth as the parent ion, but
offset to have a zero pedestal at long delay. delayed relatively to it. The delay is most pronounced for H

In contrast to the masses 80 and 79, the signals at lightevhere it is as large as 170 fs."Heaches a maximum at 200
masses depend on the relative polarization of pump ant and then drops to a positive pedestal value. The fragment
probe. Therefore their kinetics was studied with magic angléons GH; ,C,H5 behave similarly, but are less delayed and
(54.79 between pump and probe polarizations. Figure 7more broadened as compared with".HThey reach their

shows the transient signals for the parent ion and the ionimaxima at 110 and 140 fs, respectively, and then decay to a
positive pedestal. A pedestal indicates that the end product

contributes to the signal. As shown in Fig. 7, the decaying
rorr e e part of all three signals can well be approximated by a single

= 1o exponential with time constant of 77 fs, the same as for the
5 decay of the fragment ion &5 . After 400 fs none of the

® 08| monitored signals shows any change over at least Gipis

_5 3 probing under the magic angle

06 The polarization dependencwas studied in detail for
-g | the H' signal. It is typical of orientational relaxation of
S oal freely rotating anisotropic molecul&&>Its kinetics is most

i ' easily seen in a plot of the rotational anisotrapy

Noal r=(S-S)/(S+28,), @

E whereS, andS, are the transient ion signals with the polar-
é 0,0 izations of the pump and probe parallel and perpendicular,

200 0 200 400 600 800 1000 respectively. Figure 8 shows for'ihe decay of versus the

delay timet. Although the experimental conditions for one
delay / fs given polarization were very stable, there is some uncertainty
of the absolute signal values in different runs, due to a varia-

FIG. 7. Relative ion yield in CHD for th s (dashed d . .
catye lon yield in or the parent; (dashed curvean tion of the spatial overlap for pump and probe beams after

fragments GH3 (squarel CH; (triangles and H' (circles ions versus the . o .
time delay between the 145 fs pump at 267 nm and the 110 fs probe at gdalignment to change the polarization. Therefore in evaluat-

nm. The solid lines show one-parameter single-exponential fits to the tail ofng the anisotropy we set for simplicity=0(S,/S, =1) for
fragment ions using a fixed time constant of 77 fs. In this fitting only the tha regiont= 1.7 ps where has a minimum, and normalized
pedestal values were varied; two-parameter fitting gives for3+ 7 fs and the experimental data accordingly. This assumption can in-

for the 27-amu and 39-amu fragments the little bit longer decay of 90 )
+10fs. The data were recorded with a relative angle of 54.7° betweerdlU€Nce only the absolute values of the anisotropy, but does

pump and probe polarization. not change the rate constants. In the regiert € 0.3 ps, the
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anisotropy has a constant value of 0.33, then it drops to theontributions from different precursor states. These contribu-
minimum aroundt=1.7 ps and thereafter recovers to abouttions can be extracted by kinetic modeling, as done in the
0.02. Such oscillatory behavior is typical of orientational re-following.

laxation of freely rotating anisotropic molecuf¥sA signal To derive information about the dynamics of cyclohexa-
beginning at a positive (near 0.4 and then decaying means diene ring opening from the kinetics of various ion Signals,
that the dipole moments for the pump and probe transition¥/€ assume that the pathway is not branched and describe the
(the latter will be identified in Sec. VI Bare (nearly paral-  PopPulation at each locatiofievel, observation windowby

lel, whereas with perpendicular transition momentstarts ~ 't€ equations. Itis common to model the dynamics in fem-

from a negative initial value. The minor initial rise and tosecond transition-state spectroscopy by rate equatiees

. . ef. 61 and references therein, and Rej. 8%hough such a
slightly delayed decay which were observed probably rneamodel ignores coherenc®it is powerful in providing the

that the two dipole moments form a small nonzero arlglenature of population flow. A justification is that we observed
with each other. In the decaying pdf.5—-1.2 p} the data Pop A

) . . ) exponential decay&vhich are solutions of rate equatigns

can be fitted byf’l‘ 5'”9'y exponenUaiI degay W_'th a rate Ofsome example§Fig. 6) over 2.5 orders of magnitude. On the

ki=1.72=0.22ps". Using the equation given in Ref. 59, nher hand, signs of a coherent effect were observed, too

such a decay rate would be expected from a molecule ofcompactness of the Hsignal; see the end of this sectjon

moment of inertiad=171amu X rotating at room tempera- The ion signals are then calculated from these time-

ture. This@ is very near the values calculated for cyclohexa—dependent populatior{sesulting from the rate equationsy

diene(184 amu & for an axis perpendicular to the ring; the convolution with the measured pump and probe pulse

other two ¢ are half as largeand thecZc conformer of  shape$®* According to Sec. Il, the pump pulse is well de-

hexatriene whose moments of inertia are certainly very simiscribed by a Gaussiafull width 7, at half maximun. The

lar. ThetZt conformer would haved= 35, 321 and 356 amu time-dependent population of tlih levelN;(t) produced by

AZ along its three axes. Hence we can conclude that at leashis finite-length pump pulse is then given by

a large fraction ofthe product identified in Sec. VB as ;

hexatriene (at 400 fs) is the cZc conform&o at this time Ni(t):i ni(t—t" )l (t")dt’, (5a)

this (expected primary product has not yet undergone *°°

single-bond isomerization to other conformers. From the obyhere| o) =1 gu exp(—apt?) is the normalized intensity of

servation of theeZc moment of inertia we can also infer that the pump pulseq,,=4 In 2/7';2)u; n; represents the population

the strong field of the probe laser does nattomatically  resulting from the rate-equation calculations with an infini-

stretch the moleculduring multiple ionization to its longest tesimally short pump pulseay;(t) being a sum of exponen-

(tZt) conformer. tials. Then convolution with a probe pulse of lengthgives
Evidence has been presented that in solution the corthe contribution of theth level to the intensity of the ion

former isomerization begins in the subpicosecond range; bugignal at mas# at a pump—probe delay tinte

a time constantr.,,; could not be given since this process "

competes with vibrational coolin:**®°So we expectr.yns MS (t)= Mgii Ni(t) It —t)dt, (5b)

between 1 ps and 400 fs in the gas phase. Therefore we -

re-assign the time constant of 5860 fs found in the gas Wherelpr(t)=lg,exp(—aprt2) is the normalized intensity of

phasé* by transient resonance-enhanced multiphoton ionizage probe pulseq, =4 In 2/75” Mg, is the effective cross

tion (REMP) to the single-bond isomerization. It is probably section to produce the ion of maksfrom thei-th level and

the shifting of the UV spectra and increase of absorptionm the effective order of the ionizing procesalso in DIFI,

during this process™* which sensitizes REMPI for this one finds that the ion yields are proportional to a power of

isomerization. 1.2% It can be shown(using Heaviside’s step function to
In the temporal regiog600 fs, the DIFI signalgFig. 7) match the integration limits, then invoking that convolution

do not change. This is surprising, since the length ofis commutative and associatjvéhat Eqs.(58 and (5b) can

hexatriene increases from itsZc to its tZt conformer by be contracted to

nearly a factor of 2, and a length dependence was expected ;

for field ionization. Obviously, with our intensitiethere is MSi(t)ZMUii Ni(t—t") ljns(t")dt’, (50

no strong dependence of the DIFI signals on the length of o

hexatrieneIn Sec. VIB we point to the dominating influence where the instrumental functiohg= 9., €Xp(— aingit?) is

of resonances in the hexatriene ions. the correlation of the pump with a suitable powem of the
2 2 2 -1_2
C. Simulation by a rate-equation model probe pulse fingy=4 I 2/7ingy, Tinsy= Tyt M 7. The lat-

ter relation shows that the exact valuerofpractically does
It was eXplained in Sec. |V that different locations on the not matter, as |Ong as=3: insertingm:4 instead of 3 and
potential energy surfaces have different ionization probabilithe pulse lengths of Sec. Ik, just decreases by 2%.
ties and fragmentation patterns. In an ideal situation, eactfherefore we did not determine this parameter, but chose it
region would give rise to just one ion. Then a decay of ongsee Scheme)ccording to energy considerations. Since the
signal would be connected with the rise of another one withsolutions of the rate equations are a sum of exponentials, Eq.
the same time constant. Actually each fragment ion contain&c) results in an analytical expressiécontaining the error
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1B signal, giving a longer delaga broken line in Fig. 10 The

) assumption of a preceding short-lived, € 10fs) level with

higher ionization probability®,>%%,, Table ) than in
the following 43 fs removes the deviation and perfectly re-
produces the parent ion signal. Only the levels 1 and 2 give
rise to the parent ion. The third time constant=77fs is
mainly from the tail of the fragment iong&;. The simula-
tion also reproduces the full temporal behavior of this signal,
in particular also its early appearance, if we assume a rather
high contribution from locations 1 and @xpressed by the

1A
AN

© N quantities’%o; and’®v-,). As mentioned, this is probably due
# to photodissociation of the parent ion produced from these
early levels.
FIG. 9. Time constantéin fs) resulting from the kinetic simulation of the To describe the time behavior ofﬂ-[Fig. 11, we must

experimental datésee Figs. 10 and 1bf the cyclohexadiene ring opening introduce into the rate-equation model at letlsee more
with assignments to regions or levétbeir numbering is encircledf the

potential energy surfaces. Note also the interpretation of these times dg€vels The first of them, level 4 with lifetimer,, does not
traveling times in Sec. VI. contribute intensity to the Hsignal ¢o,=0), but gives rise
to a shift without broadening. The fifth level with lifetime

functior) which can be directly used in fitting to the mea- IS "€Sponsible for the H spike and the sixth one with an
sured data using commercial evaluation software. Parameter#finite” (>50 pg lifetime accounts for the H pedestal.
resulting from the fit are the time constantsand the ion-  The steepness of the leading front of the signal is close to
ization probabilitiesV o . the experimental response limit and the decay of the trailing
It was found that the main features of the early kineticsedge coincides with the lifetimerg) of the third level. This
for all ions can be reproduced by the rate equations using sii expected ifr,,7s<73. To reproduce the shift of the H
levels connected by five time constaBcheme 2; see also sjgnal, the model requires, + 5= 55 fs. With 7,=35 fs and
Fig. 9. These five constants are a minimum set to achieve 2.=20fs the model reasonably well reproduces both the

goo(;jffit. Otﬂly two (43 ?n?t?r f}BfOf Tebrln can gﬁ dirgct7ly steep leading front and the decay of thé signal(the solid
read from the exponential tails of suitable signiigs. 6, line in Fig. 1). However, the calculated signal is still

and Sec. V B. The smaller one is from the tail of the parent
ion. However, a simple convolution of an exponential func-

. . . . . CHD (1A
tion with a time constant of 43 fs with the instrumental func- ih( X
. . . . . Vv,
tion noticeably deviates from the experimental parent-ion po 5
(L1) CHD (1B,, FC) DA Ver parent and fragment ions
I
(L2) CHD (1B) M—-) parent and fragment ions
1,0 Iz
j— 2
©
%) (L3) CHD (2A) M fragment ions
' 0.8 Iz
+CJ mash Vpr
Q (L4) (1A, near CI) —— fragment ions
‘w06 ¢r4
& h
= (L5) HT (1A, resonance) M) fragment ions
© Iz
8 o 5 msh v
S (L6) cZc-HT (1A)) _Mmeitver fragment ions
0,2 . ) ) S .
% SCHEME 2. Levelgobservation windowsused in the kinetic simulation.
ot The first level(L1) is the initially excited state B, of cyclohexadiene in the
0,0 Franck—Condor{FC) region, and the sixth levéL6) is the primary photo-
»200'_100 0 100 200 300 400 500 product of the ring opening: the ground statd,lof cZchexatriene. To
account for the main features of the kinetics of all the fragments, we must
delay / fs introduce at least four intermediate levels, L2—L5. L4 and L5 are two inter-

mediate regions on the ground-state surface; the former is near the conical
PR _ A ’ intersection(Cl) and the latter location shows some resonance with the
(squares and fragment gH; (circles ions with the results of the simula-

tion. The dashed curve shows a single exponential dé@ag constant 43 prot?e Igsgr. The parametey ,.entering .in Eq.Sb), indica.lt.es the order of

fs) convoluted with a one-photon pump puls80 fs FWHM and a three- the ionization process. The simulation is not verx se-nsmve-for the va!ue of
photon probe pulsél10 fs FWHM. The solid curves result from simulation ™M [=3, see near Eq5¢)]. Them; values used are indicated in the captions
using the first three levels of Fig. 9 and the ionization cross-secfins ~ of Figs. 10 and 11 which compare the experimental data with the simulation.
and”°; of Table 1. The ordem of the ionization process is assumed to be A set of parameters, for which the kinetics of all the ions within the 6-level
3 for forming mass 80 and 5 for forming mass 79. rate-equation model can be well simulated, is presented in Table I.

FIG. 10. A comparison of experimental dafeom Fig. 6 for the parent
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TABLE |. Experimental results and simulation parameters for the six-level
rate-equation modelr; is the lifetime of leveli (traveling time through
observation window) andM(,i the relative ionization cross-section to pro-
duce an ion of maskl from this level. 7,4 is the time(calculated fromr;

-
o

and7s) needed to form 63% of the product in its ground staiteg-opening ©
time), 7,o; the time constant for rotational anisotropy decay of thestignal. c 0,8
The infinity sign stands for lifetimes50 ps.7,,qand the level lifetimes,; ‘®
to 75 are also given in Fig. 9. S
level (i) 1 2 3 4 5 6 E06
0]
7 lfs 105 43+3 777 =35 =200 P K7
80, 1.0 023 0 0 0 o0 5
0 1.0 087 053 0 0o o0 S04
¥, 1.0 0 0 0.7 0.7 0.5 kA
oy, 1.0 0 0 0.9 0.9 0.096 N
1o 0 0 0 0 1.0 0.068 ©
Toroalfs 205 Eoo
TS 580+ 75 Q
84+ 75~55fs.
BThis level comprises the conformers Bhexatriene, not distinguished by 0.0 &
probing at 800 nm. Relaxation fromZc hexatriene to a high-temperature ' P T R T NP S

equilibrium of conformers proceeds with a time constantrgj,~=580 -200 0 200 400 600 800 1000
+60fs, as is detectable by REMPI at 280—300 (s®e Sec. VR delay /fs

broader than the experimental one. This inconsistency can ¢ 11- A comparison of experimental dafeom Fig. 7) for the fragments
C;H3 (squares C,Hj (triangles and H' (circles with the results of the

removed by SimUIating the HSignal with a modified six- simulation. The dashed curve shows the experimental signal for the parent
level kinetic model with a single bottleneck for the third jon CgHg (curve 1 of Fig. 10. The solid curves result from the simulation
level (73=77fs, lifetimes of all preceding levels assumed using all six levels of Fig. 9 and the ionization cross-sect®ns of Table
<4 fs; note that the preceding levels do not contribute to thé The ordgrm of the ionization process is assumed to be 5 for ion formation
Ht signa) and with an artificial time offset of-103 fs. The fr_om the_ first level and 6_ from the others. _The dotted curve shpws the H

. signal simulated by the six-level rate-equation model with one single bottle-
results of the calculation fotos:'o=1:0.016 are shown peck of 77 fs for leaving the third levdlifetimes of all other levels are
by the dotted line in Fig. 11. This description approximates ahorter than 4 fs and +103 fs temporal offset, assumintps: log
“coherent” motion of a nonbroadening wave packet on the=1:0.016. This model approximates a nonbroadenin_g “coherent” motion
potential surfaces with only one bottleneck: the departur(ﬁ:eaz‘xa;’jrfgizkgts‘t’aett‘)ilsoéggltﬁefl‘frgy surfaces with the departure from
from level 3. In photodissociation of iodobenzene Zewall '

and coworkers observed a similar delay and ascribed it to a

coherent motion of the wave packet. after which the conversion of electronic energy of the 1B

Ft'tt'rt'g fto ttr;e expe ”me?tal d‘;tat n(I)t o;ly_welds the t'msestate to vibration is becoming substantidflost likely this
constants for the various steps, but aiso their sequence. pl%'gion terminates near the crossing point between the 1B and
cial considerations are then required to assign each level to

definite locati th tential ; 2 surface, where there is a sharp change in the slopes of
efinite location on the potential energy surtaces. potential curves. So we assign thime of43 fs to the de-
parture from the 1B state

V1. DISCUSSION The first level with its lifetime ofr,=10fs must corre-
Some conclusions and interpretations were already givefiPond to departure from ti&¢anck-Condon regionbecause
at the end of the foregoing subsections and in Fig. 9. the same lifetime was deduced from the fluorescence quan-

tum yield? and according to the spectrum the fluorescence in
fact came from the Franck—Condon region. The second level
(lifetime of 7,=43fg) then must be related with the later
The lifetimes resulting from the rate equations shouldparts of the 1B surface probably until the crossing between
not be understood as times for passing a bottleriédkere 1B and 2A.
is any) or for leaving a discrete level, since traveling times The third time constants= 77 fs) was determined from
are of the same order of magnitude. Therefore we wroteéhe decay of the fragment iong8; . As mentioned, a strong
them in Fig. 9 near some arrows meant to represent observaentribution to this signal is expected from the 2A state, in
tion windows of nonvanishing extension and without sharpaddition also from the shorter-lived 1B region. The slow de-
limits. cay can therefore be attributed to departure from the 2A state
As explained in Sec. IV, an ion generated from the re-(or more generally: a region following the 1B stat®uan-
gion of the 2A minimum will have sufficient excess energy tum chemistry supports this assignment since it predicts that
(=2 eV) that it will dissociate and wilbnly be detected as the 2A state has the longest lifetimes is in fact the longest
the fragmentCgH; . Therefore the raté43 f9 ! deduced time in the sequence four#ig. 9).
from the exponential decay of tiparention can be assigned Much stronger fragmentation is already observed from
to the departure from the region befofer from a region level 4 (r,=35fs). (A column of the table roughly indicates

A. Assignment of the time constants to the different
observation windows
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the fragmentation pattern of the level concerpebhis is  unimportant in view of the large widths and steep slopes
plausible if some electronic energy was again converted teonnected with the short lifetimes.

excess vibrational energy, as expected if the molecule has

already reached the ground-state surface. A similar statement

can be made about level 54=20fs). The maximum of the B. Interpretation of the enhanced multielectron

H* signal during this time will be attributed in Sec. VIB to ionization in hexatriene and a comment on Coulomb

a resonance, which helps to localize this level more accuexplosion

rately. We also recall that the mass spectrum measured dur- |, gec. VA we reported on strongly enhanced two-

ing this time requ!res that this. level lies on the product Sideelectron ionization (followed by Coulomb explosionin
(end of Sec. V4, i.e., on the right-hand sidéig. 9 of the  payatriene as compared with cyclohexadiene. It is respon-
2A minimum and on the ground-state surface. sible for the drastically different mass spectra of the two
Level 6, comprising the different conformers of compounds(Fig. 3. The difference was unexpected, since
Z-hexatriene, shows no time dependence detectable by thee o molecules have the same ionization energy. Let us
method of this work ¢s>50ps), because the conformers giscyss possible mechanisms responsible for it. Recently it
seem to give the same signals. According to the end of Segas peen found that the rate of multielectron dissociative
VB, isomerization from thecZc hexatriene to a high- jonization in intense fields rapidly increases, by several or-
temperature equilibrium of conformers takes place withingers of magnitude, as the internuclear separation is extended
580 fs (measured previousif). The population of level 6 4 5 certain critical distancd—22 A different phenomenon,
calculated fromr, to 75 reaches 63% {1—e™") of its ot involving bond stretching, is the observation that longer
maximum after 200 fs. This time can be denoted the time Ohydrocarbons give higher ion yields than shorter ofees
photochemical ring opening of cyclohexadiene. Ref. 24 and references thergirtZt-Hexatriene is nearly
The H' signal, mostly generated from level 5, deserves ayjice as long as its ring-closed isomer cyclohexadiéae
special comment: Its delay and compactness was not pogninal C—C distance 5.7 vs 3.1)ASo we could expect an
sible to model well enough by rate equations; instead Wenhanced multiple ionization of the longer molecule. How-
introduced an artificial delay which is probably a manifesta-eyver, our experimental findings disagree with this idea. First
tion of the coherent motion of a wave packet after leavingof all, the anisotropy decay of the*Hsignal shows that the
the 2A state down through the conical-intersection regiomexatriene product rotates at a speed which is only consistent
and further on the ground-state surface to a regievel 5  with the moments of inertia of theZc conformer, but not
where multiple ionization is maximal. The existence of awith those of thetZt conformer(Sec. VB. The subsequent
compact wave packet around 200 fs implies that equipartic zc—tZt isomerization with the concomitant elongation
tion of internal energy cannot yet be complete at this timefrom 3.1 to 5.7 A then proceeds with a time constant of 580
On the other hand, around 600 fs is the molecule alreadys (Sec. VD as determined by REMPI probing in the &
isomerized to the other conformers with a rate as statisticallysee Sec. V B It is most remarkable that during this time the
expected with equipartitiof® So intramolecular vibrational H* and other signals do not change. This meansirttense-
redistribution seems to proceed in this interval. laser field multielectron ionization is not sensitive for the
The ion signals in Figs. 10 and 11 are complementary tgength of the moleculim this case(We already concluded in
each other and together result in a complete picture of thgec. VB in the context of polarization dependence, that the
reaction: Whereas mass 8farent ion monitors the 1B state strong field does not stretch the product hexatriene to its
alone and mass 79 reflects the populations of 2A and 1B withongest conformetZzt.)
no contribution from the ground state"Hppears only when To explain the enhanced yield for multiple ionization in
the ground state of the product is reached. The other fragiexatriene, we instead invoke an intermediasonance in
ments GH; and GH3 are produced from both the Franck— the singly charged positive iofhe first allowed transition
Condon region of the 1B state and the ground state of th€’B;—?2A,; see Fig. 2in the hexatriene cation (HT) has a
product. It is noteworthy that the 2A state contributes to onlycut-off at about 700 nm and probably at even longer wave-
one ion, GH;. lengths in the hot ion, while in the cyclohexadiene ion
The possibility of determining a time constant as short a{CHD™) the cut-off for the corresponding banA,
m,=10fs requires a special justification: It was the only time—2B;; Fig. 2) is at shorter wavelength@bout 530 nm3!
constant deduced from data during the overlap of the pumphus the probe wavelength of 800 nm is close to resonance
with the strong probe radiation, and the latter could in prin-with HT* which will not only enhance the ionic photofrag-
ciple modify the potential energy surfaces via intensity-mentation, but also seems to help reaching the second ion-
induced level shifts. But as already mentioned in Sec. V Bjzation limit. The corresponding resonance in CHI3 far-
the time constants do not depend on varying the probe interther away. It is rather unusual to postulate an intermediate
sity. Furthermorer; was also independently determined resonance for intense-laser field ionization, a process which
from the fluorescence quantum yield\nother justification has been believed to be a field-induced process which is
comes from measurements with K@D)gs and WCO)g, insensitive for resonance@Resonances with Rydberg states
where the lifetimes of initially excited sta{®0 and 46 fs  have previously been seen in DIFI of, /%% Note, how-
could not only be extracted from within, but also from out- ever, that the resonance in HTconcerns the second elec-
side the pump—probe overlapping regf3rProbably shifts tron, which has already a rather high ionization energy, so
of levels relative to each other, or changes of slopes, arthat the intensity for barrier-suppression ionizatj&u. (2)]
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might not be reachedAlso for the first electron, our inten- terms of geometries instead of energies: Becausé 4Tin
sity is just only at the threshold, since we are now dealingresonance with the probe laser and CH® not and because

with ionization from the ground state. the HT geometry is reached only after arrival of the neutral
Strong evidence for the suggested resonance is the rotat the ground state.
tional anisotropy(Sec. V B: lonization without any interme- Resonances in the neighborhood of a conical intersec-

diate resonance will either not depend at all on the moleculafion, tuned through the 800 nm probe wavelength, were al-
orientation or, if a length dependence is assumed, will bgeady used to explain a number of observations including
sensitive for anisotropy of the molecular shape. In the latteeoherent oscillations in metal carbonyls, for instance
case, it is the rotation around an axis in the “ring plane” of Cr(CO); produced by photodissociation of (@O)g.%°
the nearly ring-like moleculeZchexatriene which should We can conclude that level 5 is not characterized by a
show up in the signal. However, the rotation around an axigroperty of the ground-state surface alone, but it corresponds
perpendicular to the ring was observed. This is just what i30 a position on it where the distance to thB $urface is
expected for a resonance whose transition dipole moment iground 1.55 e\(probe photopand where there is a similar
in the ring plane. The suggestéB;— A, transition of the  resonance in HT. The existence of this “label” on the
hexatriene ion in fact has just a polarization nearly in thisground-state surface allowed us to determine the time needed
plane: Its direction is near the line connecting the two termi-after departure from the/2 surface through the conical in-
nal carbons. This is parallel to the dipole moment of thetersection until this position, which itself cannot be very far
pump transition in cyclohexadiene. In Sec. VB we found infrom the intersection as to conclude from the small energetic
fact that pump and probe transitions are nearly parallel. Adistance to the B surface(Sec. V D. It also permitted us to
small angle between the two can be rationalized by assumingetect the compactness of the wave pa¢Bet. V D.
that thecZc-hexatriene is slightly distorted fro@, symme- The resonance in HTexcites arr electron. This is only
try due to steric crowding. the very first step for reaching thienization limit of the

In principle it would be consistent with this interpreta- second electranand many additional photons have to fol-
tion that the two signals ¢1g and GH; formed from the |ow. If it is the  electron which continues to be excited until
excited states do not depend on the polarization: To fornjonization, the product will be the ground states of HTand
these ions, no resonance is involved. But a more trivial raCHD**. They are observe@Figs. 3 and 5 and hence are
tionalization of this insensitivity is that the rotational anisot- both stable enough, unless they have excess vibrational en-
ropy does not strongly change before about 500Ffg. 8,  ergy (Sec. VA. (The properties of HT" in its ground and
i.e., at a time when both ion signals have already decayed tSome excited states have been calculated in Ref. G6u-
near zero. lomb explosion must hence originate from an electronically

It is tempting also to interpret by a resonance why thereexcited state. We suppose it is a sté1® in which both
is a location(level 5) on the potential energy surface giving electrons have been removed from a single CH ba@y,
rise to a transient maximum yield of doubly charged ions andvhich is populated by transition from a precursor state with
the consecutive products such a$.Hn this case one needs g single hole in the CH bond and the second hole probably
aresonance which is tuned by the ring-opening coordinatedelocalized in ther system(Fig. 12; the transition can ei-
Such a feature exists in the ion and in the neutral: Thaher be photon-induceby excitation of the last CH electron
ground state of HT correlates with the second excited stateinto the other holgor induced by curve crossing. This as-
(2B, around 4 eV of CHD" and vice versa, and along the sumption can explain the following observation: Thé k-
ring-opening coordinate there is an allowed crossing. coil energy(2.7 eV, Sec. V A due to Coulomb explosion of
Hence the(strongly allowedl ionic transiton £A—22B is  CHD** indicates a distance between the two charges of 5.3
tuned through zero and through the laser frequency durind before ejection of the H ion, whereas for HT* we cal-
ring opening of the neutral molecule; the end is the imperfectulate from 4.8 eV the smaller distance 3.0 A using Cou-
resonance discussed above for static'HFor the neutral, lomb’s law. The suggested assumption predicts that this ejec-
the 1A— 2A transition grows from zero energy at the conicaltion distance only depends on the CH bond strength and
intersection to several eV; but its oscillator strength is verylength in theprecursorstate and on its energy; the Coulomb
small. The much stronger transitiorA3-1B begins with  repulsion curve is always the sanfEig. 12. In fact, in
little above 1 eV at this poinfas to conclude from the CHD*" with a single hole in a CH bond of a GHjroup the
calculatiorf) and will pass the laser frequenégorrespond- remaining electron can delocalize in thesystem and the
ing to 1.55 eV soon after the conical intersection. We sug- CH bond will therefore be long and weéggee the flat poten-
gest that it is this resonance, further enhanced by the one el curve with its minimum at a large CH distance in Fig.
HT™, which gives rise to the transient peak of two-electron12). In HT** such a delocalization is not possible since the
ionization probability. An enhancement by this resonancesr orbital of the CH bond is in the nodal plane of the
from the neutral ground state can simultaneously explairorbitals.
why the double ionization is much more efficient from this So the process begins with ionization of a fiistlectron
ground state than from the®2level. The opposite could have and continues with excitation of a second such electron; but
been expected, since thé Ztate contains a substantial per- later-on it can branch: It either continues in this direction
centage of a two-electron excited configuration, so that botluntil reaching a stable doubly charged ion or it begins to
electrons could be detached with little ionization energy.involve one and eventually even two electrons to lead to
Why a resonance is more important can be understood i€oulomb explosion.
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In view of the strong difference in the fragmentation
patterns of hexatriene and cyclohexadiene which we found
under conditions of intense-laser field ionization it is inter-
esting to discuss the recent results of Levis and DeWitt
et al?*™ They studied dissociative photoionization of aro-
matics and alkyl substituted derivatives using intense 780 nm
radiation and found ionic fragmentation increasing with the
number of atoms or o bond$* in the molecule. For expla-
nation, the authors invoke superexcited stdtése., states of
the neutral parent molecule with internal energy exceeding
the ionization potentialand field-induced dissociaticfiWe
think that these two mechanisms alone would not explain all
the details reported above, such as thedtiginating from a
Coulomb explosion or the resonances, etc. Rather one should
consider also in these cases ionic transitions enhanced by
near resonance. Note that according to photoelectron spectra
the lowest ionic states of higher aromatics and of alkyl sub-
stituted benzenes have a smaller distance than those of bef6G. 12. Suggested potential energy curves for the Coulomb-repulsive state
zene, and thal racical ons withhole avays have very (FRUSRS I T b SIS S 1 1y
lOWflylng excited Stat_e%,? The ,Same can be said about creatibn ‘())f the lastr hole from aw hole probably takes piace pat a cu)lf\-/e
aniline, furane and pyridine studied in Ref. 56. The degree ofrossing at the CH distances indicated in the figure. The transition to the

fragmentation depends on the relative rates of further excitasoulomb-repulsive curve can either be purely diabétig., after the ab-

tion versus decomposition of an excited ion. sorption of the last photoror optical (by absorption from a lower statdn

. ., a dressed-states description, the latter case involves a curve crossing, too.
In this work, a number of features were observed which P 9

are normally considered to be typical of multiphoton pro-

cesses. Among them are several resonances and nOnvert'ﬁ“’—{i‘}:\nck—Condon active coordinates, a flatter region which is

steps such as the geometrical relaxation befqrg Coulomb %rossed by the & surface(schematically shown in Figs. 2
plosion (Sec. VIQ. It may therefore be surprising why we and 9. Only in this second region the bond (C1-C6, num-

keep speaking about field ionizati¢IFl). The main reason bering as in hexatrienanitially not affected by them*

s that tlhe |rf1tenS|t)|/ IS (ilea_;ly beyo(;xd the limit of H@) (or q excitation begins to open. That is, the direction of the path
an analog for moleculgsif excited states are concerned. changes. In Sec. VIA we assigned the first two time con-

Ne\{[erttfr:eligshthe smg;y pOSItlve' 'Or:h's belowdth(T I|rtn|t, OW'itants to these two regions on the basis of energetic and
Ing 1o the high energy for removing the second electron, an pectroscopic arguments. Recently we also found a confir-

lonic resonances_pla_y an mpor_tan_t rqle |n_th|s work. SO’mation of the direction change in the effect of substituents on
obviously a combination of field ionization with subsequentT and 7, .72
2.

multiphoton processes is possible. It is also conceivable tha On the A surface the initial calculatiohsshowed a

resonances .Wh?Ch are impo_r_tant at_ low in'Fensi_tie_s can Stilhwinimum energy patiMEP) first leading to the A mini-
facilitate excitation at intensities typical of field ionization. mum and then changing direction toward th&/2A conical
intersection(Cl). Whereas in the 2 minimum the molecule
has a geometry similar toZcHT, with the C, symmetry
conserved, in the Qimore precisely, the energy minimum of
All the lifetimes given in Fig. 9 are so short that it must the CI spacgthe symmetry is broken, one of the terminal C
be concluded from the Landau—Zener consideration in thatoms forming a triangular structurghree-electron three-
Introduction that the pathway is continuous all the way downcenter bongwith the other two terminal C atoms. According
the different potential energy surfaces. There can be no sige the calculation, the time to find this special geometry is
nificant gap between the surfaces, and in particular thertengthened by a negative activation entropyA S&
must also be a real crossing between thesd 1A surfaces. =—2.0kg). The minor activation energy foundAg?
So the experiment directly supports the conical intersection=0.04 e\j was at the limit of accuracy and is not confirmed
predicted for this caskFigure 9 is one of the most detailed by recent calculation$lts influence on the & lifetime could
descriptions of the dynamics of a reaction. The assignmerdanyway be neglected in view of the large excess enérdy
of all these numbers would not have been possible without a&V) released along the path from the Franck—Condon region
least the qualitative ideas about the potential energy surfacefown to the 24 minimum. With AS? and transition-state
presented in Sec. Ill. Recent progress in quantum chemistriheory, one estimates aA2lifetime of 1200—450 fs using in
now permits to calculate more accurate potential energy suthe pre-exponential factorkgT/h) a temperature of 300—
faces and to predict details of the pathway. Examples are th@00 K, the latter calculated from the assumption that the
work of the groups of Bernardi, Olivucci and Robt?The  excess energy is equipartitioned. So the experimental rate
results can be compared with the experiments. (77 f9 ! seems to be faster, though not much, than the maxi-
The calculations of theB surfacé showed, after a steep  mum predicted by statistics. This is conceivabléhi& mol-
initial slope accelerating the molecule in the direction ofecule is accelerated by the slope of the potential energy sur-

d(CH) ]

C. Comparison with calculated potential energy
surfaces and pathways
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faces directly to the funnednd its outlet, so that statistical before the last step a bond must be extended, as suggested in
energy redistribution is not required to find the direction. Sec. V B to explain the difference of Coulomb recoil energy

The same conclusion can be drawn from comparison ofor the two isomers.
the 2A lifetime with the period of a vibration much contrib- DIFI usually gives a signal for every part of the potential
uting to the reaction coordinate. The MEPs before and afteenergy surface being passed, and it gives rise to many dif-
the 2A (symmetri¢ minimum have large components of ferentions which often differ in temporal behavior, thus pro-
nonplanar torsions, all of which having wavenumbers of theviding more information than methods based on only one
order of 100 cm? (in the ground state; magnitudes of cur- transition such as transient absorption or fluorescence. This
vatures are, however, not drastically different in excitedis the reason why we obtained an unprecedented number of
state$. 77 fs correspond to only a fraction of their periods details on the dynamics of the ring opening of cyclohexadi-
(100 cm 1= 333f9. This suggests that the funnel outlet is €ne. A similarly detailed picture was obtained for H migra-
just somewhere early along the line of such a vibrationtion in cycloheptatrien@ and for dissociation of some tran-
Hence also this consideration infers that the molecule doesition metal carbonyls and subsequent isomerizfigf.®
not have to search around. With low-intensity photoionization or with REMPI, this non-

Since the direction changes along the reaction path, theelectivity and generation of many ions is not common.
idea of the steepest slope directly leading the molecule to the Whereas photoionization with mass-selective detection
funnel infers a valley which guides the molecules around ds often used for time-resolved probing, it was apparently not
smooth curve to the new direction. They would not follow arecognized before, that different ions monitor different loca-
sharp curvature, due to the momentum in the direction ofions on the potential energy surface; instead, it was often
initial acceleration. Recent calculatidrisdeed confirm this ~attempted to correlate the ionic fragments with a supposed
idea: Already early on the path which appeared to be a ME@issociation of the neutral, an assumption which at least for
beforé there is a large negative curvature towards the funcyclohexadiene is invalid. Reference 77 shows that transient
nel. The deflection of the path even seems to begin beforP!FI is consistent with transient absorption, although the lat-
the first conical intersectioff. This is probably characteristic ter would probably provide comparably rich information
for pericyclic reactioné? whereas two examples ofs—trans ~ only if it were measured at many different wavelengths.
isomerizations showed a less smooth or even abrupt change As already pointed out, the levels used in the kinetic
of direction? equations actually represent observation windows, each char-

A recent study investigates the quantum dynamics on th@cterized by a set of probabiliti¢s) to produce the observed
2A surface of cyclohexadiene and finds broadening or conions. Traveling times required to cross each window are ex-
traction of the wave packet depending on the initial widthpected to be of the same order of magnitude as the observed
near the B/2A intersection’> The narrow wave packet ob- times. Itis even probable that all the time is used for travel-
served after passing theA21A conical intersectiorithe end  ing and there is no bottleneck anywhere on or between the
of Sec. VIA) probably also infers a small width immediately surfaces. It seems that a new observation window can open
before. not only when the molecule enters another electronic state,

but also if it changes direction on a given surfdoete the
two times assigned to theBlsurfacg. This phenomenon

VII. CONCLUDING REMARKS probably occurs if the difference of slopes of ionic and neu-
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