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The excited-state dynamics of thert-butyl radical,t-C,Hg, was investigated by femtosecond time-resolved
photoionization and photoelectron spectroscopy. The experiments were supported by ab initio calculations.
tert-Butyl radicals, generated by flash pyrolysis of @eo-butane, were excited into the 24; (3s) state
between 347 and 307 nm and the 3p band at 274 and 268 nm and ionized by 810-nm radiationt-ig]a [1

or [1 + 3] process. Electronic structure calculations confirm that the two states are of s and p Rydberg
characters, respectively. The carbon framework becomes planar and thus ion-like in both states. The
photoelectron spectra are broad and seem to be mediated by accidental intermediate resonances in the probe
step. All time-resolved photoelectron spectra can be described by a single decay time. FGAthsta#te,

lifetimes between 180 and 69 fs were measured. Surprisingly, a much longer lifetime of around 2 ps was
found for the 3p state. To understand the decay dynamics, the potential energy was computed as a function
of several important nuclear coordinates. A [1,2] H-atom shift to the isobutyl radical seems not to be important
for the excited-state dynamics. Qualitative considerations indicate curve crossings between the ground state,
the 3s state, and a valence state along the asymmetriC 6tretch coordinate that correlates to the
dimethylcarbenet methyl product channel. The implications of the present study for earlier work on the

nanosecond time scale are discussed.

Introduction

Considerable effort is dedicated to understanding the reaction
dynamics of alkyl radicals, because of their importance as
reactive intermediates in combustion chemistry and hydrocarbon

cracking but also in the chemistry of planetary atmosphérés.
Despite the great interest in radicals, only little information is
available in this area because of the experimental challenge. In
particular, the excited-state structure and dynamics of alkyl
radicals is not yet understood. Our group recently started to
investigate the dynamics ¢ért-butyl, t-C4,Hq. Earlier informa-

tion on the excited states available from absorption spectros-
copy* and computatiortsis summarized in Figure 1. The first
band, corresponding to excitation from the?X; ground state

to the A2A; (3s) state, extends from 360 to 300 nm and reaches

a maximum at 333 nm. The transition into the 3p band,
comprising a?A; and a%E state, is centered around 253 nm.
The strongest UV band corresponds to excitation to andther
state peaked at 233 nm.

We previously studied the hydrogen atom loss from optically
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Figure 1. Relevant electronic states of thert-butyl radical. The A
A state was excited between 307 and 347 nm (solid arrow), the 3p

prepared hot ground-state radicals by photofragment DopplerState at around 270 nm (dotted arrow). Multiphoton ionization by the

spectroscopy as a function of excitation enérgyd found, for

810-nm fundamental (dashed arrow) was utilized as the probe. High-
lying Rydberg and valence states serve as intermediate resonances in

excitation at wavelengths above 329 nm, a dissociation rate in e probe step.

good agreement with simple RRKM computations. However,
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when the excess energy was increased by use of wavelengths
below 329 nm, a significant rate decrease by about an order of
magnitude was observed. We tentatively explained this coun-
terintuitive rate decrease by the presence of a new deactivation
channel. When hot ground-state radicals are prepared by optical
excitation, the interpretation of the results within statistical
theories of chemical reactions relies on a conversion of

© 2007 American Chemical Society

Published on Web 02/20/2007



1772 J. Phys. Chem. A, Vol. 111, No. 10, 2007 Noller et al.

electronic energy into internal energy that is fast compared to overlapped in a small angle and sent into the interaction region
the dissociation rate. It is generally assumed from the broad by a 700-mm lens. Whereas the UV beam was focused into the
and unstructured absorption spectra that the excited states ofonization region, the focus of the 810-nm beam lay a few
radicals decay rapidly by internal conversion, but in most cases, millimeters away. For pumpprobe contrast optimization the
includingtert-butyl, this assumption has yet to be verified. An  probe beam was attenuated by a polarizer until the one-color
excellent way to study excited-state dynamics is femtosecondbackground signal was minimized. The probe intensity is
time-resolved spectroscopy. Although various frequency-  estimated to be on the order of severa'M¥-cm=2. The laser
domain methods 1! have been applied to radical dynamics, only cross correlation was typically around 100 fs. In the time-delay

a few ultrafast time-resolved studies on radicals are knbwii. scans, 500 shots were averaged per data point. The time-resolved
We recently showed that the lifetime of the&' (3s) state of photoelectron spectra reported here typically constitute an
ethyl is around 20 fs and the decay thus indeed veryfdsif average of five such scans.

little information on the underlying mechanism was obtained.

In this article, we examine the excited-state dynamics of the Computational Details

tert-butyl radical by femtosecond time-resolved photoelectron o . )

spectroscopy-1at a range of pump wavelengths and outlinea  Because little information on the electronic states-biityl
qualitative picture of the excited-state deactivation. In addition, IS available, aside from the geometries of the netiteaid ionic

we performed preliminary ab initio calculations of the electronic ground staté and the vertical excitation energiesve carried
ground state and a number of electronically excited states inOut ab initio calculations on the ground state and a number of
order to gain insight into the shapes and characters of the €xcited electronic states, to describe the shapes of the potential
excited-state potential energy surfaces. It was our goal to obtain€nergy surfaces as a function of the most important degrees of

qualitative information on possible excited-state deactivation freedom. We emphasize that the calculations have a preliminary
pathways rather than accurate electronic energies. character and focus on a qualitative description of excited states

rather than quantitatively correct energies. It was our goal to
identify possible excited-state deactivation pathways, such as
intersections or avoided crossings. More extensive computations
The experiments were carried out at the Laserlab Europe of the most important degrees of freedom identified in the
femtosecond laser facility SLIC (Saclay Laser-Matter Interaction present work are planned.
Center) at the Commissariatl&nergie Atomique (CEA) in The ground-state geometry obtained in either MP2 or DFT-
Saclay, France, using an experimental apparatus describedB3LYP) calculations using the Gaussian packdgend a
elsewheré’ A cold beam oftert-butyl radicals was pre-  6-311G ** basis set served as the starting point. The energies
pared by supersonic flash pyrolysis of aeotbutan, at the optimized geometries and energies of excitation to several
tert-C,Ho—N=N—tert-C4,Hs, commercially obtained from Al-  excited states were then computed by the CASSCF and CASPT2
drich and used without further purification. The precursor was methods (G3 optiord*25 provided by the Molcas (version 5)
seeded in 1.52.5 bar of argon and expanded through a heated suite of program® Dunning’s correlation-consistent p-VDZ
SiC tubé? attached to a solenoid pulsed valve operating at 100 basis sé¥ was used. For a better description of Rydberg states,
Hz. The heating current was adjusted for optimal conversion the basis set was augmented by two diffuse s-, p-, and d-type
efficiency. Control experiments with the source turned off were function$® (£s = 0.023, 0.0055&, = 0.021, 0.0049; andy =
performed to ensure that the observed dynamics was indeed).015, 0.0032) placed at the center of charge.
due to pyrolytically generated radicals. After passing a 1-mm  For the calculationsGs symmetry was employed. Thus, both
skimmer, the molecular beam reached the detection chamberihe electronic ground state and the first excited state are of A
which was equipped with a time-of-flight mass spectrometer symmetry, whereas the p Rydberg states pAd E symmetry
(TOF-MS) and a velocity map imaging (VMI) spectrometer used ransform into two Astates and one'Astate. The active space

Experimental Section

for mapping ion or electron kinetic energy distributidfihe used in the CASSCF calculations consisted of seven electrons
image analysis was performed by use of the p-Basex algafithm  that were distributed over 13 orbitals, nine withsgmmetry
implemented in a LabView program. and four with & symmetry, resulting in a (7,13) active space.

The femtosecond laser is a 1-kHz femtosecond Ti:Sa oscil- Eight d and five & orbitals were kept inactive. In the
lator/amplifier chain. Tunable radiation between 260 and 350 computations of the potential energy as a function of nuclear
nm for excitation (pump) was produced in a noncollinear optical coordinates, either a bond length or an angle was systematically
parametric amplifier (NOPA), pumped by 2.5 mJ of the 810- varied in MP2 or DFT computations, and all other coordinates
nm fundamental (100 fs, 10-nm fwhm spectral width). The were optimized. Subsequently, CASSCF calculations were
NOPA output was subsequently frequency-doubled in a KDP performed at these ground-state optimized geometries.
crystal. The central wavelengths were determined in a fiber
spectrometer. The excited radicals were probed by ionization Regyits
with a fraction of the residual Ti:Sa fundamental. Both laser
beams were horizontally polarized. Note that, in VMI, the probe  In experiments on radicals, it is important to establish the
polarization has to be horizontal with respect to the imaging identities of species that might contribute to the time-dependent
detector and thus cannot be rotated. No suitable waveplate wassignals. Therefore, mass spectra were recorded, as displayed in
available to rotate the pump polarization. The purppobe time Figure 2.
delay was controlled by means of a delay line set on the pump  With the pyrolysis source turned off and only the excitation
beam and actuated by a computer-controlled stepper motor. Thdaser (325 nm) present (top trace), no signal of the precursor
time intervals between two data points were not constant in a azotert-butane (Vz = 142) was detected, and only a negligible
given time scan and adjusted to the slope of the decay signal.tert-butyl signal was observed. The signal did not increase when
Around the zero in time, data points were taken typically every the probe laser was added. When the pyrolysis source was turned
8 fs (A 2A; state) or 25 fs (3p state), whereas at early and late on and only the excitation laser was present (center trace), a
delay times, longer intervals were chosen. The beams weresmall signal of theert-butyl radical am/z = 57 was observed.
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Note that, in the time-resolved experiments at most wavelengths, %, 5
the pump laser power was kept so low that no one-color signal '?% \ec\r©
)

appeared.
When the probe laser (810 nm) was turned on in addition, Figure 4. Time-resolved photoelectron spectrum recorded upon 324-
nm excitation into the &A; state. The time dependence of the spectrum

the intensity of thetert-butyl signal increased significantly | 1 a
(bottom trace). The spectrum was recorded around the zero inca" P€ described by a single time constant.
time and at a slightly different excitation wavelength of 330 . . . . L
nm. All mass spectra were similar in appearance, regardless ofoN transient species because of their Species selectivity, time-
the excitation wavelength. The second product of the pyrolysis reso"’?d photoelect_r on spect_rpscop_y as a f_mal-state-sgnsmve
is Np, which is neither excited nor ionized under our conditions. detecyon method y|e_Ids "?‘dd'“"”a' mformatlon not ava_llable .
The most important channel for dissociative photoionization is from tlr_ne-depeggot_earlt ion signals, as has been discussed in detall
loss of methane and formation ofids™ (most likely 2-propenyl in the literature.® E"eT‘ t.hOUQh tlmg—resolved photoelec'.[ro.n
cation) with a thermochemical threshold of 1.85 eV above the SPECTOscopy (TR-PES) is ideally suited to probe nonradiative
ionization limit2°i.e., around 8.43 eV. A signal a/z= 41 is decay processes, be_cause of the experimental c_hallenge only
indeed visible in some of the mass spectra and shows a time®N€ hydrocarbc;nlsr?sdmal,_ aIIyI,_365, has been stu_dled before
dependence similar to that of thert-butyl peak. The small by this method;***albeit at picosecond resolution only.
intensity of this signal indicates that the importance of dissocia-  The photoelectron spectrum recorded upon excitation at 324

tive photoionization, and thus higher-order processes, is neg-NMm is depicted in Figure 4. It shows two bands, one peaking at
an electron kinetic energy of 0 eV, corresponding to low-energy

ligible.
Experiments using the second harmonic of the Ti:Sa laser atelectrons €100 meV), and another broad band with a maximum

405 nm as a probe were also conducted. Because of the presencaround 0.4 eV and a shoulder extending to higher electron

of a large probe-only background, it was not possible to extract kinetic energies (eKEs). The highest possible electron kinetic
energy for a [1+ 2] or [1 + 3] process, based on an adiabatic

any additional information.
ionization energy (IE) of 6.58 e¥ amounts to 0.30 or 1.83

a. A A (3s) State.To elucidate the excited-state dynamics, ! _ _
the following three types of experiments were carried out at a €V, respectively. Thus, the band peaking at 0.4 eV is due to a

number of excitation wavelengths: (a) measurements of the [1 + 3] process, whereas the low-energy signal originates either

time-dependent ion signal, using the standard TOF-MS instru- from a [1 + 27 ionization or from an autoionization process
ment; (b) time-resolved ion imaging; and (c) time-resolved following a [1+ 37 excitation. Absorption of two pump photons
leads to ionization at all wavelengths and will thus not yield

photoelectron imaging. ‘ X .
As an example, photoelectron images recorded at selectedime-dependent signals. Note that the |E oftiwe-butyl radical

delay times are presented in Figure 3. The images are dominateds not well established and other studies place it at 6.76eV.
by a polarized contribution of p character. Because no time- The vertical IE lies between 6.%0and 6.95° eV. The signal

dependent anisotropies were observed in any experiments, théit eKEs above 1.8 eV is very small, confirming the negligible
signals obtained in the imaging studies were integrated over all role of higher-order processes corresponding to the absorption
angles. Thus, experiments of types (a) and (b) provided identical of more than three probe photons. No signal grows in at longer
results. The angle-integrated electron images correspond to timedelay times.

resolved photoelectron spectra. Although the time-dependent The images were analyzed using the p-Basex algorithm. A
spectra of a given ion mass are indispensable in experimentssatisfactory fit was obtained using only thg &d R basis
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600z 04 06 08 10 12 TOF spectra of sufficient quality were recorded, but no TR-PE
electron kinetic energy /eV spectra. As an example, the decay curve obtained at 324 nm by

Figure 5. Polarized part of the photoelectron spectra, summed over integrating the [1+ 3] signal between 0.21 and 0.79 eV is
all time delays. The spectra correspond to 347-, 324-, and 309-nm included as an inset in Figure 6, with the solid line being a fit
excitation. Several bands appear at the same electron kinetic energyy, the data points that represents a convolution of the instrument
regardiess of the excitation energy. response function (fwhre= 102 fs) with a monoexponential

250 i : . i . decay. The time constant obtained in this way for the population
Mg 324 1M flow out of the 3s state was 127 fs. As can be seen, the lifetime
25 =127t of the A state lies around 180 fs at the red edge of the 3s band.
200 - Below 330 nm, it drops by more than a factor of 2 and reaches
175l %/ an almost constant level of around 75 fs between 307 and 320
» nm.
E 150 oA Whereas VMI requires horizontal prqbe polarization, tim.e-
B 1250 resolved TOF spectra were recorded with both probe polariza-
= \ tions. No difference was apparent in the spectra.
100 % b. Computations. The computations yielded information on
751 \%/ \(} the shapes and characters of the excited electronic states, as
well as on the possible presence of curve crossings. The ground-
50

state geometry obtained from MP2 computations is similar to
that obtained in earlier work. Only a slightly larger G-C bond
length of 1.508 A as compared to 1.493 A was found. In all
DFT and most MP2 calculations, tH&eigenvalues were
around 0.75; only MP2 calculations at extendee @ bond
functions. The polarized fpart of the broad band around 0.4 lengths ¢2.1 A) yielded somewnhat larger values. The characters
eV, summed over all delay times, is shown in Figure 5 for three of the molecular orbitals (MOs) most important for the present
selected pump wavelengths. It shows p-polarized bands at 0.4 study also agree with results of earlier wrklOs averaged
0.6, and 0.84 eV, as well as a rather weak band around 1.13over all states are depicted in Figure 7. Note that the scales of
eV. In contrast, the low-energy band around 0 eV eKE (cf. the molecule are different for occupied and virtual orbitals, but
Figure 4) does not show any polarization. identical for both virtual orbitals. All low-lying electronic states
As can be seen in Figure 5, all PE spectra recorded from theare dominated X¥90%) by a single electron configuration in
2 2A; state look rather similar. The position of the band the CASSCF computation at the ground-state equilibrium
maximum around 0.4 eV and the polarized bands at higher eKEsgeometry. As can be seen, the singly occupied molecular orbital
are almost independent of the excitation energy. The small signal(SOMO, lower left) can be described a p orbital on the carbon
at high eKE indicates that few transitions terminate in low- radical center. The AA; state corresponds to excitation of the
lying vibrational states of the ion. As the maximum eKE for a electron from the SOMO into the first virtual orbital (upper left),
[1 + 37 process is around 1.83 eV for a 324-nm pump, ions a diffuse orbital with Rydberg s character. Thé&3 and 12E
with a considerable amount of internal energy are formed upon states are adequately described as a 3p Rydberg state. One of
ionization. the corresponding orbitals is depicted on the upper right side
To obtain excited-state lifetimes, the intensity of the major of Figure 7.
time-dependent peak in the photoelectron spectrum was inte- Vertical excitation energies were computed at the CASSCF
grated, and the integral was plotted as a function of the pump and CAS-PT2 levels of theory. The results are summarized in
probe delay. The time dependence of all PE spectra, regardles§able 1 and compared to the experimental values as well as
of the excitation wavelength, could be described by a single earlier ClI calculations by Lengsfield et @lWhereas the
time constant. Identical time constants were obtained upon CASSCF results underestimate the excitation energies signifi-
integration of the low-energy signal. Figure 6 summarizes the cantly, the CAS-PT2 results are consistently higher than the
decay times measured in all experiments. Each data pointexperimental values. In agreement with Lengsfield et al., we
constitutes an average of time constants recorded in a numbefind the lowest excited valence state % symmetry to be at
of time-dependent measurements of both ion and electronrather high energies, with computed values above the experi-
signals. The quality of each fit to the time-delay traces was mental ionization energy. At the ground-state equilibrium
characterized by alR? value. Traces witliR2 > 0.9 were selected  geometry, this corresponds to the excitation of an electron from
for a calculation of the average. At 330 nm, only time-resolved a o-bonding molecular orbital (lower right in Figure 7) to the

1 P P | " | I P PR 1
350 340 330 320 310 300
excitation wavelength /nm

Figure 6. Measured lifetime of the &A; (3s) state as a function of
excitation wavelength, with the 324-nm decay trace as an example.
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TABLE 1: Vertical Excitation Energies (eV) at the MP2 3°A. (3p)
Ground-State Equilibrium Geometry 4.0 '\\k;w/

electronic state CASSCF CAS-PT2 ref5  experiment

35}
3s 325/363 436 417 3.75 o /
3p CAY) 3.76/4.04 5.10 4.79 4.86 30} ; RO O
3p CE) 3.90 5.17 4.98 4.86 " A, )
3d @A) 4.41 5.69 5.35 5.17 % 55l @ L
3d A) 4.46 5.85 5.32 3 \ & T
2E (valence) 7.23 6.95 7.73 S o3l r

@

a Excitation energies obtained after optimization of anglesee
Figure 9.° The two components of the 3p state were not separated in

the experiment. 0.1 ;)—/
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Figure 9. CASSCF potential energies of the electronic ground state
and the first two excited states as a function of the carbon framework
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Figure 8. CASSCF potential energy surfaces of the electronicground  Of , g=p=977 . | 4, . 1%
state, the first two excited states, and the first excited valence state as 120 100 80 60 40
a function of the G-C bond length (corresponding to the symmetric angle « /°

stretch motion) and the carbon framework anle Figure 10. Potential energy as a function of the anglecorresponding

) ) ) ) ) to the coordinate for 1,2-H-atom shift, for the lowest states o6f A
singly occupied orbital on the radical center and constitutes the symmetry.

82A' state inCs symmetry. The lowest-energy 'Astates are 3p ) ) ] o
and 3d Rydberg states. They were computed to behave similarly@n oult-of-plane bending motion qfter electronlc. excitation and
to the corresponding states and will not be discussed further. ~€Xplains the rather broad bands in the absorption spectrum.

. . We also considered isomerization as a possible reaction
Because the electronic character of a state can be different at P

geometries far from the ground-state equilibrium geometry, we pathway, proceeding via a 1,2-H-atom shift fraemt-butyl to
computed the energies of all electronic states béymmetry the primary isobutyl radical. The computed potentials along this

up to the first valence state as a function of several important coordinate corresponding to a change of the anglee depicted
P - X - Imp in Figure 10. MP2 computations of the ground-state potential
nuclear coordinates. Figure 8 shows the potential energy

. with more data points yielded a barrier of 2.08 eV to isomer-
dependence computed at the CASSCF level along the symmetri : : : . :
C—C stretching motion and the carbon framework angje Szation (see Supporting Information). For comparison, in &yl

defined in the inset of Figure 9, for the ground state as well as the barrier to H-atom shift in the electronic ground state was
. o ) computed to be around 1.76 eV. The isobutyl radical was
the A2A4, 3 2A,, and first excited valence states. No avoided P y

. . . " calculated to lie 0.2 eV (19 kJ/mol) abotert-butyl, in good
crossings or intersections between surfaces are visible. The

| e ch f the S\ d A2 ‘ q agreement with the thermochemical value of 22 kJ/mol. In the
electronic character of the A, and A°Ay state is preserved 34 514 3p states, the energy difference between the two isomers

over both coordinates. o o is higher (around 0.89 eV in the 3s state, with a 1.01 eV barrier),
Whereasrc-c changes little upon excitation, a significant  in agreement with the significant red shift of the first electronic
geometry change is found for the angigdefined as 180— absorption band in tertiary alkyl radicals as compared to primary

dihedral angle) of the carbon framework. Therefore, we carried radicals? No photochemical funnel from the excited state to
out a more detailed investigation with additional data points. the electronic ground state of eithtrt-butyl or isobutyl was
Figure 9 represents a cut through Figure 8zt = 1.508 A, found. Most likely, the isomerization coordinate is not important
the ground-state equilibrium distance. As can be seen, the Afor the excited-state deactivation tEfrt-butyl.

2A; state has an ion-like planar carbon framework, as expected Another coordinate of interest is the asymmetrieCstretch

for a Rydberg state. The potential of théA, (3p) state along ~ motion, corresponding to direct rupture of a carboarbon

the angular coordinate is similar. Note that the MP2 computa- bond and formation of dimethylcarbene and a methyl radical.
tions yield a dihedral angle of 154.%or the ground state, = When only one G-C bond is stretched, the lowest valence state
whereas the CASSCF calculation yields 14®d thus a more  correlates to the singlet ground state of the carbene. The valence-
pyramidal geometry. The energy difference of roughly 0.4 eV state energy is therefore expected to decrease significantly along
between the vertical and adiabatic excitation energies leads tothis coordinate. A direct cleavage of the-C bond is not
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Figure 12. Time-dependent ion signal upon 268-nm excitation into
the 3p state.

Figure 11. Time-resolved PE spectra recorded upon 268-nm excitation

into the 3p state. Again, the time dependence can be described by a. o .
single time constant, which is in the picosecond regime. time constant was measured upon 274-nm excitation, albeit at

an inferior signal-to-noise ratio.

feasible upon 3s excitation because it requitegi(0 K) =
+395 kJ/mol (4.1 eV), in agreement with earlier wdfk.  Discussion
However, the valence state and the 3s state cross at extended )
C—C bond lengths, indicating significant nonadiabatic interac- e geometry otert-butyl changes from the slightly pyra-
tions between the two states. Preliminary computations thus Midal Cs, geometry of the neutral ground state to a planar carbon
suggest that motion along the asymmetrie-© stretch is framework upon ionization. The minimum-energy conformer
important for the photophysics tért-butyl. We plan to address ~ Of the ion has no symmetry because of the hindered methyl
this question by carrying out multireference CI computations. rotors, but theCas, conformer is only slightly higher in
We also examined the potential along one- i stretch, _energy?z"‘lThus, the potential energy s_urface is _rather flat, as
corresponding to €H bond rupture, and found the?A; state is usually the case when a 6-fold rotational barrier is present.
to be bound along the €4 bond. Although the electronic ~ Because of this geometry change, the vertical and adiabatic IEs
character of the ground state did not change, interactionsOPtained by conventional PES differ by €:2.3 eV, and the
between the 3s and the valence state were identified. Again, aPE Spectr show activity in the bending mode (46030 cnt™)
conclusive answer concerning the role of this degree of freedomand the symmetric €C stretch (766t 30 cn™). As calculated,
requ”'es more extens|ve Computa“ons the |OW'|y|ng eXC|ted eleCtr0n|C states have Rydbel’g Character,
Overall, the excited-state energies are off by approximately @1d their geometries resemble the ionic geometry. This is
0.5 eV. However, we believe that the computations representconfirmed by the electron images shown in Figure 3, which
the qualitative features correctly and can thus aid in a discussion@'® dominated by a p-polarized contribution and can be
of the experimental results. described as originating from a state with dominant s character.

c. 32A4/1 %E (3p) State. The PE spectrum recorded from Because a 324-nm pump will deposit roughly 0.4 eV of
the 3p state upon excitation at 268 nm is displayed in Figure vibrational energy in the 2A; (3s) state, mostly in the out-of-
11. The p-Basex analysis yields only a weak polarization. Note Plan€é bending mode, it is surprising that more than 1 eV of
that the 3p state has two componeR#s; and2E, that cannot |ntern§I energy is deposited in the ion, _because a_vert|cal
not be separated in the absorption spectrum. The spectrum idransition is expect(_ad bet\_/veen states of similar _geometrles. Note
dominated by [1+ 2] ionization, but a small signal is present that @ probe laser intensity of some*1®V cm-2 is too small
at kinetic energies higher than the maximum available energy f0 affect the appearance of the PE spectra, because the
of 1.1 eV. This signal might be due to either higher-order Ponderomotive shift?¢ Up, will be on the order of only 16
processes or pumgprobe processes originating from hot bands. 20 meV under our conditions.
The spectrum obtained upon 274-nm excitation looks very A likely explanation for the appearance of the photoelectron
similar. Both wavelengths, 268 and 274 nm, correspond to spectra as well as the independence of the excitation energy is
excitation on the red edge of the 3p band. an enhancement by accidental intermediate resonances, as has
From FC considerations, one again expects intense transitiongeen discussed in relation to {127 femtosecond time-resolved
to low-lying vibrational states of the ion, because the geometry photoelectron spectra on pyrazthand pyridine®® In a [1 +
of the Rydberg state will resemble that of the ion. However, 3] experiment from the 3s state, the probe step might be
the PE spectrum shown in Figure 11 peaks at an eKE of 0.44 enhanced by anp Rydberg state or by a two-photos ornd
eV, corresponding to ions with a considerable internal energy resonance close to or above the ionization limit. As such states
of 0.66 eV. As in the spectra from the 3s state, the ionization are also ion-like, they cannot fully explain the broad PE spectra.
step thus terminates in excited vibrational states of the ion. The We therefore believe that the PE spectra are rather influenced
signal decays to zero at long delay times, and no band growsby an intermediate high-lying valence state and reflect the
in over the time. Figure 12 shows the time-dependent ion signal structure of the resonances of this accidental intermediate in
obtained at 268 nm that can be described by a single decayaddition to the 3s state. Note that frequency-domain photoelec-
constant of 2 ps. A biexponential fit using an additional sub- tron spectra of Chl*"~4° and other haloalkané85! recorded
100-fs decay time resulted in only a marginally be&éwalue via one-color multiphoton absorption, also carry the signature
and is therefore not justified by the experimental data. A similar of intermediate states. The same arguments hold for the spectrum
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CH,CCH, + CH,"/ C—C bond dissociation and cross low-lying Rydberg states.
Valence e CHa ¥ CH,CCHY’ Interactions between the valence and ground states will depend
@ @@ ﬁcf +CHy on the carbene ground-state multiplicity and singteiplet gap.
P — C”’Q o To summarize, we suggest this crossing with a valence state to
B oneon  Fa 26 mol be an important deactivation pathway for the Rydberg states of
AZA(3s) iy alkyl radicals. This was initially suggested by Herzberg as an
(@(oco)(@'(3s)) oy explanation for the diffuse appearance of the electronic spectrum

of the methyl B2A; state3®

The time-resolved PE spectra (cf. Figure 4) do not provide
395 kdimol any information on the final state of the nonradiative decay.
Therefore, we consider the orbital correlations in photoionization
for the valence state, following the arguments outlined by Stolow
and co-workerd®34Both the X2A; ground state and the 24
(3s) state can be ionized to the ground state of the cation by
tert-C,H, CH,CCH, + CH, ejecting the unpaired electron. In contrast, removal of one
electron from the '§p,) HOMO of the valence state will form
Figure 13. Correlation diagram, connecting several states-@fHg an gxmted eIeptromc state of the cation. Consequently, .'f an
with the HCCCH, + CHs product channel. The valence state is Qxc_neql state with valenc_e character wgre_formed nonradiatively,
expected to cross both the 3s state and the ground state. its ionization cross section to the cationic ground state would
be small, and our experiments might miss its contribution to
the photophysics. In principle, a state with valence character
could be efficiently ionized to an excited cationic state, but

(@(oc )@ (P

Rico)

recorded at 268 nm (cf. Figure 11), because absorption of one
810-nm probe photon excitésrt-butyl to an unassigned high-
lying state around 200 nm (6.20 eV). Electrons produced by because the first excited electronic stat¢-6fHg" lies at 11.64

autoionization will generally appear close to zero kinetic energy 36 : - -
) ) eV,3¢ such an experiment will be challenging.
and are therefore not expected to contribute to the bands in the .p ging .
Two electronic states that cannot be separately excited

PE spectrum. . o .
P contribute to the 3p band,Z\; and 12E. Transitions into the

No signal growing in from a lower electronic state was d1ob Kb in the limi
identified in our time-resolved PE spectra. The fast rate suggests E components are expecte ',[0 € Weak because, in t e flimit
planar geometry, corresponding to théAg" < 2E' transition

P ; ; ; f

decay through a conical intersection. Many possible excited- 0 g - .

state deactivation channels, such as excited-state isomerizatior! ”ﬁethy" the transition will b? _forbldde?ﬁ". T_he measu_red
or the symmetric €C stretch motion, can be ruled out by our lifetime of the 3p state is surprisingly long, given the diffuse

calculations as described above. However, the computationsnd unstructured absorption spectrum. We reproduced the shape
indicate the possibility of avoided curve crossings or photo- ©f the 3p band as reported by Wendt and HunZikerMPI
chemical funnels along the asymmetrie-C stretching motion exper_lmenys with a tunable na_mosecond laser without |de_nt|fy|ng
that leads to the dimethylcarbere methyl product channel. &Ny vibronic structure. The diffuse nature of the band might be
Their presence can be qualitatively understood when we considerdUe 0 @ fast relaxation process that we cannot resolve, but it is
the correlation of théert-butyl electronic states with the product /S0 possible that the reason for the lack of vibronic structure
states, as shown in Figure 13: When the electronic ground stateS @ Very high density of states. The time constant of 2 ps for
dissociates, the electrons in the_c MO will be distributed population flow out of the 3p state corresponds to internal
between the two fragments, and the carbene product is formedcONVersion either to the 271 (3s) state or to the valence state,
either in its3B triplet state or in théB open-shell singlet. The ~ Which also crosses the 3p state (cf. Figure 13). In a second step,
valence state, on the other hand, has the orbital occupancyth_e radl_cal could deactivate rapidly to the eleqtronlc groun_d state
[ (0c—0)] [ (p)],2 SO when one €C bond is cleaved, the Wlth_atlme constant that cz_;\nnot be resolveql in our experiments.
electron in thesc_c MO becomes an electron in the SOMO on  Again, no photoelectro_n 5|g_nal would be visible at long decay
the methy! radical. The g7 electrons remains at the carbon; tmes. The amount of vibrational energy present in the ground-
thus, the valence state correlates to *heclosed-shell singlet ~ State radical after excitation at 268 nm (4.63 eV) would be too
state of dimethylcarbene. Several theoretical studies havehigh to allow efficient ionization to low-lying vibrational states
assigned théA state as the ground state and place the triplet of the ion.

above it, although by only a small mardir> The 3s state, In our earlier photofragmentation study on the channel leading
on the other hand, correlates to an excited electronic state ofto C4Hg (2-methyl propene} H (AgH® =152+ 3 kJ/mol), we
one the products, presumably the 3s state 0§.CH observed a H-atom loss occurring on the nanosecond timeSscale.

As a consequence of this state-to-state correlation, the valencelhe femtosecond time-resolved data presented above support
state will cross the 3p, 3s, and ground states, presumably at arthe picture of a rapid excited-state deactivation, forming hot
extended & C bond length. Motion along the asymmetrie-C ground-stateert-butyl radicals that lose H atoms in the rate-
stretching coordinate could thus provide an efficient channel determining step on a nanosecond time scale. However, in the
for excited-state deactivation. Note that direct cleavage of the nanosecond experimerfts counterintuitive drop in the dis-
C—C bond requires 4.1 eV and is not possible upon 3s sociation rate was observed at excitation energies above 3.75
excitation. The energy range in which the state crossing is eV (pump< 330 nm), corresponding to the blue part of the 3s
relevant for the photophysics tért-butyl depends on the shape absorption and the 3p band. In this earlier study, we suggested
of the multidimensional potential energy surface, i.e., factors that coupling to an optically dark electronic state, such as the
such as deformation along other degrees of freedom. In furthervalence state discussed above, might play a role in the excited-
computations, we will investigate the crossing region in more state dynamics. Interestingly, the 4A; lifetimes depicted in
detail. Note that all alkyl radicals have similar excited-state Figure 6 show a drop between 329 and 320 nm, i.e., in the
configurations. The energy of a valence state with-€)(p,)? same energy region where the rates in the photofragmentation
orbital occupancy will decrease along a coordinate leading to experiments change. Future computations will show whether a
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