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The first real-time study on pyridazine in tlg(n,7*) state is presented. TI® state is found to
dephase with a time constant of 3237 ps at its origin, and the electronic dephasing mechanism
is attributed to theS; — S, internal conversion. Thg, lifetime is found to decrease rather sharply as
the internal energy increases. The 1) and 3 (n~ 1) Rydberg states of pyridazine are clearly
identified in angle- and energy-resolved photoelectron images obtained in the')1
photoionization scheme, providing their respective term values of+50683 and 6.28 0.04 eV.
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I. INTRODUCTION lifetime *3* electronic state assignment f85,*-? and en-
ergetics of low-lying Rydberg staté$1®22Another interest-
Detailed understanding of electronic deactivation pro-ing issue is that although pyrazine dephases mainly to the
cesses is essential for elucidating photo-induced dynamiasiplet manifold, it has been suggested that pyridazine
ubiquitous in chemistry and biolodyAlthough conventional ~dephases down to the ground electronic stfehis is an
approaches such as fluorescence lifetime and quantum yieidteresting difference. Therefore, application of time-
measurements provide fundamental information on deactivaesolved photoelectron imaging to this system seems to be a
tion processe$direct observation of the nonstationary statetimely research to gain deeper insight into the photophysics
is by far more informative for disentangling their complex and photochemistry of diazabenzenes. This paper reports the
dynamics. Recently-developed time-resolved photoelectrofirst time-resolved study on the excited states of pyridazine.
imaging techniqu& ®is extremely useful in this regard, since
it provides the most sensitive and versatile means to probe. EXPERIMENT
both internal conversion and intersystem crossing processes
through the observation of time-dependent energy and angy-..

lar ds;trlblgtlons of pEotoeIectrpnsd. t deal of attent urchased from Wako was used without further purification.
b r:aza kenzenes a\;e re(;]elvg a great dea ? al ention 4$,e sample was heated to 80 °C, mixed with a carrier gas of
enchmark  systems for the investigation o eectrochr’ and expanded continuously through a pinhole/69 in

. — 2 . . .
dephasmg processés. .In paf“c_u'a“ pyra})zll?e |s'the best- giameter into a vacuum chamber with a stagnation pressure
studied molecule of an intermediate cd$e%'*and it is well of ~1 atm. The free jet was skimmed into the ionization

accepted now that the optically preparé] pyrazine | oqion throu a 1 mmdiam skimmer to form a collimated
dephases intd; manifolds with a lifetime of~110 ps. Our . J\oular beam. The outp(80 MHz, 300 mW of a Ti:sap-
previous study on pyrazine by time-resolved photoelectromire |aserCoherent, Vitessewas amplified by a regenera-
imaging has firmly establlshgd this dynamics by w_suahzmgtive amplifier(Quantronix, Titah pumped by a Nd:YLF laser
poth4t£1e decay of5; and buildup ofT, ch_aracters in real (Qunatronix, model 527to genera a 1 kHz pulse-train
time.” Compared to other members of diazabenz@nga-  (_1 7 mJ/pulsg centered at 802 nm with a bandwidth of
zine and pyrimiding pyridazine has been relatively 1ess _13 nm. This laser output was then split into two beams,
studied. Accordmgly,_ there seem to be still debates on manyne of which was used to pump an optical parametric ampli-
fundamental properties of excited states such asSthetate  figr (Light Conversion, TOPASto generate an UV pump
laser beam tunable in the 350-390 nm range. The other
dpresent address: Himeji Institute of Technology, Hyogo 678-1297, Japanbeam was frequency-doubled inBaBaB,O, crystal to gen-
PPresent address: Department of Chemistry and School of Molecular Scierate the probe laser beam at 401 nm. Cross-correlation

ences, Korea Advanced Institute of Science and Technol&@)ST), :
Dacjeon 305701, Republic of Korea. width of the pump and probe laser beams was measured to

9Author to whom correspondence should be addressed. Electronic maiP€ ~150 fs. The probe beam was optically delayed with
toshisuzuki@postman.riken.go.jp respect to the pump beam using a hollow corner cube on a

The experimental apparatus employed in the present
k has been described in detail elsewhefePyridazine
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computer-controlled delay stag&igma Koki, STM-160.
The pump and probe beams were spatially overlapped on the L
molecular beam.

The molecules were ionized by ¢12’) resonance-
enhanced multiphoton ionizatidREMPI), and the resulting
ions or electrons were accelerated in a static electric field and
projected onto dual-microchannel platddCP) 40 mm in
diameter backed by a P20 phosphor scré&ehotek, OFD-

40). The ion/electron current signals were monitored from
the AC component of the electric current through the phos-
phor screen. The photoelectron images on the phosphor
screen were observed through a fiber bundle with a thermo-
electrically cooled charge-coupled-devid€CD) camera
with 512x 512 pixels(Princeton Instruments, TE-CQDion
optics and electric fields were adjusted to perform velocity
mapping that eliminates the blurring of images due to the ' ' ' ' '
spatial volume of the laser-molecular beam interaction re- (d) Ev=1900 cm’

(@ Ev=0cm’
t=323+17 ps

(b) Ev =300 cm”’
t=235+ 19 ps

puid T
T T T T T T T T T T T

(¢) Ev=900cm™
t=181+22ps

lon Signals (arb.)

gion. Raw images were inverse-Abel transformed for obtain- v=123+ 19ps

ing 3D photoelectron scattering distributions.

Ill. RESULTS AND DISCUSSION 0 200 400 600 800 1000
A. lon transients: Electronic dephasing pump-probe delay time / ps

of the S, state FIG. 1. The ion transient taken &) the origin(375.5 nm with the probe
~ The (1+2') REMPI $1-S, excitation spectrum of py- If?:)sgrogt, i%(Q)ml‘JSS g:q_”lszgtz It;kzuoitv;he vibrational energiés &0,
ridazine was taken by monitoring the total parent ion signal

while scanning the femtosecond pump laser frequency in the

350-390 nm range. The longest wavelength band at 375njze. In the previously reported ground-state repopulation
nm is attributed to the origin of th,(n, 7)—S, transition  yinetics study:* it was concluded that thé,—S, internal
from comparison with the literaturé=*! There has been a conyersion is the major decay channel of Biestate with
long-time dispute about the existence of the second eleg quantum yield larger than 0.95. If this is the case, it wil
tronic origin at 373 cm* above the first origift)™"*'and  explain why the ion transients in Fig. 1 do not show any
yet it does not seem to be settled down. Here, it is assumegtowing component, since photoionization from the ground
that only a single electronic state is involved in the excitationgiste is Franck—Condon forbidden at the probe wavelength
energy region explored in this work. used in this work. Photodissociation of pyridazine into
In order to examine the decay rate from ®Bestate and N,+ CH,—CH—C=CH fragments has been reported to oc-

its vibrational energy dependence, time-profiles of the ionyr 4t several thousands of ehabove theS, origin with a
signals were measured at the origBv5.5 nm and the Vi- g antum yield of~0.123 which further supports rather effi-

brational energies of 300, 900, and 1900 CAll the tran-  cient internal conversion to the ground state. Bhdifetime
sients exhibit sharp rises and single-exponential decays afcreases rather sharply with increasing the internal energy;
shown in Fig. 1. A single exponential function is used to fitf;qmp 323+17 ps at the origin to 12819 ps at 1900 cit

the experimental results. The time constant is determined 19,4y the origin. This may suggest that the vibrational exci-
be 323-17 ps at the origin, while time constants of 235 i4tion in theS, state promotes internal conversion quite ef-
+19, 18122, and 123- 19 ps are obtained at internal ener- ficiently through the mechanism of vibronic coupling. How-
gies of 300, 900, and 1900 cth respectively. In the past, ever, the coupling associated with a nea®y state, if it

two contradictory lifetimes of5; pyridazine, 0.3 and 3 NS, exists, as an additional channel of 8¢ dephasing process
have been reported from the fluorescence quantum yieldsnnot be excluded.

measuremeft and nanosecond time-resolved transient ab-
sorption study* respectively. Our results clearly rule out the
latter, suggesting that the nanosecond time-resolved transie
absorption stud{ may not be adequate for investigating ul-
trafast dynamics such as the singlet dephasing process Photoelectron images of pyridazine obtained by the
though it should be appropriate for studying slow dynamicg1+2') REMPI with 375.5 nm pump and 401 nm probe at
like the triplet decay. pump—probe delay times of 0, 100, 400, and 800 ps are
As demonstrated in the pyrazine cds8,ionization  shown in Figs. 2a), 2(b), 2(c), and 2d), respectively. Only
can occur both from the singlet and triplet manifold. How-two rings are significantly observed. The inner ring corre-
ever, all the transients in Fig. 1 show rapid decay of thesponding to the lower kinetic energy shows an anisotropic
ionization signal down to nearly zero, implying th&  angular distribution, while the more isotropic angular distri-
pyridazine dephases into an electronic state that is hardlgution is observed for the outer ring associated with the

t Photoelectron imaging: Energetics of (3s,3p)
ydberg states
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FIG. 2. Photoelectron images of pyridazine taken with the probe at 401 nm
at the pump—probe delay times @ 0, (b) 100, (c) 400, or(d) 800 ps. The £ 3. (3 Photoelectron kinetic energy distribution at pus p75.5 nm

pump laser wavelength was at 375.5 nm. and probe=401 nm. Delay time between the pump and the probe pulse was
set to 0 ps. The origin for a small peak -a800 meV is not certain at the
present time, although it could be due to vibrational excitation in the pho-
toionziation process via Rydberg staté®. Photoelectron angular distribu-

higher energy electrons. Both inner and outer rings diminishions associated with peaks at 60) and 660 meMJ) are shown with the

at longer pump—probe delay times with the same time concurves obtained by least squares fitting of the equationl (@« {1

stant, Fig. 2. The almost identical image pattern had beefj #2P2(C0S0) +BiPa(Cost)}, where Py denotes thekth order Legendre
’ o , L . polynomial. As for the small peak at 300 meV, see Ref. 24.

observed for the (%2') photoionization of pyrazing,

where two rings were attributed to photoelectrons resulting

from resonant excitations to thesand 3 Rydberg states as

intermediate states in the two-photon ionization process. Th\?ibrational enerav. With the adiabatic ionization enerav of
difference, however, is that (12') REMPI of pyrazine ex- 9y- oy

hibited ionization from the triplet manifold via the triples3 8.706.eV takgn ffom. the Ilter_atuflé,Rydbgrg term values
. . T associated with kinetic energies of 680 (inner-ring and

state. This feature is missing in the present case of PY&60+ 40 meV (outer-ring are calculated to be 5.680.03

ridazine. o L

Kinetic energies of photoelectrons are peaked at 60 anand 6.28-0.04 eV, respectively. These estimated term val-

660 meV for inner- and outer-rings, respectively, Fig. 3. Theles are found to be same within experimental uncertainties

highly anisotropic photoelectron angular distributid?PAD) Ii(:)rnmﬁerent pump wavelengths, validating the above equa-
of the inner ring 3,=1.3+0.2, B,=—0.0=0.2) in Fig. 3 .

-1
strongly indicates that this is due to photoelectrons in ioniza- The term v_alue 0f 6.306 eV for thepd(n ) Rydberg
. T e~ ““state was previously reported by Palmer and WafkiEom
tion from the 3 Rydberg state of pyridazine, since ionization

from thes-orbital provides an almost pugewave of photo- vacuum ultraviolet absorption spectroscopy, while they could

o ) not determine the term value for thes 3n~ 1) state due to
electron, resulting in the large anisotropy parameter. On the

other hand, the outer ring peaked at the kinetic energy of 668pectral overlap of the Rydbgrg and high-lying valgnqe
meV shows much less anisotropic PAD, givingy=0.5 States. A more recent study using mass-resolved excitation

-1
+0.2 andB,=—0.3=0.2. Therefore, the outer ring is asso- spectra reported the term value of 6.61 eV for tis(8 )

19 \vhi i i e i
ciated with mixed outgoing partial waves of photoelectronsState.’ which however is problematic as it is higher than the

-1
ejected from the RydbergBorbital. The term valuesT, of previously reported energy of 6.306 eV for the §n )

. . state. This confusion mostly arises from the fact that previ-
the Rydberg states can be then calculated using the foIIowmgus assianments were all based uoon onlv the eneraies of the
equation, which is valid for the (£2') REMPI schemé, g P Y g

Rydberg states. The angular distributions of photoelectrons
_ provide another unambiguous way of assigning the Rydberg
KE=h(v,+2v,) ~1P—E,(Rydberg states, at least fdr=0 and others. Judging from their PADs,
=T(Rydberg+hv,—IP. (1) the states with term values of 568.03 and 6.28
+0.04 eV are ascribed to thes3and 3 Rydberg states,
Here, KE is the kinetic energy of photoelectron, IP is therespectively. The term value of 6.28.04 eV is in excellent
adiabatic ionization energy, is the frequency of the pump agreement with the literature value of 6.306 '8V It is
laser,v, is the probe laser frequency, akg represents the interesting to note that the value of 568.03 eV for the 3
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simple algebra from spectroscopically determined energieports to Japan—Korea binational collaboration program.
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