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In this ar ti cle, I will re view the ex cited va lence/Rydberg states and ion iza tion en er gies of vi nyl chlo ride,
propyne, and allyl rad i cal that we have ex am ined re cently in our lab o ra tory by 2+1 res o nance en hanced
multiphoton ion iza tion (REMPI) spec tros copy. In these stud ies, we have em pha sized spec tro scopic in ves ti ga -
tions from the first ex cited elec tronic states to the first ion iza tion en er gies of the mol e cules and rad i cals of in -
ter est. In spec tro scopic anal y sis, suc cess ful elec tronic iden ti fi ca tions have been fa cil i tated with the o ret i cal
(ab in itio and den sity func tional) cal cu la tions. In par tic u lar, we have ap plied cal cu lated Franck-Condon fac -
tors to as sist vi bra tional as sign ment for ex per i men tal vibronic spec tra. The spec tro scopic stud ies of these
polyatomic ex cited va lence/Rydberg states help us to il lu mi nate the photodissociation path ways and to man i -
fest the com pli cated chem i cal-reaction mech a nisms due to the multi-dimensionality in polyatomic mo lec u lar
po ten tial en ergy sur faces.

1. IN TRO DUC TION

Re search in the area of mo lec u lar ex cited elec tronic
states cov ers a broad field of en deavor, touch ing as it does
many as pects in spec tros copy, dy nam ics/ki net ics, photo -
dissociation, and chem i cal re ac tion. Po ten tial en ergy sur face
(PES) plays a cen tral role in all of these re search fields.
Taking the study of photodissociation as an ex am ple, the top -
o log i cal fea tures of mo lec u lar ex cited elec tronic PES are
closely as so ci ated with the mech a nisms and out comes of mo -
lec u lar photodissociation.1-6 While photodissociation ex per i -
ments usu ally mea sure the in ter nal state, ve loc ity, and an gu -
lar dis tri bu tion of photofragments re sult ing from the char ac -
ter is tics of dissociative PES, spec tro scopic in ves ti ga tion of
mo lec u lar ex cited states is the most strin gent ex am i na tion to
map out the cor re spond ing PES.

In the past four de cades, photodissociations of poly -
atomic mol e cules ex cited at con ve nient wave lengths of 266
nm (4.7 eV; Nd:YAG la ser), 248 nm (5.0 eV; KrF la ser), 193
nm (6.4 eV; ArF la ser), 157 nm (7.9 eV; F2 la ser), and other
wave lengths with tun able light sources have been in ten sively 
in ves ti gated.1-4 How ever, polyatomic mol e cules with their
ex cited elec tronic PES that have been well char ac ter ized
spec tro scop i cally are rel a tively few in num ber. Many poly -
atomic mo lec u lar PES have so far heavily re lied on the o ret i -
cal cal cu la tions with out suf fi cient spec tro scopic ex am i na -
tion. In mo lec u lar photodissociation stud ies, in ter nal con ver -
sion was of ten pre sumed for the re lax ation of an elec tron i -

cally ex cited mol e cule to its ground PES prior to dis so ci a -
tion. This kind of ar gu ment was usu ally con cluded from
mea sur ing the ve loc ity and an gu lar dis tri bu tion of photo -
fragments, but the cor re lated ex cited states in volved in the
photodissociation path ways were rarely ver i fied.

From the high-resolution spec tro scopic point of view,
spec tral anal y sis for rovibronic tran si tions to the high-lying
elec tronic states of polyatomic mol e cules is nontrivial, be -
cause the high den sity of elec tronic states (and/or their com -
pan ion vi bra tion-rotational lev els) and the pos si ble com -
plex-couplings among them could make spec tral anal y sis
very dif fi cult. Nev er the less, by ju di ciously seek ing use ful
ex per i men tal el e ments, spec tral com plex ity can be sub stan -
tially re duced. In the fol low ing dis cus sions, I will sim ply di -
vide spec tro scopic anal y sis for a rovibronic tran si tion into ro -
ta tional, vi bra tional and elec tronic cat e go ries. Dis cus sion of
the mu tual in ter ac tions, e.g., ro ta tion-vibration (Coriolis),7

vi bra tion-electron (Renner-Teller and Jahn-Teller ef fects),7,8

etc., de serves an other full chap ter and is be yond the scope of
this ar ti cle.

Let us first con sider the ro ta tional part in a rovibronic
tran si tion. Based on rig or ous se lec tion rules orig i nat ing from
the con ser va tion law of an gu lar mo men tum in phys ics, ro ta -
tional quanta in volved in a spec tral tran si tion can be iden ti -
fied es sen tially. The cor re la tion be tween se lec tion rules and
phys ics laws in quan tum me chan ics, il lu mi nated by C. N.
Yang in his No bel lec ture more than four de cades ago,9 is con -
veyed in Fig. 1. In phys ics, a sym me try prin ci ple (or, equiv a -
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lently, an invariance prin ci ple) gen er ates a con ser va tion law.
Quan tum me chan i cally, this ren ders quan tum num bers and
cor re spond ing se lec tion rules. In Ta ble 1, we sum ma rize the
cor re la tion be tween con ser va tion law and their cor re spond -
ing sym me try com monly en coun tered in mo lec u lar spec tros -
copy. Taking the ro ta tion of a sym met ric-top mol e cule as a
rep re sen ta tive ex am ple, mo lec u lar quan tum num bers and
their cor re spond ing se lec tion rules that we usu ally visit in
high-resolution spec tros copy are listed in Ta ble 2. For in -
stance, the se lec tion rules for an gu lar mo men tum and par ity
are such ex tremely rig or ous ones that J = 0, 1 and +  al -
ways hold for a di pole-transition in mol e cule-radiation in ter -
ac tion.

Sec ond, how about mo lec u lar elec tronic and vi bra -
tional quan tum num bers in volved in a spec tral tran si tion? Let 
us con sider the elec tronic part now. Thanks to the ad vanced
de vel op ment in the com pu ta tional meth ods for mo lec u lar
orbitals,10-14 mo lec u lar ex cited elec tronic states with rea son -
ably high ex ci ta tion en ergy can now a days be cal cu lated (un -
der Born-Oppenheimer ap prox i ma tion) to a suf fi ciently ac -
cu rate level that can ef fec tively com pare with ex per i men tal
re sults. Fa cil i tated with the cal cu lated (adi a batic and ver ti -
cal) elec tronic ex ci ta tion en er gies, ge om e tries and tran si tion
di poles, mo lec u lar ex cited elec tronic states in volved in ob -
served spec tra can be iden ti fied ex ten sively. To date, even
though the con ver gence for cal cu lat ing the very high-lying
elec tronic states of polyatomic mol e cules is still tech ni cally
dif fi cult and de mand ing, the elec trons some what be have in a
unique and much sim pler man ner when they are dis tant from
their mo lec u lar core. More spe cif i cally, mo lec u lar elec trons
with ex ci ta tion en ergy of  5 eV lie be yond va lence orbitals
and oc cupy the so-called Rydberg states. An elec tron with
such a large amount of ex ci ta tion en ergy is quite far away
from its mo lec u lar core which can le git i mately be re garded as 
a pos i tive “point-charge”  and a sim ple hy dro gen-like model
is suit able for de scrib ing the high-lying Rydberg elec trons.

Quan tum de fect the ory15-17 has been de vel oped to por tray
mo lec u lar Rydberg states with an amend ment (i.e., an ad just -
able quan tum de fect) to the Rydberg for mula of a hy dro gen
atom. Long life time and slow mo tion are sa lient char ac ter is -
tics for the elec trons in Rydberg states.18-27 When the ex ci ta -
tion en ergy ap proaches the limit of the first ion iza tion en ergy
(IE), the elec tron is ready to cou ple into the ion iza tion chan -
nel and leaves the mo lec u lar core be hind as a cat ion.

Finally, let us go to mo lec u lar vi bra tions. There is no
se lec tion rule tied to any kind of phys ics con ser va tion laws
that are di rectly as so ci ated with mo lec u lar vi bra tions and can
in trin si cally reg u late vi bra tional mo tions in a spec tral tran si -
tion. For a pure vi bra tional tran si tion, it is spec tro scop i cally
al lowed as long as the vi bra tional tran si tion-dipole ma -
trix-element is non-diminishing. To the com pan ion vi bra -
tional bands in an al lowed elec tronic tran si tion, it is the vi bra -
tional over lap in te gral be tween the ini tial and fi nal states
(Franck-Condon fac tors, FCFs) that de ter mines the spec tral
in ten sity of each vi bra tional band. There fore, iden ti fy ing vi -
bra tional quanta can some times be come very dif fi cult and
chal leng ing, es pe cially for the con gested highly-excited vi -
bra tional states. By the same to ken, be cause of this vi bra -
tional in te gral, vi bra tional lev els of the ini tial and fi nal elec -
tronic states that have sim i lar nu clear ge om e try will show up
pref er en tially in elec tronic spec tros copy. For in stance, a
spec tral ex ci ta tion from the zero-point vi bra tion on mo lec u -
lar ground PES only ter mi nates at the vi bra tional lev els of an
ex cited elec tronic state with nu clear ge om e try sim i lar to (or
not too far away from) the ground equi lib rium struc ture. This
is also the rea son why quan tum states cor re spond ing to mo -
lec u lar iso mers, with dra matic geo met ric change from the
most sta ble equi lib rium struc ture, usu ally es cape from spec -
tro scopic ob ser va tion, even though the iso mers lo cate in the
same PES.

Taking ad van tage of this vi bra tional over lap, spec tral
com plex ity can be re duced ef fec tively by se lect ing a par tic u -
lar vi bra tional level as the ini tial state in volved in a tran si -
tion. For ex am ple, in our re cent spec tro scopic ex per i ments of 
jet-cooled polyatomic mol e cules where most of the pre pared
mol e cules lie ini tially on the zero-point vi bra tion, we have
dem on strated that vi bra tional pat terns in the elec tronic tran -
si tions to high-lying va lence/Rydberg states (typ i cally with
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Fig. 1. Re la tion ship be tween con ser va tion laws and
sym me try laws (taken from Ref. 9).

Table 1. Correlation between Symmetry and Conservation Laws

Symmetry Conservation laws

Isotropy Angular momentum
Left-right Parity
Permutation Nuclear spin modification



ex ci ta tion en ergy of 6-12 eV) can be an a lyzed quite sat is fac -
to rily. In our stud ies, elec tronic as sign ments have been fa cil i -
tated with the o ret i cal (ab in itio and den sity func tional) cal cu -
la tions and Rydberg-series for mu la tion. In par tic u lar, we
have suc cess fully ap plied cal cu lated FCFs to as sist vi bra -
tional as sign ment for ex per i men tal vibronic spec tra. The the -
o ret i cal der i va tion for cal cu lat ing the FCFs of polyatomic
mol e cules will be dis cussed in sub se quent sec tions. 

In this ar ti cle, I will re view the ex cited va lence/
Rydberg states and IEs of sev eral polyatomic mol e cules/rad i -
cals that we stud ied re cently in our lab o ra tory by res o nance
en hanced multiphoton ion iza tion (REMPI) spec tros copy.
Since dis cus sions of mo lec u lar Rydberg states18-27 and
REMPI spec tros copy28-44 can be found in pre vi ous re views
and mono graphs, I will only fo cus on the mol e cules/rad i cals
that we ex am ined re cently. Spe cifically, we have uti lized
two-photon res o nant ion iza tion (i.e., 2+1 REMPI, Fig. 2)
spec tros copy to in ves ti gate vi nyl chlo ride,45-47 propyne,48

and allyl rad i cal,49-50 and will show the novel spec tro scopic
in for ma tion of these mol e cules/rad i cals that we ob tained in
our lab o ra tory. In these stud ies, we have em pha sized spec tro -
scopic ob ser va tions from the first ex cited elec tronic states to
the first IE’s  of the mol e cules/rad i cals of in ter est. The spec -
tro scopic stud ies of the ex cited va lence/Rydberg states of
these polyatomic mol e cules have helped us to il lu mi nate the
photodissociation path ways and to man i fest the usu ally com -

pli cated chem i cal-reaction mech a nisms due to the multi-
 dimensionality in polyatomic PES. 

Compared with one-photon ab sorp tion spec tros copy,
the ad van tages of ap ply ing a REMPI la ser tech nique in study -
ing polyatomic mol e cules/rad i cals are four fold. First, mon i -
tor ing an ion yield in spec tro scopic ex per i ments can tech ni -
cally be much more sen si tive than a con ven tional pho ton de -
tec tion. Sec ond, the spec tral res o lu tion of tun able dye la sers
is usu ally better than that of con ven tional VUV light source
used in one-photon ab sorp tion spec tros copy. De tailed mo lec -
u lar struc tures can be re solved. Third, the REMPI spec tros -
copy can ju di ciously sin gle out sta ble ex cited states lead ing
to a sim pli fied spec trum. Ex cited states with fast (pre)dis so -
ci a tion rates, com pared to the ion iza tion rate dur ing a
multiphoton pro cess, can be ex cluded from REMPI spec trum
un less very high la ser power is used. Finally, the sym me tries
for ex cited states can be de ter mined from po lar iza tion-ratio
mea sure ment in a two-photon tran si tion (e.g., 2+1 REMPI).
The po lar iza tion-ratio, , is de fined as the band-intensity ra -
tio for cir cu larly to lin early po lar ized ra di a tions. Ac cord ing
to two-photon the ory,  < 3/2 for the tran si tions from the to -
tally sym met ric ground state to the ex cited elec tronic states
with full sym me try, and  = 3/2 for those to the states of
non-total sym me try.28,51 With po lar iza tion-ratio mea sure -
ment, the ex cited vibronic states with full sym me try can be
dis crim i nated un am big u ously from the oth ers. 

The rest of this pa per is or ga nized as fol lows. An over -
view for the de sign of REMPI ex per i ments is given in Sec tion 
2. The o ret i cal cal cu la tion for polyatomic FCFs will be de -
scribed in Sec tion 3. Next, re sults and dis cus sion are pre -
sented in Sec tion 4. Finally, con clu sions are ad dressed in
Sec tion 5.

2. EX PER I MEN TAL

REMPI Setup
The REMPI ex per i ments were per formed us ing a

time-of-flight (TOF) mass spec trom e ter, and the de tails can be
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Fig. 2. Sche matic di a gram for the (a) 1+1  and (b) 2+1
REMPI pro cesses.

Table 2. Quantum Numbers and Their Corresponding Selection Rules Resulting from the Conservation Laws in the Rotation
of a Symmetric-top Molecule

Conservation laws Quantum numbers Selection rules

Angular momentum J (Total rotational angular momentum) J = 0, 1 (dipole transitions)
(|| band)

K K=
( bands)

Parity ± (dipole transitions)
Nuclear spin modification I I = 0 (ortho ortho, para para)

0

1
Projected rotational angular momentum
Geometric symmetry



found in sev eral pre vi ous pub li ca tions.45-50,52,,53 A gen eral
sche matic di a gram for the REMPI/TOF ex per i men tal setup is
shown in Fig. 3. Briefly, the mol e cules of in ter est were seeded
in 2-3 atm he lium to form a 0.1-10% mix ture, which was ex -
panded into the source vac uum cham ber by a pulsed valve
(Gen eral Valve, 0.5 mm or 0.8 mm or i fice). The ex panded mo -
lec u lar beam (~180 s du ra tion) was skimmed and in jected to
the TOF tube. A la ser beam was tightly fo cused by a lens (f.l. =
15 cm or 25 cm) to reach a power in ten sity of  10 GW/cm2,
and aligned to in ter sect the mo lec u lar beam. The mo lec u lar
cat ions pro duced via REMPI were re pelled in an elec tric field
with a di rec tion per pen dic u lar to both la ser and mo lec u lar
beams. These ions flew across the field-free TOF tube (80 cm)
and were de tected by a microsphere/micro channel plate
(MSP/MCP, E1-Mu1). The time-se quence for the la ser and
mo lec u lar beams in the ex per i ments was con trolled by a dig i tal 
pulse/de lay gen er a tor (Stan ford Re search, DG535).

Prep a ra tion of Rad i cals 
In rad i cal ex per i ments, the gas eous rad i cals were pro -

duced in the noz zle of a su per sonic-jet ex pan sion by the py -
rol y sis of pre cur sor mol e cules. The noz zle con sists of a re sis -
tant-heated mo lyb de num wire (Goodfellow, 0.127 mm dia.)
and re ac tion-inert alu mina tube (i.d. = 1.0 mm) with a heated
zone of 10 mm ex tend ing to the or i fice (Fig. 4). Ow ing to the
low ther mal con duc tiv ity of alu mina ma te rial ( = 30
Wm-1K-1), the mo lyb de num wire must be heated in can des -
cently to reach the best tem per a ture (es ti mated  1000 C) to

pro duce rad i cals, and a glass tube was used to shield the sput -
ter ing mo lyb de num par ti cles. The pre cur sor (usu ally 1 Torr
par tial pres sure) was seeded in 2-3 atm he lium and ex panded
via a pulsed valve (Gen eral Valve, 0.8 mm or i fice) at 30 Hz
rep e ti tion rate. The mo lec u lar beam through a heated noz zle
was flash-pyrolyzed (Fig. 4) and ex panded into a vac uum
cham ber. The jet-expanded rad i cal beam was skimmed and
then in jected into the ion iza tion re gion of the TOF tube.

Light Sources and Ion De tec tion
A tun able dye la ser (Lambda Physik, Scanmate 2E)

pumped by the fre quency-doubled (532 nm) or -tri pled (355
nm) out put of a Nd:YAG la ser (Spec tra Phys ics, GCR-190)
was op er ated at 30 Hz with pulse du ra tion of ~7 ns. The spec -
tral res o lu tion of grat ing scan is ~0.2 cm-1. Be cause of the
predissociative na ture of the high-lying va lence/Rydberg
states of polyatomic mol e cules and partly due to the me dium
sizes of the mol e cules un der our pres ent study,45-50 mo lec u lar
ro ta tional fea tures were usu ally not re solved in our REMPI
spec tra, even if an etalon scan (res o lu tion ~0.03 cm-1) of the
dye la ser was ap plied. The dou ble-frequency out put of the dye
la ser is typ i cally 0.1-10 mJ/pulse gen er ated via KDP and BBO
crys tals. The de tected sig nal from the MSP/MCP was am pli -
fied by a preamplifier (EG&G, VT120) and sent to a dig i tal os -
cil lo scope (LeCroy, 9344) and a per sonal com puter. In the
REMPI ex per i ment, the am pli fied sig nal was pro cessed in a
gated in te gra tor (Stan ford Re search, SR250) and then an A/D
con verter. A com puter pro gram was de vel oped to con trol the dye
la ser and to ac quire the dig i tized data from the A/D con verter. 

REMPI spec tra were ob tained by gating at a se lected
mass and mon i tor ing the ion yield as a func tion of ex ci ta tion
la ser fre quency. For each step in the fre quency scan, sig nal
was av er aged for 60-100 la ser shots to re duce the noise
caused by la ser fluc tu a tion. An optogalvanic hol low-cathode
lamp filled with neon (Hamamatsu, L233-13NB) was em -
ployed si mul ta neously in the spec tral scan for fre quency cal i -
bra tion (Fig. 3). The ac cu racy of this cal i bra tion is within 2
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Fig. 3. Sche matic di a gram of the ex per i men tal setup for 
2+1 REMPI spec tros copy: DL: dye la ser; SHG:
sec ond har monic gen er a tor; LP: lin ear po lar izer; 
DFR: dou ble Fres nel rhomb; FR: Fres nel rhomb; 
L: lens; EM: en ergy me ter; MSP: microsphere
plate; PA: preamplifier; GI: gated in te gra tor;
PTC: pho ton coun ter; OSC: os cil lo scope; PC:
per sonal com puter; HCL: hol low cath ode lamp.

Fig. 4. The pulsed noz zle with heat zone. PN: pulsed
noz zle, M: mount, AT: alu mina tube, MW: mo -
lyb de num wire.



cm-1; fre quency dif fer ence could be mea sured with an es ti -
mated pre ci sion of  0.5 cm-1. In some ex per i ments (e.g., for
propyne48), a daugh ter ion chan nel (C3H3

+, m/z = 39) was
used to ob tain the REMPI spec tra as it typ i cally gave stron ger 
sig nals than the par ent ion (C3H4

+, m/z = 40). Nev er the less,
the spec tra ob tained from these two (daugh ter and par ent)
chan nels were proved, with much care, to be the same within
ex per i men tal un cer tainty. In the case when the par ent-ion
sig nal was too weak, a pho ton coun ter (Stan ford Re search,
SR400) was used to re place the gated in te gra tor.

Po lar iza tion Ra tios
For po lar iza tion-ratio mea sure ment (Fig. 3), a lin ear

po lar izer was used to form lin early po lar ized la ser ra di a tion.
The lin early po lar ized la ser then passes through a dou ble
Fres nel rhomb (CVI, FR-2-UV) and a Fres nel rhomb (CVI,
FR-4-UV), func tion ing re spec tively as half-wave and quar -
ter-wave re tard ers. By ro tat ing the dou ble Fres nel rhomb, the
po lar iza tion vec tor of the la ser is set at 0 /45  with re spect to
the op ti cal axis of the Fres nel rhomb to form lin early/cir cu -
larly po lar ized ra di a tion. The po lar iza tion-ratio mea sure -
ment can be con ducted in two ways. One is to mea sure the
band-intensity ra tios from the REMPI spec tra ob tained sep a -
rately with lin ear and cir cu lar po lar iza tions. Due to la ser fluc -
tu a tion and en ergy de cay dur ing the la ser fre quency scan, the
po lar iza tion-ratio for a par tic u lar tran si tion can op tion ally be
mea sured with la ser fre quency fixed at the top of the tran si -
tion. The mea sured in te grated-TOF-intensities were taken
with lin ear and cir cu lar la sers sep a rately and were av er aged
for 1000 la ser shots for each mea sure ment. As such, the en -
ergy fluc tu a tion of the two po lar ized la sers can be re duced
within 0.5%. The re sults from both meth ods agree with each
other; the lat ter, nev er the less, is more pre cise. The la ser en -
ergy can also be mea sured con cur rently us ing an en ergy me -
ter (Fig. 3) for a power-dependence study. 

3. THE O RET I CAL CAL CU LA TION

Franck-Condon Fac tors
The the o ret i cal der i va tion for cal cu lat ing the FCFs of

polyatomic mol e cules has been dis cussed in sev eral pre vi ous
pub li ca tions.54-56 Even though the cal cu la tions have been
sim pli fied by tak ing a har monic-oscillator ap prox i ma tion for
each nor mal vi bra tion, the de rived for mula for the FCFs are
math e mat i cally lengthy as can be found in Refs. 54 and 55.
To briefly sum ma rize the cal cu la tions of the FCFs of
polyatomics, the fol low ing pro ce dures were in cluded.
   (a) Op ti mize the ge om e tries of the ground and ex cited

elec tronic states.
   (b) Cal cu late the vi bra tional fre quen cies and the nor mal

modes for the two elec tronic states.
   (c) Cal cu late the dis place ments of the os cil la tors be tween

ground and ex cited elec tronic states.
   (d) Com pute the vi bra tional over lap integrals, FCFs and

po si tions of the peaks in spec tra.
As dem on strated in the pre vi ous stud ies of eth yl -

ene,54,55 vi nyl rad i cal,57,58 ac e tone,59-60 vi nyl chlo ride,46,47 and 
allyl rad i cal,49,50 we have suc cess fully ap plied the cal cu lated
FCFs to as sist spec tro scopic as sign ment for ex per i men tal
vibronic spec tra. In our pre vi ous stud ies, we have pri mar ily
fo cused on the cal cu la tion that the po ten tial-energy curves
for the vi bra tional nor mal-modes are dis placed, but not dis -
torted. Ac cord ingly, the FCF, Ia0bv

2
, for a tran si tion from the

zero-point vi bra tion of ground state a to the vth vi bra tion of
ex cited elec tronic state b is given by

Ia0bv

2
 = 

S e

v!

v s

  and  S = 
( Q)

2

2

h   (1)

where S is a Huang-Rhys fac tor, Q is the dis place ment in
terms of nor mal co or di nates,  is the vi bra tional fre quency of 
the cor re spond ing nor mal mode, and h 2 h  is the Planck
con stant. The max i mum FCF is found for v = [S], the in te ger
part of S. This means that the larger the dis place ment of the
nor mal mode, the greater v for the most in tense vibronic tran -
si tion. On the other hand, with a small dis place ment, the
spec tral in ten si ties along the vi bra tional pro gres sion are of
ex po nen tial-decay char ac ter.56 

Gen erally, we em ployed ab in itio meth ods and den sity
func tional the ory for the com pu ta tions. In some cal cu la tions
for mo lec u lar ex cited elec tronic states,48 we re al ized that the
time-dependent den sity func tional the ory (TDDFT) method61,62

is a better choice for the o ret i cal stud ies of Rydberg states, es -
pe cially for the high-lying ones. For multi-reference con fig u -
ra tion in ter ac tion (MRCI)63,64 or com plete ac tive space SCF
(CASSCF)65,66 meth ods, more and more va cant orbitals have
to be in cluded into the ac tive space for the cal cu la tions of
high-lying Rydberg states, and com pu ta tional con ver gence is 
usu ally a dif fi cult tech ni cal prob lem.

The TDDFT method,61,62 how ever, is un able to op ti -
mize the ge om e try of ex cited states at the pres ent time. Since
Rydberg state ge om e try is of ten sim i lar to the struc ture of cat -
ions, we have usu ally taken cationic ge om e try and vi bra -
tional fre quen cies as those of the Rydberg states. We have op -
ti mized the ground-state ge om e tries for both neu tral mol e -
cule/rad i cal of in ter est and its cor re spond ing cat ion us ing a
com mer cial com pu ta tional pack age, such as Gaussi an 94.67

The nor mal modes and fre quen cies ob tained from these cal -

Rydberg States and Ion iza tion En ergy J. Chin. Chem. Soc., Vol. 49, No. 5, 2002     707



cu la tions were then em ployed for cal cu lat ing FCFs.
Un like con ven tional as sign ment for polyatomic vibronic 

spec tra where seek ing vi bra tional pro gres sions is the ma jor
pro ce dure in spec tral anal y sis, the cal cu lated FCFs in our stud -
ies have as sisted us in not only lo cat ing the po si tions of
vibronic tran si tions, but also in pro vid ing in ten sity ra tios to
iden tify each vibronic band. Based on these cal cu lated spec tral 
pat terns, line-by-line com par i son with ex per i men tal spec tra is
gen er ally fea si ble. In par tic u lar, the vi bra tional in ten sity-ratio
in an elec tronic tran si tion ob tained from the cal cu lated FCFs is 
so cru cial that it of ten makes a spec tro scopic anal y sis pos si ble.

Ex cited Elec tronic States
As men tioned be fore, ab in itio cal cu la tions of the (adi a -

batic and ver ti cal) ex ci ta tion en er gies, ge om e tries, and tran si -
tion di poles for elec tron i cally ex cited polyatomics have made
a sig nif i cant im prove ment to the spec tral as sign ments in mod -
ern mo lec u lar elec tronic spec tros copy. Ben e fits from the ad -
vanced de vel op ment in the o ret i cal (ab in itio and den sity func -
tional) cal cu la tions,10-14 mo lec u lar elec tronic states can now a -
days be iden ti fied quite ef fec tively. Taking one of our re cent
stud ies on vi nyl chlo ride as an ex am ple, the broad bands of the
mol e cule at 45000-60000 cm-1, pre vi ously at trib uted to a * 

 tran si tion [The cor re spond ing ex cited state is rep re sented as

( , *) in this ar ti cle.], have been cal cu lated by ab in itio meth -
ods and re as signed as due to two trip let  sin glet and five sin -
glet  sin glet tran si tions.47 The de tails for the spec tral anal y -
sis will be dis cussed in the sub se quent Sec. 4.1.

4. RE SULTS AND DIS CUS SION

4.1. REMPI Spec tra and The o ret i cal Cal cu la tions

Vi nyl chlo ride
We have spec tro scop i cally ex am ined the vi nyl chlo ride
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Fig. 5. Com pos ite 2 + 1 REMPI spec trum of vi nyl
chlo ride at 76000-80600 cm-1.

Table 3. Peak Positions (cm-1), Ionization Energies (IE), and Quantum Defects ( ) for the
Four Observed Rydberg Series of Vinyl Chloridea,b

n ( , ns) ( , np ) ( , np ) ( , nf)

3 63043
4 68682 69156 71764 73639
5 73870 74200 75278 76301
6 76410 76496 77112 77646
7 (77732) 77790 78128 78464
8 78518 78575 (78770) 78992
9 79032 79060 (79195) 79356

10 79379 79403 79498 79611
11 79632 79650 79720 79800
12 79823 (79844) 79881 79951
13 79970 (79983) 80017 80056
14 80073 80109 80160
15 (80167) 80190 80229
16 (80235) (80248) (80265) 80288
17 (80293) 80313
18 (80351) 80364
19 80394
20 (80421)
IE 80731 7 80722 16 80722 4 80727 8

0.983 0.003 0.915 0.007 0.507 0.001 0.055 0.007
aThe values in parentheses belong to weak or congested bands.
bThe listed IE for each Rydberg series is extrapolated from all of the observed Rydberg states.
If only the higher-lying Rydberg states (n 6) are included, IE = 80720 6 cm-1 results from
fitting to the Rydberg formula (see text).



(VC, C2H3Cl) mol e cule from its first ex cited elec tronic state
(~6 eV) to the first ion iza tion en ergy (IE, ~10 eV). In the
higher en ergy re gion of 76000-85000 cm-1 (Fig. 5), we have
in ves ti gated VC us ing 2+1 REMPI spec tros copy,45 and have
been able to iden tify four Rydberg se ries as due to the tran si -
tions of ns, np , np , and nf  , where the cor re spond ing ex -
cited states are de noted by ( , ns), ( , np ), ( , np ), and ( ,
nf), re spec tively (Ta ble 3). In fit ting to the Rydberg-formula,
all of the four se ries con verge to the same IE limit, 80720  6
cm-1, cor re spond ing to the ground state of VC cat ion, and will 
be dis cussed fur ther in Sec. 4.2.

In 60000-76000 cm-1 (Fig. 6), the tran si tions to the
Rydberg states of ns, np , np , nd, nf (n = 3, 4)   and 3s 
nCl are re spon si ble for the ob served REMPI spec tra of VC.46

The com plex vi bra tional struc tures for the ob served tran si -
tions are suc cess fully iden ti fied with the aid of cal cu lated
FCFs. Ul ti mately, we have been able to as sign the vibronic
spec tra peak by peak, e.g., the 3p  tran si tions shown in
Fig. 7 and Ta ble 4. More than 100 vibronic tran si tions of VC
at 62000-78000 cm-1 have been suc cess fully iden ti fied (Ta -
bles 4 and 5).46 The spec tro scopic anal y sis for the ex cited
vibronic states have pro vided de tailed in for ma tion to the
photo-excitation mech a nisms in this mol e cule. For in stance,

Radloff and co work ers re cently mea sured the in ter nal-
 conversion rate of 60  20 fs in VC upon ex ci ta tion at 155 nm
(64516 cm-1).68 From our spec tro scopic study, we re al ize that
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Fig. 6. Com pos ite 2+1 REMPI spec tra of vi nyl chlo -
ride at 60000-80600 cm-1.

Fig. 7. Franck-Condon fac tors (ver ti cal lines at the
bot tom), cal cu lated vibronic spec tra (mid dle
trace), and the ob served 3p   tran si tions (up -
per trace) of vi nyl chlo ride.

Table 4. Peak Positions (cm-1), Assignment, and the Calculated
Franck-Condon Factors (FCF) for the 3p
Transitions of Vinyl Chloride

Peak Assignment FCF

62338 0
18

62644 0
19

63043 0
00 0.11643

63436 1
09 0.05908

63863 2
09 0.01499

+ 1
08 0.00568

64096 1
07 0.02289

64199 3
09 0.00253

64292 1 1
0 08 9 0.00165

+ 1
06 0.01368

64391 1
05 0.01678

64500 1 1
0 07 9 0.00574

+ 1
04 0.02246

64690 1 1
0 06 9 0.00372

64786 1 1
0 05 9 0.00444

64897 1 1
0 07 8 +( 1 2

0 07 9 ) (0.00146)

+ 1 1
0 04 9 0.00566

65129 1 1
0 06 8 +( 1 2

0 06 9 ) (0.00094)

65213 1 1
0 05 8 +( 1 2

0 05 9 ) (0.00113)

+ 2
07 0.00225

65338 1 1
0 04 8 +( 1 2

0 04 9 ) (0.00144)

+ 1 1
0 06 7 0.00196

65442 1 1
0 05 7 0.00235

65542 2
06 0.00080

+ 1 1
0 04 7 0.00299

65635 1 1
0 05 6 0.00152

65740 1 1 1
0 0 06 7 9 0.00060

+ 1 1
0 04 6 0.00193

+ 2
05 0.00121

65837 1 1
0 04 5 0.00231

65936 2 1
0 06 9 +( 2

04 ) (0.00217)

66030 1 1 1
0 0 05 6 9 +( 1

03 ) (0.00255)

66142 1 1 1
0 0 04 6 9 0.00059

1
01 0.10727

66235 1 1 1
0 0 04 5 9 0.00071

66355 2 1
0 06 8

66440 1 1 1
0 0 05 6 8 +( 1 1

0 03 9 ) (0.00076)

66561 1 1 1
0 0 04 6 8

66681 1 1 1
0 0 04 5 8

66786 3
06

66882 1 2
0 05 6

66983 1 2
0 04 6



( , 3p )40
1  , ( , 3p )7 90

1
0
1 ,and some other nearby states (Fig. 7

and Ta ble 4) are in volved in the ini tially pre pared wave -
packet, de pend ing on the band width of the ex ci ta tion la ser.
Namely, when the VC mol e cule is ex cited at 155 nm, a

-elec tron is pro moted to the 3p  or bital and the vi bra tional
en ergy is de pos ited to the C=C ( 4: C=C stretch ing), CH2 ( 7:
CH2 rock ing), and C Cl ( 9:  C Cl de form ing) chem i cal
bonds. Upon the ex ci ta tion of VC at 157 nm (63694 cm-1)
with a F2 excimer la ser, it is the Rydberg states in the vi cin ity
of ( , 3p )90

1 , 90
2  and  80

1   ( 8: C Cl stretch ing; Fig. 7 and Ta ble
4) that ini ti ate the sub se quent se rial photodissociation pro -
cesses.

In 45000-60000 cm-1, we have cal cu lated the vibronic
spec trum of VC for the tran si tions from ground state to the
low est-lying five ex cited states,47 and found that the ma jor
con tri bu tions in this spec tral re gion are from the 

~
A(1 A" )1  

~
X(1 A' )1   (i.e., 3s/ *  ) and 

~ ~
C(2 A' ) X(1 A' )1 1   (i.e., *
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Fig. 8. (a) Ex per i men tal ab sorp tion spec trum (up per)
of vi nyl chlo ride (taken from Ref. 69). (b) cal -
cu lated vibronic spec trum (lower). The dashed
lines rep re sent the spec tra of the 3s/ *  and

*   tran si tions, re spec tively.

Table 5. Assignment for the Observed Peaks (cm-1) in the 2 + 1 REMPI Spectra of Vinyl Chloride from 67100 to
77510 cm-1

Peak Assignment Peak Assignment Peak Assignment

67148 3d) 0
00 70585 , 4p 1

04 74418 ( , 4d) 1
07

67525 , 3d) 1
09 70746 , 4s) 1 1

0 06 8 74476 4f) 1
08

67595 , 3d') 0
00 70837 , 4s) 1 1

0 05 8 74550 4f') 1
08

67907 (nCl, 3s) 0
00 70940 , 4s) 1 1

0 04 8 74715 4p 1
08

67974 3d) 1
08 71096 4s) 1 1

0 04 7 74798 ( , 4f') 1
07

67991 , 3d') 1
09 71153 , 4s) 2

06 74847 ( , 4d) 1
04

68207 , 3d) 1
07 71259 , 4s) 1 1

0 05 6 74911 ( , 5s) 1
07

68270 (nCl, 3s) 1
09 71339 , 4p 2

07 74958 ( , 4f') 1
06

68368 , 3d) 1
06 71417 , 4s) 1 1

0 04 5 75278 , 5p 0
00

68416 3d') 1
08 71516 , 4s) 2

04 75555 ( , 5p ) 1
05

68609 (nCl*, 3s) 0
00 71612 , 4p ) 1 1

0 04 7 75679 ( , 5p ) 1
09

68682 4s) 0
00 71662 ( , 4s) 1 1 1

0 0 05 6 9 75722 ( , 5s) 1 1
0 04 9

68882 (nCl, 3s) 1
07 71764 , 4p 0

00 76301 , 5f) 0
00

68965 (nCl*, 3s) 1
09 71835 4p ) 1 1

0 04 6 76335 ( , 5p ) 1
07

68987 , 3d) 1 1
0 04 9 72160 4p 1

09 76410 ( , 6s) 0
00

69077 4s) 1
09 72590 4p 1

08 76496 ( , 6p ) 0
00

69156 , 4p 0
00 72830 , 4p 1

07 76574 ( , 5p ) 1
06

69315 3d) 1
04 72971 , 4p 1

06 76600 ( , 5p ) 1
05

69436 , 3d') 1
08 73114 4p 1

05 76682 ( , 5f) 1
09

69503 4s) 1
08 73217 , 4p 1

04 76739 ( , 5p ) 1
04

69550 , 4p 1
09 73372 , 4d 0

00 76827 ( , 6s) 1
09

69738 , 4s) 1
07 73504 , 4d' 0

00 76981 ( , 5p ) 1 1
0 06 9

69921 , 4s) 1
06 73639 4f) 0

00 77112 ( , 6p ) 0
00

69968 ( , 4p ) 1
08 73724 ( , 4f') 0

00 77241 ( , 6s) 1
08

70025 , 4s) 1
05 73795 4p 1 1

0 06 8 77319 ( , 6p ) 1
08

70099 4s) 1
04 73870 ( , 5s) 0

00 77357 ( , 5f) 1
07

70192 4p 1
07 74034 ( , 4f) 1

09 77504 ( , 6p ) 1
09

70402 4p 1
06 74090 ( , 4f') 1

09
70513 , 4p 1

05 74200 ( , 5p ) 0
00
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Table 6. Band Position, Polarization-Ratio, Vibronic Symmetry, State Assignment, Vibrational Frequency and Quantum Defect of
Vibronically Excited Propyne Studied by 2+1 REMPI Spectroscopy and Theoretical Calculation

Experimental results Theoretical results

One-photon absorptiona REMPI TDDFT and ab initio

Band positionb Assignmentc Band position Vibronic
symetryd

Assignment Vibration/ Assignment TDDFTe Osc.
str.f

MRCIf Osc.
str.f

58007 (7.19) * 11E ( , 3s) 6.84 0.02 6.97 0.078
59459 (7.37) * 11A2 ( , * 6.77 0.0 7.45 0.0
60612 (7.51) * 21E ( , *) 6.89 0.0 7.53 0.001
63411 (7.86) ? 31E ( , 3pz) 7.79 0.06 7.64 0.0006
64178 ?
64323 3R'–( 9)0

64928 3R' 64927 (8.05) 0.19 A1 ( , 3px,y) (A1) 0
00 = 0.58 21A1 ( , 3px,y 7.95 0.07 7.91 0.062

65242 3R'+ 10

65681 1.21 E ( , 3px,y) (A1) 1
09 9 = 754

65887 3R'+ 5 65878 0.33 A1 ( , 3px,y) (A1) 1
05 5 = 951

66484 3R'+ 7

66157 (8.20) 1.18 E ( , 3px,y) (E) 0
00 = 0.49 41E ( , 3px,y 8.02 0.0

21A2 ( , 3px,y 8.03 0.0
66879 3R'+ 3 66896 0.44 A1 ( , 3px,y) (A1) 1

03 3 = 1969
67681 0.66 A1 ( , 3px,y) (A1) 1

02 2 = 2754
67865 0.47 A1 ( , 3px,y) (A1) 1 1

0 03 5
68138 3R" 68123(8.45) 1.24 E ( , 2

z
3d ) (E) 0

00 /
( , 3px,y) (E) 1

03 3 = 1966
51E ( , 3dz2 8.30 0.03

68864 3R'+2 3 68828 0.58 A1 ( , 3px,y) (A1) 2
03

69622 3R"+ 7

70098 3R"+ 3

70719 3R'+3 3

31A1 ( , 3dxz,yz 8.69 0.04
31A2( , 3dz2-y2,xy 8.70 0.0
61E ( , 3dz2-y2,xy 8.71 0.003
41A1( , 3dz2-y2,xy 8.73 0.03

70897 (8.79) 1.08 A"(E) ( , 4s) (A") 0
00 = 1.06 71E ( , 4s 8.74 0.0

71195 4R 71203 (8.82) 0.26 A'(E) ( , 4s) (A') 0
00 = 1.03

81E ( , 3dxz,yz 8.78 0.01
41A2( , 3dxz,yz 8.78 0.0

72082 3R"+2 3

72727 3R'+4 3

73179 4R+ 3 73192 0.18 A'(E) ( , 4s) (A') 1
03 3 = 1989

74292 (9.21) 4R' 91E ( , 4pz 9.09 0.01
51A1( , 4px,y 9.11 0.05
101E ( , 4px,y 9.12 0.0
51A2( , 4px,y 9.13 0.0

75171 (9.32) 4R+2 3

75558 (9.37) 4R" 111E ( , 4dz2 9.25 0.01
75727 (9.39) 4R'+ 7

61A1( , 4dxy,xz,yz 9.34 0.05
121E ( , 4dx2-y2 9.36 0.0
61A2( , 4dxy,xz,yz 9.36 0.0
131E ( , 4dxy,xz,yz 9.37 0.0
71A1( , 4dx2-y2,xy 9.38 0.03
141E ( , 4dxy,yz 9.40 0.0

76061 (9.43) 1.06 E ( , 4p) 1
03 ?

76219 4R'+ 3 76270 (9.46) 0.72 A1 ( , 4p) 1
03 ?

76768 5R 76718 1.19 A"(E) ( , 5s) (A") 0
00 = 1.01

76862 0.26 A'(E) ( , 5s) (A') 0
00 = 0.97



 ) tran si tions as shown in Fig. 8. In this study, two spin-
for bid den tran si tions of 

~ ~
b(1 A" ) X(1 A' )3 1  and ~c(2 A" )3      

~
X(1 A' )1  are cal cu lated to lo cate in 45000-54000 cm-1, and

could be re spon si ble for the ob served one-photon ab sorp tion
spec trum in this re gion69 due to an in ten sity bor row ing caused
by spin-orbit cou pling of the Cl atom. Based on the cal cu la -
tion, we ar gued that upon ex ci ta tion of VC at 193 nm (51800
cm-1) the 

~
b(1 A" )3  or ~c(2 A" )3  ex cited state, in stead of the pre vi -

ously as signed ( *) [i.e., 
~
C(2 A' )1 ], is ini tially pre pared prior

to sub se quent photodissociation pro cesses (Fig. 8).
Photodissociation of VC ex cited at the con ve nient

wave length of 193 nm with an ArF la ser has been heavily ex -
plored in the past de cades.70-80 It was gen er ally con ceived that 
the ( *) state of VC was ex cited in the photo-absorption at
193 nm.79 In the wake of the *   ex ci ta tion, var i ous dis so -
ci a tion chan nels were taken to the ( , C Cl

* ) ex cited-state or
the ground-state PES, prob a bly via in ter nal con ver sions.79

This kind of ar gu ment was usu ally con cluded from mea sur -
ing the ve loc ity and an gu lar dis tri bu tions of photofragments,
but the cor re lated ex cited states in volved in the photo -
dissociation path ways were rarely ver i fied the o ret i cally.
Based on our cal cu la tion, the ( , 3s/ C Cl

* ) and ( *) states
are too high to be reached with 193 nm ex ci ta tion (Fig. 8),
and we ar gue that the 

~
b(1 A" )3  and ~c(2 A" )3  ex cited states

could be re spon si ble for the ex ci ta tion of VC at 193 nm.47 In
fu ture, re ex am i na tion of the photodissociation of VC at 193
nm is sug gested tak ing these trip let states into ac count.

Propyne
The vibronic spec tra of jet-cooled propyne (CH3CCH)

at 64500 85000 cm-1 have been ob served us ing 2+1 REMPI
spec tros copy (Figs. 9-12).48 The ( 4-13s), ( 3-4p) and (
3dz2) Rydberg states of propyne have been iden ti fied (Ta ble
6). The sym me tries of the ex cited vibronic states have been
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77107 4R+3 3

77550 4R"+ 3

77945 5R'
78163 4R'+2 3

78591 5R"
78751 5R+ 3 78724 1.22 A"(E) ( , 5s) (A") 1

03 3 = 2000
78851 0.69 A'(E) ( , 5s) (A') 1

03 3 = 1989
79177 1.04 A"(E) ( , 6s) (A") 0

00 = 1.03
79276 6R 79318 0.6 A'(E) ( , 6s) (A') 0

00 = 0.95
79913 6R'
80163 6R"

80542 1.11 A"(E) ( , 7s) (A") 0
00 = 1.03

80591 7R 80627 0.84 A'(E) ( , 7s) (A') 0
00 = 0.95

80881 7R'
81147 7R"

81357 A"(E) ( , 8s) (A") 0
00 = 1.04

81412 A'(E) ( , 8s) (A') 0
00 = 0.96

81607 8R'
81700# 8R"

81880 A"(E) ( , 9s) (A") 0
00 = 1.07

81931 A'(E) ( , 9s) (A') 0
00 = 0.95

82030# 9R'
82140# 9R"

82282 A'/E ( , 10s) 0
00 = 0.96

82420# 10R"
82541 A'/E ( , 11s) 0

00 = 0.94
82729 A'/E ( , 12s) 0

00 = 0.93
82866 A'/E ( , 13s) 0

00 = 0.98
a One-photon VUV absorption spectra taken from Ref. 81 (denoted by #) and Ref. 82.
b Units in cm-1. The number in parenthesis is of eV unit to compare with the calculation.
c R, R' and R" are s, p and d Rydberg series, respectively.
d A1 and E are symmetry representations of a C3v group; A' and A" belong to Cs. A'(E) and A"(E) represent the symmetry correlation of
E in C3v to A' and A" in Cs.

e Units in eV. The calculated values are vertical excitation energies.
f The oscillator strength is for one-photon transition.



de ter mined di rectly from po lar iza tion-ratio ex per i ments ap -
ply ing lin early and cir cu larly po lar ized la sers. The ver ti cal
ex ci ta tion en er gies of ( *)  ( 3-4s), ( 3-4p) and (
3-4d) states, cal cu lated with time-dependent den sity func -
tional the ory (TDDFT) and ab in itio meth ods, have as sisted
our as sign ments for the ob served elec tronic tran si tions in
REMPI spec tra (Ta ble 6). Compared with one-photon ab -

sorp tion spec trum of propyne, the ab sence of ( *), ( np)
(n  4) and ( nd) (n  3, ex cept ( 3dz2)) Rydberg states in
the ob served REMPI spec tra sug gests a strong predissoci -
ation char ac ter for these states.48

In the study of the Rydberg states of propyne by REMPI 
spec tros copy, clear dou blet splittings/broadenings have been
ob served in the or i gin bands of the ( 4-9s) Rydberg se ries
(Fig. 10–12). The splittings, 306 cm-1 at ( 4s), de crease with 
in creas ing n. The dou blet com po nents have very dif fer ent po -
lar iza tion ra tios (Figs. 10-12 and Ta ble 6). The split ting in the 
( ns) Rydberg se ries can be in ter preted as fol lows. If the
propyne mol e cule is of C3v struc ture, the ( ns) Rydberg
states should have E sym me try cor re spond ing to the pro mo -
tion of a -elec tron (E sym me try) to the s Rydberg or bital
(A1). How ever, ear lier cal cu la tions of the ( 3s) (E) state of
propyne showed that its ge om e try is sig nif i cantly dis torted
with re spect to C3v sym me try.83 The op ti mized ge om e try for
this state has one C-H bond length dif fer ent from the other
two in the methyl group, and is only of Cs sym me try. There -
fore, the ( 3s) (E) elec tronic state splits into two com po -
nents, A  and A , and the en ergy split ting be tween them is
siz able. The splittings/ broadenings caused by the re duced
mo lec u lar sym me try from C3v to Cs have now been ob served
in the ( 4-9s) Rydberg states of propyne.

More over, it is noted from the cal cu la tion that the large
dis tor tion of ge om e try in the ( , 3s) Rydberg state of propyne
is, in part, due to the con tri bu tion of ( , *) mixed in the ( ,
3s) wavefunction.83 In higher Rydberg states, this con tri bu -
tion will be di min ish ing and then dis ap pear, which agrees
very well with the grad ual de crease of the ob served splittings
with in creas ing n. Al though our cal cu la tions with den sity
func tional the ory show that propyne cat ion has Cs sym me try,
the bar rier to methyl ro ta tion in the cat ion is very low, only a
few cm-1, lower than the zero-point en ergy of the methyl tor -
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Fig. 9. Po lar iza tion de pend ence for the 2+1 REMPI
spec tra of propyne at 64000-70000 cm-1. The
left and right scales in di cate lin early (up per
trace) and cir cu larly (lower trace) po lar ized ex -
ci ta tions, re spec tively.

Fig. 10. Po lar iza tion de pend ence for the 2+1 REMPI
spec tra of propyne at 70000-72000 cm-1.

Fig. 11. Po lar iza tion de pend ence for the 2+1 REMPI
spec tra of propyne at 72000-81000 cm-1.

Fig. 12. 2+1 REMPI spec trum of propyne at 81000-
 84500 cm-1. The ar row marks the adi a batic IE
(83625 cm-1) of propyne ex trap o lated from the 
( , 6-13s) Rydberg se ries.



sion.48 Thus, the propyne cat ion has an ef fec tive C3v ge om e -
try. This fur ther ex plains the ob ser va tion that the split ting
nearly dis ap pears for high ( ns) Rydberg states, be cause the
A  and A" com po nents (Cs sym me try) of the ( ns) Rydberg
states will merge to the same E level (C3v sym me try) in the
cationic state. This con ver gence of the ( ns) Rydberg se ries
of propyne will be dis cussed more in Sec. 4.2. 

Within the Cs point group, the ob served dou blets in the
( ns) Rydberg states are of A  and A" sym me tries which cor -
re late to the E sym me try in C3v. For a two-photon pro cess in
the propyne mol e cule of Cs sym me try, the po lar iza tion-ratios
are  = 3/2 for A" states and  < 3/2 for A .28 This is ev i -
denced by the peaks at 70897 cm-1 and 71203 cm-1 (Fig. 10) of 
the or i gin bands of ( 4s) (A") and ( 4s) (A ), re spec tively.
Sim i lar splittings/broadenings due to the A  and A" com po -
nents have also been ob served in the ( 5-9s) Rydberg states
(Figs. 11 and 12). With lin ear po lar iza tion, spec tral in ten si -
ties for the A  com po nents of the ( s) Rydberg states are
much stron ger than those of A" (Figs. 10-12). Based on this
ob ser va tion, we rep re sent the sym me try for the ob served, but
un re solved dou blets, ( 10-13s) Rydberg states of propyne
as A  in Cs or E in C3v (Ta ble 6).

Allyl rad i cal
In the stud ies of allyl-h5 (CH2CHCH2) and allyl-d5

(CD2CDCD2) rad i cals, we have pro duced these rad i cals by
the flash-pyrolysis of allyl io dide (CH2CHCH2I) and
deuterated allyl bro mide (CD2CDCD2Br), re spec tively. Be -
fore our 2+1 REMPI spec tro scopic stud ies on the Rydberg
states of allyl-h5 and allyl-d5 rad i cals,49,50 only the 

~
A B2

1, 
~
B A ,2

1~
C B2

1, and 
~
D B2

2 elec tronic states with ex ci ta tion en er gies less
than 6 eV had been in ves ti gated.84-94 The 2+1 REMPI ex per i -
ment in our lab o ra tory has been con ducted to ob serve the
high-lying Rydberg states of allyl-h5 and allyl-d5 rad i cals at
6.0-8.2 eV. Through spec tro scopic anal y sis, the tran si tions
cor re spond ing to the ex ci ta tion of a nonbonding elec tron to
the ns Rydberg orbitals, de noted by ns  nb, are re spon si ble
for the ob served 2+1 REMPI spec tra. Totally, we have ob -
served nine (nb, 4-12s) Rydberg states of allyl-h5 rad i cal and
seven (nb, 4-10s) states of allyl-d5 rad i cal (Figs. 13-15 and
Ta ble 7). 

De picted in Figs. 13b and 13d are the the o ret i cal spec -
tra (only in clud ing FCFs) of allyl-h5 and allyl-d5 rad i cals, re -
spec tively, for the vibronic tran si tions from the elec tronic
ground to an “ionlike” Rydberg state.49,50 The ge om e tries and
nor mal-mode fre quen cies ob tained at the (U)MP2/6-311++
G(d, p) level us ing the Gaussi an 94 pack age67 were em ployed
for cal cu lat ing FCFs. The cal cu lated FCFs are quite sim i lar
for both allyl-h5 and allyl-d5 rad i cals, ex cept that the C3 -

stretch ing ( 6) is more ac tive in allyl-h5 while the CH2-rock -
ing ( 5) is more vis i ble in allyl-d5. The CCC-bending ( 7) is
the most ac tive vi bra tional mode among oth ers, be cause of
the rel a tively pro nounced change in the CCC co or di nate
from 124.3  in ally rad i cal to 117.4  in allyl cat ion. The cal -
cu lated spec tral in ten si ties along the prom i nent bend ing ( 7)
pro gres sion have shown a typ i cal ex po nen tial-decay char ac -
ter (Figs. 13b and 13d), rep re sent ing that the dis place ment in
the CCC co or di nate be tween the ground and  “ionlike”
Rydberg states is not that large. 

Figs. 13a and 13b show a com par i son be tween the ob -
served (nb, 4s) spec trum and the cal cu lated FCFs of allyl-h5,
where peaks at 54137 cm-1 (70

1 ) and 54563 cm-1 (70
2) are the

CCC-bending vi bra tional pro gres sion. Peaks at 54742 cm-1

(60
1 ) and 55175 cm-1 (6 70

1
0
1 ) are C3 stretch ing  (1034 cm-1) and

stretch ing-bending com bi na tion  (1467 cm-1) modes, re spec -
tively. The 53288 cm-1 peak, 420 cm-1 red shift to the 4s band
or i gin, is due to a hot-band tran si tion from the ground 7

state. For allyl-d5, Figs. 13c and 13d show the cal cu lated
FCFs and the ob served (nb, 4s) spec trum. Good agree ment in
peak po si tions for the 00

0 , , , , 7  7  7  50
1

0
2

0
3

0
1  and 5 70

1
0
1  bands be -

tween cal cu la tion and ex per i ment is clearly seen.
The cal cu lated spec tral in ten si ties for the 00

0 and 70
1

bands of allyl-h5, how ever, are re verse to the ob served ones
(Figs. 13a and 13b). The sit u a tion is sim i lar to that in allyl-d5

(Figs. 13c and 13d). One of the pos si ble ex pla na tions as to
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Fig. 13. (a) The 2 + 1 REMPI spec trum of allyl-h5 rad i -
cal at 52500-55500 cm-1. (b) The cal cu lated
Franck-Condon fac tors for the vibronic tran si -
tions of allyl-h5 rad i cal from the elec tronic
ground to an “ionlike” Rydberg state. (c) The 2 
+ 1 REMPI spec trum of allyl-d5 rad i cal. (d)
The cal cu lated Franck-Condon fac tors of
allyl-d5 rad i cal.
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Table 7. Vibronic Band Positions and Spectral Assignment for Allyl Radicals Studied by 2 + 1 REMPI Spectroscopya

REMPIb Absorptionc

Allyl-h5 Allyl-d5 Allyl-h5 Allyl-d5

Vibronic
assignment

Band
position

Vibrational
frequencyd

Band
position

Vibrational
frequencyd

Isotopic
shifte TPE / OPE TPE / OPE

Ground 0 0
0 0 0

Ground 7 1
0 427f 427 345f 345

Ground 7 2
0 856f 856

(nb, 3s)0 0
0 40057f 40096f +39

(nb, 3s)7 1
0 40450f 393 40415f 319

(nb, 3s)7 2
0 40734f 638

48970 / 24485 s 49490 / 24745 s
49210 / 24605 w 49924 / 24962 w
49688 / 24844 m 51136 / 25568 m
50786 / 25393 m 51452 / 25726 m
50980 / 25490 m 51800 / 25900 w
51452 / 25726 m 53036 / 26518 w

(nb, 3d) 52114
52826 / 26413 w

(nb, 4s)7 0
1 53288 -420 53312 -349 53290 / 26645 m

53418 / 26709 m
53454 53459

(nb, 4s)0 0
0 53708 53661 -47 53704 / 26852 w

53748 / 26874 w
53898 53812

(nb, 4s)7 1
0 54137 429 54017 356

54214 / 27107 w
(nb, 4s)7 2

0 54563 855 54379 718
(nb, 4s)6

1
0 54742 1034 54509 848

54570 / 27285 w
(nb, 4s)5 1

0 54708 1047
(nb, 4s)7 3

0 54736 1075
(nb, 4s)6 1

0 7 1
0 55175 1467 54862 1201

54930 / 27465 w
(nb, 4s)5 1

0 7 1
0 55054 1393

(nb, 5s)0 0
0 58979 58926 -53

(nb, 5s)7 1
0 59415 436 59283 357

(nb, 6s)7 0
1 60940 -344

(nb, 6s)0 0
0 61337 61284 -53

(nb, 6s)7 1
0 61776 439 61647 363

(nb, 6s)7 2
0 62215 878 62003 719

(nb, 7s)0 0
0 62620 62567 -53

62622
(nb, 7s)7 1

0 63069 449 62926 359
(nb, 7s)7 2

0 63292 725
(nb, 8s)0 0

0 63398 63340 -58
(nb, 8s)7 1

0 63844 446 63702 362
(nb, 9s)0 0

0 63914 63840 -74
(nb, 10s)0 0

0 64266 64203 -63
64300

(nb, 11s)0 0
0 64511

(nb, 12s)0 0
0 64696

a Unit: cm-1. b Refs. 49 and 50. c Ref. 84. TPE: two-photon energy. OPE: one-photon energy. d Relative to the origin band.
e The value of allyl-d5 with respect to that of allyl-h5.

f Refs. 90-100.



why the (nb, 4s) 00
0 of allyl-h5 (at 53708 cm-1) is weaker than

the (nb, 4s) 70
1  is that the first la ser pho ton in the 2+1 REMPI

pro cess is ac ci den tally res o nant with one of the predissoci -
ative vi bra tional lev els in the 

~
A B2

1 state of allyl-h5 at 26852
cm-1 (two-photon en ergy of 53704 cm-1, Ta ble 7) ob served by 
Cur rie and Ramsay.84 Be cause of the predissociative 

~
A B2

1

state, the 2+1 REMPI in ten sity for the (nb, 4s) 00
0 band of

allyl-h5 would oth er wise be stron ger than it is ob served. The
re verse in ten sity as due to ac ci den tal res o nance, how ever, is
ruled out by the same two-photon tran si tions of the (nb, 4s) 00

0

and 70
1  bands in allyl-d5. While there is no ac ci den tal res o -

nance in allyl-d5 (Ta ble 7), the ob served in ten si ties for the
(nb, 4s) 00

0 and 70
1  bands of allyl-d5 are still re verse to the cal -

cu la tion (Figs. 13c and 13d).
There fore, the weaker band in ten sity of (nb, 4s) 00

0,
com pared with that of (nb, 4s) 70

1 , in di cates that the ac tual dis -
place ment along the CCC co or di nate be tween the ground
and the (nb, 4s) Rydberg state is larger than the cal cu lated.
The de vi a tion could be due to con sid er able dif fer ence in the
struc tures be tween the ac tual (nb, 4s) Rydberg state and the
as sumed allyl cat ion used in the cal cu la tion. Be sides, the (nb,
4s) Rydberg state is likely per turbed. The term value of the
(nb, 4s) 00

0 state de vi ates se verely from the Rydberg for mula
for the (nb, ns) Rydberg se ries of allyl rad i cal, and will be dis -
cussed in the sub se quent sec tion.

Also in Fig. 13c, the rel a tively stron ger peak at 54509
cm-1 (848 cm-1 rel a tive to the (nb, 4s) 00

0) and the rather weak
one at 54862 cm-1 (1201 cm-1) could be as signed as the (nb,
4s) 60

1  and 6 70
1

0
1  bands, re spec tively, based on the ex cel lent fre -

quency co in ci dence with the cal cu lated 6 = 846 cm-1 and 7 = 
355 cm-1 in allyl-d5 Rydberg state (Ta ble 1 of Ref. 49). Ac -
cord ing to the cal cu lated FCFs of allyl-d5 (Fig. 13d), both 60

1

and 6 70
1

0
1  bands, how ever, are too weak to ap pear in spec trum.

This in ten sity dis crep ancy be tween ob ser va tion and cal cu la -
tion might again orig i nate from the fact that the ge om e try of
the (nb, 4s) Rydberg state dif fers con sid er ably from that of
allyl cat ion used in the FCF cal cu la tion. Al ter na tively, if the
(nb, 4s) Rydberg state was sub ject to per tur ba tion, as will be
dis cussed in Sec. 4.2, these weak sig nals could as well stem
from the in ter ac tion with some nearby un iden ti fied dark
states.

Un like the (nb, 4s) state where the 00
0 band and sev eral

vi bra tional modes have been ob served (Fig. 13), higher-lying 
(nb, ns) (n  5) Rydberg states usu ally show up with the 00

0

band alone, or are ac com pa nied at most by the ac tive 70
1  and 70

2

vi bra tions (Figs. 14 and 15). The vi bra tional fre quency of the
CCC-bending ( 7) mode in creases, roughly with a

monotonic man ner (Ta ble 7), from 427 cm-1 in the ground

state95-100 to ~446 cm-1 in the (nb, 8s) Rydberg state, ex cept
the much lower 393 cm-1 in the (nb, 3s) (

~
B A2

1) state, where a
strong in ter ac tion among the 

~
B A2

1, 
~
C B2

1 and 
~
D B2

2 states was
re ported.91-94 Partly due to the de creas ing sig nal-to-noise ra -
tio, the shoul ders on the 00

0 bands of (nb, 8s) and (nb, 10s)
(Fig. 15) were not as signed. 

For the (nb, 5s) state of allyl-d5, only 00
0 and 70

1  bands
were ob served (Fig. 14b). Fig. 15 shows a the (nb, 6-10s)
Rydberg se ries of the allyl-d5 rad i cal. While the shoul der on
the (nb, 7s) 00

0 band is still with out as sign ment, prom i nent
bend ing ( 7) pro gres sions in the (nb, 6-8s) states are eas ily
rec og nized. The vi bra tional fre quency of the most ac tive 7

mode also in creases from 345 cm-1 in the ground state95-100 to
~360 cm-1 in the higher-lying (nb, ns) Rydberg states (Ta ble
7), again, ex cept the low 319 cm-1 at (nb, 3s).

The spec tral in ten si ties along the bend ing ( 7) pro gres -
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Fig. 14. The ob served (nb, 5s) 00
0 and 70

1  bands in the 2 + 
1 REMPI spec tra of (a) allyl-h5 and (b) allyl-d5

rad i cals at 58500-59750 cm-1.

Fig. 15. The ob served 2 + 1 REMPI spec tra of allyl-h5

and allyl-d5 rad i cals at 61000-65750 cm-1.



sions in the (nb, 6-8s) Rydberg states of allyl-h5 and allyl-d5

(Fig. 15) have shown a sim i lar ex po nen tial-decay char ac ter
with the pre dicted (Fig. 13b and 13d). The struc tures of the
(nb, 6-8s) Rydberg states are ac cord ingly lit tle dis placed
from the ground equi lib rium ge om e try in the CCC co or di -
nate. Al though the sig nal-to-noise ra tios for the (nb, ns)  (n >
8) tran si tions be come smaller and the bend ing ( 7) pro gres -
sion is no lon ger vis i ble (Fig. 15), the stron gest or i gin bands
in the ob served (nb, 9-12s) Rydberg states agree very well
with the cal cu la tion. The con sis tence in the spec tral pat terns
be tween the ory and ex per i ment, es pe cially for the high-lying
(nb, ns) (n  6) Rydberg states, also jus ti fies the as sump tion
used in our FCF cal cu la tion that the struc tures and vi bra tions
of high-lying Rydberg states are sim i lar to those of allyl cat -
ion.

4.2. Ion iza tion En ergy
Taking the Rydberg se ries ob served in REMPI spec tra,

we have fit ted the or i gin bands (00
0) of the Rydberg states to

Rydberg for mula

IE
R

(n )2
(2)

where  is the tran si tion fre quency in cm-1, IE is the first ion -
iza tion en ergy, R is the Rydberg con stant, n is a prin ci pal quan -
tum num ber, and  is the cor re spond ing quan tum de fect. The
IE and  val ues of the mol e cule of in ter est can be ob tained
from the fit ting. The re sult ing  value can fur ther as sist in la -
bel ing the Rydberg se ries (e.g., s, p, d, f etc.). For hy dro car -
bon-related mol e cules, the typ i cal val ues for quan tum de fects
are ~1 for s orbitals, ~0.5 for p,  0.3 for d, and < 0.1 for f.

Vi nyl chlo ride
As dis cussed in Sec. 4.1, we have ob served four se ries

of ex cited vibronic states of vi nyl chlo ride (VC) at
63000-80500 cm-1 by 2+1 REMPI spec tros copy (Ta ble
3).45,46 With out rotationally re solved band-origins in our ob -
served vibronic spec tra, the tran si tion fre quency at half width 
at half max i mum (HWHM) of the spec tral line-profile for
each 00

0 band has been taken as the term value of the cor re -
spond ing Rydberg state. The ob served Rydberg states are fit -
ted to the Rydberg for mula [Eq.(2)], in which R =
109736.3588 cm-1 is the Rydberg con stant tak ing the mass of
VC into ac count and the other terms are pre vi ously de fined.
All of the four se ries, ( , ns), ( , np ), ( , np ) and ( , nf) (n =
3-20), con verge to the same IE limit, 80722  16 cm-1, cor re -
spond ing to the ground state of VC cat ion. Due to the prob a -
ble pen e tra tion to the mo lec u lar core, low-lying Rydberg

states usu ally cause size able de vi a tion from the Rydberg for -
mula and should be ex cluded from the fit ting in or der to get
an ac cu rate IE.24,45,46,48 Ac cord ingly, IE = 80720  6 cm-1 is
ex trap o lated from the higher-lying states of the ( ns), (
np ), ( np ) and ( nf) (n = 6-20) Rydberg se ries. The IE =
80720  6 cm-1 agrees very well with the IE val ues de ter -
mined from other meth ods.101-103

The as signed four Rydberg se ries of VC as due to the
tran si tions of ns, np , np , and nf   are jus ti fied by their 
val ues. In Ta ble 3, the quan tum de fects of 0.983  0.003,
0.507  0.001 and 0.055  0.007 re sult ing from the fit tings
are in good agree ment with the gen er ally ac cepted  val ues
for mo lec u lar s, p  and f Rydberg se ries. The 0.915 
0.007 value of the in-plane (  np ) Rydberg se ries is more
pro nounced than 0.507  0.001 of the out-of-plane (
np ). The  = 0.915  0.007 of (  np ) in VC is also slightly
larger than those for the (  3py) (  = 0.76) and (  3pz) (  =
0.72) Rydberg states of eth yl ene (C2H4).104 (By def i ni tion, the 
mo lec u lar plane of C2H3Cl or C2H4 is des ig nated as yz-plane.
The npx thus cor re sponds to an np  or bital, and the npy and npz

cor re late with np  orbitals.) Un for tu nately, the (  npy) and
(  npz) (n > 3) Rydberg states of eth yl ene and other
chloroethylenes have not been re ported to date for com par i -
son. Compared with eth yl ene, the pres ence of the Cl atom in
VC is re spon si ble for the larger  value in the (  np )
Rydberg se ries. A big ger atom in the mo lec u lar core will
cause more steric hin drance to Rydberg elec trons when they
travel nearby the mo lec u lar core, hence ren der ing larger de -
vi a tion (i.e., pro nounced ) from a hy dro gen-atom model.
There fore, the Cl atom, a third-row el e ment of VC, is re spon -
si ble for the larger quan tum de fect rather than the C (sec -
ond-row) and H (first-row) at oms. It is dif fi cult, how ever, to
dis tin guish the con tri bu tion of ( , npy) from that of ( , npz) in
the pres ent study. Con se quently, this se ries is de noted as the
( , np ) of VC in this study.

Propyne
We have fit ted the ob served ( , ns) Rydberg se ries of

propyne (Ta ble 6) to the Rydberg for mula [Eq. (2)], where R
= 109735.8235 cm-1 is the Rydberg con stant tak ing the mass
of propyne into ac count. The fit ting of ( , 6-13s) (A )
Rydberg se ries of propyne to the Rydberg for mula ren ders IE
= 83625  2 cm-1 (10.3682  0.0002 eV) and  = 0.95. This
adi a batic IE of propyne, 10.3682  0.0002 eV, de ter mined
from our REMPI data is in ex cel lent agree ment with the most
re cent ex per i men tal value of 10.369  0.007 eV.82 We have
also found that the ( , 6-9s) (A") se ries con verges to a limit at
83613  9 cm-1, which is slightly lower than 83625  2 cm-1 of 
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the ( , ns) (A ) se ries and will be dis cussed later. It is noted
that the  val ues for all A  com po nents in the ( , 4-9s)
Rydberg se ries are slightly smaller than those for the A" com -
po nents. In Ta ble 6, we have cal cu lated the  value for the or i -
gin band of each ob served Rydberg state us ing the Rydberg
for mula [Eq. (2)] and IE = 83625 cm-1. It is re ward ing to see 
~0.3 for ( , 3d), ~0.5 for ( , 3p) and  ~1.0 for the ( , ns)
Rydberg states of propyne, which jus tify the as sign ment for
the ob served Rydberg se ries.

The as sign ment for the ob served ( , ns) Rydberg se ries
of propyne (Ta ble 6), rather than ( , np), ( , nd) or ( , nf), can 
be fur ther con firmed by the fol low ing ex am i na tions. The av -
er age quan tum de fects  = 0.97 and 1.04, re spec tively for the
as signed ( , ns) (A ) and ( , ns) (A") se ries (Ta ble 6), are typ -
i cal for s Rydberg orbitals. Should the Rydberg se ries of ( ,
ns) (A ) be at trib uted to ( , (n-1)p/d/f) or ( , (n+1)p/d/f), the
fit ted  = -0.03 or 1.97 would be quite un ac cept able in a usual
sense. For ( , ns) (A"), a small  = 0.04 would be found, if the
se ries of ( , ns) were as signed to ( , (n-1)f); ( , (n-1)d) is
ruled out due to ~0.3 for the ( , nd) states in this mol e cule as 
shown ear lier. The as sign ment for ( , (n-1)f), how ever, is not
al lowed, be cause the ( , 4s) (A") state would then be re placed 
by a non ex is tent ( , 3f). 

It is in ter est ing to ask whether the ( , ns) (A ) and ( ,
ns) (A") Rydberg se ries con verge to the same IE. As dis -
cussed ear lier, if the propyne cat ion is of Cs sym me try, the ( ,
ns) (A ) and ( , ns) (A") se ries would con verge to dif fer ent
ion iza tion lim its which should ap pear in the ZEKE spec trum
of propyne. Con versely, the two se ries con verge to the same
IE cor re spond ing to the 2E1/2 spin-orbit state of the C3v

propyne cat ion.105 The ZEKE spec trum of propyne ob served
by Matsui et al. in di cates that only the or i gin band, a tran si -
tion from the neu tral ground state to the ionic ground state,
shows up which led them to con clude that the struc ture of the
cat ion is very sim i lar to that of the neu tral.106 The dou blet in
the ZEKE spec trum can be well fit ted by as sum ing a spin-

 orbit con stant of 30 cm-1 for the cat ion and an iden ti cal struc -
ture (C3v) for both the cat ion and the neu tral. In this study, we
found that the ( , 6-9s) (A") se ries con verges to a limit at
83613  9 cm-1, which is slightly lower than 83625  2 cm-1 of 
the ( , 6-13s) (A ) se ries. How ever, both val ues lie within the
band width of the lower spin-orbit dou blet com po nent of the
propyne cat ion ob served in the ZEKE spec trum of
propyne.106 Con se quently, we con clude that the two se ries
con verge to the same IE.

Allyl rad i cal
The ob served 00

0 bands of the (nb, 4-12s) Rydberg se ries 
for allyl-h5 and (nb, 4-10s) for allyl-d5, are listed in Ta ble 7.
As be fore, the term val ues of the ob served (nb, ns) Rydberg
states have been fit ted to the Rydberg for mula of Eq. (2) with
RH = 109735.8601 cm-1 and RD = 109736.0095 cm-1 be ing  the 
Rydberg con stants for allyl-h5 and allyl-d5, re spec tively.
Listed in Ta ble 8 are sev eral fit tings, with var i ous com bi na -
tions of the (nb, ns) Rydberg states, to the Rydberg for mula
for the allyl rad i cal. In all of the fit tings, the quan tum de fects
( 0.92) are close to a typ i cal value (~1.0) for the s Rydberg
orbitals of a hy dro car bon mol e cule.

Allyl-h5

Ne glecting the (nb, 3s) and (nb, 4s) states of allyl-h5 in
the fit ting, the ex trap o lated IE val ues from var i ous sets of
(nb, ns) (n  5) states are well con verged to the range of
65590 65598 cm-1 (Ta ble 8). It is note wor thy that the in clu -
sion of (nb, 4s) state al ways causes very large er ror-bars in
the ex trap o lated IE val ues. If only the (nb, 4s) state is ex -
cluded, IE = 65595  2 cm-1 re sults from the fit ting where
even the low est (nb, 3s) state is in cluded. These out comes in -
di cate that the (nb, 4s) state de vi ates se verely from the
Rydberg for mula and is likely per turbed.

In ad di tion to the mea sure ment un cer tainty in the ex per i -
men tal tran si tion fre quency (es ti mated 5 cm-1), the ex trap o -
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Table 8. Ionization-energy and Quantum-defect Fittings of the (nb, ns) Rydberg Series of Allyl Radical to the Rydberg Formula

Allyl-h5 Allyl-d5

Quantum number
n

Ionization energy
IE (cm-1)

Quantum defect Quantum number
n

Ionization energy
IE (cm-1)

Quantum defect

3-12 65576 32 0.929 0.004 3-10 65505 45 0.924 0.005
4-12 65622 16 0.960 0.006 4-10 65572 23 0.960 0.007

3, 5-12 65595 2 0.927 0.001 3, 5-10 65533 3 0.923 0.001
5-12 65595 2 0.927 0.001 5-10 65533 5 0.923 0.003
6-12 65593 2 0.923 0.003 6-10 65526 5 0.913 0.005
7-12 65594 3 0.926 0.005 7-10 65524 9 0.911 0.014
8-12 65594 4 0.926 0.012



lated IE of allyl-h5 lo cates at 65590 65598 cm-1 for var i ous fit -
tings with (nb, ns) (n  5) Rydberg states (Ta ble 8). For the
sake of cau tion, we ad justed the er ror limit of the ex trap o lated
IE value up wards to in clude all of these un cer tain ties. As a
con se quence, IE = 65594  9 cm-1 for allyl-h5 rad i cal is ob -
tained from the REMPI data. With out rotationally re solved
band- origins, the term val ues for the (nb, ns) Rydberg states,
again, were taken from the tran si tion fre quen cies at HWHM of 
the (nb, ns) 00

0 band-profiles. Judging from the rotationally re -
solved in fra red spec tra of 1 and 13 bands,107,108 and the par -
tially ro ta tion-resolved 1+1 MPI vibronic spec tra of allyl rad i -
cal,93 an en ergy dif fer ence be tween the band-origin and the
point at HWHM of band-profile is es ti mated  7 cm-1, which
should be well cov ered in the quoted er ror limit (  9 cm-1). 

The IE = 65594  9 cm-1 (8.133  0.001 eV) ob tained
from our ex per i ment agrees with those val ues de ter mined
pre vi ously from other meth ods, such as pho to elec tron spec -
tros copy (8.13  0.02 eV109 or 8.15  0.02 eV110) and elec tron
im pact mea sure ment (8.18  0.07 eV).111 In par tic u lar, the
cur rently ob tained IE = 8.133  0.001 eV is very close to the
IE = 8.13  0.02 eV de ter mined by Houle and Beauchamp.109

De spite a rel a tively low res o lu tion, the spec tral pat tern of 7

vi bra tional pro gres sion in the one-photon ab sorp tion pho to -
elec tron spec tra ob served by Houle and Beauchamp,109 with
~420 cm-1 spac ings and an ex po nen tial-decay in ten sity ra tio
along the pro gres sion, is in ex cel lent agree ment with our cal -
cu lated FCF  of allyl-h5 rad i cal (Fig. 13b).

Re cently, an IE value of 65762  5 cm-1 for allyl-h5 rad i -
cal has been ob tained by Gilbert et al. from a 1+1  ZEKE ex -
per i ment,112 where the vi bra tional lev els of the 

~
B A2

1 or 
~
C B2

1

ex cited elec tronic state were taken as in ter me di ates in the
1+1  dou ble-resonance pro cesses. The IE = 65762  5 cm-1,
how ever, is 168 cm-1 blue-shifted to the IE = 65594  9 cm-1

de ter mined from our REMPI data. Ac cord ing to ab in itio cal -
cu la tion,49 the allyl-h5 cat ion is a bent struc ture with CCC =
117.4 . The most soft vi bra tional mode in allyl-h5 cat ion is a
CH2 sym met ric-twisting with 12 ~260 cm-1.49,112  The dif fer -
ence of 168 cm-1 in the IE  be tween REMPI and ZEKE can not
match with any vi bra tional mode of allyl-h5 cat ion. Fur ther
in ves ti ga tion into the dif fer ence be tween these IE val ues is
called for in the fu ture.

Allyl-d5

For allyl-d5, the fit tings to the Rydberg for mula with
var i ous (nb, ns) Rydberg states are also tab u lated in Ta ble 8.
Sim i lar to allyl-h5, the in clu sion of the (nb, 4s) Rydberg state
of allyl-d5 causes large er ror-bars in the IE . As dis cussed in
the pre ced ing sec tion for allyl-h5, ne glect ing the (nb, 3s) and
(nb, 4s) states in the fit ting and tak ing all of the un cer tain ties

into ac count, IE = 65527  16 cm-1 (8.124  0.002 eV) is ob -
tained for allyl-d5 rad i cal.

In our REMPI study, we found that the ob served (nb,
ns) Rydberg se ries of allyl rad i cal have a well con ver gent
trend. The iso to pic shifts in the (nb, 4-10s) 00

0 bands be tween
allyl-h5 and allyl-d5 are quite par al lel (Ta ble 7) with an av er -
age 57  8 cm-1 red-shift by allyl-d5, ex cept the (nb, 3s) (

~
B A2

1) 
state with a 39 cm-1 blue-shift.90-94

5. CON CLU SIONS

We have ob served and cal cu lated the va lence/Rydberg
states of vi nyl chlo ride, propyne, and allyl rad i cal by 2+1
REMPI spec tros copy and the o ret i cal (ab in itio and den sity
func tional) meth ods. In the study of vi nyl chlo ride, we have
been able to iden tify the vibronic tran si tions, es sen tially line
by line, from its first ex cited elec tronic state to the first ion -
iza tion en ergy at 45000-85000 cm-1. For propyne, we have
ob served clear A  and A" dou blet splittings/broadenings in
the ( 4-13s) Rydberg se ries, due to a re duced mo lec u lar
sym me try (from C3v in the ground state to Cs in the s Rydberg
orbitals) and the con tam i na tion of ( *) wavefunction in the 
( ns) Rydberg states. For allyl rad i cals, we have suc cess -
fully ob served and spec tro scop i cally an a lyzed nine (nb,
4-12s) Rydberg states of allyl-h5 and seven (nb, 4-10s) states
of allyl-d5 for the first time.

The ion iza tion en er gies of vi nyl chlo ride, propyne,
allyl-h5 rad i cal and allyl-d5 rad i cal have been de ter mined, re -
spec tively, 80720  6 cm-1 (10.0080  0.0007 eV), 83625  2
cm-1 (10.3682  0.0002 eV), 65594  9 cm-1 (8.133  0.001
eV) and 65527  16 cm-1 (8.124  0.002 eV) from the ex trap -
o la tions of the ob served Rydberg se ries. 
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