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Spin-orbit branching in the photodissociation of HF and DF.
ll. A time-dependent wave packet study of vibrationally
mediated photodissociation
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The vibrationally mediated photodissociation dynamics of HF and DF, followhi§l—X >+
electronic excitation, are examined using time-dependent wave packet techniques. Predictions of the
branching fraction for the formation of excited state fluoriRé?P,,,), are made for a wide range

of excitation energies and for the initial vibrational statesl, 2, and 3. The preceding artidl@ef.

33) discusses the underlying theory and presents results for photodissociation from the ground
vibrational state §=0). The calculated branching fraction for HF photodissociation fromvthe

=3 vibrational state agrees well with the value of 34203 measured experimentally at 193.3 nm

by Zhang et al[J. Chem. Phys104, 7027(1996]. The results are discussed in context with the
corresponding results for HCI and DCI. @000 American Institute of Physics.
[S0021-960600)01629-9

I. INTRODUCTION halogens, F and ClI, the dominant initial transition involves
] o ] ~ excitation from the grounX '3 * state to the repulsiva 11

The photodissociation dynamics qf the hydrogen halidesgi41e21.25.33p5 the spin—orbit interaction increases, initial ex-
HX (X=F, C|272 Br, and ), have 3r2ece|ved a great deal of gitations which are nominally spin-forbidden increase in im-
experimentai** and theoreticdf~ study. One reason for portance. For example, initial excitation to tiq_ o+ state
these extensive investigations is that the hydrogen halidgs;s peen shown to play a minor role in HCI dissocidton
are excellent model systems for photodissociation involvingsnq 3 more important role in HBr dissociatigt?® States
multiple coupled excited states. The preceding art{&ef. designated with the quantum numb@r refer to the fully
33) presents the underlying theory that we use to model theyiapatic(i.e., spin—orbit coupledstates, while those with-
photodissociation dynamics of HF. As illustrated for the casg,yt this label refer to the diabatioeglecting spin—orbit cou-
of HF in Fig. 1 of the preceding artllclci, negl;lectlng spin—orbityjing) states. The fully adiabatic states are properly charac-
cogup+llng, four electronic statesX(%™, A, a*Il, ‘;"”d terized by the() label only; however, as is commonly done,
1°% 2) correlate with the lowest energy asymptote"8)( e retain the casé) labeling which designates the diabatic
+X(“P). One of the most interesting aspects of the photostate with the largest contribution to the fully adiabatic state
dissociation process lies in the fact that the halogen atom caf ihe Franck—Condon regiofsee preceding article for a
be produced in either of its spin—orbit component statesy,qre complete discussipn
X(?P3p) or X(?P1;). Measurement of the relative yields of e VUV absorption spectrum of HF is broad and fea-

the two spin—orbit states and, in some cases, the angulgfreless, indicating a prompt dissociation, and peaks at
distribution of the photofragments, provides information re-5.ound 83000 cit.343° The initial excitation in HF is as-

garding the excited states involved in the initial excitationsigned to theAMT—X 1S+ transition®-3 Following the
and how the photofragment flux is redistributed among theitia| excitation, there can be a redistribution of flux as HF

coupled excited states as the molecule fragments. In the phg-yments to broduce both fluorine spin—orbit components
todissociation of HCF821-27 {4y /-1328295ng H|14-19.32 J P P P

the roles of these two processes EF;VBe been studied in detail HF+hv—H(2S)+F(?Py),)
but little work has been done for HF> The body of work
on HF is limited due to the experimental difficulties of study- —~H(*S) +F(*Pyp). @
ing a molecule which absorbs primarily in the vacuum ultra-ysing the customary nomenclature, the fluorine atom spin—
violet (VUV)**** and which is highly corrosive. orbit states are designated as F ard fbr F(?P5,) and

The relationship between the two processes, initial exci1:(2p1/2), respectively. The relative yield of these two prod-
tation and flux redistribution, involved in the hydrogen ha-ycts is characterized by the photon energy dependent excited
lide photodissociation alters as the halogen atom changegiate # branching fraction
from fluorine to iodine: the spin—orbit coupling increases as
the nuclear charge increases. For the low nuclear charge ()= a* B a* @)

* l
oto Ototal

dCurrent address: Department of Physics and Astronomy, University of Alas — * — ;
bama, Box 870324, Tuscaloosa, Alabama 35487-0324. where c=c(F) ando™=¢(F*) are the cross-sections for
YAuthor to whom correspondence should be addressed. Electronic maiF.he production of ground and excited state fluorine atoms at

Gabriel.Balint-Kurti@bristol.ac.uk a particular photon energy.
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The full adiabatic potential energy curves which corre-TABLE |. Vibrational energy levels for theX 13" ground state of HF.
late with the HES)+ F(ZPJ) asymptotes have been pre- Values are measured from the minimum of the ground state potential energy
P . d iven in cml.
sented in Fig. 4 of Ref. 33. These curves are obtained py C andare given in ¢

diagonalizing the energy matrix containing the diabatic po- vibrational state  Present calculaton  Ref. 38 Ref. 3¢

tential energies plus the spin—orbit coupling petween these 2057.4 2046.69 2046.82
states, see Figs. 1 and 3 of Ref. 33, respectively. It can be 1 6034.1 6005.25 6008.25
seen that the nominall; state correlates adiabatically with 2 9841.1 9784.05 9797.66
ground state fluorine EP5,). Therefore, if there were no 3 13483.7 13383.08  13419.85

red|str|but|oq of flux followmg initial excitation, the exglted *Obtained using the Fourier grid Hamiltonian meth@Ef, 37,

state branching fraction would be zero. However, Wittig anthoptained by fitting experimental data.

co-worker$ have measured a branching fraction of 0.41°btained by simultaneously fitting the HF and DF experimental data.
+0.12 for excitation fromv=0 and 0.42-0.03 for excita-

tion from v =3. These results imply that nonadiabatic transi-

tions occur as the molecule breaks apart. Similar results fdion fromv =0, reported in the preceding article. The theory
HCl have been seen experimentéﬂ@ﬂ and explained used is identical to that of Ref. 3preceding articleand is
theoretically*25 based orab initio calculations. In the com- outlined in Sec. Il of that work. In Sec. Il of this article, our
panion article®® the HF results following excitation from the Predictions for the branching fraction are presented, as a
ground @ =0) vibrational state are explained. function of wavelength, for excitation from the vibrational
While there have been many studies of hydrogen halid§t@t€sv=1, 2, and 3. The frequency dependence of these

photodissociation following excitation from the ground vi- results is discussed in terms of the initial excitation and the
brational state{=0), there have been fewer studies inves-transfer of flux between the excited state potential energy
tigating the role of initial vibrational excitation on the dy- CUrVes: The results for HF and DF are compared and con-

namics and, most importantly, the excited state branchind@Stéd to the corresponding results in HCl and DCI. Finally,
fraction. Measurement of the branching fraction for vibra->0Me Prief conclusions are drawn in Sec. III.

tionally mediated photodissociatid'MP) provides a sensi-

tive probe of the potential energy surfaces and the nonadidl. RESULTS AND DISCUSSION

batic couplings connecting them. The first experiment  pq yiprationally mediated photodissociation dynamics
involving VMP of the hydrogen halides was carried out by o¢ L can pe studied using the previously calculated poten-

thte-l and thtle,_who measured the_ absorptloq CroSS-tia| energy curves and spin—orbit couplifgsin order to
section for_HBr b= 1)_' quever, the_y did not examine any ¢qnfirm that the potential energy curve for the ground elec-
of the detailed dynamics, i.e., the anisotropy parameter or thgoic state is sufficiently accurate, the vibrational wave

spin—orbit branching fraction. Subsequently, more detaileqnctions and energies for the lowest four vibrational states,
studies of the VMP of HBr were carried out experimentsily v=0. 1. 2. and 3. of both HF and DF have been calculated

and theoretically® There have been several calculations ONysing the Fourier grid Hamiltonian methd8The results for
the VMP of HCI?>**but it is only recently that a theoretical e and DE are presented in Tables | and Il, respectively,
study has been combined with experimental results measuUfiong with vibrational energies which have previously been
ing the branching fraction from the vibrational states1, 2,  jetermined by fitting experimental d&fx*° The computed
and 3% While the agreement between theory and experimen{jprational energies agree welhithin 1%) with the experi-
was satisfactory, it was not nearly as good as the agreemefientally fitted results. It may be inferred from this agree-
that was obtained for excitation from=0. Finally, theoret-  ment that the ab initio ground state potential energy curve
ical predictions regarding the use of VMP for controlling the provides a good representation of the true potential.
branching fraction in HI have been made by Chakrabartiand The partial cross-sections, as well as the corresponding
Sathyamurthy”? However, recent experimentS have eycited state spin—orbit branching fractions, have been cal-
shown that these predictions were based upon incorrect pey|ated as a function of photon energy following excitation
tential energy curves and nonadiabatic couplings. from the vibrational states =1, 2, and 3. The results for

For HF, Wittig and co-workersmeasured the branching excitation from thev=0 vibrational state have been pre-
fraction following excitation at 193.3 nm from the=3 vi-

brational state using the H-atom Rydberg time-of-flight tech-

nique. They measured the branching fraction to be 0.4JABLE II. Vibrational energy levels for theX 'S * ground state of DF.
+0.03 as compared to 0.410.12 following excitation at Values are measured from the minimum of the ground state potential energy
+0. 0.4D. : _ d ven in ol

121.6 nm fromv=0. While these results are interesting, gandaregenine

more thorough investigation of the energy dependence of the vibrational state Present calculation  Ref. 39 Ref. 40
branching fraction as a function of the initial vibrational

X . . 0 1493.93 1488.27 1490.30
level can bg carrl_ed _out thgoretlcally, and we hope _that this 1 4410.60 4394.93 4396.97
theoretical investigation will prompt renewed experimental 2 7236.55 7210.09 7212.12
interest. 3 9975.44 9935.67 9937.66

.Thls am(.:le rgports t.he flrSt theoretlcgl StUdy of th.e Spln_aObtained using the Fourier grid Hamiltonian meth@f. 37).
qrb|t branching in the vibrationally mediated photodlssoqla-bomamed by fitting experimental data.
tion of HF and DF and complements our results for excita<‘Obtained by simultaneously fitting the HF and DF experimental data.
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FIG. 1. The partial photodissociation cross-sectidik, (dashed ling 11,
(dotted ling, and33; (dot-dash ling and the F atom branching fraction
(solid line), I'=o(F*)/[o(F*)+ o(F)], as a function of photon energy for
photodissociation out of the=1 vibrational state foa) HF and(b) DF.
The cross-sections are identified by their nominal daséabeling and the

good quantum numbe®.

sented in the preceding pap&iThe results for HFp =1, 2,
and 3, are illustrated in Figs.(d, 2(a), and 3a), respec-
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FIG. 2. The partial photodissociation cross-sectidhk, (dashed ling 11,
(dotted ling, and 33, (dot-dash ling and the F atom branching fraction
(solid line), I'=o(F*)/[o(F*) + o(F)], as a function of photon energy for
photodissociation out of the=2 vibrational state foa) HF and(b) DF.
The cross-sections are identified by their nominal daséabeling and the
good quantum numbeQ®.

for the VMP of HF or DF with which our computed results
may be compared. From examining Figs. 1-3, there are

tively, while Figs. 1b), 2(b), and 3b) show the correspond- clearly several features which are common to the photodis-
ing results for DF photodissociation. The experimentally de-sociation from any vibrational state and for both HF and DF.
The partial cross-sections all exhibit oscillatory behav-

termined branching fraction of Wittig and co-workerfer
the photodissociation of HR/(=3) at 193.3 nm is shown in

ior, where the number of minima is equal to the number of

Fig. 3@. This represents the only experimental data poininodes in the ground state vibrational wave function, i.e., one
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FIG. 3. The partial photodissociation cross-sectidik, (dashed ling 11,
(dotted ling, and33; (dot-dash ling and the F atom branching fraction
(solid ling), I'=o(F*)/[o(F*)+ o(F)], as a function of photon energy for
photodissociation out of the=3 vibrational state foa) HF and(b) DF.
Also, shown is the experimentally measured branching fraction of Wittig

A. Brown and G. G. Balint-Kurti

TABLE lIl. Minima in the partial cross-sections for excitation from particu-
lar initial vibrational states for HF. Energies are given iném

Vibrational state Stafe Emin Ein Emin

1 1, 78123
I, 78 407
53, 78175 e

2 81, 69 203 79881
I, 69 466 80102
53, 69 245 79871

3 1, 61709 70768 80 647
1, 61909 70 947 80 868
%, 61688 70705 80 668

Adentified by nominal casé) labeling and the good quantum numkser

and DCI#? the presence of these nodes has not been experi-
mentally verified. Upon closer inspection, the source of the
minima (and maxima in the spin—orbit branching fractions
is a slight shift in the positions of the minima in the partial
cross-sections. Tables Ill and IV list the frequencies at which
the minima of the partial cross sections occur for HF and DF,
respectively. Clearly, the frequencies at which the production
of F* and F reach minima do not coincide, resulting in the
minima (and maximain the P branching fractions near the
minima of the partial cross-sections. Since two cross-
sections, whose minima do not coincide, are correlated with
F (i.e., 3, and'I1,), the exact positions and depths of the
minima(maxima in the branching fractions are due to subtle
interplay between the positions and magnitudes of the cross-
sections. For example, the minimum in th& partial cross-
section for HF {=1) occurs for a photon energy of 78 175
m . This minimum is located between the minima of the
two partial cross-sections corresponding to F production at
78123 and 78407 cnt. From these cross-sections, the
minimum of the branching fraction occurs at 78 175¢m
while the maximum occurs at 78449 ¢ As has been
shown for HCI?® small changes in the couplings between the
diabatic states can have large effects in the observed branch-
ing fractions in the vicinity of these partial cross-section
minima.

The branching fractions for HF and DF all exhibit a
maximum at low energys<56 000 cm ! (see Figs. 1-8 The
position of the maximum shifts to lower energy as the initial
vibrational state changes from=1 tov =3. The shift in the
overall position of the cross-section to lower energy with

TABLE IV. Minima in the partial cross-sections for excitation from particu-
lar initial vibrational states for DF. Energies are given in¢m

and co-workergRef. 1) at 193.3 nm for HF. The cross-sections are identi-  Vibrational state Stafe Emin Emin Emin
fied by their nominal casés) labeling and the good quantum numiser 3
1 T, 79 809
I, 79967
. ) 79799 -
— — — 1

for v= 1 two for v= 2, and th.ree forv=3. Wh|le' the 2 311, 72701 81571
minima_ in the partla] cros.s-s.ecthn.s are expepted, in agree- i, 72828 81813
ment with the reflection principl& it is not readily apparent 3, 72722 81623
why there are minimgand accompanying maximan the 3 iﬂl 66743 74318 82535
branching fractions near the frequencies where the cross- I 66869 74497 82766

S 66 795 74381 82535

section minima appear. Nodal behavior in the branching

fractions has also been calculated for the VMP of #c}*
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increasing initial vibrational state has two sources: the molvery similar, exhibit comparable behavior in their subsequent
ecule begins with an increased initial energy and the grounghotodissociation, i.e., the branching fractions as functions
state vibrational wave function has substantial amplitude abf photon energy and initial vibrational state are similar. Of
larger internuclear separations where the energy separationore importance, the results which compare DF to HF and
between the ground and excited states is smaller. In additioDCI to HCI show that small mass-effects can have very large
to shifting to lower energy, the height of the branching frac-effects on the subsequent dynamics. So while HF and HCI
tion maximum,I' .., decreases with increasing initial vibra- are electronically similar and the relative reduced masses of
tional state. For HFI" ., goes from 0.449 to 0.437 to 0.425 DF/HF (mpe/mye=1.9032) and DCI/HCI inpe/Myg

as the vibrational state changes frems1 to 2 to 3. Simi- =1.9445) are only different by 2%, these subtle changes
larly for DF, the maximum branching fraction, which is al- show up in large ways in the calculated results. It should be
ways greater than its HF counterpart, changes from 0.529 tpossible to verify the HF and DF results experimentally; ex-
0.524 to 0.518 for the corresponding change in initial vibra-perimental results comparing Hé?*and DCP?° have re-
tional state. While this decrease is interesting to note, @ently become available.

change of this magnitude would be very difficult to detect
experimentally.

The low-energy maximum in the branching fraction is
also seen following excitation from=0 for HF and DF*® A.B. thanks the Natural Sciences and Engineering Re-
For HCI, a similar low-energy maximum is calculated fol- search Council of Canada for the award of a postdoctoral
lowing excitation fromyv=0% and fromv=1, 2, and 3 fellowship. The authors thank Dr. A. J. Orr-Ewing and Dr. P.
However, for DCI, no low-energy maximum is seen for any M. Regan for many interesting discussions about hydrogen
initial vibrational state>*? Examining Figs. 1-3, for both halides. We thank the EPSRC for the provision of funds for
HF and DF, a maximum in the excited state branching fracthe purchase of computational equipment.
tion accompanies each minimum in the branching fraction
(in the vicinity of the minima in the partial cross-sectipns . ) ) »
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