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Photoelectron spectroscopy of CIH 5 and CID : A probe
of the Cl +H, van der Waals well and spin—orbit excited states
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Photoelectron(PE) spectra of CIH and CID, were measured at 299 nn¥.154 eV.
Photodetachment of these anions accesses the prereactive van der Waals well on the ground state
Cl+ H, potential energy surface, as well as the low-lying spin—orbit excited states resulting from the
interaction of Cl and Cl with H,. The PE spectra are dominated by two relatively narrow peaks
corresponding to transitions to the neutrall€) and CF - H, complexes. The energetics and widths

of these features are interpreted in terms of the properties of the anion and neutral potential energy
surfaces. ©2002 American Institute of Physic§DOI: 10.1063/1.1518998

Recent experimental and theoretical studies have showhe van der Waals well in the €H, reactant valley, as
the “simplest CI reaction,® Cl+H,—~HCI+H, exhibits  shown in Fig. 1. Hence, the PE spectrum of Clishould
qualitatively new and complex features that raise fundamengirectly probe the reactant van der Waals well. In addition,
tal issues in our understanding of chemical reaction dynamwe have shown that negative ion photodetachment of rare-
ics. A combined theoretical and experimental study by Skougyas halide complexes such as AfGRef. 19 reveal how the
teriset al2 on the CkHD reaction showed that the presence spin—orbit levels of a free Cl atom are perturbed in the
of a shallow(0.51 kcal/mol van der WaalgvdW) well in the \yeakly bound ArCl open-shell complex. The PE spectrum of
entrance valley was necessary to reproduce the experimenig|iy_ should yield analogous information for the neutral

HCI:DCI product branching ratio as a function of collision CIH, complex, providing some insight into the controversy
energy, providing the first experimental evidence that such fegarding CI reactivity.

well has a measurable effect on a chemical reaction. In ad-

dition, there is considerable controversy regarding the reaGients were performed has been described previdiisly.
tivity of the spin—orbit excited CI(*Py ;) state. Experiments Briefly, negative ions are generated by crossing a pulsed mo-

by Liu® indicate that the CI(“P,,) + H, reaction cross sec- lecular beam of the appropriate gas mixturehit 1 keV

tion is comparable or greater thaF that for {%’Z)Jr Ha, electron beam just downstream of the nozzle. To make, CIH
while multisurface reactive scattering calculations by Alex- - . )
and CID, , a mixture of 50% H or D, in Ar was passed over

anderet al.” predict that the reacgwty of Clis much smaller CCl, en route to the pulsefpiezoelectri¢ valve. The back-
than that of ClI. In this Communication, we report the photo-in ressure was 70 psia. the nozzle diameter was 0.1 mm
electron(PE) spectrum of the CIH and CID, anions, an gp psig, : '

experiment that directly probes the neutral reactant van dearnd the valve was operated at a repetition rate of 20 Hz. The

Waals well as well as the Cl spin—orbit structure in the re_pulsed beam passes through a skimmer into a differentially
actant valley pumped region, and negative ions are extracted from the

The results presented here represent a new application §faM bY pulsed electric fields and injected into a linear re-
anion PE spectroscopy to reaction dynamics. Previously, Wgectron time-of-flight mass spectrometer with a mass resolu-
have used negative ion PE spectroscopy to probe the trand]on M/Am=2000. Mass-selected anions are photodetached
tion state region of several bimolecular reactidnighis &t the spatial focus of the mass spectrometer by a pulsed

“ransition state spectroscopy” experiment requires goodl@Ser at & wavelength of 299 nf4.154 eVj, generated by
Franck—Condon overlap between the anion ground vibraStokes-shifting the fourth harmoni@66 nm) of a Nd:YAG

tional state and the neutral transition state. As an exampld@ser in a high pressure,-Raman cell. PE spectra for CJH
the geometry of the FH anion® which is essentially F ~ were taken am/e=39 to eliminate background frof{Cl

clustered to H, is close to that of the relatively “early” at the same mass dCIH,, while CID, PE spectra were
barrier for the exothermic ¥H, reaction’ The FH, PE  taken atm/e=41. Photoelectrons were collected at the end
spectrurfi then vyields resolved vibrational structure charac-0of a 1 m long, field-free flight tube and energy analyzed by
teristic of the neutral transition state. In contrast, the slightlytime-of-flight; the energy resolution is 8—-10 meV for the
endothermic Ck H, reaction has a much later barrier. Basedspectra shown here. The spectra were taken at a laser polar-
on the rotationally resolved IR spectrum of GlHby ization angle of 0° with respect to the direction of electron
Bieske"'? and electronic structure calculations of the Cldetection; spectra at 90° were similar but much lower in
+H, surface'! photodetachment of ClHshould have poor intensity.

overlap with the transition state but excellent overlap with  Figure 2 shows the PE spectra for Glktop) and CID,

The photoelectron spectrometer on which these experi-
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FIG. 2. Photoelectron spectra of CIHtop) and CID, (bottom) at 299 nm
(4.154 eV. The laser polarization angle was 0°.

and 40 meV, respectively. The onsets of peaks A ahcrk

at essentially the same energy, 3.666 eV, as are the onsets

1 for peaks B and B (3.778 eV). In addition, the maximum

of peak A coincides with a shoulder on the rising edge of

peak A'.

1 The spacings between the maxima of peaks A and B,

0.111 eV, and peaks’Aand B, 0.109 eV, are identical to the

ClI spin—orbit splitting of 0.109 eV within our experimental

. resolution. We therefore assign peaks A and B as transitions

to the neutral CRP5,)-H, and CF(?P,,,)-H, complexes,

respectively, with the same assignments holding for the two

: i . i peaks in the CID PE spectrum. In more detail, the

R?Bim 7.5 85 CI(?P;_3,) will be split by its interaction with the Kinto
P=1/2 (ground and 3/2(excited states, wher® is the pro-

FIG. 1. CIH, equilibrium geometry and ground state wave functitom  jection of J onto the axis between Cl and the lenter-of-

Ref. 14 superimposed on G1H, potential energy surface from Ref. &) mass, while the interaction between*Gind H, results in a

shows a collinear cut through the entrance valley, transition state and exit; _ ; ; ;
valley of this surface, whiléb) shows the reactant van der Waals well. The glngleP 1/2 state. SmPe th.e sepgratlon .Of peaks A ar?d Blis
values of the contour lines on the potential energy surfaces are in kcal/mctO close to the Cl atomic spin—orbit splitting, perturbation of

relative to the Ck H, asymptote. the CI spin—orbit structure at the geometries probed in this
experiment appears to be quite minor. As a result, peaks A
and A" should be composed of transitions to the grodhd
(bottom). The spectra are plotted as a function of electron=1/2 andP = 3/2 states, whereas peaks B arfdaBise solely
binding energy(eBE) given by from transitions to the uppd?=1/2 state.
. The peaks in the PE spectra can arise from transitions to
eBE=hy—ekKE, D the neutral van der Waals wells on the ground and spin—orbit
wherehv=4.154 eV is the photon energy and eKE is theexcited neutral CkH, surfaces, and from transitions to Cl
measured electron kinetic energy. Each spectrum is domiH, continuum states. This partitioning between bound and
nated by two peaks labeled A(Aand B(B) in the CIH, continuum states is determined by the projection of the anion
(CID;) spectrum. The small peaks at 3.613 eV in both specvibrational wavefunction onto the various neutral potential
tra are from CI that is presumably produced by photodisso-energy surfaces. From Bieske's analysis of the infrared spec-
ciation of the cluster followed by photodetachment. Thetrum of CIH, .10 the anion is linear with a vibrationally-
small peak between A and B at 3.75 eV in the €ldpec- averaged distance between Gind the H center-of-mass of
trum is from3CI(H,), at the same mass; this was confirmedR,=3.195 A for the ground vibrational state, and the radial
by measuring the PE spectrum ¥CI(H,), at m/e=41. component of the anion ground state wavefunction for CIH
The maxima of peaks A and B occur at 3.683 and 3.793 e\extends fromR=2.9-3.5A.
respectively, with peak width&WHM) of 26 and 23 meV. Figure Xb) shows the van der Waals well of the ground
Peaks A and B in the CID, spectra are centered at 3.697 state @=1/2) Cl+ H, potential energy surface calculated by
and 3.806 eV, respectively, and have FHWM widths of 52Bian and Wernefthe BW2 surface! The minimum of the
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van der Waals well corresponds to a T-shageg], structure  pared to CIH (0), (110 cm'}, according to Alexander’s

with R,=3.058 A. This value lies well within the range of cajculatior%) combined with the 3:brtho:pararatio in nor-
the anion radial wavefunction. There is a substantial disyg) 1, .

placement off, the angle between the,Haxis and the axis
joining the Cl to the H center-of-mass, from 0° in the anion
equilibrium geometry to 90° at the van der Waals minimum.
However, recent calculations by Alexantfeshow that the
ground state anion wave functiog (R, 6) for CIH, and
CID, are quite delocalized, with substantial amplitude cov-
ering nearly the entire available range @&fthe shaded re-
gions in Fig. 1b) show a contour of)$ (R, 6) for CIH,

The effect of anion nuclear spin populations on the pho-
toelectron spectrum was discussed previously in the context
of FH, %% and similar concepts can be applied to ¢IH
We expect the bend wave functions for neutraltGl in the
Franck—Condon region to be close to the fiee-rotor limit
regardless of the neutral electronic state. The narrow peaks in
the CIH, PE spectrum suggest that photodetachment is

(ortho) for which the amplitude is 15% of the maximum. dominated by a transition to. a single, Hotor state; the
One therefore expects considerable overlap with the largdd2(l =1) and (=3) levels, which would be the lowest rotor
amplitude vibrational wave functions supported by the vdwstates accessible from Cjiio), are separated by 0.050 eV
well. The resolution of the PE spectrometer, however, is in{400 cm %), more than twice the width of peak A or’Alf
sufficient to resolve transitions to the individual vdW vibra- photodetachment from ClXo) and CID; (p) were domi-
tional states. nated by transitions to the,j=0) and 1 rotor levels, re-
Calculations by Aquilanti and co-workéfsindicate that ~ spectively, these transitions would be separated by 60'cm
the excitedP=3/2 andP =1/2 CI+H, surfaces have collin- (7.4 me\}, and would presumably not be resolved in our PE
ear minimum energy geometries with shallow vdW wells spectrometer. The net result is a broadening of all,Cian-
(~5 meV) and R,=3.6 A, with theP=3/2 state having a sitions due to the presence of two nuclear spin species, as
slightly deeper minimum at the collinear geometry than theppposed to only one in CIH.
groundP=1/2 state. As a result, there may be some overlap  The broadening may also have its origins in the excited
with the bound vdW states supported by the two excited statgiate transitions. Biesk&has shown that the effective radial
potentials, but vertical detachm'ent from_ the ani@ R, potential for CII; is deeper than that for CIH, and the
=3.195A) accesses the repulsive wall in both cases. Thig, jia| wave function is shifted toward slightly smaller values
will lead to substantial overlap with continuum wavefunc- f R This results, for example, in a lower value R§ for

tions in the photodetachment transitions to the two excite ID; , 3.159 A versus 3.195 A for CIFf. Photodetachment

states. - )
We are now in a position to consider the features anjof CID, therefore samples more of the repulsive wall and

trends in the PE spectra in more detail, beginning with th ess of the VdW_ well for the neu,tr&?.z 3/2 and 1/2 excited
energetics. The maxima of peaks A antiake shifted toward States, broadening peaks Bnd A" with respect to peaks B
higher eBE from the maxima of atomic Clpeaks by 70 and A. The relative importance of these two possible origins
meV (565 cmY) and 85 meV (685 cnil), respectively, of the differential broadening can be determined in quantum
while the onsets of the two peaks are shifted by 460 tm mechanical simulations of the PE spectra, and these are cur-
from the onsets of the atomic peaks. If there were no interfently being carried out by Alexander and Manolopoulibs.
action between the neutral Cl and kh the FC region, these In addition, planned experiments in which Gltp) is gen-
“solvent shifts” would directly reflect the dissociation en- erated usingara-H, as the expansion gas will directly ad-
ergy Dy of CIH, and CID, , but, as discussed above, theredress the effect of nuclear spin statistics on the PE spectra.
are weak attractive and repulsive interactions on the neutral  Finally, we consider the results obtained here with our
surfaces that complicate this picture somewhat. Nonethelesgrevious PE spectra of |:2H8,16 There are two significant

the solvent shifts of the peak onsets and maxima bracket th@ifferences between the spectra. In the,Fépectra, pertur-
dissociation energie®, of 499, 559, and 488 C"J'. for  pation of the F atomic spin—orbit fine structure by theisi
CID, (ortho), CID, (para), and CIH, (ortho), respectively,  gjgnificant; the spin—orbit excited states were found to be
estimated by Bieske from the effective radial potentials CONgtrongly repulsive in the Franck—Condon region and well-
tsr:ructlgdhxvnr the hellp of tg‘;;‘né%z IR Sszz(j;,lign as well asseparated from the ground state transitions, even though the
he slightly 1arger vaiues, ' » an respec- spin—orbit splitting in F is only about half that of CI. This
tively, obtained in the recent calculation by Alexantf&Fhe difference occurs because the FC region for, Fphotode

5 .

difference of 60 cm’® between the dissociation energies oft h ; | thesF . t i ot hich th
CID, (0) and CID, (p) is very close to energy interval be- achment overlaps theirr, transition state, near which the

tween the CT+D,(j=0) and CI+D,(j=1) dissociation spin—orbit g;(cited states diverge significantly from the
asymptotes for thertho and para species. ground state” _ .

One striking feature of the PE spectra is the noticeably ~ 1he other important difference is that the FHground
broader peaks in the CIDspectrum compared to CJH state spectrum is composed of partially resolved progressions
This may result in part from differing 5D, nuclear spin in what are essentially fHnearly free-rotor levels, the enve-
populations in CIH versus CI . Bieske observed infrared lope of which covers almost 0.2 eV, i.e., an order of magni-
transitions originating from both CIXo) and CID, (p), tude broader than peak A in the GlHspectrum, regardless
while only transitions from CIH (0) were seen. The absence of whetherpara- or normatH, was used. These progressions
of CIH, (p) was attributed to its considerably loweg com-  resulted from a change of geometry between the linear FH
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anion and bent Fiitransition state, for which thE—H-H This research is supported by the Air Force Office of
ang|e is 119°. In contrast, peak A in the ('Z‘]H;hows no Scientific Research under Grant No. F49620-00-1-0245. The
evidence for an analogous hindered rotor progression, evedthors thank Millard Alexander and Evan Bieske for in-
though there is a larger change in angle between the anioHghtful discussions.
and vdW minimum. This somewhat surprising result may | _ _ . _
reflect the more delocalized bend wavefunction in CIH zg'éﬁgu'?e'ﬂ' BDaILécaMn;nLdloC;:)rﬁg?r\?\t/ asl," gf;”cf? V%/irlr?e(rlgl?aﬁ L
compared to FHl, resulting in part from the considerably  ,nq k. Liu, Sciences6 1713(1999. o R
higher dissociation energy of 0.20 eV for EI.—P A more 3F. Dong, S. H. Lee, and K. Liu, J. Chem. Phy45 1197(2002.
quantitative assessment of this effect will require full quan- ;‘“Dﬂ |\F/|| ';*\I"Zﬁi:‘;riﬂ F?H 2a%ehcg;i' g‘g‘r’n 'g 37-8’\(’%%%“ Sciez@@ 715(2002.
tum mechanical simulation of the CIHPE spectrum; these 6J..A. Nichols, R.’A. Ii/e.ndall, S.. J. Colé, and J. Si.mons, J. Phys. CBem.
calculations are currently in progress. 1074(1997).

In summary, the C“Zq and C|[Z PE Spectra presented ;K. Stark and H. J. Werner, J. Chem. Ph$64, 6515(1996.
here represent the first experimental probe of the- g} E)'HE" E':’r']%”g'f’,f’f“,LOESL;rréritasrlgi’e':g'zvﬁg';{’l%:&w Arnold, S. E. Brad-
prereactive van der Waals region and of the low-lying Cl °p._ A wild, R. L. Wilson, P. S. Weiser, and E. J. Bieske, J. Chem. Phys.
+H, spin—orbit excited states, thus providing new informa—lolla 10154(2000. .
tion on two key aspects of the €H, reaction dynamics. 1Dlé°\8\£\2|?20l=(’n)8 Weiser, E. J. Bieske, and A. Zehnacker, J. Chem. Phys.
The work described here represents the first step in the spedy s gian and H. J. Werner, J. Chem. Phys2, 220(2000.
troscopic characterization of the potential energy surfaces GfT. Lenzer, I. Yourshaw, M. R. Furlanetto, G. Reiser, and D. M. Neumark,
this benchmark reaction. Planned future experimental direcl-sé- f(he”g F;W;llq 95;%19?9-' JboM N 1. Chem. Ph
tions include(a) measuring the photoelectron spectrum of 75/ ;zzé(lég;;.mn’ - . fayloh, and L. M. Neumark, . Lhem. Fhys.
Cl"Hy(para), by usingpara-H, as the expansion gas, and 14\, H. Alexander, J. Chem. Phy&submitted.
(b) performing zero electron kinetic energy spectroscopy ex2®V. Aquilanti, S. Cavelli, F. Pirani, A. Volpi, and D. Cappelletti, J. Phys.
periments on CIEI which should resolve any low-frequency mgh(émé:\aﬁ?(?rt?%l(\IZVOOA]r)ﬁoId D. M. Neumark, and D. E. Manolopoulos
van der Waals progressions that are contributing to the peaks;” chem. physog, 6345(1993. ’ o potios:

in the photoelectron spectra. 7M. H. Alexander and D. E. Manolopouldprivate communication
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