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The photoelectron spectra of the ions BrHI~ , CIHI ~, and FHI ~, along with their deuterated
counterparts, are presented. These spectra provide information on the transition state region of
the potential energy surfaces describing the exothermic neutral reactions

X + HI-HX + I(X = Br, CJ, F). Vibrational structure is observed in the BrHI~ and

CIHI ~ spectra that corresponds to hydrogen atom motion in the dissociating neutral complex.
Transitions to electronically excited potential energy surfaces that correlate to

HX + I(®P,,,,%P, ;) products are also observed. A one-dimensional analysis is used to
understand the appearance of each spectrum. The BrHI ~ spectrum is compared to a two-
dimensional simulation performed using time-dependent wave packet propagation on a model

Br -+ HI potential energy surface.

I. INTRODUCTION

We have recently shown that negative ion photodetach-
ment can be used to investigate the transition state region of
a neutral bimolecular reaction.'™ In our experiments, the
spectroscopy and dissociation dynamics of the short-lived
[AHB] complex formed during the hydrogen transfer reac-
tion A + HB—HA + B are studied via photoelectron spec-
troscopy of the stable, hydrogen-bonded anion AHB™.
Thus far, results have been reported for the symmetric hy-
drogen transfer reactions Cl+ HCL' I+ HI?> and
Br + HBr® which were investigated by photodetaching the
negative ions CIHCI ~, IHI~, and BrHBr —, respectively.
The photoelectron spectra of these ions show resolved vibra-
tional progressions assigned to the unstable neutral complex
associated with the corresponding bimolecular reaction.
Our analysis as well as simulations of these spectra by other
investigators*® has shown that this vibrational structure
provides a sensitive probe of the neutral potential energy
surface near the transition state.

This paper describes the application of our method to
asymmetric hydrogen transfer reactions. We have studied
the entire series of reactions X + HY - HX + Y, where X
and Y are dissimilar halogen atoms, via photoelectron spec-
troscopy of the asymmetric bihalide ions XHY ~ . In the
same fashion, we have also conducted experiments on the
polyatomic reactions F + CH,;OH-HF + CH,0 and
F + C,H;OH - HF + C,H;0.” Results are presented here
for the triatomic reactions Br+ HI-HBr +1,
Cl + Hl-HCl + 1, and F + HI-HF + I. The remaining
XHY ~ spectra and the ROHF ~ results will be discussed in
a future article. In each case, the photoelectron spectrum of
the precursor negative ion yields resolved vibrational and/or
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electronic structure associated with the unstable neutral
complex formed by photodetachment.

In contrast to the symmetric hydrogen transfer reac-
tions, a vast body of experimental results exists concerning
the kinetics and product state distributions for the asymmet-
ric reactions.® Experimental studies of the triatomic
X + HY reactions date back to the dawn of chemical reac-
tion dynamics. This work has inspired the construction of
model potential energy surfaces for these reactions which
attempt to reproduce and explain the experimental results,
using either classical trajectory™'® or quantum scattering'!
calculations. These model surfaces have provided the foun-
dation of many fundamental ideas in our understanding of
the relationship between the features of a potential energy
surface and the experimentally measurable asymptotic prop-
erties of a chemical reaction. Our experiment provides a di-
rect test of the validity of these proposed model X + HY
surfaces. Using such a surface, one can, in principle, simu-
late the XHY ~ photoelectron spectrum and compare the
simulation to our experimental result.

The methods of analysis which have been developed to
simulate the vibrational structure seen in the XHX ~ photo-
electron spectra®® can also be applied to the XHY ~ photo-
electron spectra. These methods all involve calculating the
Franck—Condon overlap between the initial vibrational level
of the ion and the set of scattering wave functions supported
by the neutral potential energy surface. A one-dimensional
analysis, in which the scattering coordinate is ignored, can
approximately predict the spacing and integrated intensities
of the peaks in each vibrational progression. This type of
analysis is applied to the spectra presented in this paper as a
first step in understanding our results.

In addition to probing the ground electronic potential
energy surfaces of the X 4+ HY reactions, photodetachment
of XHY ~ anions can access electronically excited reactive
surfaces. These excited states of the neutral complex are in
most cases quite distinct in the spectra presented here and
provide information on an aspect of these reactions largely
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inaccessible to scattering-based experiments. The electronic
features in our spectra provide a more quantitative founda-
tion for the electronic correlation diagrams proposed for
these reactions!>!* and are discussed at length.

Finally, the BrHI ~ photoelectron spectrum is simulat-
ed using time-dependent wave packet propagation in two
dimensions. This approach simulates peak profiles and
widths as well as peak separations, thus testing more strin-
gently the accuracy of the potential surface used in this simu-
lation, but differs from the time-independent treatments
mentioned above in that the scattering wave functions are
never calculated. The use and implementation of a time de-
pendent formalism to describe spectral profiles due to a re-
pulsive state draws on the ideas of Heller'* and Kosloff.!?
The time-dependent approach provides considerable insight
into the experimental results and makes more concrete the
relationship between our experimental spectra and the short
time dynamics initiated on the neutral reaction surface.

The systems chosen here illustrate both the promise and
limitations of negative ion photodetachment as a probe of
the neutral transition state region. The main concern is that
the ion geometry must be similar to that of the neutral transi-
tion state. For symmetric X + HX reactions, the precursor
ion XHX ~ is most likely linear and centrosymmetric'®!”;
the only issue is how close the equilibrium interhalogen dis-
tancein the ion is to the saddle point geometry on the neutral
surface. For an asymmetric X + HY reaction, an additional
factor is the location of the hydrogen atom in XHY ~ . This s
largely determined by the proton affinities of X~ and Y .
In a related experiment, Brauman and co-workers observed
substantial differences in the total photodetachment cross
sections for the series of ions ROHF~ depending on
whether the F~ or RO ~ proton affinity is higher.'® IfRO -
has the higher proton affinity, then photodetachment of the
ion primarily accesses the F + ROH entrance valley on the
neutral reactive surface, whereas if the proton affinity of F ~
is higher, the ion is more accurately pictured as (RO~ )HF
and photodetachment accesses the RO + HF exit valley of
the surface. We shall see that these considerations have a
profound effect on our experiment.

Il. EXPERIMENTAL

The experiments were performed on a negative ion time-
of-flight photoelectron spectrometer which has been de-
scribed in detail previously.>!° Briefly, an internally cold,
mass-selected negative ion beam is photodetached with a
pulsed fixed-frequency laser. A small fraction of the ejected
photoelectrons is collected and the electron kinetic energy
distribution is analyzed by time of flight. The ion beam,
based on the design of Lineberger and co-workers,” is gen-
erated by expanding an appropriate mixture of neutral gases
through a pulsed molecular beam valve and crossing the mo-
lecular beam with a 1 keV electron beam just outside the
valve orifice. Negative ions are formed through a variety of
dissociative attachment and clustering processes in the con-
tinuum flow region of the free-jet expansion and their inter-
nal degrees of freedom are cooled as the expansion pro-
gresses. BrHI ~ and CIHI ~ were generated from a 5% HBr
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(HC1)/1% H1/Ar mixture and FHI - was made froma 1%
HF/1% HI/Ar mixture. Similar mixtures were used to
make the ions BrDI~, CIDI-, and FDI .

Several centimeters downstream from the beam valve,
the negative ions in the molecular beam are extracted at 90°
and injected into a time-of-flight mass spectrometer.?! The
ions are accelerated to 1 keV and spatially separate into
bunches according to their masses as they pass through the
mass spectrometer. The pulsed photodetachment laser
crosses the ion beam at the spatial focus of the mass
spectrometer, 140 cm downstream from the extraction re-
gion. Mass selection of the ions to be photodetached is
achieved by timing the laser pulse to intersect the ion bunch
of the desired mass. In the results presented here, either the
fourth (266 nm, 4.66 e¢V) or fifth harmonic (213 nm, 5.83
eV) of a Nd:YAG laser was used for photodetachment. A
small fraction (0.01%) of the photoelectrons produced are
detected by a 40 mm diameter dual microchannel plate de-
tector 100 cm from the laser/ion beam interaction region.
The electron time-of-flight distribution is recorded with a
200 MHz transient digitizer. In all experiments reported
here, the laser beam was plane polarized perpendicular to
the direction of electron collection. The resolution of the
spectrometer is 8 meV for 0.65 eV electrons and degrades as
E 7 at higher electron kinetic energies.

llil. RESULTS

The BrHI~ and BrDI~ photoelectron spectra-at 213
nm are shown in Fig. 1. Each spectrum shows two progres-

I BrHI = |
E | A* B 213 rm i
L. * -
2 | | -
& c c .
£ |
e T Y ]

0 1.0 2.0 3.0

INTENSITY

n . N L | A
0 1.0
ELECTRON KINETIC ENERGY (eV)

2.0 3.0

FIG. 1. The photoelectron spectra of BrHI~ and BrDI ~ recorded at 213
nm. Arrows at 2.07, 1.36, and 1.12 eV represent asymptotes for dissociation
into I1(*P;,) + HBr(v=0), Br(°*P,,,) + HI(v=0), and I(*P,,)
+ HBr(v = 0), respectively.
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sions of approximately evenly spaced peaks. The peak posi-
tions are listed in Table I(a). The peaks labeled 4 and A4 *
occur at the same electron kinetic energy in both spectra and
are taken to be band origins of the progressions. The peak
spacing within each progression in Fig. 1is noticeably less in
the BrDI~ spectrum than in the BrHI ~ spectrum. The di-
rection of this isotope shift shows we are observing progres-
sions in the neutral [BrHI] complex in a vibrational mode
primarily involving H atom motion. This is assigned to the
v, stretching mode of the [ BrHI} complex. The 4-4 * sepa-
ration in each spectrum is 0.90 + 0.02 eV (7300 + 200
cm ™ ). This is slightly less than the spin-orbit splitting in
atomic I (7600 cm~') and suggests that the two progres-

sions with band origins A and 4 * correspond to two elec-
tronic states of the [BrHI] complex which asymptotically
correlate to HBr + I(*P,,,) and HBr + I*(?P,, ), respec-
tively.

The peak widths in the progression at higher electron
kinetic energy are ~ 170 meV, somewhat wider than the
peaks in the second progression ( ~ 140 meV). All the peaks
are substantially broader than our experimental resolution.
Figure 2, the photoelectron spectrum of BrHI ~ at 266 nm,
shows only the first two peaks (A and B), where their elec-
tron kinetic energies are 1.165 eV lower than in Fig. 1. Thus,
for these peaks, the energy resolution of the spectrometer is
considerably higher (8 me V compared to 37 meV). While

TABLEI. Experimental results for photoelectron spectra of (a) BrHI - and BrDI—, (b) CIHI~ and CIDI -,

and (¢) FHI™ and FDI - . (All energies in eV.)

eKE* FWHM" eKE* FWHM" Spacing in
(a) 213 nm 213nm 266 nm 266 nm Spacing HBr/DBr*
BrHI-
A 1.970 (17) 0.175 0.783 (4) 0.170
0.313 (5)¢ 0.317 (0-1)
B 1.658 (13) 0.170 0.470 (3) 0.165
0.268 (18) 0.306 (1-2)
C  1.3%0(10) 0.160
A* 1071 (7) 0.155
0.292 (9) 0.317 (0-1)
B* 0779 (5 0.140
0.234 (10) 0.306 (1-2)
C* 0545(8) ~0.120
A— A * spacing is 0.899 1 0.019 eV; iodine atom spin—orbit splitting is 0.943 eV
BrDI-
A 1.980 (17) 0.185
0.240 (22) 0.228 (0-1)
B 1740 (14) 0.170
0.203 (18) 0.222 (1-2)
C 1537 (11) 0.160
0.193 (19) 0.216 (2-3)
D 1344 (15) ~0.160
A*  1.068 (9) 0.180
0.226 (15) 0.228 (0-1)
B* 0842 (11) 0.170
0.192 (17) 0.222 (1-2)
C* 0650(13) ~0.150
0.170 (20) 0.216 (2-3)
D* 0480 (15) ~0.170
A— A * spacing is 0.912 4+ 0.020 eV
eKE* FWHM" eKE** FWHM"* Spacing in
(b) 213 nm 213 nm 266 nm 266 nm Spacing HCl/DCF
CIHHI~
4 207017) 0.230 0.900 (5) 0.220
0.380 (6)¢ 0.358 (0-1)
B 1.678 (13) 0.220 0.520 (3) 0.220
0.323 (18) 0.345 (1-2)
C  1355(13) ~0.210
A* 1133 (10) 0.185
0.358 (17) 0.358 (0-1)

B* 0.775(13) ~0.180
A— A * spacing is 0.937 4+ 0.020 eV
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Table I (continued).
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eKE* FWHM" eKE** FWHM"* Spacing in
(b) 213 nm 213 nm 266 nm 266 nm Spacing HCl/DCI°
CIDI-
A 2.079 (17) 0.205 0.900 (5) 0.190
0.279 (7)¢ 0.259 (0-1)
B 1.797 (14) 0.190 0.621 (4) 0.175
0.258 (19) 0.252 (1-2)
C 1.539 (13) ~0.175
A* 1.148 (8) 0.175
0.278 (14) 0.259 (0-1)
B* 0.870(11) 0.175
0.235(17) 0.252 (1-2)
C* 0.635(13) ~0.170
A—A* spacing is 0.931 1 0.019 eV
eKE* FWHM® eKE* FWHM"
(¢) 213 nm 213 nm 266 nm 266 nm Spacing
FHI-
X 2.143 (19) 0.100
0.151 (25)
Y 1.992 (17) 0.130
' 0.894 (19)
V4 1.098 (7) 0.115
FDI-
X 2.143 (19) 0.100 0.966 (5) 0.070
0.154 (7)°
1.992 (17) 0.130 0.812 (4) 0.110
0.894 (19)
V4 1.098 (7) 0.115

2 Electron kinetic energies (¢KE) at each peak center found by fitting peaks to a set of Gaussians. Uncertain-

ties, in parentheses, are approximate.

bUncertainties in widths are approximately 0.005 eV, except where indicated.
©Spacings between vibrational levels indicated in parentheses; source Ref. 39.

9 A-B spacing from 266 nm data.
266 nm spectra not shown.
f X-Y spacings from 266 nm data.

the positions of these peak centers can be determined more
precisely from Fig. 2, the appearance of this region of the
spectrum is essentially unchanged from Fig. 1; no additional
structure is observed at higher resolution. The 266 nm data
are also tabulated in Table I(a).
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FIG. 2. The photoelectron spectrum of BrHI ~ recorded at 266 nm.

The exothermicity of the Br 4 HI reaction and relevant
energetic quantities for the BrHI~ anion are tabulated in
Table II, as are the same quantities for the other systems
studied here. In Fig. 1, the arrow at 2.07 eV shows the elec-
tron kinetic energy that would result from forming
I + HBr(v = 0), which is the lowest energy asymptotic de-
cay channel available to the [ BrHI] complex. This energy is
given by E = hv — D, (BrHI~) — EA(I). Here Av is the
photon energy, D, (BrHI ) = 0.70 4 0.04 eV is the disso-
ciation energy of BrHI~ to form I~ + HBr(v = 0),%* and
EA(I) = 3.059 eV is the electron affinity of 1.>* The elec-
tron energy corresponding to the higher energy
Br + HI(v = 0) asymptote is also indicated with the arrow
at 1.36 eV. All of the peaks in Fig. 1 occur at electron kinetic
energies Jower than 2.07 eV and therefore correspond to
states of the [BrHI] complex that are unstable with respect
to dissociation to I + HBr(v = 0). Recall that peaks at low-
er electron kinetic energy correspond to higher internal en-
ergy levels of the neutral species.

As discussed in previous work,* the v; mode in the com-
plex formed in a heavy + light-heavy reaction is essentially
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TABLE II. Available data for the anions and neutral reactions described in this work.

Anion BrHI~ BrDI- CIHI- CIDI - FHI - FDI-
AH Sy, (eV)*® 0.70 0.62 0.65°

vy(cm~')¢ 920 728¢ 15607 1219¢ 2955° 2225¢
E.B.E. (eV)f 3.88 3.85 3.76 3.76 3.68 3.70
Neutral

reaction Br + HI Br + DI Cl + HI Cl + DI F + HI F+ DI
AHS(eV)® 0.704 0.710 1.379 1.390 2.815 2.843

* Hydrogen bond cleavage enthalpy, i.e., the enthalpy change for the reaction XH--I- - XH + I~ at 300K,
from Ref. 22. This value is used, in the absence of other data, for D, (XH- -1~ ) in the text.

®Estimated. See Ref. 24 for details.

¢ Fundamental frequency for the type I hydrogen stretching vibration, measured for ion prepared in an argon
matrix. See text for discussion of choice of frequencies.

9 Reference 29.

¢Reference 30.

f Approximate electron binding energy. This is estimated from center of 0-0 peak in photoelectron spectrum
(this work).

& Reaction exothermicity: AH3 = D (HX) — DS (HI). Data from Ref. 36.

a bound degree of freedom; it is poorly coupled to the disso-
ciation coordinate of the complex. This is why a progression

tional spacings. In fact, the 4—Binterval is just slightly larger
than the diatomic 0-1 interval in both hydride and deuter-

in the v; mode can be observed in the BrtHI ~ photoelectron
spectrum. The v; progressions and multiple electronic states
inthe BrHI ~ and BrDI ~ spectra were also seen in the sym-
metric XHX ~ photoelectron spectra. An important differ-

ide.

The FHI~ and FDI~ spectra at 213 nm are shown in
Fig. 4. The peak positions are listed in Table I(c). The two
spectra are essentially identical. Each spectrum shows three

ence between the symmetric and asymmetric systems be-
comes apparent, however, when the peak separations are
compared to the asymptotic HBr and DBr vibrational ener-
gy level spacings [refer to TableI(a)]. In the BrHBr ~ spec-
trum, the peak separation was nearly 1000cm ™' (0.13 eV) s
less than the HBr spacings. Much smaller shifts are seen in -
the BrHI~ and BrDI ~ spectra. Table I(a) shows that for i
the ground state progressions of both [BrHI] and [BrDI],
the separation between peaks A and B is essentially equal to
the v = 0— v = 1 spacing in HBr and DBr. However, the B—
C separation in both spectra, and the C-D separation for the
BrDI - spectrum, are smaller than the corresponding 1-2
and 2-3 vibrational spacings in the isolated diatomic. In the 5
excited state progressions, a somewhat larger shift of the v, -
level spacing is observed. 0.0
The CIHI~ and CIDI ~ spectra at 213 nm are shown in
Fig. 3. A comparison of the two spectra indicates that each !
consists of two vibrational progressions separated by -
0.93540.020 eV (75404160 cm~!'). As in the -
BrHI ~ /BrDI ~ spectra, the two progressions are attributed
to different electronic states of [CIHI], and once again all
peaks correspond to states of the [CIHI] complex that are
unstable with respect to dissociation into I
+ HCl(v = 0).2>® The most noticeable difference between
the spectra in Fig. 1. and Fig. 3 is that the intensity of transi-
tions to higher v, levels of the neutral complex fall of more - .
rapidly in the CIHI- and CIDI~ spectra than in 0.0 1.0 2.0 3.0

BrHI- /BrDI~ . The peak positions and widths are listed in ELECTRON KINETIC ENERGY (ev)
Table I(b). In comparison to the BrHI -~ and BrDI~ spec-

tra the peak separations in CIHI ~ .a“d CIDI~ SPCCtr? ar€  FIG. 3. The photoelectron spectra of CIHI - and CIDI~ recorded at 213
somewhat closer to the corresponding HCl and DCl vibra-  nm. '
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FIG. 4. The photoelectron spectra of FHI ~ and FDI - recorded at 213 nm.

peaks of comparable intensity. The splitting between the two
highest energy peaks (labeled X and Y) is shown to better
resolution in Fig. 5, the photoelectron spectrum of FDI ~ at
266 nm. This splitting is 0.154 4+ 0.007 eV (1240 + 60
cm ! ). The large uncertainty in the dissociation energy** of
FHI ~ does not allow us to say whether or not the state that
corresponds to peak X is stable with respect to dissociation
into I + HF (v = 0) The separation between peaks X and Z
is 1.045 4 0.020 eV (8430 4+ 160 cm '), which is larger
than the separation between the two progressions in either
the BrHI- or CIHI~ spectrum. In contrast to the
BrHI- /BrDI~ and CIHI~ /CIDI~ spectra, no isotope
shifts are observed. This implies that the two closely spaced
peaks, X and Y, do not represent a vibrational progression
and that all the structure in the spectrum is due to different
electronic states of the [FHI]} complex. We will show that
this can be understood in terms of perturbations of the I
atom electronic states by a neighboring HF molecule.

IV. ANALYSIS AND DISCUSSION
A. Preliminary considerations

As a prelude to understanding the peak positions and
intensities in the XHY ~ photoelectron spectra, one must
consider what region of the X 4+ HY potential energy sur-
face is probed when the ion is photodetached. Within the
framework of the Franck—Condon approximation, this de-
pends solely on the geometry of the ion. The available experi-
mental'® and theoretical'’ evidence indicates that the biha-

lide ions are linear. However, while ab initio calculations on

FDI
266 nm |

INTENSITY

20
ELECTRON KINETIC ENERGY (eV)

FIG. 5. The photoelectron spectrum of FDI~ recorded at 266 nm.

FHCI~ have yielded both structural information®® and vi-
brational frequencies,”® there are no examples for which the
equilibrium interhalogen distance and location of the hydro-
gen atom in an asymmetric XHY ~ ion have been experi-
mentally determined. One can estimate the location of the
hydrogen atom in XHY ~ from the proton affinities of X ~
and Y ~ . The zero-order structure of an asymmetric anion
can be written as XH:-Y~ or X~ :-HY depending on
whether the proton affinity of X~ or Y~ is higher. The
proton affinities of F~, C1~, and Br~ are 2.47, 0.82, and
0.40 eV higher, respectively, than the proton affinity of
I~ .27 One therefore expects BrHI ~ to look like I~ - -HBr,
with the hydrogen atom considerably closer to the Br than to
the I atom. This asymmetry should become progressively
more pronounced in CIHI ~ and FHI .

To understand the effects of the interhalogen distance
and H atom location in XHY ~ on the photoelectron spec-
trum, the potential energy surface for the neutral reaction
must be considered. Figure 6 shows?® a collinear section of
the London—Eyring—Polanyi-Sato (LEPS) functional form
proposed for the Br + HI reaction by Broida and Persky
(hereafter referred to as the BP surface).'” The three-di-
mensional surface has a collinear minimum energy path and
a 0.21 kcal/mol barrier in the Br + HI entrance valley. The
surface is plotted using the mass-weighted coordinates de-
fined in the figure caption. The acute skew angle and low
entrance channel barrier in Fig. 6 are characteristic of all
X + HY reactions.

The region of the surface in Fig. 6 that has the best
Franck—Condon overlap with BrHI ~ is in the neighbor-
hood of the equilibrium geometry of the ion. In the figure,
this geometry is given by the intersection of the dashed verti-
cal line corresponding to the equilibrium interhalogen dis-
tance in the ion [R, (IBr)] and the dashed horizontal line
corresponding to the location of the H atom [R, (HBr)].
The values for R, (IBr) and R, (HBr) used in the figure are
obtained from the one dimensional fit discussed in Sec. IV B.
For the general X + HY case, if R, (XY) is sufficiently
small in XHY —, the corresponding vertical line in Fig. 6 will
pass through or near the barrier. Qur experiment can then
probe the transition state region on the X + HY surface,
where the vibrational and/or electronic properties of the
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2[R, — R, (HBr) ] = (#yup./ fuse ) *Ry g, ~TOR, g, ¥ = Ry g, Here R, and R, (HBr) are the position of the I atom and the

HBr center-of-mass, respectively, and i, signifies the reduced mass of system 4-B. The skew angle §is given by tan 0 = (my M /mp m,) 172 which for this
system is 8.2°, noting that M = m; + my + my,. Contours are plotted at 0.161, 0.461, 0.761, 1.061, 1.361, 1.661, and 1.961 eV with respect to the I + HBr
asymptote. The assumed anion equilibrium geometry is marked by the intersection of the dashed vertical and horizontal lines, at x, = 27. 1landy, = 1.554,

and the saddle point is markec with 1.

[XHY] complex are distinct from separated reactants or
products. On the other hand, R, (HX) in the ion determines
whether photodetachment primarily accesses the X + HY
reactant valley or the Y + HX product valley.

In the case of BrHI —, since the ion can be pictured as

~ --HBr, better overlap with the I + HBr product valley
rather than the reactant valley is expected. The most intense
peaks seen in the experimental spectrum lie well below the
asymptote for Br + HI(v = 0) confirming that the experi-
ment accesses the product valley. However, the observation
of a red shift in the v, spacings of the [ BrHI] and [BrDI]
complexes, compared to the vibrational level spacings in
HBr and DBr, suggests that R, (IBr) in BrHI ~ is sufficient-
ly small that the transition state region of the Br + HI sur-
face is accessed via photodetachment.

Similar considerations apply to the CIHI~ and FHI -
photoelectron spectra. The potential energy surfaces for the
Cl + HI and F + HI reactions should resemble the surface
in Fig. 6, although earlier barriers might be expected due to
the higher exothermicity of these reactions. However, the
expected location of the Hatom in CIHI ~ and FHI~ means
that photodetachment should result in progressively greater
overlap with the I + HX product valley. This effect will be
discussed in more detail below.

B. One-dimensional analysis of XHY~ spectra

In this section, the peak positions and intensities of the
ground state vibrational progressions in the three XHY ~
(and XDY ~ ) photoelectron spectra are analyzed using a
one-dimensional model similar to that used in the analysis of
the BrHBr~ spectrum.’ The BrHI -~ and BrDI~ spectra
are simulated using this model, which then serves as a frame-
work for discussing the CIHI~ and FHI~ spectra. In addi-
tion to explaining the observed spectra, the analysis yields an
approximate equilibrium geometry for BrHI ~ which will be
used in the time-dependent analysis in Sec. IV D.

1. BrHI- and BrDI-’

In order to simulate the peak positions and intensities in
the BrHI ~ and BrDI~ photoelectron spectra, we need to
calculate the Franck—Condon overlap between the v; =0
level of the ion and the v, levels supported by the neutral
potential energy surface. We assume the ions prepared in our
experiment are in their vibrational ground states. This analy-
sis requires approximate potential energy surfaces for
BrHI -~ and the Br + HI reaction. We will use the BP sur-
face, shown in Fig. 6, for the Br + HI reaction. The develop-
ment of a model v, potential for BrHI~ will now be dis-
cussed.

In our earlier analysis of the symmetric XHX ~ spectra,
we assumed a harmonic potential for the v, vibration of the
ion. This is likely to be a poor approximation for an asym-
metric XHY ~ ion. In an ab initio study on FHCI ~, Sanni-
grahi and Peyerimhoff ° calculated the potential energy
curves governing H atom motion for several fixed interhalo-
gen distances. At the equilibrium F-Cl distance, they found
a highly asymmetric, single minimum potential. Based on
the FHCI~ calculation, the analogous potential energy
curve for BrHI ~ is expected to look like the solid curve in
Fig. 7. For the purposes of calculating the v, = 0 wave func-
tion which is localized near the minimum, this curve can be
approximated by the Morse potential,
U(RH—Br ) = -De ( 1- exp{ - ﬁ [RH—Br - Re (HBI‘) ]})2,

(1)

shown by the dashed curve in Fig. 7. We use Eq. (1) asthe v,
stretching potential for BrHI ~ . The v; coordinate is Ry g, ,
and pyg, is the appropriate reduced mass for determining
the vibrational energy levels and wave functions. Here
R, (HBr) is the H-Br separation at the minimum of the po-
tential; its determination is described below.

The parameters D, and S in Eq. (1) are fixed using the
matrix isolation values for the v; fundamental in BrHI~
and BrDI~ (Ref. 29). The choice of these values merits
some discussion. Matrix studies by Ault and co-workers
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FIG. 7. Potential along hydrogen stretching coordinate (v;) in BrHI~
anion: expected form (solid) based on ab initio potential for FHC1~ (Ref.
25) and the Morse potential (dashed) used to model this. The lowest vibra-
tional eigenstate of the model potential is also shown. Morse parameters are
D, =0283eVandf=3243 A-".

yielded two frequencies assignable to the v; mode for each
asymmetric XHY ~ ion.?** This was attributed to the exis-
tence of two forms of the ion in a matrix: a highly asymmet-
ric structure (type I) with a relatively high v; frequency,
and a more symmetric structure (type II) with a consider-
ably lower frequency. For FHC1 ™, the v; fundamental is
2491 cm ~! for the type I structure and 933 cm ™! for the
type II structure.*® The high degree of asymmetry in Peyer-
imhofPs potential”® and a recently calculated value by
Botschwina®® of 2814 cm~! for the v, fundamental in
FHCI~ suggest that the more asymmetric type I structure is
closer to the gas phase structure. We have therefore used the
type I frequencies,”® 920 and 728 cm ~ !, for the v, funda-
mental in BrHI - and BrDI~, respectively. D, and B are
then obtained analytically.

The BP potential energy surface in Fig. 6 will be as-
sumed for the Br + HI reaction. This surface was devised on
the basis of quasi-classical trajectory calculations which pro-
duce reasonable agreement with the experimental rate con-
stants at several temperatures and the product HBr
v =2/v = 1 ratio at 300 K.'® The v; coordinate is taken to
be the same as in the ion, namely y = Ry, 5, . Thus, the effec-
tive potential for the hydrogen stretch in the neutral [ BrHI |
complex is found by taking a vertical cut through the surface
at x = x,, the value of x at the equilibrium structure of the
ion given by

X, = (Kyup:/Bus: )[R, (IBr)
— (my/myg, )R, (HBr) . 2)

Note that my/myg, ~1/80, so to a good approximation
x,~7.0R, (IBr). Here, as before, R, (IBr) is the equilibrium
interhalogen distance in the ion. The energy levels and wave
functions supported by this potential are then solved for nu-
merically.

The peak spacings and intensities in the BrHI ~ photo-
electron spectrum can now be simulated by calculating the
Franck—Condon factors between the v, = 0 ion level sup-
ported by the Morse potential in Eq. (1) and the v, levels
supported in the neutral surface cut at x = x,. We assume

the BP surface is correct and vary R, (IBr) and R, (HBr) in
the ion until agreement with experiment is obtained.
R, (IBr) largely determines the location of the cut on the
neutral surface which in turn determines the peak spacings
in the photoelectron spectra. The value of R, (HBr) deter-
mines the position of the minimum in the Morse potential for
the ion along the y axis of Fig. 6 and therefore determines the
intensity distribution of the simulated spectra. The best fit to
both the BrHI~ and BrDI~ spectra is obtained with
R,(HBr) = 1.55 Aandx, =27.1 A, s0 R, (IBr) ~3.88 A.
The hydrogen stretching v, potentials for ion and neutral
are shown in Fig. 8 along with the energies of the ion v; =0
and 1 levels and the first few neutral v, levels. The simulated
stick spectra are superimposed on the experimental spectra
in Fig. 9.

This one-dimensional analysis provides a firmer foun-
dation for some of the qualitative ideas discussed in the pre-
vious section. Although the line x = x, in Fig. 6 passes very
close to the barrier, the v; = 0level of BrHI - has the most
overlap with the v; = 0, 1 and 3 levels supported by the neu-
tral potential. The wave functions for these levels are con-
fined to the I + HBr product valley of the potential energy
surface and can be thought of as HBr vibrational levels per-
turbed by a neighboring I atom. This is why the peaks in the
spectrum corresponding to transitions to these states are
spaced by an interval only slightly less than the HBr funda-
mental. Note that the v; = 2 wave function is localized in the
Br + HI valley. The anion wavefunction has very little over-

y [BrHI]
] 9
1 ¥ ]
1 = ]
. \ I,—"
4\ /:Zf"i
el v{:: ..... 3
? 2 I 2
e 1
K 0
] BrHI
1 1
i o
e —
1.00 1.50 2.00 2,50
R, (A)

FIG. 8. Anion and neutral v, potentials used in the one-dimensional analy-
sisof BrHI ~ spectrum. Calculated eigenstates are labelled by their v, quan-
tum number. Each tick mark on vertical axis represents 0.2 eV.
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FIG. 9. Franck—-Condon stick spectra for (top) BrHI~ and (bottom)
BrDI ~, simulated in one-dimensional time-independent analysis. Simula-
tions superimposed on the respective experimental spectra (dashed). Simu-
lated sticks are labeled by v, quantum numbers and for the BrHI ~ spec-
trum correspond to those shown on Fig. 8.

lap with this state but it does appear in the simulation as a
small peak to the right of peak 3 in Fig. 9 (top).

2. CIHI~ and FHI-

The differences between the CIHI ~ and BrHI ~ photo-
electron spectra can be understood by considering how the
potential energy curves in Fig. 8 should differ in the case of
CIHI - photodetachment. The product valley well in the
neutral v, potential should be deeper because the C1 4+ HI
reaction is more exothermic (see Table II). Thus the first
few v, levels supported by this potential should look much
like isolated HCI vibrational energy levels. This is confirmed
by the peak spacings in Table I(b), which show little or no
red shift relative to the HCl and DCl vibrational energy lev-
els. In addition, because of the larger difference in proton
affinities between the halide ions in CIHI~ compared to
BrHI~, CIHI~ will look more like I~ clustered to a nearly
unperturbed HC] molecule. We therefore expect the minima
in the v, potentials for the anion and neutral to occur at a
value of Ry o quite close to the equilibrium value for di-
atomic HCI; the two minima should be much closer than the
minima in the two potentials in Fig. 8. Hence Av, = O transi-
tions to the neutral are expected to dominate more than in
BrHI~ photodetachment, in agreement with our observa-
tions.

The absence of a v; progression in the FHI ~ and FDI~
photoelectron spectra can also be explained by considering

7213

the v, potentials for the ion and neutral. The F + HI reac-
tion is considerably more exothermic than either the
Br + HI or the Cl + HI reactions, and the ion should be
even more asymmetric than either BrHI — or CIHI ~ . Thus,
we expect the v; potentials for the anion and neutral com-
plex to look very much like the diatomic HF potential, at
least near the bottom of the wells. With reference to Fig. 8, in
the case of FHI ~ photodetachment we expect that the wells
in the ion and neutral potentials are very similar in shape and
their minima essentially coincide (at R, for diatomic HF);
this results in only Ay, = O transitions in the photoelectron
spectrum.

C. Electronic structure in the XHY— spectra

We now consider the electronic structure revealed in the
XHY - photoelectron spectra. Photodetachment of XHY -
provides a direct probe of the multiple electronic potential
energy surfaces in the HX + Y product valley (in the pres-
ent case where Y = I). This is of considerable interest in
light of past work on the role of electronically excited reac-
tant and product states in these reactions.'>!33!-33

Let us first consider which neutral electronic states are
accessible via photodetachment of XHY ~, a closed shell

12+ species. Based on the simple molecular orbital picture
proposed for FHF - by Pimentel,> the two highest occu-
pied molecular orbitals in XHY ~ are expected to be a &
orbital which is a linear combination of the two halogen 2p,
and H 1s orbitals, and a doubly degenerate 7 orbital of the
form 2p, ,(X)-4 2p, ,(Y). Removal of an electron from the
o orbital by photodetachment results in a neutral 2= state,
whereas removal of an electron from the 7 orbital yields a 2IT
state. If spin—orbit interactions are neglected in the collinear
X + HY reaction, then when the 2P X atom begins interact-
ing with the HY molecule, the lowest energy electronic state
should be the X state in which the unfilled p orbital on the X
atom lies along the XHY internuclear axis. On the other
hand, the II state, in which the unfilled orbital lies perpen-
dicular to this axis, should result in a repulsive interaction.
This is confirmed by DIM (diatomics-in-molecules) calcu-
lations by Duggan and Grice for the related systems F + HF
and Cl + HCL*

The inclusion of spin—orbit interactions results in a
slightly more complicated picture of the electronic states in-
volved in the reaction. A correlation diagram for the
Br + HI reaction including spin—orbit effects is shown in
Fig. 10.%° The figure can be generalized to all X + HY reac-
tions'* and draws upon the DIM calculations on F + H, by
Tully.?* Near the interaction region, we see that reaction on
the 23, ,, curve leads from ground state reactants to ground
state products with only a small barrier, whereas reaction
along the *I1,, or *I1, ,, curve passes through a much larger
barrier resulting from an avoided crossing. Near either as-
ymptote, the potential energy curves are similar to the well-
studied interaction between a 'S and a 2P atom.>® In this
region, where the spin—orbit interaction in the 2P atom is
much larger than the intermolecular potential, it is more
appropriate to label the three curves only with {2, the projec-
tion of the total electronic angular momentum on the inter-

J. Chem. Phys., Vol. 92, No. 12, 15 June 1990
Downloaded 03 Mar 2003 to 128.32.220.150. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



7214 Bradforth et a/.: Hydrogen abstraction reactions
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169 1(°P,,) +HBr('E)

X(1/2)

FIG. 10. Correlation diagram for the reaction Br + HI, assuming C_, sym-

metry. The relative spacing of asymptotic levels are approximately to scale.
The region between the dotted lines is where Hund’s case (a) is appropriate.
Adapted from the correlation diagram in Ref. 12.

nuclear axis, since ) is a good quantum number but A (pro-
jection of the orbital angular momentum only) is not. Thus,
in the asymptotic region, Hund’s case (c) applies. The three
curves are typically labeled X (1/2),1(3/2),and I1(1/2), in
order of increasing energy. The two () = 1/2 states are linear
combinations of 23, , and *I1, , states, while the *II; , state
is the only Q) = 3/2 state. The same notation is appropriate
for the reactant and product valleys of collinear X + HY
reactions. In the HX + Y product valley, the X(1/2) and
1(3/2) curves eventually correlate to Y(*P,,) + HX,
whereas the II(1/2) curve correlates to Y*(*P,,,) + HX.
We therefore expect the photoelectron spectrum of XHY ~
to show transitions to a maximum of three low-lying elec-
tronic potential energy surfaces in the HX + Y product val-
ley.

This is most likely the origin of the three peaks in the
FHI~ /FDI~ photoelectron spectra. The correlation dia-
gram in Fig. 10 shows that as HF is brought up to an I atom,
the degenerate 2P, , state is split and the 2P, ,, state experi-
ences a repulsive interaction. In our spectra (Figs. 4 and 5),
the two peaks X and Y separated by 0.154 eV are assigned
transitions to the X(1/2) and I(3/2) states, respectively,
which both asymptotically correlate to 1(?P,,,) + HF.
Peak Z at the lowest electron energy lies 1.05 eV from peak
X. This is slightly larger than the I atom spin—orbit splitting
and is assigned to a transition to the I1(1/2) state which
asymptotically correlates to I*(*P, , ) + HF.

Haberland®” has shown that of the three potential ener-
gy curves resulting from the interaction between a ' Sand an

2P atom, one curve can be determined if the other two are
known provided that the spin—orbit interaction is assumed
to be independent of internuclear distance. In the Hund’s
case (c) limit, one obtains

Vi(R) =2[Vu(R) — A}, 3)

where A is the spin—orbit splitting in the 2P atom, R is the
internuclear distance, and ¥} and V7, are the potential ener-
gies of the upper two curves relative to the X(1/2) curve. We
can apply this formula to the three peaks in the FHI~ pho-
toelectron spectrum. In this case, A = 0.943 eV (the iodine
spin—orbit splitting) and the splitting between peaks X and Z
is ¥V3; = 1.045 eV. Equation (3) yields V; = 0.205eV, which
should be compared to the experimental spacing of 0.154 eV
between peaks X and Y. Somewhat better agreement with
experiment is obtained using the more accurate equations
from which (3) is derived®” that are appropriate for the in-
termediate region between the Hund’s case (¢) and (a) lim-
its. In either case, the reasonable agreement with experiment
supports our assignment of the three peaks to three elec-
tronic states in the I + HF product valley.

Inthe BrHI - and CIHI -~ photoelectron spectra, vibra-
tional progressions from only two electronic states are ap-
parent. The interval between the electronic states in the
CIHI ~ spectrum is equal to the I atom spin—orbit splitting,
whereas the interval in the BrHI ~ spectrum is slightly less.
This suggests that in the region of the product valley probed
by our experiment, the interaction between the I and HCl or
HBr molecule is not strong enough to produce a resolvable
splitting of the degenerate I(*P,,, ) state. However, in both
spectra, the peaks in the progression from transitions to the
lower electronic state are broader than in the excited-state
progression. We suggest that the increased width in the for-
mer peak results from the splitting of the degenerate
I(3P,,,) + HX state but the splitting is smaller than the
widths of the individual transitions. This would mean that
the peak observed is an envelope of two broad transitions,
whose individual widths are probably comparable to the
II(1/2) transition. The ground state peaks in the CIHI -
spectrum are noticeably broader than in the BrHI~ spec-
trum, indicating either a larger splitting of the I atom elec-
tronic degeneracy in the [CIHI] complex or a more repul-
sive interaction in the I + HCI product valley (see the next
section).

In summary, as far as electronic effects are concerned,
the interaction between I and HF in the region of the neutral
surface probed by photodetachment of FHI ™ is stronger
than the I 4+ HBr and I + HCI interaction probed in the
BrHI~ and CIHI~ spectra. Two effects may contribute to
this. The dipole moment of HF is considerably higher than
for HBr or HCI (1.82 D vs 0.82 D, 1.08 D).*® In addition,
the bond length in HF is much less than in HBr or HCI
(0.917 A vs 1.414 A, 1.275 A).*® We therefore might expect
a shorter interhalogen distance in FHI ~ than in BrHI~ or
CIHI ~ . This means that subsequent to photodetachment,
the spherical symmetry of the I atom will be most strongly
perturbed by the neighboring HX molecule in the case of
FHI ~ . The larger electronic effects seen in the FHI ~ spec-
trum are reasonable in light of these considerations.
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A final point of interest is that the two vibrational pro-
gressions in the BrHI~ (and BrDI ~ ) spectrum have simi-
lar intensity distributions. The peak spacings in each pro-
gression are also similar and are slightly less than the
vibrational frequency in isolated HBr (DBr), although this
difference is more noticeable in the excited state progression.
This indicates that in the geometry probed by our experi-
ment, the distortion of the HBr bond in the [ BrHI] complex
is approximately independent of the I atom electronic state,
and suggests that the ground and excited electronic potential
energy surfaces are not very different in the I + HBr product
valley. It would clearly be of great interest to probe the excit-
ed Br + HI potential energy surfaces in the region of the
barrier, as this is where the largest differences among the
various surfaces are expected. This possibility is discussed
below.

D. Time dependent simulation

The discussion in Sec IV B presents a qualitative expla-
nation for the structured spectrum observed in the BrHI -
photodetachment experiment. The simple one-dimensional
calculations provide Franck—Condon stick spectra within a
familiar bound-bound eigenstate framework. However, an
essential aspect of this experiment is that the neutral [ BrHI]
complex dissociates rapidly. Our spectra offer a good deal of
dynamical information concerning this process, largely
through the peak widths. In order to extract this information
we must include at least the dissociative degree of freedom in
our simulations. As in our analysis of the BrHBr~ and
IHI - spectra, we assume that no bending excitation in the
neutral complex results from photodetachment and we con-
fine ourselves to a two-dimensional treatment in which only
the v, and v, stretching motions are considered.

In our treatment of BrHBr ~ and IHI~ photoelectron
spectra, we used an adiabatic approximation to separate the
bound (v, ) and dissociative (v, ) degrees of freedom, justi-
fied because of the different time scales for the two motions
in a heavy-light-heavy system.”* While the BrHI~ and
BrDI -~ spectra could be simulated in the same way, this
approximation is not so straightforward for asymmetric sys-
tems.*® Alternatively one can exactly solve the two-dimen-
sional problem with a coupled channel collinear scattering
calculation.!'®*! However, we choose to use the time-de-
pendent wave packet propagation method which also yields
an exact solution. The time-dependent picture reveals the
relationship between our experimental spectrum and the
short time dynamics of the half reaction initiated on the neu-
tral reaction surface in 2 more intuitive manner than the
time-independent analyses.

The practical difference between the two approaches is
this. In time-independent treatments, each of the many scat-
tering states over a range of energies are solved for, and the
simulated spectrum is described by the square of the overlap
of the anion wave function with each of these neutral eigen-
functions. The time-dependent perspective is based on the
fact that the photoelectron spectrum is equivalently ex-
pressed as the Fourier transform of a time autocorrelation
function C(¢):

o(E) « fw exp(iEt /A)C(t)dt. (4)

This complex function C(¢) monitors the overlap of a mov-
ing wave packet with the initial wave packet as a function of
time

C(t) =(8(0)|g(2)). = (5)

The initial wave packet, ¢(0), in this case is defined as the
ground state vibrational wave function of the anion, assum-
ing the electronic dipole moment operator is a constant over
the range of this wave function. The motion of the wave
packet subsequently on the neutral surface is described by

|$(2)) = e~ H"%$(0)), (6)
where e ~ #!/% is the time propagation operator and Histhe
Hamiltonian for the upper (neutral) surface. In this way the
spectrum is simulated by simply performing the wave packet
propagation and transforming the resultant autocorrelation
function. This dynamical approach to molecular spectrosco-
py has been applied by other workers to the analysis of ab-
sorption and emission,*** fluorescence,** photoelec-
tron*>*¢ and Raman*’ experimental spectra.

The propagation scheme implemented here is due to
Kosloff and Kosloff;** we use the Fourier method for evalu-
ation of the Hamiltonian and second order differencing to
approximate the propagator. An advantage of the Fourier
representation of the kinetic energy is that a relatively sparse
spatial grid can be used. Convergence has been tested in each
case by doubling the density of grid points along each dimen-
sion and halving the propagation time step. The parameters
used for each calculation are shown in respective captions.

The concepts involved in spectral analysis based on the
autocorrelation function have been described admirably
elsewhere.'*** The application of these concepts to our re-
sults will be undertaken in two steps. We first discuss the
features that appear in the autocorrelation function when
considering the bound v, degree of freedom alone. We then
consider the extra features that result from a two-dimension-
al analysis which includes the second (v, ), dissociative de-
gree of freedom.

1. One-dimensional time-dependent treatment of the
BrHI— spectrum

The features of the ground state progression in the
BrHI -~ photoelectron spectrum have been explained in
terms of eigenvalues of a one dimensional double well poten-
tial in Sec. IV B. In a time dependent picture the key to
understanding this structure lies in the autocorrelation func-
tion, (¢#(0)|#(#)), and its relationship to the motion of the
wave packet. Figure 11 shows the modulus of the autocorre-
lation function calculated for the BrHI system, using the
same anion ground state wave function and the same one
dimensional cut of the neutral Br + HI LEPS surface as was
used in the time independent treatment. Figure 11 also
shows the resulting photoelectron spectrum obtained by the
Fourier transform of the complex C(¢) function. A compari-
son of this simulation and the time independent one in Fig-
ure 9 shows that they are identical, as we should expect be-
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cause the two one-dimensional treatments are exact and
equivalent.

Figure 11 (top) shows that the correlation between the
initial wave packet, ¢(0) and the wave packet at time ¢, ¢(¢),
falls off rapidly in the first 10 fs after # = 0. This indicates
that the packet moves quickly away from the Franck-Con-
don region, which in turn indicates that there is considerable
excitation in this vy mode. In fact, the faster the fall of | C(#)|
from unity at ¢ = O, the longer the vibrational progression, or
the larger the bandwidth in the photoelectron spectrum. The
most noticeable feature of |C(¢) | at longer times is the oscil-
latory, or recurrence, structure. A recurrence occurs when
the wave packet ¢(z) returns to the Franck—Condon region.
The recurrence structure in | C(#) | corresponds to the obser-
vation of discrete structure, rather than a featureless contin-
uum, in the photoelectron spectrum. The |C(¢)| in Fig. 11
has periodic structure out to infinite time; this serves only to
make the peaks in the photoelectron spectrum infinitely nar-
row, which is to be expected for a treatment that includes
only a single bound degree of freedom. As pointed out ear-
lier, the peaks in the BrHI ~ photoelectron spectrum are not
equally spaced because the reaction potential surface cut
does not have a single minimum. The motion of the wave
packet in this potential cannot then be described as a coher-
ent single frequency oscillation. The complex structure
shown in Fig. 11 and the fact that the height of the first
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FIG. 11. Absolute value of autocorrelation function, from one-dimensional
propagation, for BrHI - (top) and the simulated photoelectron spectrum
which results from the Fourier transform of this autocorrelation function
(bottom). Propagation carried out for 16384 time steps, with At = 1.0a.u.,
and a 64 point spatial grid along y ( = R ;5. ) between 0.79 and 3.4 A.
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recurrence is not unity are due to this effect which is compar-
able to dephasing of a wave packet moving in an anharmonic
potential well. It is important to emphasize again that this
peculiar double oscillatory feature is a result of the shape of
the potential along the bound v, coordinate, and is not relat-
ed to the dissociative degree of freedom.

The finite propagation of the wave packet in time, up
until £ =¢,,,, leads to a finite resolution of the simulated
photoelectron spectrum. In principle this is given, in atomic
units, by AE = 7/¢,,,.*> However, in practice, if the auto-
correlation has not fallen to zero by ¢,,, then its Fourier
transform will show artificial high frequency oscillations;
this problem is rectified by convolution with a window func-
tion.>® The choice of a Gaussian window function is equiva-
lent to convoluting the stick spectrum in energy with a Gaus-
sian energy resolution function. This operation has been
performed to the one dimensional autocorrelation Fig. 11
(top) to yield the simulated spectrum (bottom) so that the
sticks have FWHM of 10 meV.

2. Two-dimensional analysis of the BrHl— and BrDI-
photoelectron spectra

(a) Method. The extension to higher dimensions of the
time dependent approach is conceptually simple. The propa-
gator now allows for motion of the initial wave packet along
two dimensions, namely the two stretching coordinates of
the linear triatomic. The autocorrelation is calculated in the
same manner and the transformation to a photoelectron
spectrum simulation is identical to that described above. The
two dimensional treatment allows us to assign physical
meaning to the peak widths. In the following calculations we
aim to simulate the full ground X (1/2) state progression for
the photoelectron spectra of BrHI ~ and BrDI ~, using the
published potential energy surface. At present we neglect the
effects of the nearby 1(3/2) surface, discussed in Sec. IV C,
on the X(1/2) progression in the photoelectron spectra. We
shall discuss the agreement with the experimental spectra
and comment on the interpretation of the peak widths.

The propagation is performed on the effective collinear
reaction surface derived from the BP LEPS surface. To ex-
tract the effective collinear surface from the supplied LEPS
function of all three internal coordinates, the bending angle
is considered fixed at 180°, and the zero point energy due to
bending motion is included at every grid point.> The zero
point bend energy is calculated in an harmonic approxima-
tion. This approach is in the spirit of the reduced dimension-
ality model of Bowman.! It is justified as long as little or no
bending excitation is expected in the photoelectron spec-
trum. This is a reasonable assumption so long as the ion is
linear and the minimum energy path on the neutral surface is
collinear. The Broida and Persky LEPS parameters are not
at any time adjusted to fit the experimental spectrum.

The spatial grid used in the calculation is set up on the
mass scaled coordinates, x and y defined in the caption of
Fig. 6, so that the kinetic energy operator is diagonalized.
Hup; is the appropriate reduced mass for describing motion
on this surface. The anion potential surface is then the sum of
the Morse potential (1) along y and a harmonic oscillator
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with frequency v, along x. The equilibrium point of the an-
ion potential is fixed at the best fit values found from the one
dimensional analysis, namely y, = 1.55 A and x, = 27.1 A.
The initial wave packet is set equal to the ground state eigen-
function of this anion potential. Unfortunately there is no
matrix isolation or calculated value for the v, fundamental;
this frequency would indicate the extent of the initial wave
packet along the dissociation coordinate x. However combi-
nation bands have been seen in the matrix isolation spectra of
BrHBr~ and IHI - yielding v, values for these ions of 164
and 121 cm ~, respectively.’? The calculated v, frequency
for FHC1~ islower than the observed v, of both FHF ~ and
CIHCI~.!%?¢ Furthermore, the v, frequency should be ap-
proximately unchanged upon isotopic substitution of the hy-
drogen. We therefore set v, for BrHI~/BrDI~ at 100
cm ™~ '; only minor changes in the resulting simulation occur
if we double this frequency.

This initial wave packet is propagated on the upper sur-
face for 320 femtoseconds. The calculation is checked for
convergence with respect to grid size and time step. The po-
tential function has been shelved at extremely high values (5
eV above the I + HBr energy zero), otherwise a prohibitive-
ly small time step is required for a stable propagation.®* For
the two-dimensional simulation shown here utilizing a
128 X 64 grid, the entire calculation took 7 CPU hona VAX
8650. As observed by Kosloff,!> the numerical method is
particularly suitable for vectorization on a supercomputer;
the same calculation required only 3.3 CPU min on a Cray
X/MP 14. Considerable reduction in run time can be
achieved by employing absorbing grid boundaries which im-
mediately allows use of a less extensive grid.>> By this device
it was possible to perform propagations to a picosecond on a
64 < 32 grid and examine resonances to higher energy reso-
lution; these computations required 2.5 CPU min total on
the Cray.

(b) Results and Discussion. The calculated autocorrela-
tion functions for BrHI and BrDI wave packet dynamics are
shown in Fig. 12. The oscillatory structure out to 60 fs is
strongly reminiscent of the autocorrelation function calcu-
lated in one dimension (see Fig. 11). However it is quite
clear that the inclusion of motion along the dissociation co-
ordinate leads to damping of the oscillations in the autocor-
relation function over this time range. Each succeeding time
that the wave packet bounces back along the HBr coordinate
to the Franck—Condon region, it has progressed further
along the x coordinate and as such has diminishing overlap
with ¢(0). A single recurrence in the autocorrelation is nec-
essary, but sufficient, to yield oscillatory structure in the
energy spectrum, as shown by Imre for the photodissocia-
tion of H,0.*® If all v, states supported by the one dimen-
sional cut dissociated by the same direct mechanism one
would expect essentially the one dimensional resuit convo-
luted with a single Gaussian envelope damping function to
give the two dimensional autocorrelation function. The cal-
culated function shown in Fig. 12(a) clearly has a more
complicated form; there is long time structure which has a
qualitatively different form from the shorter time structure.
Analysis of the wave packet dynamics and the Fourier trans-
form of the time autocorrelation function show that the v,

L0 BrHI

|C® |

0 —r—

0 r ——
0 100 200 300
1.0 ] —-
. BrDI
S |
O |
0.0 +— eSS
0 100 200 300

Time (femtoseconds)

FIG. 12. Absolute value of autocorrelation function, from two-dimensional
propagation, for (a) BrHI~ and (b) BrDI ~ . Calculation parameters giv-
en with Fig. 13.

states have widely differing lifetimes.

Figure 13 explicitly shows how the initial wave packet
#(0) evolves as a function of time on the Br + HI surface.
The modulus of ¢ (¢) is plotted at several times ranging from
t = 0tot = 966.4 fs. The plots show the regions of the poten-
tial sampled by the wave packet, the mode or mechanism of
dissociation, and the branching ratio between the arrange-
ment and vibrational channels. The time-dependent func-
tion ¢(?) represents the evolution of a coherent superposi-
tion of scattering eigenfunctions W, weighted by
(#(0)|¥ ). Although ¢(2) and the photoelectron spectrum
are uniquely related through Eq. (4), we point out that, in
contrast to a short-pulse laser absorption experiment, such a
superposition is not created in our photoelectron spectrosco-
py experiment. Instead, each photodetachment event resuits
in a well-defined neutral scattering state ¥ with probability
l (6(0)|Wg) l 2, However, the plots of ¢(f) show what
would occur if the initial wave packet ¢(0) were created on
the neutral potential energy surface and therefore provide
considerable insight into the dissociation dynamics of the
[BrHI] complex.

The first picture (¢ =0 fs) shows that the bulk of the
initial wave packet’s amplitude is in the I + HBr exit valley,
although ¢(0) does have some amplitude at the saddle point
region of the potential surface and therefore will have finite
overlap with states localized in the HI valley. In the first few
femtoseconds a small fraction of the wave packet breaks
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away upwards into the saddle point region while the rest
moves downwards. The period of oscillation of this major
component of the packet along the y coordinate is essentially
that of diatomic HBr (735, = 12.6 fs). This is the dominant
periodicity shown in the autocorrelation. The second frame
shows the packet after ~ 1.5 745, Where {C(?)| goes through
a minimum. As noted for the one dimensional autocorrela-
tion, the anharmonicity of the potential governing this fast
oscillation along the y coordinate leads to a more complicat-
ed periodic structure. On each of the first few occasions that
the major component of the packet returns to the soft wall, a
fraction crosses the ridge between product and reactant val-
leys (seen in the pictures at # = 20.1 and 40.3 fs).

Over the first 60 fs the major part of the wave packet
moves barely perceptibly along the dissociation coordinate.

y @

However at later times we see this motion becomes more
dominant; the overlap of this component of ¢(#) with ¢(0)
becomes much smaller, and thus its contribution to the
shape of the autocorrelation is diminished. Therefore the
autocorrelation at times later than 60 fs slowly loses resem-
blance to the earlier pattern and that seen in the one dimen-
sional simulation. The pictures at longer times (e.g., at
t = 201.3 and 261.7 f3) show that the component of the wave
packet which exits through the product valley spreads along
x. From the leading edge (at higher x) to the tail there is an
increasing number of nodes along the y direction. This sug-
gests that states with higher v, excitation proceed more
slowly along the dissociation coordinate. This is in accord
with our simulations on BrHBr ~ , and is manifested in the
narrower linewidths of the [BrHI] v; = 3 and v, = 5 peaks

t

100.7 fs.

N
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FIG. 13. Wave packet dynamics for the [BrHI] system. Equally spaced contours of |¢(¢)| are shown at times indicated on each frame; the highest value
contours arc omitted for clarity. Also shown are contours of the effective collinear potential energy surface, shown in Fig. 6. Figure plotted in mass scaled
coordinates (see the text and Fig. 6); the y axis has been expanded here. Propagation performed over 10240 time steps, with A¢ = 1.3 a.u., and a spatial grid
with 128 X 64 points along x and y, respectively. The final wave packet shown (966.4 fs) was calculated in a separate propagation, using same grid and A¢, but
with an absorbing function applied at grid boundaries (see the text and Ref. 53). In this last plot the contouring resolution has been inicreased.
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Fig. 13 (continued).

in the simulated photoelectron spectrum [Fig. 14(a), Table
I11]. Moreover, notice the series of later time pictures show
some components of the wave packet that remain localized
in coordinate space for extended periods of time (e.g., at
t=201.3, 261.7, and 966.4 fs). These correspond to a
weighted superposition of quasistationary states or reso-
nance states; the dominant resonance states seen have
v; = 4. These are manifested in the autocorrelation at long
time as oscillations modulated by a second frequency. In the
simulated photoelectron spectrum the resonances appear as
a series of closely spaced ( ~ 18 meV or ~ 150 cm ™! ) peaks
at 1.21 eV electron energy. However they are not resolved
individually when the simulation is convoluted with the ex-
perimental resolution function [Fig. 14(a)]. The positions
of these resonances, which have not decayed by the end of a
picosecond in this two dimensional simulation, are listed in
Table II1. These states can be projected out and their individ-
ual mode of decay can be studied by time-dependent propa-
gation as shown by Bisseling et. al.*®

7219

y ®

y &

The differing lifetimes of each vibrational state, and the
resonance phenomenon supported by the potential energy
surface used in this simulation, explain the complex decay of
the autocorrelation function. The simulated photoelectron
spectra for BrHI - and BrDI~ have been convoluted with
the true instrument resolution function (given in Ref. 3) and
are shown in Fig. 14 where they are superimposed on the
experimental spectra. It is quite clear that the experimental
spectra do not show many of the features discussed above,
and the autocorrelation functions leading to these spectra
should be much simpler than that shown in Fig. 12. The
spacing of the peaks and the qualitative trends in peak width,
namely decreasing width with greater vibrational excitation,
are in good agreement with the experimental spectra. How-
ever the discrepancy in the magnitudes of the widths is strik-
ing, and the variation of width is much less noticeable in the
experimental spectrum as opposed to the halving of
linewidth seen between the simulated v, =0 and v; =3
peaks. Moreover, we have shown that in a two dimensional
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FIG. 14. Simulated photoelectron spectrum (solid) for (a) BrHI ~ and (b)
BrDI - resulting from two-dimensional calculation. The simulations have
been shifted so 0-0 bands line up (see the text) and convoluted with the
experimental resolution function. The experimental spectra are also shown
(dashed).

TABLE III. Results of exact quantum collinear simulation of photoelec-
tron spectra of BrHI - and BrDI -~ using BP LEPS surface with zero point
bend included.

Electron kinetic

energy (eV)* v; assignment Width (meV)

BrHI- 1.970 0 43
1.662 1 36
1.447 2 <4
1.429 2 <4
1.416 2 <4
1.408 2 <4
1.388 3 15
1.230 4 <4
1211 4 <4
1.192 4 <4
1176 4 <4
1.143 5 8
0.998 6 <4

BrDI- 1.975 0 41
1.751 1 38
1.539 2 30
1.346 4 10
1.262 5 <4
1242 5 <4
1227 5 <4
1.184 6 <4
1171 6 <4
1.017 8 <4

* Entire simulation shifted to higher electron energy by 0.062 (0.058) eV for
BrHI~ (BrDI- ) to line up with experimental bands.

Bradforth et al.: Hydrogen abstraction reactions

simulation, the BP LEPS surface supports resonance states
which should give rise to sharp peaks in the spectrum, al-
though the intensity of these peaks is expected to be small.
These are not evident in the experimental profiles. Thus, in
time-independent language, the experimental peaks all ap-
pear to be from direct scattering states on the Br + HI sur-
face. Lastly, the origins of the simulated photoelectron
bands must be shifted to higher electron kinetic energy by
approximately 60 meV to match with the experimental ones.
This shift is just larger than the cumulative error in the re-
ported thermochemical and spectroscopic data used to link
the energy zeros of ion and neutral.

We would like to be able to use the discrepancies
between the simulated and experimental spectra, in particu-
lar the differences in the peak widths, to learn about the
Br + HI potential energy surface. One might argue that the
broad experimental peaks result from the multiple electronic
states of the neutral complex accessible via photodetach-
ment. In Sec. IV C, we have argued that each peak in the
progression at higher electron kinetic energy could be split
due to an electronic interaction between the dipole of the
HBr and the open shell iodine atom. In the [FHI] system
where the electronic interaction is largest and the compo-
nents are resolved, some differences in peak width are seen
for the three states [see Table I(c)]. In the case of [BrHI]
less of a difference is expected in the peak shape and width
among the three states. It is probable that the splitting is in
fact a fairly small part of the width, the major part of which is
intrinsic to the transition to a dissociative state.

A similar discrepancy between the simulated and ex-
perimental peak widths was also seen in our analysis of the
BrHBr ™~ photoelectron spectrum when we assumed a LEPS
potential energy surface for the Br + HBr reaction.> We
therefore developed a more flexible functional form for an
effective collinear Br + HBr surface which allowed the con-
struction of a surface with a steeper minimum energy path in
the Franck—Condon region. Simulations on this surface did
reproduce the broad peak widths observed in the BrHBr ~
spectrum. A similar modification may be required for the BP
Br + HI surface; i.e., the surface may not be steep enough in
the I + HBr exit valley. Another possibility is that the mini-
mum energy path on the correct Br + HI surface is not col-
linear, in which case the effective collinear approach is not
appropriate and full three-dimensional simulations are re-
quired to accurately simulate the photoelectron spectrum.
In any case, while it is somewhat risky to draw conclusions

on the possible defects of a reactive potential energy surface
based on an effective collinear analysis, this type of analysis
provides an important first step in relating the features of the
BrHI~ photoclectron spectrum to the Br + HI potential
energy surface.

Two variations on this experiment should provide con-
siderably more information on the Br + HI reaction.
BrHI™ in its ground vibrational state has good Franck—
Condon overlap with the I + HBr product valley. This is
certainly an important region of the potential energy surface
as it plays a major role in determining how the energy re-
leased in the reaction is partitioned among product degrees
of freedom. However, we would also like to probe the reac-
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tant side of the potential energy surface, particularly the bar-
rier. In Fig. 8, note that the neutral levels with v; >4 span
both valleys of the potential energy surface. While transi-
tions to these levels from the v, = 0level of BrHI ~ are very
weak, transitions originating from the v; = 1 level of the ion
are considerably stronger. A simulated photoelectron spec-
trum assuming BrHI~ with v; = 1 is shown at the top of
Fig. 15. The appearance of this spectrum is quite different
from the simulation in Fig. 14 and shows intense peaks due
to transitions to these higher neutral v; levels. Hence, vibra-
tional excitation of the ion provides an elegant means of
probing the reactant side of the Br + HI surface. In general,
vibrational excitation of various modes of the ion is akin to
varying the distribution of reactant energy in a state-to-state
scattering experiment.

The simulated spectrum at the top of Fig. 15 is convolut-
ed with the experimental resolution of our photoelectron
spectrometer. The spectrum at the bottom of Fig. 15 as-
sumes a constant experimental resolution of 4 meV (35
cm~!) and shows correspondingly more structure. For ex-
ample, the v; = 4 peak splits into four closely spaced peaks
which are actually resonance states quasi-bound along the
v, coordinate. The appearance of these was discussed in the
time dependent section above. Thus, a spectrometer with
somewhat higher resolution has the capability to reveal con-
siderably more detail concerning the Br + HI potential en-
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FIG. 15. Simulated photoelectron spectrum for BrHI ~ prepared in the (0,
0, 1) state. Simulation has been convoluted with (top) our spectrometer’s
experimental resolution function and (bottom) with a constant energy res-
olution of 4.3 meV. Bands are labeled by their effective v, quantum
numbers. Numerical parameters for the simulation are At=1.3 a.u,
Lo = 960 fs, spatial grid 64X 32 points over range x = 22-35 A and
y=0.95-3.1A.

ergy surface. We currently have such an instrument:** a
threshold photodetachment spectrometer with a resolution
of 3 cm~!. Recent results on IHI~ have already shown
vibrational features of the [IHI] complex that were ob-
scured at lower resolution.’**¢ Studies of asymmetric sys-
tems with this instrument will be undertaken in the near
future.

V. SUMMARY

Photoelectron spectra for the asymmetric bihalide an-
ions XHI~ and XDI~ (X = Br, Cl, F) have been obtained
in order to learn about the transition state region on the
neutral X + HI potential energy surfaces. In the case of
BrHI -~ and CIHI —, the spectra show resolved vibrational
progressions assigned to the v, hydrogen stretching mode of
the neutral [XHI] complex. In all the spectra, transitions
are observed not only to the ground state reactive potential
energy surface, but also to electronically excited surfaces
which correlated asymptotically to HX + I(3P;,,,2P, ;).
The BrHI~ and BrDI ™~ spectra are analyzed in detail using
an approximate geometry for the ion and a model potential
energy surface for the Br + HI reaction. A one-dimensional
analysis is used both to simulate the peak positions and in-
tensities of the BrHI~ and BrDI~ spectra and to under-
stand the appearance of the other XHI~ spectra. We have
also performed a two-dimensional quantum collinear simu-
lation of the spectra of BrHI~ and BrDI~ via the wave
packet propagation technique. The results of this time de-
pendent simulation provide further insight into the origin of
the structure seen in our spectra. The simulated peaks are
narrower then the experimental peaks; this is discussed in
terms of properties of the model Br + HI surface and ap-
proximations in the analysis.
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