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Nascent product vibrational state distributions of 
ion-molecule reactions: The proton transfer reactions 
F-+HX~HF(v)+X-, X=CI, Br, and I 

James C. Weisshaar,a) Timothy S. Zwier,b) and Stephen R. LeoneC
) 

Joint Institute for Laboratory Astrophysics. University 0/ Colorado and National Bureau 0/ Standards and 
Depanment a/Chemistry, Univel'Sity a/Colorado, Boulder, Colorado 80309 
(Received 4 May 1981; accepted 5 August 1981) 

Nascent vibrational state distributions are obtained for the HF products of the proton transfer reactions 
F- + HX-.HF(u) + X-, X = Cl, Br, and I. The reactions are carried out in a flowing afterglow apparatus in 
which the reagents are fully thennalized (300 K). The product states are measured by low resolution infrared 
chemiluminescence spectra obtained with a Ge:Cu infrared detector and a circular variable filter. The nascent 
HF(u) distributions are as follows: for F- + HCl, NI:N2:N) = 0.46:0.33:0.21; for F- + HBr, 
N I:N 2:N ):N 4 = 0.28:0.27:0.24:0.21; for F- + HI, N I:N ,:N):N.:N s = 0.20:0.23:0.22:0.20:0.15. All three 
reactions channel the available exothennicity quite efficiently into product vibration. Product rotational state 
infonnation cannot be obtained due to collisions with the He carrier gas. In spite of the deep attractive wells 
of the F- + HX potential energy surfaces, in all three cases the degree of vibrational excitation in the 
ion-molecule reaction is remarkably similar to, although distinctly smaller than, that of the corresponding 
neutral F + HX reactions. The results strongly suggest that these ion-molecule reactive collisions are direct 
encounters and that the kinematic effect of the mass combination (transfer of a light particle between two 
heavy particles) dominates over the influence of the shape of the potential energy surface in detennining the 
product vibrational state distributions. 

I. INTRODUCTION 

For neutral A + BC chemical reactions, the relation­
ship between the qualitative shape of the potential energy 
surface and the propensity of an exothermic reaction to 
deposit energy into product vibrational, rotational, and 
translational degrees of freedom is well understood. 1 

These concepts have emerged from the mutually bene­
ficial feedback between experimental product distribu­
tions, both state and angle resolved, and theoretical cal­
culations. In particular, quasiclassical trajectory cal­
culations on model potential energy surfaces provide 
important inSights into the dynamics of reactions. 2 The 
reaction coordinate on neutral A + BC surfaces often pro­
ceeds monotonically downhill to products after overcom­
ing a small barrier. Such features as the barrier loca­
tion and the abruptness of the descent into the product 
valley may be correlated with the propensity to populate 
the various product degrees of freedom. 3 

Ion-molecule reactions provide an experimental and 
theoretical opportunity to study exothermic reactions 
that proceed on potential energy surfaces of dramatically 
different shape. The typical ion-molecule surface has 
no barrier to reaction and exhibits an ion-induced dipole 
attractive well that extends far into the entrance and 
exit valleys. One consequence of the long range ion­
neutral attraction is the existence of enormous reaction 
cross sections; 100-200 ;"'2 cross sections are not un­
common. 4 

Relatively little is known about energy disposal in 
thermal ion-molecule reactions. Ion beam experi­
ments have provided considerable information about 
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product translational states for lab frame collision ener­
gies greater than about 1 eV. 5 Internal states of elec­
tronically excited products of high collision energy reac­
tions have been studied by visible chemiluminescence. 6 

Very recently, the feasibility of detecting infrared 
chemiluminescence from thermal energy ion-molecule 
reactions in a flowing afterglow apparatus has been dem­
onstrated. 7 Several proton transfer and associative 
detachment reactions have already been shown to popu­
late high vibrational states very efficiently. 7-10 

The present work is an extension of the ion-molecule 
IR chemiluminescence stUdies to a series of proton 
transfer reactions F- +HX- HF(v) +X-, X=CI, Br, and 
1. These reactions are sufficiently exothermic to popu­
late HF vibrational levels up to v=3, 4, and 5 for X=CI, 
Br, and I, respectively. A continuously variable wave­
length scanning IR detection system allows low resolu­
tion spectra of the HF product emission to be obtained. 
Nascent product vibrational state distributions are ex­
tracted from best fits to the chemiluminescence spectra. 
The r + HX reaction series provides an opportunity for 
detailed comparison to the often studied F + HX series.11- 13 

II. EXPERIMENTAL 

The flowing afterglow infrared chemiluminescence ap­
paratus has been described earlier. 8 Details unique to 
the F- + HX studies will be given here. The primary 
modification involves the infrared detection system. In 
the present work, a background limited, liquid He cooled 
Ge : Cu detector views IR chemiluminescence spectrally 
resolved with a circular variable interference filter 
(CVF). Modulated signals due to the ion-molecule reac­
tion are acquired at different wavelengths by stepping 
the position of the CVF through the HF spectral region. 
Use of a 1. 5 mm wide slit gives a low resolution (60-80 
cm-1 FWHM) HF emission spectrum. A least squares 
computer fit (Sec. ill A) is used to analyze the spectrum 
in terms of its component vibrational bands to yield raw 
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HF vibrational state distributions Nv • Consistency 
checks on the relative populations are carried out. 
(Sec. rnB). Finally, small corrections for radiative 
cascading are applied to the raw distributions (Sec. mC) 
to obtain the nascent vibrational state distributions N~. 

A. Flow tube conditions 

Figure 1 shows a schematic of the flow tube and de­
tection geometry. F- ions are produced in the source 
region by electron impact on Fz• The largest F- cur­
rents at the mass spectrometer are obtai-~d by intro­
ducing a very small flow of 5% Fz in He near the elec­
tron gun (filament). The partial pressure of F! in the 
flow tube is smaller than 10-5 Torr as compared to a 
typical He carrier gas pressure of 0.7 Torr (1 Torr 
= 133. 322 Pa). The emission current from the -100 V 
filament (either tungsten or thoriated iridium) is typi­
cally regulated at 10 rnA. The estimated F- density in 
the reaction zone of the flow tube is -109 ions cm-3 • 

In order to minimize the effects on the product state 
distributions of radiative cascading, vibrational relaxa­
tion, and diffusion to the walls (Sec. mC), it is desir­
able to minimize the partial pressure of HX and the dis­
tance between the point of HX addition and the viewing 
region, consistent with a reasonable signal-to-noise 
ratio. The distance between the HX inlet and the center 
of the viewing window is typically ·5 cm. For all three 
reactions, this distance fixes the mean time between 
creation and observation of a product HF molecule at 
(t oDe) =0. 20:0.04 ms. Calculation of (tobe) involves the 
mean .axial flow tube velocity for F- ionsH (Vio .. = 1. 4 
X 104 cm S-I), the rate constant of the chemical reactions, 
the pressure of HX, and the rate of regeneration of F­
by a chain reaction mechanism explained below. 

The usual HX partial pressure in the flow tube is 0.5 
mTorr, sufficient to completely react all of the initial 
F' ions in 2-3 cm. HCI (electronic grade, nominal 
purity 99.99%) and HBr (nominal purity 99.8%) are used 

7.3cm -TO MASS 
SPECTROMETER 

directly from lecture bottles. HI (nominal purity 98%) 
is purified by freeze-pump-thaw cycles between 77 K 
and room temperature to remove Hz. HI is introduced 
into the flow tube through opaque Teflon tubing to pre­
vent photolysis by room lights. Hz, Clz, Brz, or Iz 
impurities cause no problems because the reaction 
F- + Hz - HF + H- is endothermic and analogous F' +Clz, 
Brz, and lz reactions, although moderately exothermic, 
would lead to products that emit weakly at much longer 
wavelengths than HF. It is estimated that less than 5% 
of the observed product HF molecules have diffused to 
the flow tube walls in the - O. 25 ms between formation 
and observation, so that partial wall deactivation of 
HF(v) is an unimportant process. 

B. Measurement of F - + HX rate constants 

The F- +HX (X =Cl, Br, and I) thermal rate constants 
are measured using the standard flowing afterglow tech­
nique. 14 The mass spectrometel>is tuned to the F- peak 
and the depletion of r current vs calibrated flow of HX 
is measured with an electrometer. When Fa is used as 
the source of 1', the resulting plots of In(r /Fii) vs HX 
flow are nonlinear. Further investigation indicates that 
the chain reaction sequence 

(1) 

(2) 

causes the F- current to reach a steady state rather than 
decay to zero as the HX flow is increased. Reaction (2) 
is exothermic and fast for X =Cl, Br, and 1, as demon­
strated by the direct reaction of X- with Fz in the flow 
tUbe. To avoid the complications of a chain process, the 
rate constants klX are obtained using CHF3 as the F­
precursor. The analogous chain propagation step 
X- +CHF3 -CHF2X + r is endothermic. Using CHF3 , 

the log plots are linear over nearly two decades of F­
current. The resulting room temperature (295 ± 3 K) 
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TABLE I. Rate constants and thermochemistry for F-+HX- HF+X- and F+HX- HF+X. 

k 
a k

ADO 
b - Me v __ d 

ex»t 3 ~ 
(cm3 molecule-I s-I) (cm molecule-I s-I) kcalmol-I (for HF) Reaction 

F-+HCl 
F-+HBr 
F-+HI 
F+HCl 
F+HBr 
F+HI 

U.55±0.31)X 10-9 
(1.24 ± O. 25) x 10-9 

(1. 01 ± O. 20)x 10-9 
(8.07 ± O. 50)X 10-12 

(4.50 ± o. 40) x 10-11 

(4.09 ± o. 08) x 10-11 

1.57xI0-9 
1. 40x 10-9 
1. 39x 10-9 

38.1 3 

47.9 4 
57.1 5 
33.1 3 
48.7 4 
64.9 6 

aThe room temperature (295 ± 3 K) experimental rate constant. Ion-molecule results are from 
the present work. Each rate constant is an average of four measurements at He pressures be­
tween 0.3-0.7 Torr. Error limits are ± 10". Neutral rate constants are taken from Ref. 16. 

"calculated "average dipole orientation" (ADO) capture rate constant (300 K) from the prescrip­
tion of Su and Bowers (Ref. 15). 

·C alculated from the bond dissociation energies of Ref. 17 and the electron affinities of Ref. 18. 
<lThe highest HF vibrational state that can be populated with the given exothermicity. 

rate constants are collected in Table I along with the 
average dipole orientation (ADO) capture rate constants 
calculated according to the prescription of Su and 
Bowers. 15 For all three reactions, nearly every cap­
ture collision results in a reactive event, as is common 
for simple exothermic proton transfer reactions. For 
comparison purposes, Table I also displays the rate con­
stants and exothermicities of the corresponding neutral 
F + HX reactions. The ion-molecule reactions are 
20-200 times faster than the corresponding neutral reac­
tions. 

The rate constants kzx [Eq. (2)] for the X· + Fz reac­
tions can be crudely estimated from the variation of the 
steady state F" current with the pressure of 5% F2/He 
added through a downstream inlet (Sec. II D). The esti­
mates are only approximate because the true partial 
pressure of F2 in the mixture is not well known. For 
all three reactions, k 2X is -1 X 10-9 cm3 molecule-1 s-l, 
which again agrees well with the calculated ion-mole­
cule capture collision rate constants. 

C. Infrared detection system 

The infrared detector for these studies is a 3 mm x 
x 10 mm Ge : Cu crystal mounted on a liquid He cooled 
Kovar block. The measured detectivity under back­
ground limited conditions at 2 f..Lm is D* = 1. 2 X 1012 

c m Hz 1/2 W-l with a 10kHz response frequency. The de­
tector views the emission region through a rotatable cir­
cular variable interference filter (CVF) and a 1. 5 mm 
x 12 mm slit (Fig. 1); both are cooled at 77 K. Liquid 
He cooled MgF2 and sapphire windows mounted directly 
on the detector heat sink serve as a long wavelength 
(X> 5.5 f..Lm) blackbody cutoff filter. Infrared emission 
exits the flow tube through a 2.5 cmdiamNaCI window 
and is collected and imaged onto the detector by a 5. 1 
cmdiamf/l CaF2 lens. 

The CVF is a 90° segment of a quartz annulus coated 
with continuously varying thicknesses of multiple dielec­
trics. Each radial slice through the annulus is a narrow 
bandpass interference filter whose peak transmission 
wavelength varies linearly from 2.5-4.5 f..Lm around the 
circumference of the annulus. The "intrinsic" (zero 
slit width) FWHM resolution of the filter at any wave-

length is given by ~A/A "" 0.01. The CVF is mounted on 
a rotatable wheel which permits manual scanning of the 

. CVF past the slit while the detector, CVF, and slit are 
cooled. A calibration dial permits reset of a given CVF 
position relative to the slit. 

The peak transmission wavelength vs CVF position is 
calibrated to ± 0.005 f..Lm using a broadband infrared 
source and a monochromator. The wavelength can be 
reset to better than 0.01 f..Lm. The combined transmis­
sion function of the CVF and 1. 5 mm slit is obtained at 
various wavelengths for well-eollimated, narrow-band 
light from the monochromator. The transmission curves 
at all wavelengths in the 2.5-3.5 f..Lm range are very 
well represented by a Gaussian function having ~X = 
0.060 f..Lm FWHM, indicating that the resolution is slit­
width limited. The corresponding energy resolution 
varies from 96 cm- l (at 2.5 f..Lm) to 55 cm- l (at 3.3 f..Lm). 

In order to measure the relative sensitivity (volts/ 
photon) of the detector and filter combination vs wave­
length, the output of a calibrated 424 ± 1 K blackbody is 
chopped and imaged onto the detector. The relative de­
tector output is measured by a lock-in amplifier and re­
corded vs CVF wavelength setting. The resulting curve 
is normalized to a calculated 424 K blackbody emission 
curve (photons/ ilm vs wavelength) to obtain the desired 
detector and filter sensitivity curve (volts/photon) under 
conditions close to the actual operating conditions. The 
relative sensitivity curve rises smoothly from 1. 00 to 
1.33 as the wavelength increases from 2.5 to 3.4 f..Lm. 

D. Determination of an HF emission spectrum 

The F" current is modulated by applying -12 V, 0.3 
ms rectangular pulses to a 95% transmission tungsten 
mesh at 7. 5 ms intervals. The mesh covers the cross 
sectional area of the flow tube at a position 40 cm down­
stream of the ion source (Fig. 1) The modulation is 
monitored by observing F- counts at the mass spectrom­
eter vs time; a large fraction of the F" ion current is 
modulated at the peak of the cycle. The modulation 
makes it possible to distinguish ion-molecule chemi­
luminescence signals from large steady-state interfering 
signals due to neutral reactions such as F +HX - HF(v) 
+X. The IR detector sees a modulation of the infrared 
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light intensity due to a decrease in emission from ion­
molecule reaction products when F- reactants are brief­
ly removed from the flow. The area of the dip in the IR 
signal is proportional to the number of F- ions removed 
from the flow and to the intensity of HF emission from 
the desired ion reaction products at the chosen CVF 
wavelength. The detector output is digitized and signal 
averaged by summing many cycles of the modulating 
voltage pulse. Figure 5 of Ref. 8 shows a typical de­
tector output vs time trace. 

An HF chemiluminescence spectrum is obtained by 
manually stepping the CVF through the 2.5-3.5 J..Lm re­
gion. At each wavelength, - 104 periods of the modulated 
detector output are signal averaged and the area of the 
IR emission dip is determined. In practice, data points 
are taken at 0.0154 J..Lm intervals, corresponding to 
about four data points per FWHM resolution element of 
the CVF. During the 2-4 h required to complete a spec­
trum, it is necessary for all flows and pressures to re­
main stable. This is checked periodically by returning 
the CVF to a "reference wavelength" and measuring the 
integrated IR signal. Stability at the reference point to 
within ± 5% during the entire spectrum is demanded of 
all spectra used for population analysis. The wavelength 
is varied in such a way as to distribute any instabilities 
across the entire spectrum. 

Although the chain reaction sequence [Eqs. (1) and 
(2)] that occurs when Fz is used as the F- source is an 
annoyance in the rate constant measurements, it serves 
to enhance the infrared signals in the actual Chemilumi­
nescence experiments. The strongest Signals are ob­
tained by using <0.1 mTorr of 5% Fz/He to generate the 
ions initially and by adding - 4 mTorr of 5% F2/He down­
stream between the modulating mesh and the HX inlet 
(Fig. 1). The F" ions formed upstream are cycled 
through the F" + HX reaction several times by the chain 
sequence. The downstream addition of F2 enhances the 
cycling rate by increasing the rate of X- + F2, leading to 
a factor of 2-3 improvement in the IR emission Signals. 
The He density in the flow tube is '-1400 times larger 
than the HX denSity, so that the F" ions regenerated by 
X- + Fz are completely thermalized before reacting again 
with HX. The chain causes no experimentally observ­
able alteration of the emission spectrum of HF mole­
cules produced by F- +HX. 

Spectra for the three F" + HX reactions are shown in 
Figs. 2(a), 2(b), and 2(c). These spectra have been cor­
rected for the relative detector and filter sensitivity 
at each wavelength. Three, four, and five partially re­
solved intensity maxima appear in the HF emission spec­
trum from F" +HCl, F- +HBr, and F- +HI, respectively. 
The H F rotational constant (B B = 20. 96 c m -1) and anhar­
monicity (w e x e =89.9 cm-1)17 are such that for a 300 K 
Boltzmann distribution of emitting rotational states (see 
Sec. III B) the P branch of the v - v -1 emission band 
overlaps the R branch of the v + 1- v band very closely. 
Thus the peak at 2.59 J..Lm is primarily a superposition 
of the P branch of the v = 1-0 band and the R branch of 
v =2-1; the peak at 2.71 J..Lm is due to the P branch of 
2-1 and the R branch of 3-2, etc. The number of peaks 
in each spectrum is in accord with the highest energeti-
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FIG. 2. HF chemilwninescence spectra from (a) F- +HCl, (b) 
F- + HBr, and (c) F- + HI, corrected for relative detection sensi­
tivity. The solid lines are the least-squares fits to the spectra. 

cally accessible vibrational level in each reaction, 1. e. , 
vma.z=3, 4, and 5 for HCI, HBr, and HI (Table I). The R 
branch of the v = 1-0 transition peaks at 2.4 J..Lm and is not 
covered by the range of the CVF. The relative contribu­
tion of the 1-0 band is evaluated using only the P branch. 
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E. Experimental checks on the spectra 

A variety of checks are performed to determine that 
the modulated signal is in fact due to HF molecules pro­
duced by the F"' +HX ion-molecule reaction. First of 
all, a 'two-mesh" experiment shows that greater than 
98% of the total modulated signal is due to ion-molecule, 
as opposed to neutral, reactions. In this experiment, a 
second tungsten mesh is inserted across the flow tube 6 
cm upstream of the usual mesh shown in Fig. 1. A dc 
potential of - 50 V is applied to the upstream mesh to 
diminish the Y current by at least a factor of 150. The 
other experimental conditions are as usual (Sec. lIA), 
inclUding the repetitive -12 V, 0.3 ms ion-off modula­
tion on the downstream mesh. Total infrared emission 
is viewed through a broadband quartz filter which trans­
mits all of the HF(v = 1-5) emission region. For all 
three F- + HX reactions, the modulated total emission 
Signal is more than 60 times smaller with the Y current 
blocked (- 50 V on upstream mesh) than with the normal 
F- current (no voltage on upstream mesh). Thus less 
than 2% of the modulated signal in the HF region is due 
to processes not requiring ions in the flow. 

In the cr + HI reaction studied earlier,8 it was 
observed that large modulation voltages caused de­
tachment of cr at the tungsten mesh,. leading to 
modulated CI atoms and a sharp positive-going com­
ponent of Signal due to an increase in emission from 
the fast, quite exothermic CI + HI neutx:al reaction. No 
such positive-going signals are observed for the Y +HX 
reactions under any conditions of modulation. This is 
expected, since the neutral F- +HX reactions are 25-200 
times slower than the corresponding F- + HX reactions 
(Table I) so that detachment of F- to form F would have 
little effect on the infrared emission. 

There remains the possibility that ion -molecule reac­
tions other than Y +HX might result in chemilumines­
cent products that emit in the 2.5 -3.3 /.Lm region. This 
is unlikely since very few molecules have vibrational 
frequencies as high as HF. Other negative ion reactions 
can be eliminated from consideration because the nega­
tive ion mass spectra show that F- is the only negative 
ion produced from Fa. Addition of HX converts the 
mass spectrum to two peaks, a large X- peak from 
F- + HX - H F + X- and a residual F- peak due to the steady 
state F- current in the chain reaction scheme [Eqs. (1) 
and (2)1. Since Fa forms positive ions very poorly the 
positive ion mass spectrum with only Fa flowing e;­
hibits peaks primarily due to minor impurities in the 
flow tube. Ions such as He", H20., H30+, NO', and 02 
are typical. It is conceivable that modulated OH stretch 
emission from HaO· or HaO· could contaminate the HF 
spectrum near 3.0 /.Lm. Small background signals 
amounting to about 5% of the total signal from Y + HX 
are observed through a broadband quartz filter when F 
but no HX, is flowing. Tests with available bandpass a, 
filters suggest that the background Signal peaks at 
A> 3.6 /.Lm, outside the HF region. No background sig­
nal could be observed at all when dispersed with the 
CVF in the 2.5-3.5 /.Lm region. 

Addition of 0.3 mTorr of Oa upstream collapses about 
half of the positive ion spectrum to Oz. There is no 

background IR signal through a broadband filter with only 
Fa and 02 flowing, suggesting that the O2 circumvents 
some positive ion chemistry that leads to the weak back­
ground emission. Final spectra were also taken with 
0.3 mTorr of 02 flowing to serve as an additional check. 
The O2 has no effect on the negative ion mass spectra, 
and HF Chemiluminescence spectra taken with and with­
out the 02 additive are identical within experimental un­
certainty for all three reactions. POSitive ion reactions 
thus do not contribute significantly to the spectrum ob­
tained with Fz, HX, and 0z flowing. 

III. POPULATIONS FROM SPECTRA 

Relative HF vibrational state populations are derived 
from the raw chemiluminescence spectra by a linear 
least squares fitting procedure in which the products 
(Av Nv ) of Einstein spontaneous emission coefficients 
(Av) and relative populations (Nv) of each vibrational state 
are adjustable parameters. The N v are then obtained by 
dividing out the values of A v , which have been experi­
mentally determined by Sileo and Cool. 19 Small correc­
tions are applied to the Nv for the radiative and collision­
al cascading between the time of formation of HF and the 
time of observation of HF emission. The resulting na­
scent vibrational state populations Ne are proportional to 
the individual thermal (295 K) rate constants kv for reac­
tion into the specific H F vibrational states. Finally, 
vibrational surprisal plots are extrapolated to v = 0 to 
obtain estimates of N::"o and <Iv), the average fraction of 
the available energy deposited in product vibration. 

A. Curve fitting procedure 

First, the raw spectral data (obtained as described in 
Secs. IIA, lIC, and liD) are normalized to the relative 
detector and CVF sensitivity curve (Sec. IIC) to yield 
experimental data such as those displayed in Figs. 2(a), 
2(b), and 2(c). A computer model of the relative in­
tensity vs CVF wavelength per unit population of each 
HF(v} state is constructed as follows. For each v- v-1 
band, a stick spectrum consisting of the wavelength and 
relative emission intensity of the various P and R lines 
is calculated from the known Dunham coeffiCients and the 
expression19• 2O 

Iem(vJ - v'J') IX IRv/~ tI 1.1 2 V~J""'I' (J +J' + 1) 

X (Qrot)"lexp(_Erot/kT ) 
v vJ rot· (3) 

Equation (3) gives the emission intenSity (photons/s) for 
a BoltZmann distribution of upper state rotational levels 
at temperature Trot. IRvJ _ v'l' 12 is the square of the 
transition moment19; va is the frequency factor for a 
given line; (J +J' + 1) is the rotational line strength fac­
tor; Q~ot is the rotational partition function of vibrational 
level v at temperature Trot; and E~~t is the rotational 
energy of the vJ level. Evidence that emission occurs 
from a Boltzmann distribution of rotational levels within 
each vibrational state is given in Sec. III B below. At 
each CVF wavelength AI' the stick spectrum for each 
v - v - 1 band is convolved with the experimentally de­
termined filter transmission function (a Gaussian of 
0.060 /.Lm FWHM at all AI) to yield the calculated 
v - v - 1 emission intensity per unit population at AI' 
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TABLE II. Relative HF vibrational state populations from F- + HX. 

Reaction v=Ob v"l v=2 v =3 v=4 v =5 

F-+HCla NascentN~ (0.60±0.14) O. 46±0. 04 0.33 ± O. 03 0.21±0.O2 
RawNv 0.48±0.04 0.33 ± O. 03 0.19±0.02 

F-+HB~ NascentN~ (0.31 ± O. 09) 0.28±0.04 0.27±0.03 O. 24± O. 02 0.21±0.02 
RawNv 0.29±0.04 0.29 ± O. 03 O. 24± 0.02 O. 18± O. 02 

F-+Hra NascentNZ (0. 18± 0.10) O. 20± O. 04 0.23±0.O3 0.22±0.02 0.20iU.02 0.15±0.02 
RawNv 0.22±0.04 0.24±0.03 O.22±0.O2 0.19± O. 02 0.13±0.02 

F-+HClc z=10 cm O. 45±0. 04 0.35 ± O. 03 0.20±0.02 
Corrected N~ 

F-+HBrc z=10 cm 0.24±0.04 O. 35± O. 03 0.23±0.O2 0.18 ± 0.02 
Corrected N~ 

F-+HI" z=10 cm 0.17±0.04 0.28 ± O. 03 0.19±0.02 O.22±0.02 0.13±0.O2 
C orrected N~ 

r+HCld z =10 cm 
P HC ! = 1. 0 mTorr 
Corrected N~ 0.42±0.O4 O. 36± O. 03 O.22±O.O2 

F-+HClo HF cell in 
rawNv O. 04± O. 04 0.33±0.O3 O.21±O.O3 

F-+HBr" HF cell in O.05±O.O3 O. 28± O. 03 0.25±0.03 O. 16± O. 02 
rawNv 

r+HI" HF cell in 0.03 ±O. 03 O. 24± O. 03 0.25±O.03 0.18± O. 02 0.10±0.02 
rawNv 

aRaw N v distributions are averages of least-squares fits to three separate spectra using P HX = O. 5 mTorr and an HX inlet-viewing 
window distance of z = 5 cm. Nascent N~ distributions are obtained by applying a small cascading correction using (to.,) = o. 20 ms 
(Sec. IITC) to the raw N v distributions. The z =5 cm data are a Priori the most reliable and provide the final "best" values to be 
used. 
~he N~o populations are obtained by extrapolation of vibrational surprisal plots (Sec. IITD). 
cCorrected N~ distributions derived from spectra using P RX = O. 5 mTorr but an HX inlet-viewing window distance of z = 10 cm. For 
HBr and HI, the results are an average of two spectra each, whereas the HCI results are from a single spectrum. For z = 10 cm, 
the cascading correction uses (tOlJ!J> = 0.41 ms. 

dcorrected N~ distribution from a single F- + HCI spectrum using PRC ! = 1. 0 mTorr and z = 10 cm. 
"Raw N v distributions from single spectra obtained with P RX = 0.5 mTorr, z = 5 cm, and HF cold gas filter cell interposed between 
detector and flow tube. The v 2: 2 part of the distributions should be compared to the raw N v distributions in the upper section of 
the table. 

labeled Iv(~)' Since the lines in the stick spectrum are 
much narrower than the experimental resolution, Iv(A,) 
simply amounts to a sum of the emission intensities for 
all v - v-1 lines, each weighted by the amplitude of 
0.060 /.lm FWHM Gaussian centered at A,. 

The relative vibrational state populations Nv are de­
rived by a linear least squares fit2l of the calculated 
spectrum 

(4) 

to the experimental spectrum with Av Nv as the adjustable 
parameters in the fit. There is an Av factor hidden in 
Iv of Eq. (4). A statistical estimate of the variance 
~ of each N v is also calculated. 21 The least squares 

v 
problem is highly overdetermined in the sense that only 
three, four, or five parameters are obtained from some 
40-60 data points. 

Computer calculated best fit spectra using Trot'" 300 K 
are displayed as the solid lines in Figs. 2(a), 2(b), and 
2(c). The fit is qualitatively very good in each case. 
The Nv entries in Table II are averages of the results 

from at least three spectra obtained under conditions 
that minimize v - v - 1 cascading in the time between for­
mation and detection of HF (Sec. IIIC). The reported 
distributions are normalized so as to sum to unity. For 
each reaction, the reported error limits encompass the 
maximum and minimum values for the entire set of best­
fit results over all the spectra. The statistical esti­
mates for the standard deviation of each Nv are typically 
smaller than this. The ratio of any two relative popula­
tions N)Nv' for a given reaction is typically accurate to 
± 15%. 

B. Experimental checks on populations 

1. Variation of detection geometry 

The transmission function of the CVF Ism combina­
tion is measured (Sec. IIC) using well collimated light 
exiting a monochromator slit. However, depending on 
the experimental geometry (Fig. 1), an appreciable frac­
tion of the IR emission collected from the flow tube may 
impinge on the CVF at angles as great as 30° -40° from 
normal incidence. Multilayer interference filters show 
a characteristic shift of the transmission curve towards 
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short wavelength as the incidence angle moves away from 
normal. Early HF spectra taken with the detector and 
CaFz lens as close to the flow tube window as possible 
showed poorer resolution and more extended tails to­
wards long wavelength than the spectra of Figs. 2(a)-
2(c). The computer simulation yields qualitatively poor 
fits to these early spectra. The difficulty involves off­
normal incidence light. The effective transmission func­
tion for the close-in detection geometry is a complex 
linear combination of the Gaussian for normal incidence 
light and various blue-shifted Gaussians for the off-nor­
mal incidence light. The shift towards the blue of the 
transmission curve at each CV F setting results in a 
shift towards the red of the spectrum intensity when the 
CVF wavelength is scanned past fixed-frequency HF 
emission lines. As the CaFz lens and detector are moved 
away from the flow tube the spectral peaks sharpen up 
and the tail on the red edge of the spectrum diminishes. 
The final geometry (Fig. 1) was chosen so that the spec­
tra are indistinguishable from those obtained at half the 
detector height. A factor of 5 in signal intensity was 
discarded as compared to the close -in geometry. 

2. Emission from highly excited HF rotational states 

A 300 K Boltzmann distribution of emitting HF rota­
tional states is used in the calculated spectra. This 
assumes that rotational relaxation of HF is fast within 
each vibrational level, while vibrational relaxation is 
slow, during the time between formation and detection 
of an HF product molecule. As discussed in Sec. IllC, 
the relevant time is about 0.20 ms, during which an HF 
molecule suffers - 2000 hard sphere collisions with He. 

Sung and Setserzz have obtained rotationally resolved 
HF Chemiluminescence spectra from neutral F +HBr, 
HI, HzS, HzCO, SiH4, and GeH4 reactions in a flowing 
afterglow which is similar to the one used here. The 
results indicate that in 1 Torr of Ar, HF(J$9) states re­
lax to a Boltzmann distribution within 0.4 ms. A frac­
tion of the higher rotational state HF(J ~ 10) population 
tends to "hang up" in a non-Boltzmann distribution for 
much longer periods in Ar. Substitution of He for Ar 
gives a much greater degree of rotational relaxation. 
Quick and Wittig23 see no evidence of very high HF rota­
tional states on a - 5 p.s time scale after multiphoton dis­
sociation of fluorinated ethanes in 12 Torr He. 

In order to check whether or not HF(J~ 10) levels 
might be populated in the F- + HX reactions and survive 
longer than 0.20 ms in 0.7 Torr He, attempts were 
made to observe IR emission through a bandpass filter 
which is - 65% transmitting in the range 2.12-2.38 p.m 
(4200-4700 cm-I ). This filter transmits the HF lines 
R(J~ 6) for v"' 1-0 and R(J~ 16) for v"' 2-1. Only 0.6% 
of the HF molecules in a 300 K rotational equilibrium 
would have J ~ 7. The IR signals through the bandpass 
filter are extremely weak. Comparison of the signal 
through this filter with the total IR emission intensity 
viewed through quartz yields an estimated upper bound 
on the fraction of the v = 1 molecules emitting from J~ 7. 
The estimates are < 1% for F" +HCI; <7% for F- +HBr; 
and < 8% for F- + HI. The v > 1 levels have less exother­
micity available for HF rotation, so it is likely that 

smaller fractions of the v > 1 molecules are born in high 
J states. 

For the computer calculated spectra, the goodness-of­
fit parameter (sum of squared errors) is insensitive to 
the rotational temperature Trot over the range 300-450 
K. The sum of the squares of the deviations increases 
rapidly at higher Trot. The relative Nv vary by less than 
the error estimates in Table II as Trot varies from 300-
350 K. The reaction exothermicity raises the tempera­
ture of the He buffer by much less than 1 K above room 
temperature. Thus a great deal of evidence supports the 
validity of the calculated spectra using Trot = 300 K. 

3. The ratio (total emission intensity)/(v > 1 emission 
intensity) 

An experimental consistency check on the best-fit pop­
ulations Nv (Table II) is performed with an HF cold gas 
filter cell to absorb the v = 1-0 emission. For each re­
action, the ratio of the total infrared emission intensity 
to the intensity from all levels with v> 1 is given by 

(5) 

where Av and Nv are the v- v -1 Einstein coefficients 
and the relative populations for HF(v). The ratio R can 
be obtained in three ~ays. First, it can be calculated 
from the best fit populations Nv using the independently 
measured Av; call this result Rpop. The other two tech­
niques involve interposing a 2 cm long filter cell with 
- 30 Torr of HF gas at 300 K between the flow tube and 
the IR detector. The filter cell selectively absorbs all 
HF 1-0 emission from the rotational states present in a 
300 K Boltzmann distribution and passes all other HF 
emission. The ratio of the total IR emission intensity 
viewed through quartz without and with the HF cell in 
place gives an independent measure of R [Eq. (5)] which 
is labeled RiD/out. In practice, R lII/ out is obtained either 
by freezing the HF into a 77 K sidearm or by physically 
removing the HF cell, which requires a "cell factor" 
correction for window reflections and light piping. The 
two methods agree very well. 

As a third alternative, R is obtained by recording an 
entire HF emission spectrum with the HF gas cell in 
place. Figure 3 shows such a spectrum for F" +HCI. 
The peak at 2.59 p.m, which has a major P(I-0) com­
ponent, is noticeably diminished as compared to the com­
plete spectrum in Fig, 2(a). By normaliZing the spectra 
with and without the HF cell to match each other at long 
A and then comparing the areas under the two spectra, 
another measure of R, labeled R"p..,tr., is obtained. 

The results for the three techniques of obtaining R are 
collected in Table ill. The good agreement among Rp.." 

RiD/OUt. and R •• eotra for all three reactions serves as 
further confirmation of the validity of the relative vibra­
tional state populations Nv derived from the Trot = 300 K 
computed spectrum. 
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FIG. 3. HF chemiluminescence spectrum from r+HCl taken 
with a HF cold gas cell interposed between the detector and the 
flow tube. Compare with Fig. 2 (a) to see that a fraction of the 
peak at 2.59).1m due to the P branch of the v = 1-0 band has been 
absorbed. 

4. Spectra taken through HF cold gas filter 

The spectra recorded with the HF cold gas filter cell 
in place are also fit to yield raw distributions Nv • These 
should agree with the raw Nv distributions obtained with­
out the HF filter in place, except that Nl should equal 
zero, since the filter absorbs all 1-0 emission from 
thermalized J states. The distributions derived from 
spectra with the HF filter cell in place are included at 
the bottom of Table II next to the label "HF cell in, raw 
Nv ." The distributions are in good agreement with those 
at the top of Table II (no HF cell) except that, indeed, 
Nl "'" O. This provides yet another consistency check on 
the raw Nv and on the unimportance of non-Boltzmann 
rotational state populations. 

C. Corrections for vibrational cascading 

The HF spontaneous emission rates Av...,' and the 
v - v - 1 collisional relaxation rates are just large en­
ough to warrant small cascading corrections to the best 
fit populations Nv (Table II). For each HF vibrational 
state v, a small fraction of the nascent population radi­
ates or deactivates collisionally to v -lor v - 2 in the 
- O. 20 ms between formation and detection. The largest 
correction factor applies to the highest state populated, 
v max' since it is only depleted, whereas all lower states 
are both depleted and repopulated from above. Correc­
tions to Nv are never larger than a factor of 1. 20, 
while corr:ctions to the lower state populations require 
factors in the range 1. 00-1.10. 

The HF cascading kinetic model includes radiative 
rates (Einstein A coefficients) for both v - v - 1 and 
v - v - 2 from Sileo and Cooll9 and collisional v - v - 1 
rates. The latter rate constants are distilled from 
the rather extensive HF vibrational relaxation liter­
ature. 24• 25 For 0.7 Torr He, 0.5 mTorr HX, 0.3 
mTorr 02> and - O. 2 mTorr F2r the near-resonant trans-

fer rate to HX is the only important v - v -1 collisional 
rate. The radiative v - v - 1 rates are always at least 
five times larger than the collisional deactivation rates. 
The cascading corrections are evaluated at a time cor­
responding to the mean time between formation and ob­
servation of an HF molecule in the flow tube, (to"") = 0.20 
± O. 04 ms. This (to",,) is shorter than the transit time 
computed from VIOD = 1. 4 X 104 cm S-1 (the mean axial ion 
velocity)14 and z = 5 cm (the distance between the HX inlet 
and the center of the observation window) because of the 
cycling of the chain reaction [Eqs. (1) and (2)]. Insertion 
of an average time into the cascading formulas rather 
than averaging over a distribution of times is appropriate 
in the limit of small cascading corrections, which ap­
plies here. 

The best values for the relative nascent populations 
N~ for the F" +HX reactions are shown at the top of Table 
II. The error limits are almost entirely due to uncer­
tainties in the computer-derived Nv ; uncertainties in 
(to",,) and in the various cascading rates contribute insig­
nificantly to the uncertainties in the N~. 

Two spectra of each reaction were also taken with 
z = 10 cm rather than 5 cm between the HX inlet and the 
center of the viewing window. This increases (tobfl) by 
nearly a factor of 2 to 0.41 ms. Application of the same 
cascading corrections to these results yields nascent 
populations in reasonable agreement with those obtained 
at z = 5 cm; the correction factors however are signifi­
cantly larger so that the N~ in Table II from z = 5 cm data 
are a Priori more reliable. Similarly, the corrected 
populations from a spectrum using z = 10 cm and a two­
fold larger HCI flow (1. 0 mTorr) are in good agreement 
with the "standard condition" data taken for z = 5 cm and 
0.5 mTorr HCl. All of these results are collected in 
Table II. 

D. Estimates of N~o and (fv > from surprisal plots 

Chemiluminescence experiments can give no informa­
tion about the importance of the HF(v=O) channel. In 
order to estimate <Iv), the average fraction of the avail­
able energy depOSited in product vibration, vibrational 
surprisal plots26 are constructed for each F" + HX reac­
tion. Extrapolations of such plots to v = 0 are used to 
obtain a rough estimate of Ne.o and thus of <Iv)' 

TABLE III. Ratio of total HF emission intensity to v> 1 HF 
emission intensity. 

Reaction 

F-+HCI 

r+HBr 

F-+H[ 

Rpap a. 

1. 45± O. 04 

1.19±0.03 

1.11 ± O. 02 

RID/out b 

1.38±0.03 

1.15±0.02 

1.07±O.03 

1.45±0.08 

1.18± O. 05 

1.14±0.03 

"Calculated from Eq. (5) using the raw populations N v of Table 
II and the Einstein A-coefficients Av of Ref. 19. 
~xperimental ratio of total emission intensities·without and 
with the HF cold gas filter cell between detector and flow tube. 
Each entry is an average of three determinations. 

cRatio of the integrated area of complete spectral scans with­
out and with the HF cold gas filter cell. See Sec. III B 3 for 
details. 
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FIG. 4. Vibrational surprisal plots. The P v are the best nas­
cent experimental distributions, taken from the top of Table II, 
whUe P~ are the prior distributions. The solid lines are smooth 
curves drawn through the data points. For the sake of clarity, 
each curve has been displaced vertically by an additive constant. 

The average total energy available to products is com­
puted (assuming no barrier in the entrance valley) from 
(Etot)=-~H+(5/2)kT, using T=298 K and the ~Hvalues 
from Table I. The prior vibrational state distribution 
~ is calculated from the formula ~ ex: }; .. (2J + 1)[(E tot) 

_Ev ... ]l/Z, using the exact HF energy levels Eu.... There 
are no severe a priori angular momentum constraints on 
the products since the reduced mass changes very little 
from reactants to products. 

The surprisal plots, displayed in Fig. 4, are dis­
tinctly nonlinear, yet similarly shaped for all three re­
actions. It is noted in passing that with the possible ex­
ception of F + HBr, the corresponding neutral reactions 
yield surprisal plots with better linearity. 11.1Z Each 
curve is smoothly extrapolated to Iv = 0 (Fig. 4) to obtain 
a crude estimate of N~o. These are included in Table 
II. The Uv) calculated from the experimental N~ for 
v2: 1 and the extrapolated N~o is 0.31 ± 0.04, 0.40 ± O. 04, 
and 0.45±0.06 for Y+HCI, F-+HBr, and Y+HI, re­
spectively. These can be compared to the values of 
0.48, 0.56, and 0.57 from the results of Setser et al. 11 

for the corresponding neutral reactions F + HCI, F + HBr, 
and F+HI. 

The experimental v 2: 1 vibrational state distributions 
and the surprisal plots suggest nothing unusual about the 
v = 0 channel. However, the possibility that the v = 0 
channel completely dominates the product states cannot 
be fully eliminated. As a consistency check on the no­
tion that No is of comparable magnitude to the other Nu , 

the relative total infrared emiSSion intensity per product 
HF mOlecule is measured for all three F- +HX reactions. 
For a constant F- current in the flow tube, the total 
emiSSion intensity through a quartz filter is measured 
for each F- +HX reaction as a function of added HX pres-

sure. The chain mechanism [Eqs. (1) and (2)] is avoided 
by omitting the Fz/He addition downstream. In each 
case, the HX pressure is increased until the emission 
intensity levels off, indicating complete reaction of the 
F- current prior to the viewing region. This re­
quires 1.1, 1. 2, and 1. 5 mTorr for HCI, HBr, and 
HI. The required pressure increases from HCl 
through HI because the reaction rate constants decrease 
correspondingly (Table I). The resulting relative total 
emission intensities are in the ratio 1. 00 : 1. 22 
±0.03:1.44±0.03 for F-+HCI, r+HBr, and r+HI, 
respectively. The ratio should tend to increase down 
the series because the reaction exothermicity increases 
and, in addition, the Einstein A coefficients increase for 
the higher HF levels. 

It is qualitatively clear from the small variation in 
relative total emission intensity that the three reactions 
behave similarly with respect to the v = 0 channel. If 
v =0 dominates the products of one reaction, then it 
must do so for all three, since similar amounts of total 
fluorescence come from each reaction. In addition, the 
experimental ratios 1. 00 : 1. 22 : 1. 44 are entirely con­
sistent with total intensity ratios which are calculated 
from the N~'S in Table II. The conclusion is that the 
surprisal plot extrapolations probably give reasonable 
estimates of the N~=o. 

IV. DISCUSSION 

A. Energetics of FHX- and FHX 

The present ion-molecule r +HX product vibrational 
state distributions can be compared to the correspond­
ing neutral F +HX reactions, which have been studied by 
Setser and co-workersll and by Polanyi and co-workers!2 
Table I summarizes the exothermicities of the F- + HX 
and F +HX series of reactions. The corresponding ion 
and neutral reactions have nearly identical exother­
micities because the electron affinities of F, CI, Br, 
and I are very similar. 18 In addition, the mass combi­
nation for pairs of corresponding reactions is essentially 
identical. However, the shape of the potential energy 
surface on which corresponding reactions occur is 
strikingly different. The neutral F +HX reaction pre­
sumablyll.12 occurs on a surface having a small, - 1 
kcal/mol barrier in the entrance valley and proceeding 
essentially monotonically downhill along the "reaction 
coordinate" from the crest of the barrier to the product 
valley (Fig. 5). In contrast, the ion-molecule F- +HX 
reaction occurs on a surface having a deep potential well 
corresponding to the stable ion FHX-; it is unlikely that 
there is any barrier in the entrance valley. The vibra­
tional state distribution in the reaction products is 
governed both by kinematic effects and surface shape. 
The comparison of the present results with those from 
F + HX represent an initial attempt to explore the rela­
tive importance and exact nature of these effects in the 
F- +HX systems. 

To a very good apprOximation, the F- + HX reactions 
occur adiabatically on a single potential energy surface, 
unlike many positive ion-molecule reactions. All reac­
tants and products are Closed-shell species whose ex­
cited states occur at very high energy. The neutral re-
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FIG. 5. Schematic of r+HCl and F+HCl reaction energetics. 

action F(2Pa/2,l/z) +HX involves six surfaces, at least 
two of which provide low energy paths to HF+X. Some 
of the possible effects of nonadiabaticity on the product 
state distributions have been considered. 11.12 If such 
effects are important, it may be inappropriate to infer 
the influence of the shape of potential energy surfaces 
from co~parisons of F" + HX and F + ax product states. 

In addition to the F" +HX reaction exothermicities, in­
formation about the series of FH-X" bond strengths in 
the Fax" bihalide ions is available from mass spectro­
scopic and ion cyclotron resonance studies. 27 The bond 
strengths provide a reasonable measure of the depth of 
the attractive wells on the F" + HX potential surfaces, as 
shown schematically in Fig. 5 for the F-+HCI case. The 

tical vibrational distribution which peaks at v = 1 and 
decreases monotonically for higher v, in considerable 
contrast to Setser et al. distribution, which is repro­
duced in Fig. 6. 

The ion-molecule product vibrational state distribu­
tions are qualitatively very similar to the neutrals in t 
that both are much hotter than statistical. However 
there is a noticeably smaller degree of vibrational ex. 
citation in the ion reactions. We attribute this to the 
effect of the deep potential minimum in the ion reactive 
surfaces. The similarities, however, appear to out­
weigh the differences. This may be a surprising result 
in view of the dramatic differences in the shape of the 
potential surfaces on which the neutral and ion-molecule 
reactions proceed. A kinematic effect common to both 
types of reaction may dominate over the major change 
in the shape of the potential energy surface. 

C. Dynamics 

The deep potential wells in the F" + HX surfaces might 
suggest that the product vibrational state distributions 
should be statistical, in contrast to the very hot distribu­
tions which are actually observed. However, the wells 
are shallow (-13 kcal/mol relative to HF +X- in all three 
cases) compared to the 40-60 kcal/mol reaction exo­
thermicities (Fig. 5). The collision partners gain a 
tremendous amount of kinetic energy as they are drawn 
together by the attractive well. The "transition state" 

bihalide ion FHCI- sits in a presumably global minimum IZI F - + He I 
about 14 kcal/mol below the HF +cr product asymptote. 
Similarly, FHBr- and FHl" are stable by about 13 and 12 0 F + H C I 
kcal/mol, respectively, relative to HF + Br- and HF +1". 
There are no data on the gas phase geometries and vibra- N I 
tional frequencies of the FHX- anions. In this context 
it is interesting to note that there is evidence for the 
existence of a stable neutral HlF molecule (note the 
specific ordering of the atoms) from Fa +HI crossed 
beam studies. 28 A lower bound of 19 kcal/mol is set on 
the HI-F bond energy. The stability of the HXF mole-­
cule presumably decreases as X becomes more electro­
negative. 

B. Comparison of HF(v) distributions from F- + HX 
and F+ HX 

Figure 6 compares the present HF vibrational state 
distributions for the ion-molecule F" +HX reactions 
(Table II) with those of Setser and co-workersu for the 
corresponding neutral F + HX reactions. For F + HCI the 
arrested relaxation data of Polanyi and co-workers12 is 
in good agreement with the flowing afterglow results 

~ F-+HBr 

0 F+ HBr 

!Zl F-+HI 

0 F+HI 

N, N2 N3 N4 

~~~~~ 
N, N2 N3 N4 N5 

n 
N6 

of Setser and co-workers. 11 There is presently a dis­
crepancy in the results from the two groups for the 
F +HBr reaction. Polanyi et ai. obtain a nearly statis-

FIG. 6. Bar graphs of nascent product vibrational state dis­
tributions N~ for F" + HX (Table In and for the F + HX results of 
Setser and co-workers (Ref. 11), 
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thus contains a great deal of internal energy relative to 
the product asymptote and has only four vibrational de­
grees of freedom among which to distribute this energy 
(assuming linear FHX-)' It is therefore not surprising 
that a nonstatistical product state distribution is ob­
served, suggesting short-lived, direct reactive en­
counters. Indeed, a simple RRKM estimate29 of the life­
time of an activated FHX-molecule relative to HF + X­
dissociation yields T "" 0.1 ps, comparable to a "direct 
collision" time. 

Given that direct reactive encounters are quite plaus­
ible on an F- +HX potential surface, it remains to ex­
plain the strong propensity of these reactions to deposit 
their exothermicity in product vibration. The most 
likely explanation involves a kinematic effect associated 
with the mass combination involved, namely, the ex­
change of a light particle between two heavy particles 
(H + LH' - HL + H'). In properly skewed coordinates that 
diagonalize the kinetic energy, 1 the angle between the 
entrance and exit valleys of a collinear surface is a men 
15°, Le., the two valleys are nearly parallel. The ef­
fect of such an extreme skew angle is well understood 
for typical exothermic "neutral-like" surfaces such as 
London -Eyring -Polanyi -Sato surfaces (small barrier, 
no deep attractive we 11). 1,3,30 Both "attractive" (early 
barrier) and "repulsive" (late barrier) surfaces effi­
Ciently funnel energy into product vibration for the 
H +LH' mass combination. For other mass combina­
tions, the repulsive surface favors product translation, 
but for H +LH', many trajectories effiCiently "cut the 
highly skewed corner" leading to "mixed energy release" 
and extensive vibrational excitation of the products. 3 

Experience with quasiclassical trajectories on "ion­
molecule-like" surfaces having deep potential wells is 
quite limited. 3o However, the recent work of Chapman31 

on a semiempirical Cl- +HBr collinear surface clearly 
suggests that the same H + LH' kinematic effect domi­
nates any influence of the deep potential well. The 
cr + HBr surface usedhasa 15.6 kcal/mol exothermicity 
and the bottom of the well lies 9. 1 kcal/mol below the 
HCl + Br- product limit. The well is displaced towards 
the product valley. Chapman finds about 80% direct tra­
jectories. Interestingly, even the long-lived trajectories 
tend to preserve motion in the diagonal direction corre­
sponding to the light H atom rapidly vibrating between the 
heavy CI and Br nuclei once sucjl motion is excited. 
Momentum transfer from the oscillating H atom to the 
heavy CI is inefficient even after dozens of encounters. 
The system prefers to oscillate between the nearly 
parallel outside repulsive walls of the entrance and exit 
valleys. This motion remains as product vibration when 
the system finally manages to find the product valley. 

This kinematic effect is the most likely explanation for 
the efficient population of product vibrational states in 
the F" + HX reactions and in the previously studied 
cr +HX reactions. 8 Some caution is appropriate since 
the effect is so far documented for only one collinear 
ion-molecule surface. The enormous F- + HX reactive 
cross sections indicate little or no preference for col­
linear approach of reactants, even though the gas phase 
FHX- ions are probably linear. Apparently the long-

range, spherical ion-induced dipole forces make the ap­
proach of F" and HX attractive from all directions. This 
suggests that rather complicated trajectories involving 
migration of the H atom must be important in three di­
mensions. Quantum mechanical tunneling effects may 
also be important. 31 
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