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Threshold Behavior in Electron-Transfer Collisions between Rubidium Atoms and GFsClI
or CoFsl Molecules
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Rubidium atoms are accelerated in a high-temperature expansion of hydrogen to produce beams with energies
high enough to observe collisional ionization with a cross beam. The speed of the atoms is directly measured
by time-of-flight techniques, and the positive and negative ions produced are detected in separate mass
spectrometers and detected in coincidence. Chloroperfluoroethane prodiigesad CI ions, whereas
iodoperfluoroethane produces, IC;Fs—, and GFsl~ ions. When the measured speed distributions are used,

the signal versus energy may be deconvolved to yield thresholds and electron affinities (EAs). The EA for
C.Fsl is measured to be 0.96 0.1 eV. Anomalously high EA values result fopRg apparently because

C.Fs™ is produced by parts per million concentrations of,Rb

I. Introduction

| Toe

Negative ions are common in solution and important in many Mass Spectrometer
biological processes, balancing positively charged species to
maintain overall electroneutrality. But despite their importance
and abundance, negative ions are far less well-characterized in
thegas phasehan are positive ions. This apparent discrimina-
tion arises because it is much easier to make positive ions than
it is to make negative ions. Both are typically made by electron
bombardment, but knocking out an electron (eq la) gives a  'g" e
strongly bound positive species (which frequently fragments), i
whereas the electron must attach itself to the molecule (eq Ib) QD s soucuometer

. . . Roam T
to form a negative ion. The extra electron is weakly bound, ol
and an attachment is likely only at “resonance3”. Figure 1. Schematic view of apparatus. Fast-atom beam crosses the
B N B molecular beam between the TOF mass spectrometers that detect ions
e +tM—M" + 2e (1a) formed in collision. Atomic speeds are measured by the flight time of
packets of atoms produced by the chopper.

Surface Tonization
Detector & Charmettron

400 Hz Chopper
Wheel

e +M—M" (Ib)
) o .. vanishes, and we enhance the sensitivity by the coincidence
The fate of a transient negative ion depends on the lifetime ., nting of the product ions. High-beam intensities from seeded
of the ion. The ion may autodetach the weakly bound electron supersonic bear®8 further enhance the signals near the

with lifetimes ranging from milliseconds to femtoseconds, and ihreshold and allow direct determination of the beam speed.
this process can be studied by measuring the transmission of

electrons th_rough a gas. If the lifetime is long enough, one Or ||, Experimental Section
more chemical bonds may break to produce a stable negative
fragment and many radical ions can be produced and stddied. Electron transfer between neutral species produces positive
The stable parent negative ion cannot be produced unless a third@nd negative ions. These can be separately detected if the energy
body, such as a surface, another molecule, or a photon, isavailable is enough to overcome the Coulomb attraction between
available to carry off the excess energy. the ions. In these experiments, energy is supplied by Rb atoms
Electron-transfer collisions between heavy particles also (0.1 Torr) seeded in a large excess99.9%) of hydrogen
produce negative ions, and these negative ions can be differenfind expanded from a 0.002-in. diameter ruby nozzle at tempera-
from those produced by electron bombardment because thetures of~1100 K. Changing the backing pressure (frem00
positive ion can carry away excess ene‘i'éy_-_or example, Sf to ~1500 TOTT) was the most convenient way to vary the energy.
attaches electrons to form a metastablg SBn only at zero The seeded atomic beam crosses a molecular beam at an angle
energy? whereas S§ (of unknown lifetime) can be observed  of 120° in an apparatus sketched in Figure 1, slightly modified
at collision energiess 20 eV with K atoms. We exploit this from one described earlié?-13 The molecular beam is nomi-
difference to study electron-transfer collisions because these arenally a 10% mixture of a test gas in argon or helium expanded
more likely to serve as models for solution phase processes tharthrough a 0.002-in. diameter ruby nozzle at room temperature.
is electron bombardment. We report here a preliminary study For GFsl, the signal was too large for coincidence measure-
of the ions formed at the energetic threshold (Th) for the ments, and it was necessary to dilute the gas to 0.03%. The
separation of ions and the measurement of the threshold energybacking pressure is held constant at 250 Torr in all experiments.

By definition, the threshold is that point where the signal The beams cross between two WitelicLarert time-of-flight
(TOF) mass spectrometers housed in an ultrahigh vacuum
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Figure 2. Arrival time distributions for Rb atoms at various,H  Figure 3. Coincidence TOF mass spectra showing negative ions

pressures. Speeds are parameters of the curves passing through tHg'med by an electron transfer toksCl at two different energies. The
experimental data (see text). The dashed curve is the gate function. Nigh-energy spectrum is offset by 4 counts/s (cps).
20
The beams are continuous and the mass spectrometer voltages I I ' ' '
are direct current, so there is no time zero. But, the ions are |
formed simultaneously by the electron transfer, and the unknown 5 L r i
time zero is the same for both the positive ion and the negative ‘
ion. These ions are extracted perpendicular to the beam plane 2 I
and are detected in separate and identical TOF mass spectrom-= ;| z | i
eters. Experiments and calculations showed that all of the ions 3 1l
are collected at the energies in these experiments. Because the® | ]
positive ion is (almost certainly) Rband the distances and s | cF- ‘ 2 s
voltages are known, thdifferencein flight times is a measure _ -
of the mass of the negative ion. The ions are detected by [ ol )
microchannel plates (MCPs), and the electronic pulse from the o ! AN AL W I
positive ion detector is used to start a Lecroy 2228A time-to- o 5 oo =0 20 250
digital converter (TDC), which has been modified to have a Mass (amu)
full-scale range of 1Qus. The pulse from the negative ion  Ejgyre 4. Coincidence TOF spectrum for&l.
detector is delayed #4s, which stops the TDC, and the time
diﬁergncgis regd by'a computer. The dqlay ensures that all colliding with C,FsCl at “high” and “low” backing pressures,
negative ions, mclqdlng electrons, will arrive at the TDC after corresponding to high and low energies.
the start pulse. ThI_S design is S|mpl|f|_ed from that previously Figure 3 is acoincidencespectrum: each mass peak is a
described for studying reactions of oriented molectiles. consequence of the detection of two ions, a"Reart pulse
followed by a negative ion stop pulse. The unusual shape of
the peaks (i.e., three apparent peaks for)Qieflects the
Speed Distributions. The beam is not monoenergetic, rubidium ion isotopes at/e = 85 and 87, which account for
especially not in comparison to the electron beams in the 72 and 28% of the eleméfitand give different “starts”. The
electron bombardment experimeft8ecause a moderate velo- Cl~ peak should, thus, be a quartet; however, two of the lines
city dispersion of10% translates into an energy dispersion of strongly overlap, and we are able to resolve only three. The
~20%, the signal will be a convolution over a large range of mass scale has been calibrated with several other gases such as
speeds, and it is necessary to accurately measure the spee@FsBr and Sk. The peak denoted “Z”, the “zero-time peak”,
distribution. The speed of the alkali beam is measured by time- is an artifact apparently caused by a*Riitting the edge of a
of-flight: the beam is chopped into packets by a 400-Hz 3-in. pore in the MCP and ejecting an electron backward to the
diameter wheel containing a 0.015-in. slit through which the negative ion detector, despite a grid in front of the MGP.
beam passes. A similar slit that is diametrically opposed Because the electron moves so quickly, it is detected simulta-
interrupts the beam of an IR sensor to give a start signal, andneously with the positive ion, and a peak appears at zero time
the arrival time of the Rb atoms is monitored by a surface- difference, corresponding to the mass of the alkali metal ion.
ionization detector located = 563 + 2 mm from the beam The difference between the two spectra in Figure 3 arises
chopper. The atoms are ionized on a heated W wire, the ionsonly from the difference in Rb speeds. Although thg=£
are detected by a channeltron, and the pulse is digitized by anintensity increases very slightly at higher energies, theadd
oscilloscope and recorded for later analysis. CR;~ intensities increase dramatically as if they had been
Figure 2 shows typical arrival time distributions for Rb suddenly turned on.
accelerated in K Figure 2 also shows the open time of the A representative mass spectrum for the analogous molecule
chopper wheel, or the shutter functioi(f), determined witha  C,Fsl is shown in Figure 4; the situation is different from that
laser beam and a photomultiplier with a slit mask to mimic the of CoFsCl. The GFs~ intensity is comparatively much lower,
detector wire. the I” intensity is higher, and the intensity of the parent ion
Mass Spectra.Coincidence TOF mass spectra and arrival CyFsl~ is much higher. For the iodide, the relative peak heights
time distributions are obtained at each separate hydrogenare essentially independent of the collision energy. The count
backing pressure. Figure 3 shows typical mass spectra for Rbrate for the two molecules is similar, but the chloride concentra-

Ill. Results
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TABLE 1: Speed Parameters

— 0.6
vo (km/s) Av (km/s) Te (uS) o
2.47 0.29 25 04
2.96 0.26 19
3.19 0.24 18 02 -
tion is ~300 times higher, showing that the cross section for et B L et g
the iodide is about 300 times that of the chloride. ' L
2 25 3 35 4 4.5 o] 55 B
IV. Data Analysis Relative Collision Energy (V)

A. Rubidium Speed Distribution. A monoenergetic Rb Figure 6. Relative collision energies calculated from the speed

. distribution parameters obtained from the arrival time distributions
beam of speed would appear at the detector at a tine d/v. shown in Figure 2Nominalcollision energies are shown at the peak

In reality, the pulse of atoms is broadened by the finite temporal of each curve, but many collisions occur with energies up to 1 eV
width of the chopper and by the distribution of speeds in the peyond the nominal value. The speed distribution of the gas beam is
beam. The experimental arrival time distribution is, thus (see assumed to be given by an analogy to eq 1, sjts 793 m/s andAs

appendix | for details and nomenclature), a convolution of the = 79 m/s. Meier function thresholds are shown for 2.96 and 4.20 eV.

, v— UO 5 380 . . . . . .
f,(v) = By exg — D Q) w00 * Crexp .
CI Fit
together with the shutter functior(t), and any electronic 2 * CF Expx5
response timege. The signal at the detect&t) is, thus, E a0 | G Fitxs - .
St) = é 150 - /,"'/. ps
t t—1 t t—1 7 /oy
LN(T) exp(— - )drz B, L exr(— - )dr X 100 | ,, /a0
€ € 2.95 P —
T d4 d Ug z 8 . i
A(l)———ex —(— - —) ] di (2 M
j‘" ( )(1—_,1)5 F{ T—AAv  Av 2) b ¥ . "
28 3 32 3.4 36 a8 4 42 4.4
Values ofyp andAv are varied in eq 2 and are compared to Nominal Energy (eV)

the experimental Values using the LevenbeMarquardt Ieas’_t' Figure 7. Signals for Ct and GFs~ arising from collisions of Rb and
squares proceduréto find the values ofip andAv that best fit C2FsCl at various nominal energies. Symbols are larger than error bars.
the data. The solid lines in Figure 2 are calculated from these Lines connect points calculated from a best fit of eq A19 using best-fit
best-fit data. The agreement is excellent in virtually every case, parameters and should not necessarily be smooth curves. Arrows denote
and Figure 2 is trulytypical. For illustration, Table 1 gives the  thresholds obtained from these data; the thresholds in Table 2 are the
values ofvg, Av, andre extracted from the data in Figure 2. average of several other determinations not shown.

B. Relative Speed Distribution. The relative energy of C. Energy Thresholds. Integrated mass signals forGCl
collision is */zut?, whereu is the reduced mass andis the are shown in Figure 7 for various “nominal” collision energies,
relative velocity. Because the Rb velocity is large compared 10 jncjyding those shown in Figure 6. Because the collision energy
the velocity of the cross beam and the beams are crossed afs not monoenergetic, it is necessary to convolve the energy
12¢° as shown in Figure 5, the relative velocity is mostly gistribution with the excitation function. For processes producing
determined by, the speed of Rb. three particles, such as the ionizing reactions of eq 4, Nfaier

The speed of the gas beasnis approximatetf as the stream  ghowed that the excitation function should have the form in eq
velocity of a 10% mixture in He (793 m/s for,EsCl) with 5

so/As = 10, and this assumed speed distribution is convolved

with the measured Rb speed distribution to give a distribution Rb+ C,F.Cl— Rb™ + CI” + C,F (4a)
of relative energies. Details of the calculations are in appendix

Il. This process is repeated faach energy point, and for Rb+ C,F.Cl— Rb" + Cl + CFs (4b)
illustration, Figure 6 shows relative collision energies from the

speed-distribution parameters shown in Table 1 (obtained from E<Th o=0

the arrival time distributions of Figure 2). This figure also shows (5)
the “nominal” energy for each distribution, where the “nominal” E>Th 0= 0,E — Th)3/2

energy for beams crossed at 126
The Wigner step functid was used to deconvolve the
2E = U2 = (S + vy> + Syvp) 3 threshold of GFsl~, where only two particles are formed.
Threshold values were obtained by a nonlinear least-squares
Please note that energies higher and lower are present in thdit to the experimental data, as discussed in appendix I, with
distribution. the results shown in Figure 7.
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40 . . . TABLE 2: Measured Thresholds?
s | ~ EWGEI ,_f’ ) molecule ion Th (eV) EA(eV)  EAlit (eV)
s | e " . CRBr  Br ~313+01 ~4.12 337
. EXCE CRBr~ 3.25+008 093:008 09%
o 25 | i : Sk Sk~ 3.80 0.48 0.31.2
k| fitCF, CFsCl  CI- 4274011 3.47+0.13% 3.613
£ 2 i s J CoFs~ 2.93+0.08 seetext ~228
3 aprd o) CoFsl I- 3.134+0.08 327+ .09  3.06°
B - fitl (x0.2) 3 CoFs~ 3.20+0.09  see text ~2%3
| . ] CFsl~  3.22+0.03  0.96+.03
. // i 2|P(Rb)= 4.1823 b BDE(C—Br) ~ 3.06% ¢BDE(C—CI) ~ 3.592*
r Pl S . 4 BDE(CI) ~ 2.222
0 e N
h ? o * process in which the electron is attached to the molecule in a
Nominal Energy (eV) time much less than that required for the nuclei to move to their
Figure 8. Experimental points and fit for ions fromyEsl. For clarity, (new) equilibrium positions. The inequality is necessary to

experimental points and fits for lare shifted to higher energies by  account for any excess energy appearing either as internal or
0.2 eV, and those for £~ are shifted by 0.4 eV. Most points are  as translational energy of the products.

larger than the error bars; lines connect points calculated from eq A19  \jgst of the EAs listed in Table 2 are in reasonably good
using best-fit parameters and should not necessarily be smooth Curvesagreement with literature values, except for Br anffJsee

Arrows denote thresholds from these data; the thresholds in Table 2b | The EA of GE-l h | b - |
are the average of several other determinations not shown. elow). q e of GFsl has apparently not been previously
measured.

The data shown in Figure 7 are taken at the same time, and The discrepancy between our value forBind the better-
the Rb speed distribution is measured at each “nominal” collision €stablished literature value arises because the mass peaks for
energy. The best-fit thresholds are clearly different for the two Br~ (m/e = 79 and 81) overlap the “zero-time peak” in the
ions, and “nominal” energies below threshold still produce coincidence mass spectrum. This problem is worse at low-signal

signal. This is understandable from Figure 6, which shows rates and, consequently, the threshold is strongly affected.
excitation functions for these data and thresholds. For a The EA for GFs has been omitted from Table 2 because we

“nominal” energy of 3.90 eV, there is considerable Over|ap, with believe values calculated from our measured thresholds are not

the excitation function having a threshold of 4.2 eV. The overlap reliable. The threshold for s~ formed from GFsCl gives an
at a nominal energy of 3.15 is far less, and the overlap in the EA = 4.84 eV, which is drastically different from previous
wings of the distribution is sensitive to speeds that are not measurements that were near 2.6%¥¥and a theoretical value
accurately measured. As a consequence, threshold determinatioff 1.8 €V?’ lodoperfluoroethane was studied to give an
is something of an iterative procedure: rough thresholds are independent determination of the threshold feF£, and its
determined, and then, the measurements are restricted tdhreshold yields a lower value for E4 3.20 eV, which is still
“nominal” energies, wher&(E) at the threshold was greater ~Mmuch greater than generally accepted.
than~0.1. For example, the experimental point with a nominal A possible explanation for the widely varying EAs o$Rg
energy of 3.15 eV is not used to fit Cbecause the high-speed is that the QF57 ion is being made in different states in the
tail is not well-known. Likewise, energies3.9 eV are not various experiments. In the present experiments, the Rb electron
considered for fitting GFs~ because the distribution of low donor materially participates in the electron-transfer process,
energies is not well-known. At higher collision energies, the Possibly deactivating the transient negative molecular ion and
excitation function is no longer in the threshold regime, and giving the adiabatic EA. But there is another possibility that
these points are also excluded. The fit is calculated from eq We believe is more likely. Alkali metals are known to dimerize
A19 using the speed distribution for the Rb bedify), which in the gas phase, and many spectroscopic propéftesd
is determined at each point. Eq A19 includes a term proportiona| reactivitie§-2%-36 of the dimers are known. The dimers constitute
to the beam fluxSatp (A17). This is measured at each point, about 0.1% of the alkali vapor above the liquid but dissociate
and it is apparently slight variations in the beam flux that upon heating the vapor independent from the liquid. (We
produce curves that are not smooth but which still fit the estimate that, for equilibrium in the nozzle at 1100 K, the
experiments. fraction of dimers in the Rb vapor is #1200 ppm.) The
The experiments represented in Figures 7 and 8 were repeategoincidence mass spectra require & Rin to start the clock;
several times for both E5C| and QF5| Ina given experiment, OtherWise, the mass calibration would be VaStly different. But
the energy range was sometimes optimized only for one ion. the dimer could produce Rbaccording to eq 7,
Similar experiments were done on test gases such gBr@Rd
SFs. These are summarized in Table 2. Rb, + C,F-X = Rb" + C,F;~ + RbX 7

V. Discussion with Th = BDE(Rb) + IP(Rb)+ BDE(C—CI) — EA(CaFs) —
The energetic threshold (Th) for ion-pair formation is related BDE(RbX). When the values for BDE and IP in Table 2 and
to the electron affinity (EA) of the acceptor and the ionization Huber and Herzberg?8 BDE for Rk, RbCl, and Rbl (0.49,

potential (IP) of the donor by the relation 4.34, and 3.30 eV, respectively) are used, the threshold for
reaction 7 is predicted to be 1.92 eV,fCl) and 1.59 eV
Th> IP — EA + BDE (6) (CaFsl), assuming EA(@Fs) = 2.0 eV.

The “threshold” reported in Table 2 for,E~ from CFsCl
where BDE is the dissociation energy of any chemical bonds is 2.9 eV, calculated for the reaction of the monomer, eq 4b.
that must be broken to form the negative ion. The negative ion The speed of the Rb atom giving this collision energyx.4
is likely to be formed in an excited state via a Fran€ondon km/s, which is considerably slower than the 4.6 km/s expected
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TABLE 3: Tests for Dimer Participation in C ;FsCl also observed, but F- was not observed because the energy
Ts Av was too low to break the €F bond. As expected, the parent
Tv(K) (K) (km/s) (km/s) CF (cps) GFs (cps) CI/CyFs negative ion was observed in the electron-transfer experiments
1091 498 3.02 033 633 8+ 04 78+£05 reported here but was not observed in the electron-attachment
835 498 3.01 025 4501 3401 1.5+ 0.06 experiments. The EA of iodoperfluoroethanefr, is 0.96 +
1091 416 3.02 029 3FZ0.1 0.21+0.02 18+2 ~0.1 eV and shows that this is a stable ion.
1091 498 284 033 1105 54+02 2+01 We believe this result is for the atomic reaction

835 498 284 026 1%x0.03 16£0.05 0.7£0.03

from eq A6 for the H seed gas. The speed of the Rb dimer is Rb+ C,Fgl = Rb" + CoFsl 9)
not known but certainly lags behind the speed of the monomer.
When a small-angle kinematic model for the acceleration of  The threshold for reaction 9 (Table 2) is apparently 3.22 eV,
the monomer (appendix 1V) is used, the measured speed of thecorresponding to a Rb speed of 2.46 km/s. Using the kinematic
monomer allows us to estimate the dimer speed at this model of appendix IV, we estimate the dimer speed to be 1.46
“threshold” as~1.4 km/s. The nominal collision energy of the km/s, giving a collision energy of the dimer as 2.4 eV. Possible
dimer at this speed isc1.6 eV, which is in rough agreement dimer reactions are
with the expected threshold for the reaction of the dimer. A
similar calculation for the iodide suggests that the dimer energy Rb, + C,F| = Rb" + C,Fl +Rb (10a)
at its “threshold” is~2.4 eV. Thus, the dimer has enough energy
to react at the respective thresholds, but the energy of the dimer
is less than the energy of the monomer.

The corresponding reaction of the dimer to produce CI

Rb, + C,F5l = Rb," + C,Fsl~ (10b)

The threshold for reaction 10a4s3.7 eV, higher even than
— PRt - the observed threshold and far higher than the estimated energy
Rb, + CFsCI=Rb" + CI 4 RDGF, ®) for the dimer, 2.4 eV. (Reaction 7 is much more exoergic than
reaction 10a because the very stable RbCl is formed.) Reaction
10b produces a dimer ion that would give a totally different
mass spectrum than what we observe, and it can be ruled out.
We conclude that dimer channels do not complicate the
determination of the threshold and that the parent negative ion,
C,Fsl—, is produced from Rb atoms, as shown in reaction 9.
The EA of GFsl, 0.96+ 0.1 eV, is in reasonable agreement
with other analogous halogen compounds: EA{@#= 0.91

is highly unlikely because RBEs is probably weakly bound,
and the threshold for forming Rb+ CI~ + Rb + C,Fs will be
about 4.7 eV, corresponding to an apparent energy of the
monomer~ 7 eV. Formation of Ct is, thus, dominated by the
monomer reaction.

Two sets of auxiliary measurements were made to see if the
Rb dimer played a role in the measurements. The experimental

conditions and results for these tests are shown in Table 3.ev22 and 0.93 eV (this work) and EA(GH = 1.4 eV and

Decreasing the rubidium nozzle temperature from 1091 to 835 29 . .
K and keeping the oven temperature at a constant 498 Kshould.l'6 eV The GFsCI™ ion appears in the mass spectrum as

favor dimer formation by increasing the equilibrium constant, indicated in Figure 3, but the count rate was too small to enable
K, for the dimerization reaction. This temperature decrease had"® to analyze that peak.
little effect on vy, althoughAv decreased a bit. Both the ClI
and GFs~ signals decreased, but theFg~ signalincreased
relative to the Ct signal as can be seen in the ratio. A similar We have developed a heated supersonic source for producing
result was obtained at a lower backing pressure (2.84 km/s). If atoms that are fast enough to cause collisional ionization in
atoms are responsible for both Gind GFs~, the ratio should electron-transfer collisions. This source was used to accelerate
not change, but if dimers are responsible foF£, we expect rubidium atoms, and the intensity near threshold was high
lower nozzle temperatures to favor dimers and to decrease theenough that we could directly and accurately measure the speed
signal ratio, as observed. In a second test, the oven temperaturélistribution at each separate collision energy.
is lowered to 416 K, keeping the nozzle temperature at 1091 The fast atoms cross a beam of molecules inside a coincidence
K. The equilibrium dimer pressur®p, is given byPp = KPy2, TOF mass spectrometer that detects both positive and negative
whereK is the equilibrium constant for dimerization aRg is ions and uses the time difference between the ions as a signature
the monomer pressure. Decreasing the temperature drasticallyof the mass. Molecules such aseS&d CRBr gave well-
lowers the vapor pressuRy, and the dimer pressure is expected characterized ions. Using the measured speed distributions, we
to further decrease. Thus, if;B~ arises from the dimer,  could deconolve the intensity from the nominal energy to
decreasing the oven temperature shaovder the GFs~ signal determine the Th for ion-pair formation and, thereby, determine
relative to Ct (the ratio should increase), and this is observed. EAs for various species.
We, thus, believe that the most likely explanation for our Collisions of Rb with GFsCI produced Ct and GFs~ and
anomalously low threshold for €5 is that the ion is formed initially suggested that the EA of £s is greater than that for
from the small (ppm) concentration of Rb dimers in the beam CI~. To further investigate this, £s] was examined, yielding
via eq 7. The numerical values for theFs~ threshold are in a somewhat different value for,Es but, in addition, producing
error because we used the energy distribution for the monomer.the parent negative ion,,Esl ~. We believe the anomalousis
Rough estimates of dimer speeds at the threshold are consistentesults probably arise fromzEs~, formed by minute amounts
with accepted values for the EA of;& and further support  of Rh, in the beam.
the assignment of these thresholds to the dimer reaction, eq 7. We have measured the EA obfgl as 0.96+ 0.1 eV.

Electron attachment of iodoperfluoroethangi-4L, has been
studied using monoenergetic electréh&ero-energy” electrons Acknowledgment. We gratefully acknowledge support of
produce T, and electrons a few volts higher produce flom this work over an extended period of time by the Robert A.
several overlapping resonances. In the present experiments, waVelch Foundation and the National Science Foundation.

VI. Summary
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for a graduate fellowship. From Figure 5u is the relative collision speed, the beams
) ) cross at angle. = 120, andf, the angle between the velocity
Appendix |. Deconvolution of Speed Parameters of the alkali metal and the relative velocity, ranges from 0
We assume the modified MaxwelBoltzmann relatio?? to 60°, depending on the relative magnitude sénd v. The
relative velocity distributiorg(u,) is given by
v — p)\?

f,() = B,” exp[—( Ay ) ] (A1) g(u,8) du dB = f,(v) f(s) dv ds (A7)
where vy is the stream velocity of the expansiofiy is the Integration overs gives the relative speed distribution.
measure of the deviation from the stream velocity, 8ads
the normalization constant. The flight timeg,is given byt = f(u) = O'”Sg( u,B) d (A8)

d/v, and the distribution of flux arriving at the flux-sensitive

detector at timd is Substituting eqs Al and A5 into eq A8 and following Datz et

_ al.At
Bl(d:) ex;{ d/t UO ] (A2) o .
(v uo) N (s S

022 _
< AS) =Q du+T  (A9)

o) = o1,() [ =

This flux arriving at the detector is broadened by the finite
open time of the chopper wheel that passes molecules as a

function of time by presenting an open arA@.), measured Q2= S|r12((x +5) + szﬂ 1 (A10)
using a laser and photomultiplieh(4) is roughly a triangular (Av)? (As)*|sin’ a
function with full width at half-maximum® 7 us and is shown
in Figure 2. A molecule passing through the chopper at fime vosin + ) ssinfl 1
is detected at time, with the time zero as that time when a =2 > T 2 |sin (Al1)
molecule first passes through the chopper. The speef.s) (Av) (As) «
= d/(r — 1), and the number of molecules detected at tine \2 5,2
0
¢ r= () + o2

X

N(D) = fyo(t = 4) A2) di =B, ﬁ,A(A) 1)

exl{ [(T—A)Av Av

The electronic pulse is detected at tiethat is, delayed
from 7 by the exponential electronic response timeThis delay
time is determined from the long-time tail of the arrival time
distribution. The signal is finally detected at tirhgiven by eq
2 from section IV, which is relabeled here as eq A4.

SO =

L/;N(r) exr(— —) dr=B, [, exp(
4 5 wheren;? andny? are the number densities of the reage¥tis
a7y _ d % the volume of the crossing regios(E) is the energy-dependent
JoAR) ex di (A4) , ! : )
0 — )5 T— AAv reaction cross section, aunds the relative speed. The contribu-
o . tion to the rate from atoms with speeds in the raamge v +
These complications have been discussed by Ydting. dv, and molecules with speeds in the rarmg® s + ds is

Appendix Il. Energy Distributions 0.0
Because neither beam is monoenergetic, the distribution ofd S=V.dny(v) dny(s) us(E) = VB, n, uo(E) x

relative speeds is a convolution of the speeds in each beam. As B f, (1) ,(s) ds dv = CB,n,°us(E) f,(v) f,(s) dsdv (A15)
shown in Figure 5, the Rb beam provides most of the energy,

— u \S a3 . )
} vy O [eng) o st pysit
exp[-(Q%* — du+T)] df (A13)

Eqg A13 is solved numerically, and the energy distribution is
F(E) = f(u)/uu, whereu is the reduced mass.

Appendix Ill. Reaction Threshold
The rateS of a bimolecular chemical reaction is given by

S=Vn'n, us(E) (A14)

)dr X

€

and the gas beam speed distribution is estimated as Because the source conditions of the molecular beam are
s—s\2 constant throughout a given experiment, the normalization
f(9) = 5252 ex;{—( A SO) ] (A5) constants for beam 2 are combined witho give the constant
S C.

Substituting eq A7 into eq A15, using the law of sines, and

whereAsis a measure of the deviation from the stream velocity, integrating, we have

B, is the normalization constant, asglis the constant stream
velocity of a supersonic expansion, as approximated by 0 [
S=CBn," [ uo(E) f(u) du (A16)

1_ > To~
oms,” = CodT A6
2 o 7P (A6) The arrival-time signal depends on the intensity of the Rb beam,
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and the area under the arrival time distribution sig8afp, is
proportional to the total flux in the Rb beam. Thus,

Sap = SV dt=C,Bin° [vfy(v) dv (A1)

whereV(t) is the voltage detected in the arrival time distribution
measurements and

S
BnS=—2"% (A18)
Cp [ vhy(v) dv
The final signal is, thus,
SATD 00
S=N————["uo(E) f(u) du (A19)
Jofi(v) dv

Eq A19 is evaluated usinifu), obtained from eq A13, with the
excitation functiono(E) of eq 5. The unknown variables are
the threshold, Th, and the scale fachrThese are extracted
by using the LevenbergMarquardt least-squares procedre
and by comparing the results to the experimental data.

Appendix IV. Estimate of Velocity Slip for Dimer
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