386 J. Phys. Chem. A998,102,386—-394

Bimolecular Ni*(2Ds/;) + CsHg Reaction Dynamics in Real Time
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A beam of Ni"(?Dsy,) is formed at a sharp zero of time by resonant two-photon ionization with a nanosecon
dye laser pulse and crossed with a beam of propane gas under single-collision conditions at collision ener
of 0.01 and 0.21 eV. The ieAmolecule reaction occurs in field-free space in the extraction region of a
time-of-flight mass spectrometer. After a variable time delay= 1—8 us, a fast high-voltage pulse extracts
product ions and residual reactant ions into a field-free flight tube for mass analysis. In contrast with ma
earlier studies of this reaction under more energetic conditions, at 0.01 eV collision energy we find tf
Ni*(?Dsy) reacts with GHg to form long-lived NiGHg™ complexes almost exclusively06%) on the time
scale 0-25us after initiation of the collision. Retarding field analysis of the decay of the long-livedH§C
complexes reveals that on a-84 us time scale 28% revert to Ni+- C3Hg and 6% form NiGH,™ + CH,
elimination products; the remaining complexes have not yet decayed=a25 us. At 0.21 eV collision
energy, both Chand H elimination products are formed promptly (in less thaps) and also over the
entire range of time scales studied, 025 us. Even at this higher collision energy, about 25% of the long-
lived complexes survive beyorid= 25 us. The apparent energetic threshold observed here for the first time
provides new evidence of a potential energy barrier to elimination products comparable to the energy
ground-state reactants. In addition, direct measurement ofirtree scaleof the reaction under carefully
controlled conditions provides new dynamical information that serves as a benchmark for the theoreti
treatment presented in the accompanying paper.

I. Introduction ion cyclotron resonance mass spectromet@esd tandem mass
agpectrometeﬂévl‘Hﬁ have been aimed at determining the

| energetics of different reaction steps, the nature of important
pathways to Hand CH, elimination, and the effects of kinetic
energy, initial M™ electron configuration and spin, and isotopic

and of neutral metal atoms (Ripas been studied extensively substitution on reaction_ probability and product branching. Most
over the past 15 years. From a theoretical viewpditiese recently, new electronic structu_re theoikﬂals_.a_ve been brought
reactions provide a relevant degree of electronic complexity (due 0 béar on these same reactions, providing a new level of
to the presence of open d-subshells and many low-lying mechamsqc_deta_ul. Tr_le emerging picture is complicated. Itis
electronic states) without the additional burden of ligands and likely that initial insertion of M" into a CH bond leads to H
solvent present in Condensed_phase Chemistry_ By Carefu|e|iminati0n, but we still are not certain whether @‘Iimination
control of initial M* electronic state and of collision energy, occurs via initial CH or CC bond insertidf!®17In addition,
increasingly sophisticated experiments are providing ever moretheory strongly suggests that earlier postulated stepwise
stringent tests of the ability of approximate electronic structure mechanism&-*6should be replaced by more concerted motions
theories to produce accurate potential energy surfaces along keynvolving fewer potential minima, as we will discuss in detail
reaction paths. Theory in turn is providing a new level of in the accompanying paper'2.
mechanistic detail, sometimes corroborating and sometimes |n the present experimental work, we study the reaction of
disputing earlier speculation about the detailed nature of reactionground-state Ni (2Ds;;) with propane at collision energies of
intermediates and transition states. 0.01 eV (0.2 kcal/mol) and 0.21 eV (4.8 kcal/mol) under
A particularly well-studied set of reactions involves the carefully controlled, single-collision, crossed-beam conditfréé.
dehydrogenation and demethanation of propane in collisions The state-specific Ni beam is formed at a sharp zero of time
with the late 3d-series cations FeCo’, and Ni"#"1" The early  py resonant two-photon ionization (R2PI) using a nanosecond
pb§eryat|ons of exothermlczHanq CI'-h ellmlnatlon'products dye laser. The subsequent formation of long-lived g
|nd|cat|w_e of CH a_m_d C_C b(_)nd actlvatlo_n _at low coII|S|or_1 energy complexes (1a) and their evolution back to*Neactants and
were quite surprising in view of _the dlfflculty of carrying out_ forward to CH and H elimination products (1b, 1c) is
analogpus bond activation steps in solution phase. A long seriesygnitoredin real time with roughly 0.54s resolution using
of studies employing ion beams]'+31%fast flow reactors? pulsed time-of-flight mass spectrometry (TOF-MS). Long-lived
*To whom correspondence should be addressed. E-mail addressesconml.exes tha.t survive extraction may fragment !n the fle.ld_
weisshaar@chem.wisc.edu. free flight tube; we can further analyze the dynamics by using
® Abstract published ilddvance ACS Abstractfecember 15, 1997. retarding field3® to separate these fragments.
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Reactions of gas-phase transition-metal atoms can serve
useful model systems for the purpose of calibrating theoretica
methods for the treatment of complex organometallic reactions.
The rich gas-phase chemistry of atomic metal cations){M
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NiCsHg™ (1a) MCP DETECTOR
Nit + CgHg_’ NiC2H4Jr + CH4 (1b)
NiCsHs" + H; (1c) RETARDING I - L:'
) ) ) ) POTENTIAL——-] [
The result is a set ofime-resobed branching fractions DEVICE -
measured under carefully controlled reaction conditions. These _
provide a new benchmark for comparison with theoretical work. ]_I‘\gﬁ‘_ls_g
In the accompanying paper 2, we present electronic structure METAL ROD
calculations on the energetics of potential wells and transition ~N ION ION | 1oN
states for the same Ni+ C3Hg reaction. We will use those STRPPER | TOF | EXTRACTION
results, including moments of inertia and vibrational frequencies, PLATES PLATES
to build a realistic, comprehensive rate model of the reaction. ';I ‘7[ a
The dynamics are treated using statistical rate theory (RRKM PULSED ” H
theory) on a single adiabatic potential energy surfdcéVe VALVE N\
will find that moderate adjustments of the energetic parameters Ar [ o L ===/ | D==
from theory bring the rate calculations into good agreement with T r
our experimental data and many others, including cross sections
vs kinetic energy, elimination branching fractions, and H/D

isotope effects. The combination of theory and experiment thus B /

elevates our fundamental understanding of this reaction to a 6" DP 6"DP  REAGENT

new level of sophistication. ABLATION DYELASER PULSED
LASER VALVE
(532 nm)

Il. Experimental Section ) o
Figure 1. Schematic of ior-molecule crossed beam apparatus.

A. Crossed-Beam Measurements.The crossed-beam ap-
paratus (Figure 1) and its usual operating parameters have beefThe estimated uncertainties reflect worst-case analyses account
described previousB-22 In the source chamber, gas-phase ing for uncertainties in the metal and hydrocarbon velocities,
nickel atoms are produced in a laser ablation sGfered seeded  small additional velocity imparted to the metal ions by space
into an argon beam, which is skimmed and collimated. Electric charge effects, and the range of angles of intersection of the
fields strip ions from the beam. In the interaction chamber, two velocity vectors. The larger collision energy is better
the nickel atoms are ionized by a pulsed dye laser, initiating defined. We refer to the smaller energy as “nominal 0.01 eV”;
bimolecular ior-molecule collisions. The Ni cations react  we believe it includes a distribution of energies peaked at 0.01
in field-free space with hydrocarbon molecules from a second eV and lying below 0.02 e\= 0.5 kcal/mol. The two energy
pulsed valve. After a suitable reaction delay, a high-voltage distributions do not overlap.
pulse extracts reactant and product ions into the time-of-flight  The 10 ns laser pulse initiates iemolecule collisions at a
mass spectrometer (TOF/MS) for analysis. sharply defined starting time. After a variable delay time that
The frequency-doubled dye laser (10 ns fwhm, 323.384 nm, allows collisions to occur, reactant and product ions are extracted
<250 uJ/pulse) intersects the atomic beam and resonantly at timetey into the TOF-MS for analysis. We can obtain useful
photoionizes Ni via thez36§ — ogF4 transition at 30923  signals for extraction times in the range A& < text < 8 us.
cm~1.26 Absorption of two such photons creates ixclusively At tex, high-voltage pulses 41.5 kV) are applied to the ion
in the ?Dsj, state. The two-photon energy is only 227 @m  extraction plates, sending reactant and product ions toward the
above the ionization energy of 61 619 chi” The nearest Ni detector. The voltage pulses rise to 90% of their plateau values
excited state i2D3j; at 1507 cm! above the IE. A log-log in 20 ns; the analogous rise time of the electric field in the first
plot of Ni* ion yield vs laser pulse energy is linear with slope extraction region is about 13 ns. The mass resolutio ()
of unity, consistent with a two-photon process whose first step is >250 for products near 100 amu. Plots of TOFmW%? are
is saturated. The metal ion velocity is that of the neutral beam, linear to within 3 ns (rms) residuals, sufficient for unambiguous
(5.8 4 0.5) x 10* cm/s?? mass assignments. lons are detected with a microchannel plate
The packet of Nf (1000-8000 ions/shot) intersects the beam (Galileo FTD-2003) operated at:6 107 gain. Detector output
of hydrocarbon molecules in the extraction region of a Wiley  is 502 coupled to a LeCroy 9400 digital oscilloscope without
McLaren time-of-flight mass spectrometer (TOF-MS8)Neat further amplification. We estimate detector mass discrimination
propane gas (Matheson99.9% purity) expands from a second effects at less than 1098.Since the detector dynamic range
0.5 mm pulsed nozzle; the propane beam is pseudoskimmedcannot simultaneously accommodaté ldhd product ion signal,
(i.e., not differentially pumped) by a set of home-built rectan- a small set of electrodes mounted in the drift regitabeled

gular knife edges. The propane velocity is (Z61.0) x 10 “mass gate” in Figure kis pulsed at the appropriate time to
cm/s22 The typical propane pressure behind the nozzle is 60 deflect Nit ions away from the detecté?.
Torr. From the work of Fenn and co-workéfsye estimate Mass spectra are complicated by the presence of five Ni

that the propane is cooled to a vibrational temperature of aboutisotopes at 58 amu (68%), 60 amu (26%), 61 amu (1.3%), 62
50 K. Plots of product yield vs hydrocarbon backing pressure amu (3.7%), and 64 amu (1.2%). Quantitative product branch-
are linear from 10 to 120 Torr, indicating that single-collision ing ratios are based on the areas under well-resolved peaks
conditions obtain at 60 Torr. usually of the majority isotop&Ni) for product peaks. In cases
By changing the angle between the'™Nind propane beams, of mass interferences, areas of blended peaks were scaled t
we can vary the collision energy in coarse steps. We have the 58Ni basis using published Ni isotope abundan®eBor
conducted the experiments at two such geometriésaizd 145. example, adduct ion abundances were measured by integrating
The corresponding collision energies are 0.810.010 eV (0.25 the m = 102 peak ©NiC3Hg" + 6NiC3Hg™) and correcting
+ 0.23 kcal/mol) and 0.23 0.09 eV (4.8+ 2.1 kcal/mol). for the 89NiC3He¢™ contribution.
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Under single-collision conditions, total product signal should
rise linearly with Nit number density, hydrocarbon number
density, andtey, which we have experimentally verified.
Moreover, the reaction should be insensitive to argon backing
pressure. We have run the experiment at twice and half the
normal argon backing pressure of 1.7 atm wtith= 8 us and
observe no changes in branching fractions or product yield
relative to Nir.

As unreacted Ni ions are extracted, they accelerate through
the hydrocarbon cloud in the interaction region and can form
higher-energy reaction products. By applying the HV extraction
pulses before the laser fires, this contribution to the total reaction
products can be measured. The background contribution is
constant, so it should be more prominent at shottgr
Although unimportant (23%) at texs = 8 us, background
products become about 15% of the productdeat= 1.1 us
and about 2550% of the products at.xs = 300 ns. Here
“products” include both intact complexes and elimination
products (channels 1a, 1b, and 1c). Complexes from suc
background collisions are formed from a broad distribution of
collision energies peaked at low energy but effectively extending
up to several electronvolts, beyond which the Langevin cross
section rapidly diminishes the collision probability. Thus

h

background products favor higher energy processes. Accord-

ingly, we find abou#/z elimination products an#fz adducts in
the background mass spectrum.

It is important to distinguish clearly two different time scales
that we will refer to frequently. The first, which we have
already calledey;, is the experimental time window during which
the Nit and GHg reactant beams are “in contact” and collisions
at a well-defined energy may occur. This is the time between
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Figure 2. Bottom: schematic of ion flight path including retarding
potential device. Top: schematic of changes in potential energy along
flight path. Retarding device separates metastable adduct ioh¢fn
fragment ions (B) and corresponding neutrals (N), all of which are
detected.

potential). After extraction, an ion approaching from the first
field-free region (F1, Figure 2) enters the decelerating figld
and slows down. It traverses the ion retarding region (R) at
constant, but diminished velocity. In the accelerating field

it recovers its original velocity. It then passes into a final 13
cm long field-free region (F2) before striking the detector. The
retarding device is 11 cm long and lies-886 cm above the
extraction region, near the end of the ion flight path whose entire

the ionizing laser pulse and the ion extraction pulse. The secondlength is 109 cm. A 10 cm stainless steel tube floats at the

time, which we simply calt, refers to the time since a long-
lived complex was formed in a bimolecular collision. It is the
sort of time that will appear naturally in paper 2 in a kinetics
model for the unimolecular decay of a population of (GzHg)
complexeswhich were all present at &= 0. Because our
experiment is firmly in the single-collision limit, to a very good
approximation we create collision complexes with a uniform
distribution of initiation times over a time window of width
tex. When we sample the fate of this collection of complexes
at a particular real experimental time after the ionizing laser

pulse, we sample complexes that have evolved over a corre-

sponding distribution of timesafter initiation. In comparing
kinetics models with experiment, we will properly average over
this distribution.

B. Analysis of Metastable Decay by Retarding Potential
Method. Under our carefully controlled reaction conditions,

retarding potentiaV/,; its ends are covered by nickel mesh (70
lines/in., 85% optical transmission, Buckbee-Mears, St. Paul,
MN). On either end of the tube, an additional electrically
isolated, grounded mesh is mounted 0.54 cm from the end. The
rest of the flight tube is shielded from the high voltage of the
floating tube by the end meshes and additional grounded metal
sheet. The device is described in additional detail elsewfere.

As compared with the usual time-of-flight mass spectrometer,
the retarding potential device alters arrival times in a mass-
dependent fashion. In the examples presented below, we are
able to distinguish long-lived Niglgt complexes that survive
the entire flight path intact, complexes that fragment in region
F1 before entering the retarding field, and complexes that
fragment in the retarding device, region R. Neutral fragments
formed in F1 also create a distinguishable peak whose arrival
time is insensitive to/.

the product mass spectra reveal an abundance of long-lived

NiCsHg™ collision complexes (1a). These complexes have
survived extraction intact, since they arrive at the detector at
appropriate times for such adduct ions. The time during which
NiCsHg" is accelerated by the extraction fields is abouyts2
Under our single-collision conditions, the complexes are
metastable. They have sufficient energy to fragment either to
Ni™ 4+ CsHg reactants or to exothermic NiB4" + CH, (1b)

or NiCgHg"t + Hz (1c) elimination products. Fdey = 8 us,
complexes that survive= 2—25 us after they are formed will
fragment in the field-free drift region of the mass spectrometer.

lll. Results

A. Simple Time-of-Flight Mass Spectra. In Figure 3, we
show product time-of-flight mass spectra recorded at nominal
0.01 eV and at 0.21 eV collision energy witly; = 8 us. At
the lower collision energy, the dominant product (86.%) is
the long-lived complex NigHg* (1a). We also see & 1% of
the CH, elimination product, NigHs+ (1b), and 0.7 0.4% of
the H elimination product, NigHg™ (1c). The latter can be
cleanly observed without interference from adduct ions only
for the 58Ni isotope. At nominal 0.01 eV collision energy, we

Such metastable decay can be analyzed by applying aestimate that the total reaction cross section (to form all observed

retarding potential in the flight tube between the reaction zone
and the detector (Figure 2. In the retarding potential device
(Figure 2), a series of four metal meshes establish a region of
variable positive potential with respect to ground (the flight tube

products, both adducts and elimination products) is 2680
A,2 65 + 30% of the Langevin cross sectfrof 390 A2 at
0.01 eV. Fortext = 8 us, only a small fraction£3%) of the
total product ions including adducts are due to background
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L AL L L L B TABLE 1: Branching Fractions Including Complexes, t =

LN+ C3 Hy b . 2—10 us after Collision?
0-01 ev E[ (eV) NiCzH4Jr NiC:-;HeJr NiC3Hg+
I y 0.01 3+1 0.7+ 0.4 96+ 1
0.21 23+ 4 4+2 73+ 4
NiC H, " 3 Data forteq = 8 us, Uex = 1280 eV, which places the time since
: + . + [ initiation of Nit + C3Hjg collisions in the range 210 us.
- NiC,H, NiC,H, |
z \ TABLE 2: Comparison of Elimination Product Branching
e x10 a Fractions
[
8 E: NiC2H4Jr + NngHeJr +
- (eV) technigue CHs H> ref
Q 0.01 CB 81 19 this work
0.21 CB 85 15 this work
~1 IB+G 80 20 5
~0.5 IB+G 67 33 6,7
<1 IB+G 78 22 11
0.05 IB+G 80 20 16
TEP ICR 83 17 6
TE ICR 80 20 8,9
i TE FR 85 15 10
PR REPU SRS SRR BENPIN TN | TE TMS 64 36 16
22 23 24 25 a CB = crossed beams; BBG = ion beam plus gas cell; ICR ion
TIME OF FLIGHT (us) cyclotron resonance; FR flow reactor at 0.75 Torr of He buffer; TMS
= tandem mass spectrometPyThermal energy distributions near 300

Figure 3. Product region of time-of-flight mass spectra tgg = 8
us, collision energyE; = 0.01 eV (nominal, top trace) and 0.21 eV
(lower trace). Peak a i#NiCsHe" from H, elimination, peak c is
80NiC3Hg™ adduct, and peak b is a blend®NiCsHgt and®NiCaHg". broadening is especially evident at 0.21 eV, where the peaks

have tails toward shorter TOF. At nominal 0.01 eV, a small,
reaction of fast N during extraction, as described above. For partially resolved peak toward shorter arrival time is just visible
shorter reaction times between 0.2 andud (not shown), as well. This broadening and tailing occur in the simple TOF
NiC,H4™ accounts for about 7% and NiBs™ for about 2% of mass spectra because some collision complexes have fragmente
total products. This difference in branching at shorter extraction in the drift region of the mass spectrometer. Release of kinetic
times is probably due to the larger relative importance of high- energy into fragments might explain a symmetric broadening
energy collisions from background reactions, rather than a of the adduct peaks, but we believe this is a minor effect under
dramatic time dependence of the product branching at 0.01 eVour extraction conditions. Instead, the strong electric field at
collision energy. It ispossiblethat the very small fraction of  the detector, 1300 V/cm acting over only the last 2 cm of the
prompt elimination products observed at nominal 0.01 eV flight path, causes the asymmetric tailing toward shorter TOF.
collision energy arises entirely from the high-energy range of The lighter fragment ions suffer a larger acceleration than the
the distribution (near 0.02 eV) or from the high-energy collisions intact adduct ions and thus arrive slightly earlier in time. Parents
that occur during ion extraction. The modeling in paper 2 and fragments are only partially resolved by this final field.
suggests that this is so. Decreasing the ion extraction energy (and hence, increasing the
At the higher collision energy of 0.21 eV ang; = 8 us TOF to the detector) increases the apparent relative size of the
(Figure 3, bottom) we observe the same three product ions buttail by improving the resolution of parent and fragments.
with elimination products in much higher proportion. The Varying tex: changes the total number of product ions but not
branching fractions are 2& 4% NiCHs" + CHy, 4 + 2% the general appearance of the adduct peaks.
NiCsHg" + H,, and 73+ 4% NiCsHg", constant within Fastneutral fragments born in the field-free region, mostly
experimental uncertainty fdey between 1 and &s. AS text CsHg, are detected only 220% as efficiently as cations, but
decreases below s, NiGH4+ accounts for as much as 35%, they also contribute to the peak shape, especially at 0.21 eV.
and NiGHs* for as much as 11%, of all products. Again, the Since neutral fragments are not accelerated by the final electric
increase in elimination products at shortgg is probably due field near the detector, they arrive at slighlijngertimes than
to background reactions of accelerated ins during extrac- the intact adduct ions. These neutrals cause the low-intensity
tion. The absolute reaction efficiency was not measured for tail seen at the far right of Figure 3, as explained below.
this collision energy, but it is comparable to that at the lower  Finally, we mention in passing that we have preliminary
energy. results at a higher collision enery= 0.7 eV using He as the
The prompt product branching fractions measureddger carrier gas for the Ni bea#.In this case, Chl elimination
8 us, including adducts, are summarized for the two collision accounts for 85% and 4Elimination for 15% of the products,
energies in Table 1. In Table 2, we compare the branching i.e., no adducts are obseed
between the two elimination products under our conditions with  B. Retarding Field Analysis of Delayed Complex Frag-
that observed in earlier work using a variety of techniques. With mentation. 1. Mass Spectrass Retarding Potential. The
two exceptions, the fraction of GHelimination products lies purpose of the retarding field measurements is to separate all

K.

in the range 86:85%, indicating that théranchingis rather NiCsHg"™ complexes that survive extraction into two groups,
insensitive to differences in collision energy and internal those that fragment at< 25us and those that do not. We can
electronic and vibrational energy of Ni+ C3Hg reactants. also measure the branching among the delayed fragmentatior

The NiGHg"™ adduct peaks in Figure 3 are clearly broadened channels. In Figure 4 product mass spectra (0.21 eV collision
compared to the prompt elimination product peaks. The energy,tex = 8 us) are shown as a function of the voltage
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L L They are delayed toward infinite arrival time ¥sapproaches
Ni" + C;Hy the stopping potential.
b Ecou = 0.21 eV Peaks due to prompt product ions (including intact adducts)
and delayed fragments have different widths in Figure 4 because
the Wiley—McLaren space-focusing conditi®hcannot be
maintained for both types of ion. Application of the retarding
voltageV; increases ion arrival times, in effect “lengthening”
the flight tube. If the ion extraction fields are tuned to make a
b g4 sharp mass spectrum for prompt ions with= 0, these same
ions go out of space focus a4 increases. To avoid this
broadening, in the mass spectra of Figure 4 we have chosen tc
slightly alter the ratio of extraction fields to maintain good space
focus of the prompt elimination products and the intactNig
500 V N\$a ¢ peaks, including peaks a, b, and c. This changes the ion
extraction energy very little, by less than 8 eV out of 1280 eV.
The peaks due to delayed Nfragment peaks born in region
N F1 then necessarily broaden, since they were extracted as
600 V \ 1 c/ F1 NiCsHg™ but traverse region R as Ni The peaks due to
delayed Nt fragments born in region R remain quite sharp since
PN PR S NPT S I P they are extracted as NiHg", traverse region R at the

22 24 26 28 appropriate velocity for adducts, and can go out of space focus

TIME OF FLIGHT (us) only in the relatively short region F2.

Figure 4. Time-of-flight mass spectra vs retarding field voltage 2. Calibration and Assignment of Peakk describing the
(see text) usingex = 8 us andE; = 0.21 eV. Peaks a, b, and c are the  process of assigning fragment masses, it is convenient to adopt
same peaks described in Figure 3. N labels neutral fragments. R andy compact notation that describes in which region of the
F1 label Nit fragments born in segments R and F1 of Figure 2. apparatus each type of fragment ion was born. These are the
ion extraction region X, the first field-free region F1, the ion
retarding region R, and the second field-free region F2, as shown
in Figure 2. For example, we denote™Nfragments born in
the first field-free region Ni(F1); those born in the retarding

. +
o NiCsHs

N
400 V \a s

ION CURRENT

R b Nic,H,(F1)

applied to the retarding field device of Figure 2. The ion
extraction energy is 1280 eV. The spectrunVat= 0 again
shows the sharp peaks due to prompt,GHd H elimination
products formed before ion extraction and the broader adduct™ . - . .
ion peaks with substantial tailing. Aé increases, the entire region are Ni(R). Neutral fragments, Wh'Ch We cannot |der_1t|f¥
mass spectrum moves toward longer arrival times due to thePY mass, are N(F1) and N(F2). Since most of the ionic
slower transit of all ions through the retarding region. We label fragments prove to be Nj most of the neutral fragments are
the large, sharp peaks due to the two dominant isotopes of€évidently GHs. Prompt elimination products born in the ion
prompt NiGHs* + H, products and intact Nigls™ adducts as extracpon region X_are denoted l\_gﬂ;ﬁ(x) and N|02H4_+(X).
a b, and con a” Spectra A |arge new peak gradua”y emerges Long'hved addUCt ons that survive to the detectOI’ intact are
to the right of ab, ¢; atV, = 400 V it is resolved as a doublet. ~ Simply denoted NigHg".
The analysis below identifies the doublet as atomit iNbtopes In our one-dimensional model of the apparatus, the ion
arising from fragmentation of NigEg* in region F1 of the flight extraction energy bk (typically near 1280 eV) is adjusted
tube, prior to the retarding field (Figure 2). At the highest slightly to best fit arrival times of NigHg"(X), NiCoH4T(X),
retarding voltage showV; = 600 V, we barely observe avery  and NiGHg" in a least-squares sense. The lengths of regions
small peak to the right of peakthat is assigned to Nigis* F1, R, and F2 are the physical lengths 85, 10, and 13 cm,
(+CH,) formed in region F1. We do not observe a peak arising respectively. We assume no fragmentation in the short regions
from delayed fragmentation to Nifls" (+Hz), evidently  of the decelerating and accelerating electric figfdsand Ep.
because the fragmentation branching into this channel is tooThe retarding potentia¥; = 400-800 V and the decelerating
small. A set of much smaller peaks emerges to the left of peak 5ng accelerating electric fieldg; and E; are all measured
a; these are due to Nifragments born in region R. They are ¢ antities. We model the detector region approximately by
decelerated by the first fiell, as NiGHg" but accelerated by including a constant electric fielflje: = 1300 V/cm in the last
E; as lighter Ni* fragments. They emerge from the retarding 2 cm of flight to the detector plane.
device athigher speed than intact adducts and thus arrive at . . . . . .

It is then straightforward to write the flight time of intact

the detector slightly earlier. e .
We have acquired similar retarding field mass spectra at the adducts, prompt ellmlngtlon PVOdUCTS’ a“O_' delayed ion and
neutral fragments born in region F1 or region R as a sum of

lower collision energy of 0.01 eV. They are qualitatively the o k . ) '
same as the 0.21 eV spectra but of lower signal-to-noise ratio t_rans!t times through each region of piecewise cons'Fant electric
since far fewer of the adducts fragment at 0.01 eV. In particular, field in the apparatus. In practice, for the most direct com-
Ni* + CgHg again dominates the delayed fragments. parison with experiment we calculate tlvhangein TOF,
When fragmentation to Ni+ CsHg occurs in region F1, the ~ A(TOF) = TOF(V;) — TOF(V; = 0), for each type of particle
lighter Ni* ions have less kinetic energy than the intact adducts, as a function o¥.. For fragments, TOR{ = 0) is defined as
simply because they have the same speed but less mass. Fdhe arrival time of intact adducts, peak b in Figure 4. Each
example,38Ni*(F1) fragments have only 57% of the kinetic contribution to A(TOF) can be calculated from simple one-
energy of their®®NiC3Hg™ parents. For an extraction energy dimensional classical mechanics, taking proper account of
of 1280 eV, this is only 730 eV. Thu¥, = 600 V in Figure possible changes in mass and kinetic energy due to fragmenta-
4 is approaching the stopping potential for'if1) fragments. tion in the prior region. The model neglects kinetic energy
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Figure 6. Assignment of details of time-of-flight mass spectrum with
Figure 5. Change in flight time for different peaks in Figure 4 with v, =800 V, near the stopping potential for\F1) fragments. Asterisks
retarding voltage turned on vs off, plotted vs the retarding poteyitial mark peaks probably due to RC;Hg" isotopomer. The assignments
Lines are calculated from the model of the flight tube as described in are based on the fits shown in Figure 5.
the text. For the®Ni*(F1) peak, the two dashed lines show the

sensitivity to changes at2 amu in the assumed mass of the fragment. It has not been possible to isolate and identify delayed H

elimination fragment ions, in part due to the complex Ni isotope
pattern. We have succeeded in doing so for the €oCsHg
reaction, which produces a larger fraction of, ks will be
described in a later publicaticA.

In Figure 4, we have normalized all mass spectra to give a

release on fragmentation and the slight changtdn due to
readjustment of the WileyMcLaren space focusing fields at
eachV,.

Figure 5 compares observed and calculadg@OF) vs V;
for a typical set of data witlexs = 1280 eV andv;, = 0—800 i S . . :
V. All plots are for the predominaftNi isotope peaks. Arrival constant ratlp of pro mpi N'ng‘ Intensity to .the total mtens.lty
times are measured as intensity maxima. The fits to the due to Iong-llvgd NiGHg .and its fragmentation products. Slncg
fragment peaks N{F1) and NiGH,"(F1) are very good. The the retarding field slows ions down, we must be concerned with

computed A(TOF) for region F1 fragment ions depends ion collection efficiency vsV,. Integration of peak intensities
primarily on the model within the retarding field device and vs V; indicates that our collection efficiency for intact adduct

near the detector. The family of curves plotted for*(fil) ions remains constant within 20% fgr up to 800 V. Collection
using the mass 56, 58, or 60 amu shows the sensitivity of the efficiency for the Ni* fragments formed in region F1, the ions
calculatedA(TOF) to the assumed mass of the fragment. We that traverse region R at the smallest speed, is constant within
can easily assign region F1 fragment masses wittnamu, 20% for Vr up to 700 V.

more than adequate to unambiguously assign th€Rd) and 3. Time-Resoekd Branching Fractions.The experiment as
NiC,H4t(F1) peaks. The model is somewhat less successful carried out partitions the timesince complex formation into
in fitting fragment ions born in region R, as witness the () three overlapping windows. Fa: = 8 us, these are roughly

curve. These\(TOF) depend on the modeling not only in the t=2-10us,t = 6—24us, andt = 27 us. The earliest time
retarding field device but also in region F2 and in the detector wWindow is the ion residence time in the source region, the time
region. Again, howeverA(TOF) is extremely sensitive to  between the firing of the ionizing laser and the completion of
changes in the assumed mass of region R fragments. A changéon acceleration, aboutx + 2 us. In this interval, we can
of 2 amu in the assumed NR) mass shifts the calculated curve measure an apparetutal reaction cross sectiothat includes
by twice the difference between experimental and calculated as products long-lived complexes that survive extraction intact
curves in Figure 5. Thus we can identify the region R frag- plus elimination products born prior to extraction. The time
ment peaks unambiguously as'{R). The broad peak due to  scale is somewhat fuzzy due to ttlistributionof times between
neutral fragments, primarily £g(F1), is also well fit by the initiation of a collision and ion extraction; some Ncollide
model. with C3Hg soon after the ionization pulse while others collide
With the masses and processes leading to each peak firmlylater. We can also measure the branching fractions of prompt
assigned, we can account for essentially all of the little peaks CHa elimination products, prompttlimination products, and
that emerge with increasing,. Figure 6 shows the feasible long-lived adducts averaged over the same time window by
level of detail for peak assignments\4t= 800 V (not shown integrating the simple TOF-MS peaks. These data are collected
in Figure 4). The Nf(F1) fragments have been stopped in the in Table 1 for the two collision energies with:= 8 us. Those
retarding device at this voltage. From left to right, we can few complexes that fragment to elimination prodwditsing the
resolve (at least partially) and identify region F1 neutral 2 us ion acceleration time will appear as small tails on the proper
fragments (primarily gHg) that were originally extracted as elimination fragment ion and will mostly be included in the

58NiC3Hg™ and®NiC3Hgt complexes, and perhaf3NiCsHg" correct channel. We are blind to complexes that return to Ni
as well; the same three isotopes for region R ionic fragments + CsHg during this first time window, since the peak from™i
Ni™(R); prompt B elimination products NigHg"(X) for the that never collides with §Hg is enormous on the scale of

58 isotope; and intact adducts NKg™ for the 58, 60, 61, 62, products. Comparison of the rough estimate of the overall cross
and 64 isotopes. It appears that the detector is about a factorsection to the Langevin cross section at 0.01 eV indicates that
of 5 less sensitive to fast neutrajlds than to the Ni-containing only about 35% of the Ni+ C3Hg collisions return to reactants
cations. on the time scale of = 2—10 us.
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TABLE 3. NiC sHg* Fragmentation Pattern, t = 6—24 us If we assumesingle-exponential decapf the NiGHg"
after Collision? complexes that survive extraction, we can use the fraction of
fraction fragment branching complexes that fragment in region F1 to compute a crude, two-
E(eV) dissoc NP NiCHs NiCaHo" point estimate of the time constant of the metastable decay. The
001 035 079 020 017: 008 <004%003 resulting lifetime estimates are 56 25 us at 0.01 eV and 17

021 075 0.79-0.08 O0.17+008 <0.04+ 0073 + 4 us at 0.21 eV. These estimates are very rough due to the
range of collision initiation times. We emphasize that the data
. : ' _do not preclude more complicated, nonexponential decay of the
that survive extraction as adducts but fragment before the retardin . -
field, which places the time since initiationgofNH- C3Hg collisions ’ complexes, as will be found in the models of paper 2.
in the range 6-24 us.® Upper bound only. The third time window runs from the time the complexes
exit the retarding region R to infinity. We can cleanly measure
At nominal 0.01 eV and at 0.21 eV collision energy, most of one additional quantity, the magnitude of the signal due to long-
the observed products samplect at 2—10 us after initiation lived complexes thatave not yet fragmentedn exiting region
of a collision areadducts For E = 0.21 eV, we can make a R (Figure 2). The beginning of this time window depends only
somewhat stronger statement based on the behavior of the masslightly on the retarding potentia. ForV; = 600 V andUex:
spectrum Velex. AS text increases from 1 to &s, the three = 1280 eV, complexes spend 2& in F1 and R combined.
detected products 1a, 1b, and 1c gilovearly, and thefraction For text = 8 us, this corresponds to= 23—31 us since initial
of elimination products remainsonstantwithin experimental ~ complex formation. WithV; = 600 V, all fragments are
uncertainty. This means that elimination occurs at a roughly sufficiently retarded that th&®NiCsHg* peak becomes sharp.
constantrate over the entire range of times= 3—10 us Its intensity measures the number of adducts that suratve
following initiation of a collision. Fortey below 1 us, we least23—31 us after formation. We measure this quantity most
continue to observe elimination products but they are increas- accurately as the ratio of the area under peak b to the area unde
ingly badly contaminated by the high-energy background the prompt®®NiC,H,s* elimination peak, since both of these
collisions that occur during ion extraction. peaks should suffer comparably small losses with the retarding

The middle time window is the time spent by complexes in voltage quite high. This ratio is 148 0.2 at 0.21 eV collision

field-free region F1 (Figure 2), prior to interrogation by the €Nergy
retarding fields in region R. For the typical valuk, = 1280

a Data fortex = 8 uS, Uext = 1280 eV. Fragmentation of those ions

8 us, complexes enter region R within the range 2628 us
after the initiation of the collision. The 2@s time corresponds The Ni* 4+ C3Hg reaction has been studied in many different

to the latest-born complexes, and the28time corresponds  |3phoratories using ion beams and collision c&i&116an ion-
to the earliest-born complexes. The retarding field device in cyclotron-resonance mass spectroméfe tandem mass spec-
effect integrates the decay kinetics of surviving complexes over trometer!é a fast flow reactor at 0.75 Torr of H8 and now in
a time window that varies fror= 2—20 us (latest born) td our crossed-beam apparatus. Primarily based on modeling of
= 10-28 us (earliest born). In paper 2, we will average the the deuterium isotope effects on cross section and kinetic energy
kinetics model appropriately to match what the experiment rglease distributions (KERDs), van Koppen et&ihferred that
measures. the barrier to CH insertion is rate limiting and lies 000.03

The heading of Table 3 describes this rather complicated eV below reactants. Our crossed-beam study with carefully
averaging over the middle time window by using the midpoints controlled reactant internal energy strongly suggests that a
of each interval, 624 us. At both 0.01 and 0.21 eV collision  potential energy barrier lies very near the energy of(RDs),)
energy, by far the predominant fragment ion formed at these + C3Hg reactants. In Figure 3, the apparent cross section for
“middle” times is Ni*. We also detect a very small peak due elimination products rises dramatically from nominal 0.01 to
to NiC;H4™ + CH,4 fragments born in region F1. At 0.21 eV, 0.21 eV collision energy. Ours is the only study to observe
it is barely visible in the spectrum fof, = 600 V in Figure 4. such an apparent energy threshold for formation of elimination
The signal-to-noise ratio does not allow us to observe a small products. The elimination cross-section data of Armentrout and
peak due to NigHg" + Ho, partly due to the small loss of mass  co-workers!16 decreasesmoothly from 0.05 to 1.0 eV. Our
in this channel. It is clear that the NiBs* fragment is reactants have been drained of all electronic energy and most
substantially smaller than the NiB,* fragment; we set an internal energy, and the merged beams access very low collision
upper bound on its intensity in Table 3. To estimate absolute energies as well. The ability to discern the energy threshold is
branching fractions for the major decay channels of the presumably closely related to these factors. In addition, our
complexes that fragment about-84 us after formation, we detection time scale df= 0—25 us is much shorter than that
assume the same 4:1 branching between &td H elimination of Armentrout and co-workers, who detect products that have
as occurred for prompt elimination at short times. evolved as long as 5Q@s atE; = 0.05 eV3® On a longer time

Table 3 gives the branching results for the middle time scale, many of our adducts may slowly evolve to elimination
window. At both 0.01 and 0.21 eV, 79% of the fragmentation products. We will attempt to determine the threshold energy

during the middle time window leads back to™N# CsHg quantitatively by including such effects in the rate model of
reactants and 17% leads to NKGT + CH, elimination paper 2.
products, assuming one-fourth as manyad CH, elimination We also are able to observe the behavior of the long-lived

products. However, th@ime scaleof these processes is NiCgHgt collision complexes under better defined conditions
significantly different at 0.01 and 0.21 eV. At the lower than in earlier work. In particular, the resonant ionization
collision energy of 0.01 eV, only 35% of the long-lived process ensures that our'Nieactant is formed exclusively in
complexes that survive extraction fragment in region F1 (Table the lowest energy spirorbit level,?Ds,. Under these condi-
3). At0.21 eV, fully 75% of the long-lived complexes fragment tions, at nominal 0.01 eV collision energy we find that about
in region F1. 65% of the Langevin collisions form complexes that survive
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several microseconds, long enough to be detected efficiently A comprehensive model of this reaction must explain why
as adducts in our experiment. This population of long-lived the elimination branching is quite robust in the face of widely

complexes then fragments quite slowly, yielding 80%¢ ind
20% elimination products, including both Gland H. If we
combine the 20% branching into elimination products with the
estimated total cross sectiofo, = 0.65 for forming detectable

varying initial conditions. Earlier studies!t®-16vary widely in

the distribution of collision energies, Nilectronic states, and
propane internal energy, as well as the background gas pressur
and the time scale over which products are probed. Neverthe-

products (both adducts and elimination products), we estimateless, Table 2 shows close agreement on the branching betweel

the elimination reaction efficienayeim/oL ~ 0.13. This is the
same as Armentrout’s elimination reaction efficiency of 0.13
at 0.05 eV:6

At both collision energies, a striking feature of our data is
the wide range of time scales over which elimination occurs.

elimination products, NigHs™ + CHz and NiGHe" + Hy. Most
studies find 86-85% CH, elimination>8-10.26 The jon-beam
studies of refs 6 and 7 found only 67% ¢Elimination.

Finally, we comment that statistical models of complex decay
as described in paper 2 and in ref 16 indicate that lifetimes,

We observe elimination products throughout the observable timecross sections, and branching fractions are critically sensitive

range, as early as= 0.5 us and as late as= 25 us. The
primary effect of increasing the collision energy to 0.21 eV is
more rapid fragmentation of the NiBgt complexes. At 0.01
eV, if the decay were exponential, our two-point sampling of

to the distribution of internal energy (electronic and vibrational)

and orbital angular momentum in the complexes. The tandem
mass spectrometer, ion beam plus gas cell, and our crossed
beam experiments probably do not match in internal energy.

the decay would yield a crude estimate of the time constant asAside from questions about collision energy, othet Kburces

7(0.01 eV)~ 60us. At0.21 eV, if the decay were exponential,
the time constant would bg€0.21 eV)~ 17 us. However, we

can also produce excited electronic states. We showed explicitly
in an earlierJ-specific study of Fe that additional spir-orbit

emphasize that the data are consistent with nonexponential decagnergy enhanced the cross section with propane but not with

at both energies.

Most of the early studies do not mention detection of the
long-lived collision complexes that form the bulk of the products
observed in this work. Tolbert and Beauch&fmgported 25%
adduct ion products & = 0.5 eV when colliding a Ni beam
with C3Hg gas in a collision cell at 1.5 mTorr. Tonkyn, Ronan,
and Weisshaa? performed their work in a fast flow reactor
undermulticollision conditions at 0.75 Torr of He with a 300
K Boltzmann distribution of collision energies. They found
1.7% CH, elimination, 0.3% H elimination, and 98% intact
NiCsHg™ parents, quite similar to our= 2—10 us branching
results at 0.01 eV (Table 1). On the basis of a simple third-
body stabilization kinetics model with the strong collision
assumption, they deduced that the metastablghijCcollision
complex lived at least 1.4s. In an ion beamt- collision cell
experiment, Armentrout and co-work&restimated the lifetime
of complexes formed at collision ener@gy = 0.05 eV from
the increase in NigHg" signal with propane pressure in the
cell. From a SterfrVolmer model they obtained a lifetime of

3.8us, rather shorter than our two-point estimates of the lifetime

at 0.21 eV and nominal 0.01 eV.
Most recently, van Koppen et #l. measured the kinetic

n-butane?! as if the propane reaction were very near threshold.
The current work suggests that even the excited-spibit level
Ni*(°D3p) at 0.19 eV would have sufficient energy to substan-
tially shorten the observed Niflg™ complex lifetimes. Our
alkane reactant is introduced by a supersonic pulsed valve.
Vibrational temperatures of polyatomic molecules in neat
supersonic expansions aré0 K29 Propane has vibrational
frequencies ranging from 200 to 2967 thi® The Boltzmann
distribution predicts that only 0.5% of propane molecules have
1 quantum of a 200 cnt vibration at 50 K. This excited
fraction increases to 40% at 300 K. If experimental complex
lifetimes are to be modeled meaningfully, it is very important
to know as much as possible about the collisions that formed
the complexes. We will describe the effect of modest amounts
of internal energy on model lifetimes and fragmentation
branching in detail in paper 2.

V. Conclusions

Our new data illustrate the potential of time-of-flight tech-
niques for extracting detailed information about the time scale
of an ion—molecule reaction using resonant two-photon ioniza-

energy release distributions (KERDs) of the metastable decaytion to form reactant ions promptly in time. Although we have

products from NiGHg* parents. The NigHg™ parent ions are

carefully controlled the reaction conditions, it is clear that the

gently extracted from an electron impact ionization source of Ni* + CsHg reaction forms long-lived complexes that fragment

Ni™ containing 102 Torr of C3Hg at 300 K. They have spent
0—50us in the source regidhand an additional 614 us prior

over a wide range of time scales from 0.5 to25 Some of
the complexes survive longer than 25. Yet the branching

to fragmentation in the second field-free region of a tandem fractions are quite similar at all times. We will show in paper

mass spectrometét. Thus, the range of times since complex
formation is roughly 6-64 us. Analysis of the fragments
reveals 56+ 4% Nit, 28 + 4% NiCH4t, and 16+ 4%

NiCsHet (Table 3). This is a significantly higher yield of

2 how a simple model involving parallel paths te &hd CH,
elimination products can explain the broad range of time scales
as arising from the effects of orbital angular momentum on
complex lifetimes. Even when the collision energy and the

elimination fragments than we observe at either energy. van internal electronic and vibrational energy are carefully con-
Koppen’s complexes also make an unusually large percentagelrolled, complex lifetimes should vary over several decades when

of H, elimination products compared with almost all other
studies. The ratio of CkH; elimination products is only 2:1

potential barriers lie within several kcal/mol of the reactant
asymptotic energy. In future experimental work, a Reflectron

compared with 4:1 observed in many other techniques. It is @nalyzing electrostatic mirror or an ion trap might extend the
probab|e that some of van Koppen’s Comp|exes suffer one or observation time toward hundreds of microseconds as well.

two stabilizing collisions in the source prior to extraction into
high vacuum; i.e., single-collision conditions may not entirely
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