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A beam of Ni"(?Dsy,) is formed at a sharp zero of time by resonant two-photon ionization with a nanosecond
dye laser pulse and crossed with a beamm-tiutaneh; or n-butaneeo gas. The ior-molecule reaction
occurs under single-collision conditions in field-free space in the extraction region of a time-of-flight mass
spectrometer. After a variable time delay = 0.5-8 us, a fast high-voltage pulse extracts product ions and
residual reactant ions into a field-free flight tube for mass analysis. Analysis of the metastable decay of
NiC4H10" complexes from tailing of fragment ion peaks and from retarding field separation reveals detailed
information about the formation of elimination products (primarily ethane a))éhtl the decay back to Ni
reactants in different time windows from 0.2 to 25 after initiation of the collision. To understand the data,

we have used density functional theory in its B3LYP variant to locate and characterize the geometries, potential
energies, and vibrational frequencies of some 25 stationary points on the ground-state doublet potential energy
surface for NI + n-C4Hy0. As in earlier work on Ni + CsHg, we find that the highest potential energy
points along pathways leading to,HCH4, and GHs elimination are multi-center transition states (MCTSSs)
involving simultaneous motion of many atoms about thé dénter. The extensive body of information from

the electronic structure calculations provides realistic input to a statistical (RRKM) rate model of the reaction.
Many details of the time evolution of long-lived complexes for both MG+ and NiCD1s™ can be understood
semiquantitatively when conservation of angular momentum is accounted for in approximate fashion. In our
best model, the energetics of the MCTSs leading dds@nd H elimination must be adjusted downward by

2—3 and 7 kcal/mol, respectively, from the calculated barrier heights. According to this model, essentially all
of the GH¢ and H, products come from initial insertion of Niinto the central CC bond, the weakest bond

in the alkane. The lowest energy path te élimination is novel, involving initial insertion into the central

CC bond followed by simultaneous migration tefo 5-hydrogens toward each other while being stabilized

by the metal cation center. Insertion into a terminal CC bond or into either type of CH bond leads to substantially
higher energy MCTSs that are likely unimportant at low collision energy.

I. Introduction transition-state energies on a relative scale with accuracy of a
) . . few kcal/mol would provide a powerful tool for the design of
The rapid development of density functional theory (DFT) catalysts.
continues to open new areas of chemistry to detailed investiga- |, an earlier pair of papefs] we obtained time-resolved
tion by electronic structure theory. In solution-phase organo- experimental information about the decay of bimolecular
metallic chemistry, DFT is already providing new insights into  qjjision complexes for the reaction Ni+ CgHg. We also
reaction mechanisms. For systems involving transition-metal applied DFT to the ground-state Nigs* potential energy
species, it is important to calibrate the quantitative accuracy of syrface and built a detailed statistical rate model of the reaction
different theoretical methods. For this purpose, reactions of gas-pased on theory. The agreement between the model and a wide
phase transition-metal atoms (M and ¥ provide arelevant  yariety of experiments allowed us to gain new qualitative
degree of electronic complexity (due to the presence of openinsights into the reaction mechanism. Here we extend this
d-subshells and many low-lying electronic states) without the approach to the reaction of ground-state (RDs/,) with n-C4H10
additional computational burden of ligands and solvent present at collision energies of 0.01 eV (0.2 kcal/mol) and 0.21 eV (4.8
in condensed-phase chemistry. Comparisons between experikcal/mol) under carefully controlled, single-collision, crossed-
mental and calculated gas-phase bond dissociation energiesbeam conditions. A preliminary report on part of the data has
provide one test of theory. Equally important are detailed already appearet® The state-specific Nibeam is formed at a
measurements that provide information about the energetics ofsharp zero of time by resonant two-photon ionization (R2PI)
key transition states in organometallic reactions. Since subtle using a nanosecond dye laser. The subsequent formation of long-
differences in transition-state energies typically control reaction lived NiC4H10™ complexes (1a) and their evolution back to"Ni
efficiency and product branching, the ability to predict even reactants and forward to,8s, CH4, and H elimination products
(1b, 1c, 1d) is monitored in real time on a scale as short as 0.2

* Authors to whom correspondence should be addressed. E-mail ad- #S USINg pulsed time-of-flight mass spectrometry. Long-lived
dresses: mb@physto.SE; weisshaar@chem.wisc.edu. complexes that survive extraction may fragment
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i + 1 x 10* cm/s. The typicah-butane pressure behind the nozzle is
NiC,H,, (1a) _

NIC.H. * 4 CH. (1b 60 Torr. From Fenn and Gallagh¥rwe estimate that the
1©4M10 2He (1) n-butane is cooled to a vibrational temperature of about 50 K.
NiC;Hs" + CH, (lc) There is no evidence of reactions with butane clusters. Plots of
NiC,He" +H,  (1d) product yield vs hydrocarbon backing pressure are linear from
. . . ~ 10 to 120 Torr, indicating that single-collision conditions are

in the field-free flight tube; we can further analyze the dynamics gptained at 60 Torr.

by using retarding fields to separate these fragments. By changing the angle between the"Nindn-butane beams,
The result is a set of time-resolved branching fractions e can vary the collision energy in coarse steps. We have

measured under carefully controlled reaction conditions. These congucted the experiments at two collision energies, nominal

provide a new benchmark for comparison with theoretical work. 9 0114 0.010 eV (0.25+ 0.23 kcal/mol) and 0.2% 0.09 eV

We prfsen't electronic structure calculations based on the(4 g+ 2 1 kcal/mol). The estimated uncertainties reflect worst-
B3LYP* variant of DFT of the energetics of potential wells and - c5se analyses; the larger collision energy is better defined. We
transition states for the same’Nt- C4Hio reaction. The lowest  pgjieve the “nominal 0.01 eV” energy includes a distribution

energy paths to the predominangHs and H products both  heaked at 0.01 eV and lying below 0.02 ev0.5 kcal/mol.
involve initial insertion of Ni- into the central CC bond, the The 10 ns laser pulse initiates ismolecule collisions at a

weakest hond in the-butane molecule. Subsequent branching sharply defined starting time. After a variable delay time that

2?3;5?&%[}9585?:; dosvfc: gl\:?n?nl;irgr?tl\ﬁ dmugg'cgmg tr:tr;]s\;llt;)r; allows collisions to occur, reactant and product ions are extracted
p ) P YS at timetey into the TOF-MS for analysis. We can obtain useful

Vibrational fiequencis from heory allow usto b & realisic, S97S for exiraction times in the range A= to; = 8 us.
q ry ' At tex, high-voltage pulses (31.5 kV) are applied to the ion

frzr:tzrdeTﬁs?:Ivitgiﬁic:g??glRoliNsrﬁ;?;??t?éoTrheogy;imlClse areextraction plates, sending reactant and product ions toward the
Y y 9 detector. The mass resolutiaW/(Am) is >250 for products near

ad|iba(§|chpotengal en_erlgé/ surfaced M(;J.Ch as irf Ni C3kH8’I7/ 100 amu. lons are detected with a microchannel plate (Galileo
wel |nf that su Stf’mt'i ownwar ar:ustment_ by 73 hca FTD-2003) operated at & 10’ gain. Detector output is 5@

mol of the energies from B3LYP theory brlr!gs the rate coupled to a LeCroy 9400 digital oscilloscope without further

calculations into good agreement with experimental data, amplification. The detector dynamic range cannot simulta-

Q?é%?én%hzhséq?“%? ;éii?;ﬂ%ofrra?g%fcgngr :e/D r'sgé(t).gﬁ neously accommodate the Nsignal and product ion signal.
: y Y Iscov W : Therefore, a small set of electrodes mounted in the drift region

gitlﬁ?’esn tafr(‘)? sfcha;hég\éf IZiTelglégggtglx? h?greenecrgﬁrat ;’r\]"th is pulsed at the appropriate time to deflect Nons away from
P P gnly 9NY- the detector, acting as a mass gate.

Mass spectra are complicated by the presence of five Ni
isotopes at 58 amu (68%), 60 amu (26%), 61 amu (1.3%), 62

A. Crossed-Beam MeasurementsThe crossed-beam ap- amu (3.7%), and 64 amu (1.2%) plus the presence of'#De
paratus and its usual operating parameters have been describeith some 4% of then-butane molecules. Quantitative product
previously®14.15|n the source chamber, gas-phase nickel atoms branching ratios are based on the areas under well-resolved
are produced in a laser ablation source and seeded into an argoproduct peaks of the majority isotop&Ni. In cases of mass
beam, which is skimmed and collimated. Electric fields strip interferences, areas of blended peaks were scaled t&ite
ions from the beam. In the interaction chamber, the nickel atoms basis using published Ni isotope abundances.
are ionized by a pulsed dye laser, initiating bimolecular-on It is important to distinguish clearly two different time scales
molecule collisions. The Ni cations react in field-free space that we will refer to frequently. The first, which we have already
with hydrocarbon molecules from a second pulsed valve. After calledte, is the experimental time window during which the
a suitable reaction delay, a high-voltage pulse extracts reactaniNi* and GHj, reactant beams are “in contact” and collisions
and product ions into the time-of-flight mass spectrometer (TOF/ at a well-defined energy may occur. This is the time between
MS) for analysis. the ionizing laser pulse and the ion extraction pulse. The second

The frequency-doubled dye laser (10 ns fwhm, 323.384 nm, time, which we simply calt, refers to the time since a long-
<250 uJ/pulse) intersects the atomic beam and resonantly lived complex was formed in a bimolecular collision. It is the
photoionizes Ni via theng — a%F, transition at 30 923 sort of time that appears naturally in the kinetics model for the

Ni* 4+ n-C,H,p—

Il. Experimental Section

cm~1.16 Absorption of two such photons creates iclusively unimolecular decay of a population of NiC4H10) complexes

in the?Ds, state. The two-photon energy is only 227 ¢rabove which were all present at= 0. Because our experiment is firmly
the ionization potential of 61 619 crhl” The nearest Ni in the single-collision limit, we create collision complexes with
excited state i$Dgj, at 1507 cm! above the IP. A loglog a uniform distribution of initiation times over a time window

plot of Ni* ion yield vs laser pulse energy is linear with slope of width tex. When we sample the fate of this collection of
of unity, consistent with a two-photon process whose first step complexes at a particular real experimental time after the
is saturated. ionizing laser pulse, we sample complexes that have evolved
The metal ion velocity is that of the neutral beam, (%8 over a corresponding distribution of timesfter initiation. In
0.5) x 10* cm/s. The packet of Niions (1006-8000 ions/ comparing kinetics model results with experiment, we properly
shot) intersects the beam of hydrocarbon molecules in the average over this distribution.
extraction region of a WileyMcLarert® time-of-flight mass B. Analysis of Metastable Decay by Retarding Potential
spectrometer. Neaikbutane gas-<h;o from Matheson>99.9% Method. Under our carefully controlled reaction conditions, the
purity, -dio from Cambridge Isotopes;98% D atoms) expands  product mass spectra reveal long-lived Qigot collision
from a second 0.5 mm pulsed nozzle; the butane beam is pseudoeomplexes (reaction 1a). These complexes have survived
skimmed (i.e., not differentially pumped) by a set of home- extraction intact, since they arrive at the detector at appropriate
built rectangular knife edges. The butane velocity is (6.2.0) times for adduct ions. Under our single-collision conditions, the
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complexes are metastable. They have sufficient energy to
fragment either to Ni + n-C4Ho reactants or to exothermic
elimination products. The time during which Nido" is
accelerated by the extraction fields is aboyt®2 Fortex = 8

us, complexes that surviie= 2—25 us after they are formed
may fragment in the field-free drift region of the mass
spectrometer.

Such metastable decay can be analyzed by applying a
retarding potentidlin the flight tube between the reaction zone
and the detector, as shown in Figure 1 of ref 6. 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 NiCH1st complexes that survive the entire flight : : . .
path intact, complexes that fragment in the field-free Region 24 25
F1 (Figure 2, ref 6) before entering the retarding field, and TIME OF FLIGHT (:5)
complexes that fragment in the retarding device, Region R. Figure 1. Time-of-flight mass spectrum product region for"Ni
Neutral fragments formed in F1 also create a distinguishable N-CaHio at nominalE; = 0.01 eV, tex = 6 us. Inset: comparison of

AAAAAAAAAAAAAAAA

ION CURRENT

22

peak whose arrival time is insensitive to the retarding voltage NiC2Ha" peak shape fdk,. = 0.6us (circles) and @s (triangles, scaled
V. By modeling the time-of-flight apparatus in one dimension
using simple, piecewise constant electric fields, we are able to
assign various fragment peaks from their arrival time behavior
vs V; as described in detail earliér.

The experiment partitions the timisince complex formation
into three overlapping windows. Fdg; = 8 us, these are
roughlyt = 2—10 us,t = 6—24 us, andt > 27 us. The time

to match at peak). Solid line is fit of tailing region to single-exponential
model withz = 400 ns.

(H2 elimination, reaction 1d) and 1% 4% intact NiGHo"
complexes (reaction 1a), as collected in Table ltfgr 8 us.
Within the reproducibility of the experimental branching frac-
tions (~6%), the ratio NiGH4T/NiC4Hg" is constant vdeys,
strongly suggesting that both NiB4* and NiGHg™ have a

intervals are broadened and caused to overlap by the distribution.ommon precursor and are formed on a similar time scale

of times between initiation of a collision and ion extraction. Additionally, the NiGH4+ peak tails toward longer TOF at small
The earliest time window is the ion residence time in the source raaction delays (Figure 1, inset). With a single-exponential decay
region, the time between the firing of the ionizing laser and the ,5qel the NiGH4* peak (both narrow and tail components) is
completion of ion acceleration, abduf; + 2 us. In this interval, well fit with lifetime 7 = 400+ 100 ns.

we can measure an apparent total reaction cross section that

includes as products long-lived complexes that survive extraction
intact plus elimination products born prior to extraction. We
measure the branching fractions of prompt elimination products
and long-lived adducts averaged over the same time window
by integrating the simple TOF-MS peaks. Those complexes that
fragment to elimination products during the: ion acceleration
time will appear as small tails on the proper elimination fragment
ion and will mostly be included in the correct channel. We are
blind to complexes that return to Nit+- C4H;0 during this first
time window, since the peak from thoseNions that never
collide with n-butane is enormous on the scale of products.
The middle time window is the time spent by complexes in
field-free Region F1, prior to interrogation by the retarding fields
in Region R. For the typical extraction energy of 1280 eV, the
flight time for NiC4Hig" in F1 is 18 us. For texx = 8 us,
complexes enter Region R within the range 2628 us after
the initiation of the collision. The retarding field device
integrates the decay kinetics of surviving complexes over a time
window that varies front = 2—20 us (latest-born) td = 10—
28 us (earliest-born). We refer to this as the- B4 us time
window. Finally, we can measure the fraction of long-lived
adducts that arrive at the detector intact as JNiG"™. On
average, these complexes have survivedi24r longer.

Ill. Experimental Results

A. Nit + n-C4H10, E; = 0.01 eV.At 0.01 eV collision
energy, the absolute reaction cross section is£4R0)% of
the Langevin cross section of 483,/as estimated from using
8.2 A3 for the polarizability ofn-butane. Figure 1 shows the
TOF mass spectrum fagy = 6 us. Product branching fractions
are 634 5% NiCH4" (C,Hg elimination, reaction 1b)< 1%
NiCsHe™ (CHq4 elimination, reaction 1c), 26= 2% NiCyHg"

The presence of Nig1g™ in the TOF mass spectrum @&k

= 6 us indicates the existence of additional complexes with
> 400 ns. AtE; = 0.01 eV, these NigH;p" complexes
constitute roughly 11% of products, as estimated by decompos-
ing the overlapping isotopic peaks. The slight tailing to shorter
TOF on the predominantly NifEl;o™ peaks (Figure 1) is due

to fragmentation in the drift region of the TOF/MS and
separation in the electric field at the detector. Retarding potential
analysis is very difficult on the small adduct peak of Figure 1,
SO no quantitative data fd; = 0.01 eV is included in Table 2.
The long-lived NiGH1¢"™ complexes dissociate to Nit- C4H1o,
NiC,Hst + CoHg, and NiGHe™ + CHg, or remain as intact
adducts, in roughly equal amounts on the-28 us time scale.

No NiC4Hg™ was definitely observed, possibly due to the
difficulty of separating this peak from interfering isotopes of
the NiCH1g" complexes.

B. Ni* + n-C4H1o, E; = 0.21 eV.At 0.21 eV collision
energy, the absolute reaction efficiency remaid9%; the total
reaction cross section has dropped essentiald€ in accord
with the Langevin model. The Helimination and parent ion
peak cluster is shown in the top trace of Figure 2,tfr= 8

us. For te = 8 us, product branching fractions are the

following: 55 + 6% NiCHs", <1% NiCsHs™, 24 + 3%
NiC4Hg™, and 21+ 5% long-lived NiGH;0t complexes (Table
1). The ratio NiGH4T/NiC4Hg™ varies slightly withtey; , from
2.0+ 0.1 attexy= 1 us 10 2.4+ 0.2 attexs = 8 us. The NiGH,"
peak again tails toward longer TOF. The narrow peak and tail
again fit a single-exponential model with= 400 + 100 ns,
the same value obtained Bt = 0.01 eV.

Long-lived NiCH1¢™ complexes definitely make up a larger
proportion of prompt products at this collision energy 21
5%) than at 0.01 eV (1% 4%). Although the total reaction
cross section dropped & 12, a greater fraction of collisions
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TABLE 1: Experimental and Model Branching Ratios, t = 2—10 g

J. Phys. Chem. A, Vol. 103, No. 36, 199257

s after Collision?

E: (eV) NiCH4* + CoHs NiCsHs" + CH, NiCsHs™ + H, NiC4H16"
expt 0.21 55+ 5 <1 26+ 3 19+2
model 0.21 51 1 22 26
expt 0.01 63t 5 <1 26+ 3 11+2
model 0.01 74 <1 26 0

E; (eV) NiC:D4* + CyDs NiC3D¢" + CDs4 NiC4sDg" + D, NiC4D1o"
expt 0.21 34 <1 10+ 2 53+5
model 0.21 46 <1 2 52

a Experimental data with. = 8 us. Adjusted kinetics model from Table 6 is integrated over appropriate time scale for comparison with experiment.

TABLE 2: Experimental and Model NiC 4H;o" Fragmentation Pattern, t = 16—24 us after Collision?

E: (eV) NiCHs" + CoHs NiCsHs™ + CH, NiC4Hs™ + H; Ni* + C4H1o
expt 0.21 235 3+3 <1 74+ 10
model 0.21 12 0 4 84

E: (eV) NiC.D4* + C;Ds NiCsDs" + CD4 NiC4sDs™ + D, Ni* + C4D1o
expt 0.21 50t 30 <1 <1 50+ 30
model 0.21 78 <1 1 21

a Experiment withtexy = 8 us. Adjusted kinetics model from Table 4 is integrated over appropriate time scale for comparison with experiment.

0

a

Ni* +n-C 4H,
0.21 eV

ION CURRENT

" 1 1

26 27

TIME OF FLIGHT (us)

Figure 2. Product mass spectra for Ni+ n-C4Hio vs retarding
potentialV; as shown. Peak labeleds due to promptNiC,Hs*; bis
a blend off®NiC4Hg™ and®8NiC4H10™; N is due to fast neutrals arising
from delayed fragmentation. AY, increases, broad peaks due to
fragmentation in the field-free flight region F1 move to later times than
the sharp peaks due to intact products. They broaden because th
Wiley—McLarin space-focusing condition no longer holds.

at 0.21 eV results in NigHio™ complexes. With the possible
exception of NiGHg" (which is not detected), the metastable

v T L 1 T 1 LI B Ll 1 Ll 1
.t
| Ni' + n-C,D,, T — 1 i
fitto
B 7=750ns i
-~
w N +
NiC.D, 1 1
£+ 24 23.0 23.2 -
= . +
3] NiC,D,,
> I
®] .
| NiC.D, R i
NiC,D,
PUREE N TN NN SN N SN NN T | Lo 1 . g o 1 L1
23 24 25 26 27 28
TIME OF FLIGHT (us)

Figure 3. Time-of-flight mass spectrum product region forNi
n-C,Dp at E; = 0.21 eV, texs = 6 us. Inset: NiGD4* peak shape for
tex = 0.6 us (circles). Solid line is fit of tailing region to single-
exponential model withr = 750 ns.

n-butanehyq, there is virtually no methane elimination product
(NiC3Dg", reaction 1b). The ethane elimination product, Ni¢"
(reaction la), is again prominent. In contrast, the relative
abundance of hydrogen elimination product, Ndg" + D,
(reaction 1c), is considerably diminished. Additionally, the
relative amount of intact parent ion, NjB;0" (reaction 1d),
ehas markedly increased, with more noticeable tailing toward
Shorter TOF. Prompt branching fractions vary slightly viigh
At tex = 860 ns, branching fractions are NIG,* 31 £ 1%,
NiC;:,DGJr 1+ 2%, NiC4D8+ 8 + l%, and intact NiQDlo+
parents 60+ 2%. At texy = 8 us (Table 1), the branching

decay branching fractions as revealed by retarding field analysisfractions are 37+ 5%, <1%, 10 + 2%, and 53+ 7%,

(Figure 2, Table 2) are experimentally similar at the two energies
studied. Dissociation to Niaccounts for 46t 20%, NiGH,*
accounts for 14+ 13%, NiGHe"t for 2 + 2%, and intact
NiC4H10" 38 & 18%. No NiGHg™ was detected.

C. Nit + n-C4D1q, E; = 0.21 eV.The reaction witm-butane-
dip was studied at 0.21 eV collision energy, although absolute

respectively. However, the ratio NiD4/NiC4Dg" is constant
within experimental error vé&y. Once again, this suggests a
common intermediate and a similar time scale for hydrogen and
ethane elimination.

As for n-butaneh;, the 58NiC,D," peak fromn-butaned;o
noticeably tails to longer TOF for small reaction delays (Figure

reaction cross sections were not measured. The product regior8, inset). Both the narrow component and the tail are reasonably

of the TOF mass spectrum ftg; = 8 us is shown in Figure 3,
along with the tail on the g elimination peak. As with

well fit by a single-exponential decay with lifetime= 750+
100 ns, significantly longer than the Nj.o" lifetime of 400
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Figure 4. Product mass spectra for Ni+ n-C4Dyo vs retarding

potentialV; as shown. Peak labeleds due to promptNiC4Ds*; b is
predominantly?®NiC4D1o".
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TABLE 3: Calculated Reaction Path Energetics for Nit +
C4Hip and Nit + C4D;0 from Density Functional Theory
(B3LYP)?

specie’ AEy AEp

Ni* + C4H1o 0 0

Ni(C4H1o)* -32.0 -31.9
TScc (central) —-13.6 -13.2
Ni(CoHs)(CzHs)* ® —-22.6 -22.2
MCTScH, -10.9 -9.7
Ni(C2H4)(CzHe)* P —48.0 —475
Ni(CoHa)™ + CoHe® -345 -34.1
MCTSy, -5.7 -3.8
Ni(C2Ha)2(H2)t ® —42.1 —40.2
Ni(CoHa)2™ + Hot -39.3 —36.8
TScc (terminal) -14.8 —-14.4
Ni(CHs)(CsH7)* —-23.4 —22.9
MCTSch, —-25 +1.1
Ni(CaHg)(CHa)* -58.1 —57.4
Ni(CsHg)™ + CH, —-38.8 -38.1
TScr(1°) —12.4 -9.4
Ni(H)(n-C4Hg)* -12.8 -11.3
MCTS4,(1°) +9.1 +11.0
Ni(1-butene)(H)* —40.4 -38.9
Ni(1-butene} + H, —-28.2 -25.9
MCTScns(1°) —-0.2 +35
TSch(2°) -14.2 —13.1
Ni(H)(is0-CsHo)* —-15.9 —-15.0
MCTS1,(2°) -0.1 +1.6
Ni(2-butene)(H)* —445 —42.9
Ni(2-butene} + H; -31.4 —29.0

a See text for theoretical procedure. Energies in kcal/mol relative to
round-state reactants and including differential zero-point energy

+ 10_0 ns at the same _collision energy._Fits to severa_ll such tra_ce{Orrections AE, refers to Ni + CaHyg AEp refers to N + CaDio.
consistently underestimate the experimental data in the regionmost species identified in Figures8. Notation (2) and (2) refers

just beyond the narrow peak (at 23-653.10us TOF), strongly
suggesting nonexponential decay. Fits toriHmitaneh;o peaks
were consistently better over the entire curve.

The large proportion of intact NiD1¢" parents cannot be

explained on the basis of a single-exponential decay with 750
ns lifetime, since less than 1% of the products would remain

intact NiGDigt parents after s, while 53% NiGD1o" is
observed. Retarding field mass spectra were collected/for

to initial insertion into primary or secondary CH bond, respectively.
b Geometry optimization incomplete; these complexes includes one or
two imaginary frequencies in the range 42i62i cnt. They do not
enter the calculated ratesExperimental estimate of exothermicity22

+ 4 kcal/mol (refs 25, 26)¢ Experimental estimate of exothermicity:
—32 £ 7 kcal/mol (refs 25, 26).

the force-constant matrix was calculated to determine the
character of the stationary points (minima or transition states),

between 300 and 1000 V (Figure 4). Analysis shows that the and also to evaluate the zero-point vibrational energy correc-

22 4 5% of the NiGD1o" parent ions decay to Nj 22 4 6%
decay to NiGD4*, and that 564+ 12% remain as NigDig"
(Table 2). No NiGDe" or NiC4Dgt were detected.

IV. Electronic Structure Calculations

The electronic structure calculations from which we build
the rate model were carried out as described earlier for-Ni
C3Hs.” First, stationary points on the ground-state (doublet)
NiC4H10" potential energy surface are located using B3P,

a density functional theory (DFT) based on hybrid functionals.
In the B3LYP geometry optimizations the LANL2DZ basis set
of the Gaussian-94rograni! is used. For the nickel atom this
includes a nonrelativistic effective core potential (ECP) accord-
ing to Hay and Wad#€ together with a valence basis set of
essentially doublé-quality including a diffuse 3d function. The
other atoms have a standard doubleasis set. In each structure
obtained in this way (minimum or transition state), an energy
calculation is performed at the B3LYP level using the large
basis set 6-31:£G(2d,2p) in theGaussian-94program. This
includes the Wachtet%all-electron basis on nickel, two sets
of polarization functions on all atoms including two f-sets on
nickel, and also diffuse functions. All relative energies reported
are based on the results for this large basis.

Zero-point vibrational energies were determined for all
stationary points as follows. At each optimized stationary point

tions, which are included in all relative energies. The calcula-
tions of the force-constants were performed at the B3LYP level
using essentially doublé-quality basis sets. For the nickel atom
the Wachters all-electron basis set was used. Since the basis
used in the force calculations is not exactly the same as the
basis used for the geometry optimizations, the separation
between overall rotation, translation, and internal motion is
imperfect, which causes the smallest vibrational frequencies
(below 100 cm?) to be uncertain.

B3LYP often overestimates the stability of atomic*3d
configurations relative to 3d'4s. For NI, this is a very mild
effect. The energy difference between thHe3@'F) excited state
and the 3§2D) ground state as calculated in the present study
is 28.6 kcal/mol, only 3.7 kcal/mol higher than the experimental
difference in (3¢ + 1)-weighted energies of 24.9kcal/mol. Ricca
andBaushlichéf have suggested a scheme for correcting for
errors in the atomic spectra when calculating the energetics of
molecular species by interpolation between atomic asymptotes
based on the 3d population of the metal atom in the molecule.
We have followed their scheme in this work, but the largest
resulting correction is only 1.2 kcal/mol.

The B3LYP energetic results are summarized in Table 3. The
names of potential wells and transition states refer to the kinetics
scheme and reaction paths shown in Figure8.5For each
species, we give the energy relative to ground staté33g
reactants, corrected for differential zero-point energy and for
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Figure 6. Reaction pathway to NigEs" + C;Hs elimination products; energies as calculated by B3LYP theory (Table 3), not adjusted to agree
with experiment.

3d orbital occupancy as described above. Results for both Ni  energieg>26 The B3LYP exothermicity for Ni + C4Hio —
+ n-C4Hj0 and Nit + n-C4Dyp are given. Harmonic vibrational Ni(C2Hg4)2t + Hz is 39.3 kcal/mol, compared with the experi-
frequencies and rotational constants at the key stationary pointsmental estimate of 32 7 kcal/mol. The discrepancies are
(Tables 4 and 5) will be used directly in the statistical rate substantial.
calculations. In the statistical rate modeling, the energies of the multicenter
The B3LYP calculations find three exothermic reaction transition states (MCTSs) determine product branching fractions,
channels, @Hs, Hy, and CH, consistent with experimental  since they are by far the highest potential energy points on each
observations at low collision energies. The calculated gas-phaseeaction path. The geometries of three key multicenter transition
exothermicity for the dominant elimination process Ni C4H10 states are shown in Figure 9. The relative energies of the MCTSs
— Ni(CoHg)™ + CoHg is 34.5 kcal/mol, compared with the along the lowest energy pathways to the three observed
estimate of 22+ 4 kcal/mol based on experimental bond elimination products lie in accord with the experimental
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Figure 8. Reaction pathway to NigHs" + CH, elimination products; energies as calculated by B3LYP theory (Table 3), not adjusted

branching: MCTg,+, at—10.9 kcal/mol, MCT§, at —5.7 kcal/ might contribute to the actual reaction, but the overall results
mol, and MCTg, at —2.5 kcal/mol. These MCTSs were found

show a satisfying consistency with previous work on other
by trial and error using previous work as a general guide. The reactions.

Ni*/C4H10 system is sufficiently large that it was not feasible The lowest of these barriers is MCES,, arising from
to follow the intrinsic reaction path downward in energy from

insertion into the central CC bond (the weakest bond in the
each MCTS to confirm which two potential minima are molecule) and migration of a singfg-hydrogen to the metal

connected by each transition state. Nor is it possible to guaranteecenter. The alternative pathway to ethane elimination, which
that we have found all the important low-lying MCTSs that involves initial insertion into a primary CH bond followed by
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TABLE 4: Vibrational Frequencies (cm~1) Used in RRKM (a) MCTSC H
Calculations? 2" "6
complex () MCTSc,hs MCTS4, MCT Sch, 1.392

3164 3257 3266 3231

3157 3242 3256 3209

3143 3216 3242 3173

3126 3196 3229 3143

3081 3140 3148 3121

3061 3139 3137 3118

3028 3113 3132 3114 (b) MCTSy,

2996 3106 3124 3055 1635

2667 2439 1693 3004 1449 \ 13697 1.

2532 1754 1594 1776 N8y

1582 1561 1521 1523 2180 g

1522 1508 1513 1514 1.440 Q

1520 1494 1470 1494 2,017 2.014

1511 1468 1468 1452

1500 1466 1272 1448

1479 1409 1266 1404 (¢) MCTS¢H

1452 1319 1244 1402 4

1402 1291 1224 1285 o 24861-534

1369 1183 1190 1235 Q L\__Z g

1341 1174 1162 1177 \ L

1314 1158 1157 1133 J'1.944 Q'

1293 1131 1081 1062 Tom

1210 1045 992 981

%gé g;; ggg ggg Figure 9. Key multicenter transition states (MCTSs) from B3LYP
1010 923 855 706 theory. Interatomic distances in A. Shaded carbon atoms are those into

which the Nit ion originally inserted. Black H atoms are migrating to
985 859 753 685 form new bonds
974 750 697 596 :
861 634 571 560 . . . . .
836 489 501 502 pB-hydrogen migration via MCT,$(1°), but its energy ist9.1
762 464 477 409 kcal/mol, far above MCTS,. A lower energy route is initial
481 451 463 389 insertion into a (weaker) secondary CH bond and passage over
377 403 412 309 MCTSh,(2°), whose calculated energy 4s0.1 kcal/mol. Con-
256 312 389 199 sistent with the B3LYP energetics, we assume in the rate
234 251 302 166 . . -
modeling that the doublg-hydrogen migration over MCT;

191 175 117 116 : : 1 migre I
182 102 104 89 is the only important path to Helimination at low kinetic
134 26 95 57 energy.
113 For methane elimination, the lowest energy pathway involves

2 See Figures 58 for species? This very low frequency is uncertain  initial insertion into a terminal CC bond followed by MCE&g
due to technical factors (see details in ref 7). This 26 tmode was at —2.5 kcal/mol. A completely analogous route to £H
replaced by a 100 cm in all calculations. See text. elimination from Ni* + CsHg was found at+-3.1 kcal/mol in
earlier work. In Ni* + C3Hg this is the dominant reaction path,
whereas in Ni + n-C4H;o the other pathways involving central
CC insertion lie much lower in energy and render/&Hninor

TABLE 5: Key Rotational Constants (cm™1) Used in RRKM
Calculations?

complex () MCT Sc,he MCTS4, MCTSch, channel.
0.157 0.312 0.353 0.233 In our kinetics model, the initial Ni(¢H10)"™ complex1 is
0.073 0.077 0.072 0.064 assumed to be the common precursor to both the central and
0.052 0.065 0.063 0.058

terminal CC insertion paths. I Ni™ is in close proximity to

2 See Figures 58 for species. Th& andC rotational constants are  a primary and a secondary carbortr@insbutane. B3LYP finds
averaged in the actual model calculations. an energetically more favored structurel(3 kcal/mol relative
f-ethyl migration over what we label MCESy,(1°), lies 10 to 1) in which Nit is in clos.e.proximity to two primary ca.rl.:)ons
kcal/mol higher in energy. This is consistent with previous ©f gauchebutane. In addition, B3LYP finds two additional
calculations on Fe+ CsHg 27 Cot + CaHg 28 and Nit + CaHg,” energetlcally_less favo_red strqctureBO(.G_ kcal/mol_ a_1nd+4._0
which always find pathways involving-alkyl migrations to keal/mol relative tdl). Itis plausible that different minima might
the metal unfavorable relative fdhydrogen migrations. be the mmephate precursors to different elimination paths. Our

The lowest energy pathway toHelimination passes over assumption in tr_le modeling is that all such c_omplex structures
MCTSy, at —5.7 kcai/mol; it involves simultaneous migration interconvert rapidly over low barriers on the time scale of bond
of two -hydrogens, resulting in the bis(ethylene) complex insertion and rearrangement, so that they are well represented

This is a novel MCTS that lacks an analogue in the propane by a single kinetic species.
case. In the dehydrogenation of butane by,Nividence from .
several experiments supports highly specific 1Adimina- V. Statistical Rate Model

tion 82930 consistent with this BSLYP pathway. The B3LYP A. Construction of RRKM Model. The statistical rate model
calculations were unable to locate stable minima of the form is built in the same spirit as our earlier effort for'Ni- C3Hg.”
NiT(H)(CzHs)(CoHa) or Nit(Hz)(CoHa)2. Such minima were Most of the details are not repeated here. We assume the B3LYP
invoked in earlier mechanisni%:32 Following primary CH calculations have all the important low-energy reaction paths
insertion, we do find an K elimination pathway involving and determined the relative energetics well enough to reliably
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indicate the dominant pathway to each observed elimination of the Ni* + C3Hg reaction, the two soft bends are treated as
product, GHe, Hz, and CH. The kinetics model of Figure 5  harmonic vibrations id and as a two-dimensional free internal
includes the B3LYP stationary points (potential wells and rotation of GHjg relative to Nit in TSy, In the complext, the
transition states) along three parallel paths leading away from three torsions are modeled as free internal rotations since the
a common long-lived Ni(C4H10) ion-induced dipole complex internal energy far exceeds the typical barrier heights of 3 kcal/
1. We assume such complexes are formed at the Langevin ratemol for these torsions. In contrast, in FiSwe treat the three
constank_ and subsequently decay into four parallel channels: torsions as harmonic vibrations since the internal energy is low.

dissociation back to reactants;{9; central CC bond insertion The B3LYP calculations found one unusually low vibrational
to intermediate?, leading to eventual £1 elimination Kc,+e) frequency of 26 cm! in MCTSc,x,. This is a complicated mode;
and H elimination ,); and terminal CC bond insertion to it js not purely internal methyl rotation. As discussed above,
intermediate5, leading to eventual CHelimination &cn,). frequencies below about 100 ciare unreliable. We tested

Figures 6-8 show key intermediates and transition states along tpe effect of replacing 26 cm with 100 cnt. Use of the 100
the three postulated elimination paths. There is also a deep ion-cm~1 mode decreases the density of states at MGELS
induced dipole complex for each exit chanrifor the GHs moderately, which in turn causes us to lower our estimate of
channel.4 for the H, channel, and for the CH, elimination the energy of this barrier by about 2 kcal/mol. We kept the 100
channel. Other paths lie at substantially higher energy (Table ci-1 mode in all subsequent calculations. The B3LYP calcula-
3) and are assumed not to contribute at the low collision energiesiions also found the low-frequency vibration of 57 chin

of interest here. In particular, we neglect the next lowest energy MCTSc,. This mode corresponds to internal rotation of a
path to b eI_imin_ation involving secondary CH insertion and methyl group loosely attached toNiln this case, we kept the
MCTS.,, which lies 5.6 kcal/mol above MCTS nearly atthe 57 cnr1 yibration in all subsequent calculations. The micro-
reactgnts' asymptote. Still a third pathway.t@(ﬂ/er MCTSy,- scopic rateskgiss Ko Ker, and ky, calculated using state
(1°) lies 14.8 kcal/mol above MCT5 and is also neglected.  gensities without symmetry numbers must be multiplied by

These latter two MCTSs can be ruled out at low energy on gnnropriate symmetry numbé#§4to incorporate the reaction
experimental grounds as well, since they are inconsistent with path degeneracy, as before.

isotopic labeling studies that indicate exclusive 1Aekmina- B. Adjustment of MCTS Energies. In the Ni* + CsHg casé’

tion 29.30 . S .
To calculate each of the microcanonical rd¢&,J) in Figure the key MCTSs I!e quite high in energy relative to reactants so
; S that the fastest time scale for complex decay was segby
5, we use RRKM theory. In doing so, we implicitly assume - )
. . . Our strategy was to adjust the modeling of the complex and
that reaction occurs on a single potential energy surface, that o - .
. c o I PR - the loose transition state THto match the experimental time
intramolecular energy redistribution is instantaneous on the time cale and then independently adjust the MCTS energies to fit
scale of each reaction step, and that, in the language of classica] he observed elimination branching. ForNi n-CaHio, the

mechanics, there are no ‘re-crossing” trajectories that Pass) ey MCTSs lie much lower in energy relative to reactants so
forward and then backward across the transition state. The ., . rgy rel
that the time scale of the decay is dominatedkpy,, rather

distribution ofJ is calculated from the Langevin capture cross thankges In this case, the data themselves do not adequatel
sectiorf® by assuming that only orbital angular momentum ss ’ q y
constrain the treatment d¢jss SO we use the same treatment

contributes ta of the complex. Exactly as before in Ni- CsHg, -
the energetics gleaned from the B3LYP calculations (Figures g-hat was _?_ucl:lcefs_sfl:jl fotr tl:l]H— é);E;g(.F;I'helener?_ygcz)f(t)hE cc|>/mpllex
6—8) place each parallel elimination channel in a simple steady- Ww?ﬁ n '3. y tleMgT € the b va :‘Je toh d. Kea tmo '
state limit. The overall decay of the complex for fixe.] elilreninZtri]oa:] i:l:;lr?nel to Cziaﬁich(fsheatgzgtrer?rrﬂen?al cc;g]rlzgiqirzfesscale
becomes exponential with the rate constant: atE;=0.21 eV. The relative energies of MC{,Zand MCT&,

EJ =k. (EJ) + EJ) + EJ) + E 2 were then adjusted to match the produqt branching at the same
Kot EJ) = Kaisd EJ) + ke (E) + Ky (EJ) + ke (EJ) (2) energy. The model is then used to predict the results for-Ni

o ] ) ) n-C4H10 at nominalE; = 0.01 eV and for Ni + n-C4Djp at

Each of the three elimination rates is obtained by applying the 9 21 ev. We find that the data constrain the energy of the
steady—stat.e approxmano_n to.t.he .appropnaf[e short-lived inter- complex1 to lie within 1—2 kcal/mol of —32.0 kcal/mol. The
mediate, eithe@ or 5. A simplification described elsewhére  modeling of Nit + n-C4Hso is thus satisfyingly consistent with

leads to the following expression, for example: the treatment that succeeded for'Ni CzHs.
" Using the B3LYP energetics in Table 3 without adjustment
ke, (E) = WI(MCTS 4 )/ho(1) ®) giveske,, = 4 x 10° 571, somewhat too slow compared with

the fastest experimental elimination time scale of 100 ns or less.

HereW is the sum of states at the MCTS au(d) is the density To make the fastedtc,, rate on the order of 70s7%, it is
of states at the complelx Analogous expressions hold fis, necessary to lower MCT3y, by 3.1 kcal/mol from the B3LYP
andky,. To match experiment, we will adjust the B3LYP barrier value of —10.9 kcal/mol. Without adjustment, the B3LYP
heights downward by several kcal/mol each. This places the energetics predict 99% 8 elimination and only 1% K
adjusted energy of MCT&y, and of MCTSy, within 1—2 kcal/ elimination atk; = 0.21 eV, in disagreement with experiment.
mol of the unadjusted energy of the preceding-d{8entral). To fit the 2:1 GHg:H2 elimination branching ratio from our
If this were strictly true, the expression in eq 3 and its analogues experiment, it is then necessary to lower MGJ 8y 6.8 kcal/
for the other rates would not be correct. However, we expect mol from the B3LYP value of—5.7 kcal/mol. Its energy
that B3LYP also overestimates the energy otd®entral), so becomes-12.5 kcal/mol, quite close to the adjusted energy of
the simplified expressions are likely valid in actual fact. MCTSc,H, If we lower MCTSy, by only 3.1 kcal/mol so that

The complexl and the entrance channel orbiting transition the energy difference between the two MCTSs remains the same
state TS, have soft degrees of freedom corresponding to the as given by B3LYP, then the Bs:H, elimination branching
Nit—C4H1o stretch and two soft bending motions, plus two ratio increases to 99:1, far in excess of experimental value of
methyl torsions and one GHCH; torsion. As in our treatment  2:1. If we assume that only the 25% #§ that cross MCTS,
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TABLE 6: Key Stationary Point Energetics from B3LYP
and for Adjusted Model?

species B3LYP adjusted model
NiC4H10" —32.0 -32.0
MCTSc,H, —10.9 -14.0,—-12.9
MCTS,, -5.7 -125
MCTSch, -25 -7.0,—6.8°

aEnergetics in kcal/mol relative to reactants, includingPE,
corrections appropriate to Ni+ C4Hs0. ® Two different energies were

equally successful in fitting the data, depending on the detailed treatment
of soft degrees of freedom; see text for details. Overall, we estimate

that the data constrain the three MCTS energies to lie witt8rkcal/
mol of the values—14.0, —12.5, and—7.0 kcal/mol for MCTS,,,
MCTS4,, and MCTSw,, respectively.

make H due to exit-channel centrifugal effect&> as discussed
further below, we have to lower MCT$further from—12.5

to —18.7 kcal/mol, placing MCTg lower than MCTg,, by
4.7 kcal/mol. If, in reality, another higher energy pathway
contributes to the kproduct at lowE;, we have undoubtedly
lowered MCTS,, too much in the model. However, if we

assume that B3LYP provides fairly accurate relative energies

of MCTSy, and MCTS,(2°), then the rate modeling indicates
that the latter will not contribute significantly toHbroduction

at the energies studied here. Finally, to fit the observed 1% CH
elimination, it is necessary to lower the MCdi§ from —2.5

to —7.0 kcal/mol.
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Figure 10. Microscopic parallel decay rat&gE,J) for adjusted model

of Nit + n-C4Hyo (Table 6) atE; = 0.21 eV as a function af. Dashed
lines are products that would be cut off by exit channel centrifugal
effects under the strong assumption |' for H, or | = 1" for CH,, as
described in text.

We use the distributions in Figure 10 to construct properly
weighted P(J) = ZJ/JanaQ time-dependent branching fractions
for comparison with experiment as befdrglimination of GHs,
CHy, and H occurs on the earliest time scale primarily from

The preferred model is described under the heading “Adjusted complexes formed at lod(small impact parameter). Complexes

Model” in Table 6. The dual entry for the energy of MC3,S,
—14.0, and—12.9 kcal/mol, shows two different values which
can fit the time-dependent branching fractions. If the methyl
torsion of 251 cm! is treated as vibration, the energy of
MCTSc,H, must be lowered te-14.0 kcal/mol. Alternatively,

if the methyl torsion is treated as free internal rotation, the
energy must be increased t612.9 kcal/mol. This places
MCTSc,H, Within 1—2 kcal/mol of the CC insertion TS. We

formed at very highl (large impact parameter) dissociate more
slowly and primarily back to Ni, in qualitative agreement with
the retarding field experiments. & = 0.21 eV, the Langevin
cross section admits complexes with< 312. The centrifugal
barrier at MCT g, cuts offke,n, Neard = 305, which sets the
limit on the range ofl that contribute to the Ni(&4)™ + C;Hg
products. The centrifugal barrier at the exit channel J&oes
not further limitJ, even under the extreme assumption that all

have checked that even with this adjustment the sum of statesangular momentum brought to the complex becomes orbital

at MCT& 4, dominates that at Tég, which ensures the validity
of the simplification of the rate expression in eq 3. Similarly,
the dual entry for the energy of MCES, in Table 4,—7.0 and
—6.6 kcal/mol, is determined by modeling the two methyl
torsions of 57 and 199 crd in two different ways, as vibrations
or internal rotations. MCT$ does not have methyl torsion,

angular momentum in products=€ I"). The centrifugal barrier

at MCTS;, cuts offky, neard = 300. The dotted portion of the
curve J = 77) represents the collision complexes that can
surmount the centrifugal barrier at MC{,Sbut would be cut
off by the angular momentum constraints in the exit channel
TS,,, under the strong assumptior= I"". In the CH, elimina-

resulting in the single entry for the energy in Table 4. We have tion channel, the upper limits ahset by MCTSw, and TS,
exercised the model extensively by using various combinations are 261 and 250, respectively. The exothermicities used for these
of assumption, but is not easy to estimate quantitatively how cutoff estimates for €Hs, CHs, and H channels are the
tightly the data constrain the MCTS energies. Clearly these experimental values of 23.1, 23.1, and 32.3 kcal/mol, respec-
energies must move downward compared with B3LYP results. tively.13

As a rough estimate, we believe that the three MCTS energies In Figure 11 we show the model instantaneous decay rate
lie within £3 kcal/mol of the values-14.0,—12.5, and—7.0 into all four channels vs time & = 0.21 eV. The overall decay
kcal/mol for MCT& g, MCTS,, and MCT &, respectively. of the complex is highly nonexponential. Decay of complexes
If one MCTS moves up or down, the other two should follow, to Ni(C;Hs)™ + CyHs dominates on short time scales. The
since the chemical branching is very sensitive to relative barrier instantaneous ratio of rates fost; formation to Nit formation
heights. is drastically reversed from 50:1 &= 0 us to 1:26 at = 20

C. Comparison of Adjusted Model Results with Experi-
ment. 1. Time-Dependent Branching Fractions at£ 0.21
eV. In Figure 10 we compare th& dependence of the four
parallel decay ratekgiss KcHe Kem, andky, for the adjusted
model atE; = 0.21 eV. These are summed to form the overall
complex decay ratky; as in eq 2. Despite well-defined initial

us. This is in sharp contrast with NH- C3Hg,” where return of
complexes to Ni dominates the branching on all time scales.
The reason is that the model MCTSs lie much further below
reactants for Ni + n-C4H1o than for Nit + C3Hg. The ratio of
C,Hg to Hp production varies only slightly, from 2:1 at= 0
usto 3:1 at = 10us, consistent with the observation of a mild

kinetic energy and internal energy, the model finds the distribu- increase in the ratio Nig,7/NiC4Hg™ astex increases from 1
tion of ke to include substantial contributions from rates varying to 10us. The model ratio of &H¢/CH, production varies more

a factor of 500, from 19to 5 x 10’ s1. We believe thisis the  than a factor of 100, from 22:1 at= 0 us to 2400:1 at = 10
qualitative explanation for the range of apparent time scales us, whereas experiment finds slightly more S#imination in
for breakup of the collision complexes observed in the experi- the longer time window. Experiment shows that a majority of
ments. the elimination products are formed on 10629 us time scale
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Figure 11. Instantaneous decay rate into competing fragmentation
channels for adjusted model of Ni- n-C4H1o (Table 6) atE; = 0.21
ev.
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Figure 12. Microscopic parallel decay rat&gE,J) for adjusted model
of Ni* + n-C4H1o (Table 6) atE; = 0.01 eV as a function of. Dashed
line is H; products that would be cut off by exit channel centrifugal
effects under the strong assumptios 1", as described in text.

for E; = 0.21 eV. In qualitative agreement, the model predicts
that only about 0.2% of the total elimination products are formed
att = 20 us.

Our experiment in effect integrates such rate curves over
various time intervalg.In Tables 1 and 2 we compare the
adjusted model results with experimental data over the two
ranges of time studied withy = 8 us. At E; = 0.21 eV, the

Blomberg et al.

dominated bykc,H, for all J. Integration of the detailed decay
rates vst predicts that the fraction of total products seen as
C,Hg in the mass spectrum takentgt = 8 us should increase
from 51% atE; = 0.21 eV to 74% at nomindt; = 0.01 eV, in
rough agreement with experiment (Table 1). The model predicts
the experiment should see no intact complexes in the early time
window. The experimental fraction of intact complexes de-
creases significantly, from 19% &; = 0.21 eV to 11% at
nominalE; = 0.01 eV. This qualitative agreement is encourag-
ing, since prior to the modeling an increase in long-lived
complexes as energy increased seemed counter-intuitive. The
effect is due to the very different range @& admitted by the
Langevin cross section at the two different collision energies.

We also investigated the model effects of deuterium isotopic
substitution for Nit + n-C4D;o. For the deuterated case, we
calculate a complete set of vibrational frequencies and moments
of inertia for the key stationary points and proceed as before,
using the MCTS energies as adjusted to best fit the branching
data and time scale observed for'Nt n-C4Hig at 0.21 eV.
Table 3 shows the energetic effects of deuteration. Deuteration
has only a very small effect on the relative energy of the
complexl or TSc and the CC insertion intermediate, as might
be expected. The relative energy of MG, $icreases by about
2 kcal/mol. The energy of MCT&,, increases by 3.6 kcal/mol.

In Tables 1 and 2 we compare the model results with
experimental data. At 0.21 eV, deuteration increases the fraction
of adducts from 19% to 53% fdex = 8 us in the experiment.
The model predicts 52%. The main cause is an increase in the
density of states of the complex on deuteration. F@4H1o,
experiment finds that in the-210 us time window, GHe
elimination is favored over pelimination by about a factor of

2. Forn-C4D1, the experimental ratio of D¢ to D, elimination
increases to 4. In the modelingp[%/D- increases from 2 for
n-C4Hpto 20 forn-C4D10. These model results reflect a larger
first-order isotope effect on the relative energy of MGTS
compared to MCT&y, upon deuteration.

For bothn-C4H;09 and n-C4D1q, the experiments found fast
dissociation of the complexes on the time scale of several
hundred nanoseconds. We infer this from the metastable decay
tails on the NiGH4™ and NiGD4* peaks for shortey, as shown
in Figure 1 and described in Section Ill. F®C4H10, the best-
fit single-exponential lifetime was 400 ns for boly = 0.01
eV andE; = 0.21 eV. On deuteration to-C4D1q, the fitted
lifetime lengthens to 750 ns (Figure 3), but the overall fit is
less successful.

Comparison of Figures 10 and 12 makes it qualitatively clear
how the shortest fragmentation time scale can be quite insensi-

agreement between model and experiment is sensible over botHive to collision energy. The adjusted model finds nonexponen-

the short { = 2—10 us) and mediumt(= 16—24 us) time
windows. The model was explicitly adjusted to match these
branching fractions well. In addition, the effects of kinetic

tial decay at both collision energies, but the effects]aire
stronger at 0.21 eV. The fastest rates occur atlpwhere the
centrifugal effects are smallest athd,y, dominates at both

energy and deuterium substitution are also well matched by theenergies. The model finds that the fastkst increases only
model calculations, which suggests the model is quite realistic. from 10’ s at E; = 0.01 eV to 3x 10’ st atE = 0.21 eV.

2. Additional Kinetic Energy and Isotope Effecks Figure
12 we show plots of the four model parallel decay rates and
kiot(E,J) for the lower collision energy studied in the experiment,
nominal E; = 0.01 eV. These calculations include no internal

The important point is that the total energy is varying only from
0 to 0.2 eV while the relevant MCTSs lie some 0.5 eV below
the reactant asymptote, so the fastest decay rate changes slowly

energy in reactants. The Langevin cross section now admits Since the model decay is nonexponential, we have ap-

complexes with] up to 145. As a consequence of this smaller
range ofJ, the total decay rates now lie in a relatively narrow
band from about 18-10" s~1. These model rates are fast enough

proximately parametrized its predictions by the ratio of the
integrated intensity of the narrow component of the TOF-MS
peak (arising from fragmentation prior to the ion extraction

to explain the observation of substantial complex decay on the pulse) to the integrated intensity of the broader tail (arising from

time scale of our experiment, 10080 us. The return to
reactants Kjis9 has shut down almost completely. Ndgy; is

fragmentation during ion acceleration, insets of Figures 1 and
3). In the model, this intensity ratio can be obtained by
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integrating the decay rate curve fopH elimination (Figure that the lowest energy pathways involve breaking of the weakest
11) over appropriate time intervals. FotC4H;o at 0.01 eV, bond or bonds of the alkane. In Ni+ C3Hg, the predominant
the model ratio is 1.83. At 0.21 eV collision energy, the model CH, elimination channel arises from CC insertion and passage
ratio is 1.82, remarkably insensitive to collision energy. For over the appropriate MCTS. The minority;Helimination
C4D10, the model ratio decreases to 0.68. For a single- channel arises from insertion into the secondary CH bond. In
exponential decay, specifying this intensity ratio would be n-C4H;o, as we have seen, bothtds and H can arise from
equivalent to specifying a lifetime. Thus the model at least insertion into the central CC bond, the weakest bond in the
qualitatively explains why we can reasonably fit the experi- molecule. The next lowest energy pathway te bteaks a
mental tails for NiGH1o" at both 0.01 and 0.21 eV to the same secondary CH bond again. In all cases, it is only necessary to

exponential lifetime and also why the Ni3;¢" tail at 0.21 eV invoke S-hydrogen migrations at the MCTSs. Theory consis-

fits to a longer lifetime. tently finds thats-alkyl migrations lead to MCTSs at much
In further qualitative agreement with experiment, the model higher energy.

finds the ratio of GHs to H, elimination to be essentially If the mechanism is correct at least at low collision energies,

independent of extraction time fofxx = 1—8 us. This  the quantitative accuracy of the MCTS energies from B3LYP
corroborates the simplified kinetics model using a single long-  still needs significant improvement for theory to become a more

lived complex as the precursor to all fragmentation paths. useful predictive tool. In the present study of Nt n-C4H1o,
_ _ we had to adjust MCT&y, downward by 2-3 kcal/mol from
VI. Discussion the calculated value and MCT;Sdownward by 7 kcal/mol. For

Our approach has been to assume that the B3LYP calculationd® Ni* + CaHs reaction, we aodjusted MC'&g, downward by
are sufficiently accurate to determine the lowest energy path- >—6 kcal/mol a_”d MCTSZQ ) downward_ by_ 7 kcal/mol.
ways to the majority elimination productsis and H. By Clearl_y B3LYP is systematically overestimating the MCTS_
discarding all calculated higher energy pathways, we limit the €N€T9!€s. It woulo_l be very useful to test what Iev_el of e_Iectro_nlc
mechanism to two dominant ones. BotiHg and H arise from structure theory is needed to bring these barrier heights into
the same initial central CC insertion step. The branching occurs PEtter agreement with experiment.

subsequently when orfehydrogen migrates to form K{CzHg)- The nature of the MCTSs themselves (Figure 9) pays tribute
(CoHa) over MCT S, OF two B-hydrogens migrate to form Ni to the resourcefulness of gas-phase transition-metal cations in
(H2)(CzHa)2 over MCTSy,. their disassembly of alkanes. With nine valence electrons and
n-butane reaction mechanism. For many years, it had been4s orbital), Ni* simply cannot carry out the stepwise insertion,
postulated that §Hs elimination arose from formation of a i B-migration, elimination mechanism that was postulated for

(H)(C2Hs)(CzHs) intermediate from either of two pathways: Many years. The 4p orbitals do not participate in gas-phase
initial central CC insertion followed bg-hydrogen migration ~ bonding, as evidenced by many electronic structure calculations

or initial primary CH insertion followed by-ethyl migration. ~ and by the experimental fact that the lowest4uistate of Nf
From the Ni"(H)(CzHs)(CzH,) intermediate, €Hs elimination lies at 6_3.4 eV. The optimal b_ondlng interactiérof le with
competed with subsequefithydrogen migration to form Ni alkene involves two metal orbitals (two dortacceptor interac-
(H2)(CzHa)2, from which H, elimination occurred53¢Like the tions): doubly occupied metatmddonating into empty alkene

old mechanism, the new one is completely consistent with 7* and empty metal selaccepting from doubly occupied alkene
previous experimental data on deuterium isotope effécéts, 7. The Nit configuration for insertion into the central CC bond

which show very strong preferences fofHGD., Do, and CHD} of n-butane is presumably 345'(low-spin doublet), as in the
elimination from CRCH,CH,CDs. It is also consistent with the ~ &F atomic state at 1.7 eV. However, using two sd hybrids to
inference from collision-induced dissociat®@2that the struc-  form the twoo bonds in Nif(CzHs), leaves only a single half-
ture of the NiGHgt product is in fact Ni(CoHg)o. occupied orbital as possibke-acceptor from an alkene donor

It is not possib|e to prove a mechanism. However’ we have pIUS three doubly OCCUpied 3d orbitals feidonation into alkene
shown that the new, simplified mechanism based on electronic @ntibonding orbitals. There is simply not sufficient bonding
structure calculations and statistical rate theory applied to a capacity to form a stable intermediate such as(®3Hs)(H)-
single potential energy surface is in semiquantitative agreement(CzH4), much less Ni(H)2(CzH)z, as the old stepwise pathways
with experiment when the key MCTS energies are adjusted required. The solution to this dilemma seems to be the MCTSs,
downward. Many puzz“ng aspects of the data such as theWhICh in effect bypass the need for StepWise intermediates.
nonexponential decay of complexes despite controlled energy,Based on earlier calculationg;?838Fe" and Co" evidently
the larger fraction of adducts observed at higher collision energy, share this dilemma with Ni
and the insensitivity of the fastest elimination time scales to  Examination of the structures in Figure 9 shows that the Ni
collision energy can be understood readily from the effects of center is simultaneously interacting with as many as four
angular momentum conservation on the fragmentation time scalehydrogen atoms and incipient alkene groups combined. In
and branching. particular, note the rather shortNi-H distances between metal

We have now applied the same approach to two reactions,and migrating hydrogen in both MCT,sand MCT& 4. The
Ni* 4+ n-C4H10 and Nit + C3Hg.” In both cases, the agreement  +1 charge on Ni contributes to the stability of the MCTSs. The
between a simplified mechanism grounded in electronic structure charge also leads to significant agostic interactions between the
calculations and the experimental cross sections, branchingpositive metal center and the CH bonds of certain methyl
fractions, complex decay time scales, and deuterium isotopegroups?® These attractive interactions, closely akin to hydrogen
effects is quite satisfying. Perhaps the weakest aspects of thebonding, may stabilize certain MCTSs by 5 kcal/mol or more,
RRKM modeling involve the treatment of the soft degrees of which is quite significant. The geometric signature of such an
freedom. It is again encouraging that a consistent treatmentagostic interaction is a lengthening of CH bonds within the
across both reactions is comparably successful. The twomethyl group. The strongest effects seem to occuifoand
mechanisms themselves are satisfyingly consistent in the sense-methyl groups. At this level of theory, a normal methyl group
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1o energy ofn-C4H10 — 2-butenet H, the data are values at 298
K. These probably differ from #0 K values by only +2 kcal/
mol, which will not affect any of our conclusions.
The rest of the plotted data are unadjusted B3LYP calculated
energies of the various stationary points relative to reactants
Alkane . ..
Decomposition and corrected for zero-point energy.;%k3 the transition state
between the Ni(alkane) complex and the bond insertion
intermediate, in turn labeled Insertion Intermediate. MCTS is
the multi-center transition state en route to the appropriate Exit
Complex, and Products are the elimination products. The two
columns of experimental data were adjusted by an arbitrary
additive constant in order to placey@®@ond) and the alkane
decomposition energy on roughly the same level as insertion
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A variety of comparisons are then informative. Firsty- D
(bond), the alkane decomposition energy, and the product energy
Figure 13. Comparison of stationary point energies from B3LYP g track each other fairly well. To a first approximation, the
theory for various reaction paths in Nit- CsHs (Prop” in legend) bond dissociation energy determines the thermochemistry of the

and Nit + n-C4Hypo (“Bu” in legend). “Do(bond)” and “Alkane e . )
Decomposition” are experimental data for alkane bond dissociation alkane decomposition process of interest. The reaction products

energies and for decomposition to the reaction products of interest for differ from the alkane decomposition energy only by the energy
each channel. These two categories have been adjusted by arbitrarilyof association of an alkene with Niwhich is fairly independent
adding —107 kcal/mol for B(bond) and—53 kcal/mol for alkane of the identity of the alkene. The glaring exception is the alkane
decomposition to bring them onto the same scale as the B3LYP enefgiesdecomposition for the channel 24, + H,, which makes and
for the Ni* reactions. See text for detailed explanation. breaks different numbers of bonds from the five other examples

has CH bond lengths within a range of about 0.01 A (roughly and thu_s lies on a dlffere.nt scale ent.lrely.

1.088-1.102 A), depending on orientation and the nature of _ Starting from the left side of the diagram, we can see at a
the vicinal bonds. In Ni + n-C4H10, we note the 1.164 A CH glance that the 1612 kcal/mql dlfferer)ce in bpnd energies
bond in thep-methyl group of MCTS,, (Figure 9). Also between CH and CC bonds is not mirrored in the insertion
noteworthy but not shown are a 1.122 A CH bond in the ransition state energies s which vary only 5 kcal/mol. At
y-methyl group of both the terminal Esand the terminal CC | Sns the larger CH bond energy is evidently compensated by

insertion intermediaté. The last examples far-butane are a & Smaller “intrinsic barrier” for CH vs CC insertion, perhaps
1.122 A CH bond in the>-methyl group of the secondary CH due to steric constraints or the adverse effects of greater orbital

insertion TS and a 1.131 A CH bond in tfemethyl group of directionality in the CC case. This is not nearly so large an
MCTS,(2°). In Ni* + CaHs, we found a corresponding 1.134 effect as suggested earl@rThis difference has little impact
2 . ’ .

A CH bond within the B-methyl group of MCTE,(2°). on product formation, since all Tss energies lie far below
Theoretical work on the strength of such agostic intzeractions reactants. The insertion intermediate wells recover much of the

would be very useful for qualitative thinking. breadth of the bond dissociation energies.

If we are to understand the subtleties of product branching ~ Specific comparisons of pathways within one reaction and
in these reactions, we must begin to understand the relativebetween the two reactions are helpful. For example, CC insertion
energetics of the key multi-center transition states with resolution in propane becomes central CC insertion rirfbutane on
of several kcal/mol or better. It is informative to compare the “Mmutation” of a terminal hydrogen into methyl. The energetics
B3LYP energies of key stationary points for the various Of the corresponding stationary points (filled and open diamonds
pathways in both Ni + C3sHg and Nit + n-C4H10 on the same in Figure 13) track each other quite closely fog(Bond), Exit
scale with known experimental bond dissociation energies and Complex, and Products, but thebutane energies lie-34 kcal/
decomposition energies of the starting alkanes. We do so inmol lower at TSs and the Insertion Intermediate and a
Figure 13 for six reaction pathways. For'N#+ CsHg, the data remarkable 14 kcal/mol lower at the MCTS. We interpret this
include the two lowest energy paths, CC insertion leading to to mean that MCT&y, in then-butane reaction is anomalously
CH, elimination and secondary CH insertion leading te H stable by some 510 kcal/mol. At least part of the reason is
elimination? For Nit + n-C4H1,, the data include central CC  likely the attractive agostic interaction between the metal center
insertion leading to both £ and H, elimination, terminal CC ~ and thef-methyl group which arises in the “mutation”. The
insertion leading to Clelimination, and secondary CH insertion geometric evidence for this interaction was detailed above. This
leading to H elimination. is the longest CH bond we have found. There is no correspond-

The column of data plotted at the far left labelec,(Bond)” ing strong agostic interaction at the insertion intermediaté;€
is the bond dissociation energy at 6%6f the bond into which ~ NiT—CzHs, and indeed it is only slightly more stable than the
Ni* inserts, either CC or CH bonds of various types. At the far Propane analogue.
right, labeled “Alkane Decomposition”, is ¢h0 K gas-phase Similarly, we can compare CC insertion in propane with
enthalpy chang@AHg*® for decomposition of the starting alkane  terminal CC insertion im-butane (filled diamonds and open
into the same products formed by ™N{one or two of which circles). Despite very similar bond energies and alkane decom-
are alkenes that remain bound to"NiFor example, for central ~ position energies, the-butane path now lies 4 kcal/mol lower
CC insertion inn-C4H10 and eventual formation of NigEi,™ + at TSps and the insertion intermediate, 9 kcal/mol at the exit
C,He, it is AHp for the process1-C4Hi0 — CoHy + CoHg. In complex, and 5.6 kcal/mol at the key MCTS. As described
two cases, that of §2-CsHg-H) and of the decomposition  above, we find strong geometric evidence gf-methyl agostic

Stationary Points
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