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H, Elimination Products from Neutral Zr + Alkene Reactions in the Gas Phase
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Identification of the metal-containing products of reactions of the neutral transition metal atori52t(2)

with ethylene and propylene is accomplished using one-photon ionization at 157 nm and time-of-flight mass
spectrometry. The reactions proceed in a fast flow reactor at 298 K with Hbefiier gas at 0.6 Torr. Mass
spectra of the products of both Zr C;H, and Zr+ CsHg indicate that H elimination occurs as the primary
reaction step. The efficiency of the Zr C,H, reaction shows that there is no barrier larger than about 2
kcal/mol above reactants along the entire reaction path. This corroborates an earlier theoretical prediction by
Blomberg and Siegbahn of facile;lélimination by ground-state Zr. For the secondary reactionsty G

C.H4 and ZrGH,4 + C3He and for the reactions Zr@- C;H, and ZrO+ C3He, mass spectra again indicate

that H; elimination occurs. Rate constant measurements using photoionization detection show that the presence
of the GH, and GH,4 ligands enhances the reaction efficiency over that of the bare Zr atom, while ZrO reacts
at essentially the same rate as Zr.

I. Introduction would then measure only the probability per collision that
reactants in fact reach the deep complex well.

Using the scaled configuration interaction method named PCI-
80, Blomberg, Siegbahn, and Svenssamedicted that the
ground-state Nb and 2 C,H,4 reactions proceed by formation
of a long-lived M(GH,4) complex, insertion by the metal into a
CH bond, and subsequent rearrangement and elimination. of H
For Zr, evidently the largest barrier along the entire pathway
involves the CH insertion step, whose transition state lies only
1.8 kcal/mol above the reactants. The purpose of this paper is
to test the prediction that ground-state ZA8#l) can effect
bimolecular H elimination from small alkenes at 298 K. We
accomplish this by one-photon ionization of the products at 157
nm (7.9 eV) and time-of-flight mass analysis of the resulting
cations. For Zr+ CoH4 and Zr+ CsHg, we observe cations of
stoichiometry ZrGH,™ and ZrGH,™", respectively. We argue
in detall that these are indeed parent cations, so the new results
corroborate a significant theoretical prediction. Recently,
Mitchell, Hackett, and co-workets have used a similar
technique with 193 nm ionization to study the kinetics of Mo
clusters, whose ionization energy is lower. Very recently, the
Davis group has studied the sameZC,H, reaction by crossed
beams, and they also observe Ztz" by 157 nm photoion-
ization?8

The same photoionization scheme can measure rate constants
of both bare and partially ligated metal atoms; the latter usually
aUnnot be studied by LIF. Here, we present new rate constants
for the reactions Zr(gH,) + CyHy, Zr(CsHy) + CsHe, ZrO +
CoH4, and ZrO+ CgHg at 298 K. In all four cases, photoion-
ization again indicates bimolecular;Helimination as the
dominant reaction path.

The gas-phase transition-metal atoms M and pfovide an
organometallic model chemistry involving substantial electronic
complexity but lacking the additional burden of ligands and
solventst—3 Like typical solution-phase organometallic reactions,
neutral M + hydrocarbon reactions in the gas phase often
involve potential energy barriers. We have extensively surveyed
the chemical reaction kinetics of ground state neutral transition-
metal atoms from the 3d, 4d, and 5d series with small alkanes
and alkene4:8 Several other groups have also studied reactions
of neutral metal atoms and clusters with oxidants and hydro-
carbons in flow reactofs516-19 and most recently in crossed
beams? Our work has been carried out in a fast flow reactor
with 0.4—1.2 Torr He buffer gas using laser-induced fluores-
cence (LIF) to monitor the decay of metal atom density vs
hydrocarbon flow. Although only a few of the atoms studied
(for example, Rh, Pd, and Pt) were found to react with alkanes,
most of the atoms, including Zr, react with alkenes.

Such kinetics data allow quantitative comparisons with
modern electronic structure thed¥¥:26 However, thus far, we
have determined neither the mass nor the structure of the
products directly. In a few cases, the bimolecular rate constant
increases significantly with He pressure, which indicates that
termolecular stabilization of long-lived M(hydrocarbon) com-
plexes contributes to the removal of M. In most cases, the
absence of a pressure dependence of the measured rate const
over the limited range 041.2 Torr suggestshut does not
prove, that bimolecular elimination occurs. Especially for M
+ alkene reactants, which typically fall into a deep M(alkene)
complex well, it is possible that essentially all such complexes
are so long-lived (perhaps 200 ns or longer) that termolecular
stabilization occurs with unit efficiency over the limited range

: A - II. Experimental Section
of pressures studied, 0-4.2 Torr. The reaction efficiency o )
The modular fast flow reactor (schematic in Figure 1) consists
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Figure 1. Schematic of fast flow reactor including hollow cathode
discharge and laser ablation sources of transition-metal atoms, reactant /
inlet, dye lasers used for stimulated emission pumping &nd w.) MgF;
and laser-induced fluorescence ), photomultiplier tube for LIF Windows
detection, and time-of-flight mass spectrometer (TOF-MS, not to scale)
using 157 nm excimer laser photoionization. Figure 2. Schematic of photoionization region, roughly to scale.

emission pumping to study the kinetics of V* and Mo* excited using one-photon ionization at 157 nm(&ser, 7.9 eV) and
electronic stated!:32 time-of-flight mass spectrometry (TOF-MS). The geometry of
In the current work, a laser vaporization source (Nd:YAG the ionization region is shown schematically in Figure 2. The
harmonic at 532 nm, 10 ns fwhm) produces gas-phase Zr atomsskimmer is a home-built thin brass cone with a sampling orifice
upstream in a fast flow of predominantly He (typically 0.56 of 1.3 mm diameter. The skimmer and its flange are electrically
Torr) and some K (typically 60 mTorr) buffer gas. The Ns isolated and floated at100 VDC relative to the flow tube to
added to quench He* and Zr* metastable states. We know from prevent ions formed in the ablation source from entering the
previous work using LIF that laser vaporization makes larger TOF-MS. lons formed by the ionization laser travel 1.7 cm in
peak number densities of metal atoms but a substantially greaterthe first extraction field, 0.9 cm in the second extraction field,
fraction of excited states M* than the continuous sputtering and then 41 cm in field-free flight to the microchannel plate
source that had become our standard for simple rate constantetector. Mass spectra are digitized as the voltage drop over a
measurements. Since the photoionization detection is not state50 Q load vs time in a digital oscilloscope (Lecroy 9310M).
specific, we will consider possible effects of these excited states Typically, 1000 traces are averaged.
on the observed kinetics and product identity. The measured Voltages on the three meshes forming the WitdgcLaren
mean bulk flow speed of He is 5400 cm/s in the reaction region. extraction region are-2500,+1460, and 0 V. It was necessary
On the basis of earlier calibrations with neutralTie expect to pulse the positive voltages using a dual thyratron circuit. The
a factor of 1.45 between the bulk flow speed and the mean speedeading edge of the voltage pulse defirtes 0 for the TOF-
of transport of neutral Zr down the flow tube. Thus, we take MS. When using dc voltages, we observed very large ion peaks
7= 7800+ 600 cm/s for all transition metal species. As argued due to H& and Nyt but no signal from Zt, perhaps because
in detail earlier, assuming a hard-spheres model holds reason- of a discharge through the activated gas. The voltage pulses
ably well for the diffusion of molecular species such as Ti, Zr, are applied 100 ns after the ionizing laser pulse. The voltages
ZrO, ZrGHz, and ZrGH,4 in He, we expect all such species to  rise to 95% of their height in 25 ns, remain flat for someus)
be transported down the flow tube at the same mean speedand then decay to zero in 75. The ring electrode (Figure 2)
within about £15%. A detailed study of the transport of s pulsed to a value halfway between the two positive meshes,
different species down the flow tube is underway. which helps to flatten the fields in the ion extraction region
The hydrocarbon gas is added midstream through a shower-and may even be used as a mild electrostatic lens to improve
head inlet oriented upstream relative to the He flow. The ion collection efficiency. lon peak widths are 280 ns fwhm
distance from laser vaporization source to the hydrocarbon gaswhen the extraction voltages are optimized, corresponding to a
inlet is typically 45 cm. The reaction zone extends from the mass resolutiom/om of about 150.
gas inlet to the skimmer that samples neutrals into the detection Immediately after a fresh gas fill, the, Faser (Lumonics,
region, a length of 52 cm in this work. The temperature in the model 500) typically provides 3 mJ/pulse as measured with a
middle of the reaction zone 74 cm downstream of the source is Gentec joule meter (ED-200) after two reflections from dielectric
298+ 5 K. Flow of hydrocarbon is regulated by a needle valve mirrors and traversal of a 2.7 m long tube purged withgiss.
or a flow controller and monitored by a mass flow meter (Tylan). The laser is collimated by a 44 cm focal length MdEns
The hydrocarbon gases ethylene (Mathese®9.5%) and positioned 36 cm from the center of the ionization volume. The
propylene (Matheson or Liquid Carbone99.0%) were used  laser enters the ionization region through two Mg#ndows.
directly from the bottle. Because flow meter response is not The lens focuses the beam to the smallest spot size some 8 cm
linear with gas flow, we have directly calibrated the flow meters beyond the ionization volume. As a rough estimate, at the center
for each reactant gas. of the ionization volume the laser spat & 3 mmx 8 mm
In earlier work we used LIF to monitor the decay of the metal rectangle with its long side parallel to the axis of the TOF-MS.
atom concentration vs hydrocarbon number density, measuringShot-to-shot fluctuations of the laser pulse energy are typically
effective bimolecular rate constants for reactions of ground- +£12%. After a fresh gas fill, the pulse energy decays
state M? In this work, we add the ability to identify the products exponentially in time with a 1/e decay rate of 0.021 min
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0.4 sccm of ethylene flow. At zero flow, we observetzmd

Zr + C2H4 ZrO*; the latter could be from reaction of Zr with,@npurity
or more likely from ZrO ablated from the oxidized metal surface.
Flow = 0.4 SCCM _Th_e Zr isotope intensity pattern at 90, 91, 92, 94, and 96 amu
ZrC,H,* ZiCH. is in good accord with natural abundances of 51%, 12%, 17%,
poly 17%, and 3%, respectively. As ethylene flow increases, both

Zrt and ZrO' signals decrease. Theions 2HG and ZrGH,*
rise roughly simultaneously. At the largest flow studied, 6.5
scem, Zr, ZrCHyt, and ZrO™ are essentially gone while

zrt ZrC4H4" persists. When the ZrOmpurity peak is particularly
20" strong, we see small product peaks at the proper masses for
Flow=0 ZrOGH,* and ZrOGH4". Ground-state ZrO evidently reacts
J j\/\j\ with ethylene to form products that are not as readily ionized
by the 157 nm laser perhaps because the ionization energy is
80 9 100 110 120 130 140 150 160
too large.
Mass (amu) The simplest interpretation of data like that of Figure 3,

confirmed by detailed kinetic analysis below, is that ground-

Figure 3. Time-of-flight mass spectra with Zr target with and without  gt5te 7y undergoes the sequential ¢imination reactions:
ethylene flow as indicated.

k
_ Zr + C,H, — ZrC,H, + H, 1)

Zr, Ti, and Mo atoms all seemed comparably easy to produce
and ionize. The integrated current from an optimized signal K
from photoionization of Zr corresponds to about 400 bns ZrCH, + CH, — ZrCH, + H, 2)
per shot at the detector. We see a substantial amount aof He ) ] )
N+, and N+ at low mass as well as peaks due to diffusion pump We see no evidence in the mass spectra for formation of
oil that can interfere with the transition-metal species of interest. collisionally stabilized adducts of stoichiometry %H:i or
With ethylene as reactant, the mass spectra include peaks dué'CsHs. For example, a small contribution from Z#€;™ would
to Zrt, ZrCH,*, and ZrGH.4*, as well as an impurity Zr© appear as an enhancement of ¥ C;H," peak and especially
peak unrelated to ethylene flow. of the minor®ZrC,H," peak in the mass spectrum compared

Collisions between metal species and ethylene end quite With the isotope pattfrn for pure Zr We estimate that the
abruptly at the skimmer, and the effective reaction lermjgh contribution of ZrGH,™ to the region 116124 a+mu cannot be
taken as the distance from the hydrocarbon inlet to the skimmer, |2rger than 10% of the contribution f+rom 21, S+|mllarly,
52 cm. In the main flow tube at 0.6 Torr buffer gas, the mean € combined contribution of ZuBls™ and ZrGHs Oto the
free path between hard spheres collisions is about 0.2 mm. Flow€dion 142-150 amu Cf‘””Ot be larger than 10% of the
through the 1.3 mm diam skimmer thus lies in the transition Contribution from ZrGHs™. The substantial peak at 150 amu
region between viscous and molecular flow. The He density 'S background due to ionization of pump oil; it appears in the
decreases rapidly from about2 10 cm-3 at the skimmer to absence of ethylene. Previously, the-ZrC,H, reaction was
about 102 cm 3 at the point of laser photoionization 5 cm examined at total flow tut_)e pressures of 0.5 and 0.8 Torr. _ In
further downstream. The probability of a Langevin collision that study; the observed invariance of the rate constant with
between a photoion and a hydrocarbon molecule during extrac-Pressure further supports a mechanism efetimination for
tion is less than 0.01%. The probability of a Langevin collision tiS reaction. _
between a photoion and a He atom is less than 0.2%. Thus, W€ know that the ZrgH, and ZrGH, products arise from

the mass spectrum should include only photoions formed by £F T C2Ha collisions rather than impurity Zr@ C;Hj collisions
interaction with the laser in collision-free conditions. No Pe€cause the relative abundance of ZrO varies substantially from
subsequent bimolecular iefydrocarbon collisions can produce ~ daY to day while the ratio of product signal to Zr signal does
secondary product ions en route to the detector, and there should©t: The experiment provides no evidence that the structure of
be no collision-induced dissociation of molecular photoions, € SPecies ZréH; is a distorted acetylene molecule complexed
In the next section we describe the use of the ion signals to to the metal atgm, but thepry suggests th|§ IS SO. 'S|m||ar|y, we
remeasure the effective bimolecular rate constant for ground- have no experimental evidence that £ is the diacetylene

state Zr+ alkene collisions, to identify the products of that colmplex Z_r(QF:f)ﬁ’ ?Ut this _also seemslllkflg.ZDd ZIGH*

first step as Zr@H, + H, rather than a collisionally stabilized _Integration of the largest isotope peaxs fo rGH, .
adduct ZrGH,, to measure the effective bimolecular rate gives kinetics p_Iots _of ion signal vs ethylene number density
constant for the secondary reaction Zr(acetylen@lkene, and such as _those In F|gure_ 4'_ _These dgta are correct(_ad for the
to identify the secondary products as the complexes Zr(alkyne) systematic decay of the ionizing laser intensity by periodically

+ H, rather than a mixed adduct of the form Zr(alkyne)(alkene). remeasuring the Zrsignal in the absence of hydrocarbon flow

and interpolating a correction factor. We analyzed the data
IIl. Results according to the sequential, bimolecular kinetics scheme of eqs
' 1 and 2. The solution to this model is the time-honored:

During a typical experiment, hydrocarbon flow was varied

between 0 and 6.5 sccm (standard®tnin) while He and N [Zr] = [Zr] o eXp(—K;NpZrl V) ()
flows were maintained at 10 000 and 970 sccm, respectively.
These conditions correspond to number densities & di—3 [Zr] ok,

He, 135 cm™3 N,, and between 0 and 3cm~3 hydrocarbon. [ZrA] = k, — kl[eXp(_klnhczfxn/D) — explkonn /o)l (4)
For the Zr+ CyH4 reaction sequence, Figure 3 shows typical
photoionization mass spectra taken with zero ethylene flow and Here, [Zr] is the Zr atom density, [ZrA] is the ZpB, density
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TABLE 1. Effective Bimolecular Reaction Rates in 0.06 ;:T‘B S fr;)m ths %rtda:ﬁ anzd<2 +2;3;X 1(Trh o’ s Irom d
Torr N, and 0.56 Torr He at 298+ 5 K e constrained fit to the ZgBi,™ dai a. The unconstraine
procedure reduceg by a factor of 3, which is significant. Both

reaction (I?fzz?rgsstir)‘i pgtig?;r])iloﬂr]g?rl;ct procedures define the best-fit parameters quite sharply as judged

by diagonal and off-diagonal covariance matrix elements, but

%r + %:4 132 + 4118 ?CZEZ + :2 the unconstrained fit is clearly more satisfactory. The systematic

Zr + GHe + rGeHa + Ho difference between the two procedures may be due to real

rCH, + CoHa 280+ 140 ZrCGHa + H, diff i th ; q q he

ZrCsH, + CsHe 230+ 110 ZrGHg + H, Irerences In-t e tran_spor_t of Zr a_n_ Zglm:z own the OW

ZrO + CoHy 59+ 18 ZrOGH; + H, tube due to different diffusion coefficients in He. In practice,

ZrO + C3He 175450 ZrOGHs + Hz we used the constrained procedure to obtain the secondary rate
constants.

a Uncertainties reflect possible systematic errors in reaction time, . . .
flow calibrations, etc., as well as the fitting procedure; see text for ~ In Table 1 thet30% error estimates on the primary reaction

details. Earlier work (ref 6) found (5% 12) x 10712 and (149+ 30) rates k; andks below) arise predominantly from uncertainties
x 10712 for Zr(*F,) reaction with GH, and GHe, respectively, in 0.44 in the mean reaction time, flow calibrations, etc. ThB0%
Torr He, 0.06 Torr M, and 0.003 Torr Ar buffer gases using LIF  error estimates on the secondary reaction ratean(dks below)
detection.” Metal-containing product inferred from photoionization ;nq|de the additional possible systematic error from uncertain-
mass spectrum assuming o_nly parent cations, _as argued in the text. H ii in the fitti d identl th d 5%
product follows from approximate thermochemistry and mass balance. 1es In the Titting proce ure.(eV| ently on the order oo °)',
We are carrying out a detailed study of arrival time distributions
of different species in the flow tube, which may eventually allow

(with A denoting acetylenek; andk; are defined inegs 1 and  us to refine our analysis.
2, Mhcis hydrocarbon number densitg, is the reaction length For the Zr+ propylene reaction, analogous mass spectra again
of 52 cm, andz = 7800 cm/s is the mean speed of metal- point to sequential elimination of two Hnolecules:
containing species down the flow tube. We assume the same
v for Zr and ZrA7 although the data suggest this may only be
true to about 15%.

First, we fit the decay of the Zrsignal vsnncto eq 3 in a ks
least-squares sense to extract the best-fit valde. ofn fitting ZrCH, + C,H, — ZrCHg + H, (6)
the rising and falling ZrgH,™ signal to eq 4, we frozk, at the
best-fit value obtained from the Zmdata. The resulting best-  These photoionization mass spectra are not shown. The kinetics
fit functions are shown as the solid lines in Figure 4. The best- data are plotted in Figure 5. An analogous kinetics scheme
fit values ofk; andk, are given in Table 1 as averages over the was applied in the same fashion, leading to the best-fit functions
results from two separate experiments. This new valuk;of  shown as the solid lines and the valueskgfand ks for the
= (55 =+ 16) x 102 cm3s1in 0.56 Torr He and 60 mTorr  sequential propene reactions collected in Table 1. Again, the
N from photoionization of Zr compares favorably with the older constrained procedure was used to fit the gH¢ signals, and
valué® of (594 12) x 107 12cm® s 1in 0.44 Torr He, 60 mTorr  again, unconstrained fits suggest possible additional systematic
No, and 3 mTorr Ar buffer gas from electronic state-specific errors on the order of 1525%. The new value dfs = (135
LIF detection of ground-state Z.). + 40) x 10022cmPs71in 0.56 Torr He and 60 mTorr Nfrom

The fit to the ZrGH,"™ signal with k; frozen at the value photoionization agrees well with the older valuef (149 +
derived from the Zr decay shows a slight systematic error in  30) x 1072 in 0.44 Torr He, 60 mTorr B and 3 mTorr Ar
the flow range 2-5 sccm. As an alternative, we used the best- from LIF detection of the ZAF,) ground state. The latter study
fit values from the above procedure as initial guesses in also found this rate constant to be independent of pressure over
unconstrained fits in which botk; and k, were adjustable  the limited range between 0.5 and 0.8 Torr.
parameters. For example, in the data set shown in Figure 4, We also successfully fit single-exponential models to the
the unconstrained procedure gave= 48 x 10712 cm® s71 decay of ZrQ ion signals vs both ¢H, and GHg density.
andk, = 285 x 10712 cm? s compared withk; = 56 x 10712 Typically, no ions associated with products appeared in either

ks
Zr + CjHg — ZrCH, + H, (5)
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case, but weak signals at masses corresponding édirkination We also believe that one-photon rather than two-photon
were observed whenever the Zr€ignal was particularly strong.  ionization processes dominate the production of all ions for
The primary reaction rate constants for Z#OC,H, and ZrO several related reasons. First, the estimated photon fluence is

+ C3Hs are included in Table 1. at most 186 photon/cm with a fresh laser fill, much smaller
than the reciprocal of a typical photoionization or photodisso-
IV. Discussion ciation cross section of 1®’—10718 cn?. For such cross

e . . ) sections, one-photon ionization followed by one-photon frag-
A. Product Identification. Before discussion of reaction ., .niation of the parent cation will be a rare event. Second
mechanisms, it is important to explain in detail why we believe f,cations in the photoionization signal seem to be directly

our photoionization experiment is detectipgrent cationsrom proportional to those of the laser pulse energy, whereas in a

single-photon ionizat!omf the n_eu_tral ZrgH, and _ZrQH4 two-photon process they might be expected to be more severe.
products of the reactions of Zr in iground electronic state Finally, the species present in the mass spectrum do not change

Several alternative possibilities must be examined critically. \yit |aser fluence over at least a factor of 10, as measured over
First, the ground-state cation Zitself undergoes exothermic the natural course of a particular fill of laser gases.

H. elimination reactions with alkenes, but we have already ruled A final undesirable possibility is that the mass spectrum

out the possibility that Zr from photoionization of Zrreactsin i\ olvesfragment iongather than parent cations of the neutral
the fonization region to produce the observed £ ions on o5 ction products. Perhaps the neutral products are exclusively
the basis (_)f number density considerations and the Langevini,o collisionally stabilized adduct (Zs84 or ZrCsHe), and such
cross section. ~adducts produce 100% fragment ions (loss gf ¢h photoion-

Second, we know from LIF spectra that the laser ablation jzation at 157 nm (7.9 eV). Theddindicates that the Z#-
source makes Zr atoms in both the ground staté5gd°F) C2H, reaction proceeds through a deep 2Hg) complex well
and a variety of excited states. Low-lying"ds' and d?s*  \yhose minimum lies some 38 kcal/met 1.65 eV below
states have the same even parity as the ground state. It iSeactants, including differential effects of zero-point energy.
imaginable that we are observing products only from the excited- Neither the adiabatic ionization energy IE(ZKG) nor the cation
state reactions. Such states are highly metastable with respec§jssociation energyo(Zr*—CyHs) are known, but they are
to radiative decay but will be quenched to the ground state by yg|ated to the known IE(ZriE 6.84 e\33 by the cycle
collisions with He, N, and added hydrocarbon in the flow tube.

In earlier work using a laser ablation source of Ti, Ritter and IE(ZrC,H,) — IE(Zr) = Dy(Zr—C,H,) — DO(Zr+—C2H4)
co-workerd? estimated that excited states comprised less than @)
10% of the total population 3545 cm downstream from the
ablation source. In our early photoionization work, the point Using the estimat®y(Zr—C,Hs) = 1.65 eV from electronic
of hydrocarbon addition was only 20 cm downstream from the structure theory and estimatiidp(Zrt—C,Hy4) as being equal
source. In that geometry, excited states of Zr evidently do to the experimentally known value @o(Ti*—CyH4) = 1.51
manifest themselves in the kinetics plots of Zignal vs alkene eV,3* we obtain a rough estimate of IE(Z#8,) ~ 7.0 eV. A
flow as deviations from the single-exponential decay predicted single 7.9 eV photon might thus deposit as much as about 0.9
by eq 3. The degree of these deviations depended quiteeV of internal energy in ZrgHs*. The energy of ZrgH," +
sensitively on experimental conditions, including the ablation H, is also unknown. In the isoelectronic case B CoHs —
laser pulse energy and the distance between ablation source antfiC,H,™ + Hy, the exothermicity is 0.8 eV from experimental
point of hydrocarbon addition. We saw greater positive thermochemistry* We therefore expect ZeEi,* + H; to lie
curvature in plots of In(Zr) vs n, with increasing ablation about 0.8-1.0 eV below ZF + C,Ha4, or about 0.2-0.4 eV
energy and with decreasing distance between the points ofbelow themaximum possiblenergy available from photoion-
ablation and alkene addition, as expected for contributions from ization. The larger numbers in each range allow for the
excited states. Within experimental error, the slow-decay possibility that the strengths of bonds to*Zare as much as
component of the nonexponential decays observed at smaller0.2 eV larger than those to i
source-hydrocarbon inlet distance matches the single-exponential It is thus probablybarely energetically feasibléor photo-
rate observed for longer distances (Figures 4 and 5), furtherionization of ZrGH, at 7.9 eV to produce ZrsEls" with
suggesting that the fast decay is due to excited-state reactionssufficient internal energy to fragment to z#@,* + Hy, but
and the slow decay is due to ground-state reaction. The productonly if photoionization deposited almost all of theadable
mass spectra are the same, independent of distance betweeanergy into internal energy of the parent ioather than into
source and inlet. This suggests that the unidentified Zr* excited kinetic energy of the photoelectron. This is highly unlikely.
state(s) produce the same élimination products as the ground  Electronic structure calculations indicate that both ZCand
state. ZrC;H4t lie in deep potential wells of similar geometry. The

All of the final results reported here were obtained with the strong Franck Condon propensity will then be to form inter-
distance increased to 45 cm between the Zr source and the poinnally quite cold ZrGH4" cations from room-temperature
of hydrocarbon addition. In that geometry, the decay of the ZrC;H,. In addition, a substantial barrier likely separates the
Zr* signal becomes exponential vs alkene flow (Figures 4 and ZrC,H," adduct from ZrGH,™ + H, elimination products, so
5). Under these same conditions, the measured rate constanta&ve would expect almost all of the ZgB4" cations from
for Zr + C,H4 and Zr+ CgHe agree within error limits with photoionization of a 298 K sample to remain chemically stable.
the ground-statespecificZr + alkene rate constants measured Sinceno ZrC,H4" cations are observed, the substantial £
previously using LIF detectiohas described in the footnote to  signal almost surely arises from photoionization of Zig
Table 1. This combined evidence allows us to conclude products of the neutral reaction. The same arguments hold for
unambiguously that ground-state Zr reacts with ethylene andthe ZrGH,* cations observed in the Zr C3Hg reaction, which
propene at 298 K in 0.6 Torr buffer gas to make a neutral almost surely are parent cations of 4G products. Recent
product that yields the ions ZgH," and ZrGH4", respectively, results from crossed-beam work in the Davis grSugre in
on photoionization at 157 nm. agreement. Under single-collision reaction conditions, they also
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taken to be equal to the hard-spheres rate then indicates that

Zr + CoHg ——= ZrCoHy +H | . .
24 222 there can be no barrier to reaction larger than about 2 kcal/mol.

H Remarkably, the Zr(#8<, °F) ground-state atom is evidently
+10 ! CoH T able to hybridize to a 4¢sd-)2(sd;)° configuration quite early
Zr+CoHy 21— 7273 1 in the collision with little energetic cogt:3¢Here sd and sd
'," H 1 are symmetric and antisymmetric combinations of the &sd
-10 4 <"> ZtCoHy + Hy ji 4do orbitals on Zr, which maximize probability density on the
20 b---C i Zr—ethylene approach axis and in a plane perpendicular to it,
H /_H T respectively. The compensating attractive force involves the
-30 | - f’ donor—acceptor interaction from? on ethylene into the empty
-40 —_— Zr—CyHg I sd: orbital on the metal. The net effect is little or no barrier to
50 22 1 addition to the double bond.
CHy 1 Our new photoionization results thus corroborate the theoreti-
-60 Iy T cal prediction that ground-state Zr C;H,4 reactants can proceed
.70 HZZr—Icl:I T to H, elimination products with at most a small barrier. Neither
AE (kcal/mol) ﬁ experiment nor theory yet addresses the issue of whether the

reaction efficiency is low because of a small entrance channel

Figure 6. Theoretical stationary point energies along lowest energy parrier on the triplet surface, a small subsequent barrier to CH

Zr + CoHa reaction path from Blomberg and Siegbahn (ef 8) using jnsertion, or some combination of these. The role of angular

PCI-80 method. Energies are corrected for differential zero-point effects L . . .

estimated from harmonic frequencies. momentum conservation in passage over the CH insertion barrier
may also be importari.

We hope to gain further insight into these subtle issues by
observe ZrGH," from 157 nm photoionization of the products  studying the reaction rate vs temperature and by using the new
of Zr + CoHa. photoionization technique to study the ZrC,D4 reaction as

There remains the nagging possibility that in our flow-tube well. Statistical modeling using geometries and harmonic
experiment we are observing thenority producti.e., that both frequencies from electronic structure theory may then allow for
Zr + alkene reactions in 0.6 Torr buffer gas prodpcinarily determination of the exact location of the key barrier.
collisionally stabilized Zr(alkene) adducts, but these adducts Finally, we can begin to compare the reaction rates of the
happen to have an unusually small photoionization cross sectionpartially ligated species ZrO, ZgH,, and ZrGH, with alkenes
at 7.9 eV. The Zr(alkyne) products could have unusualige to those of ground-state Zr itself. The ZrO rates are remarkably
photoionization cross sections as well. The best way to test similar to the Zr rates, while the Zg8, and ZrGH, rates are
this possibility will be to make the Zr(alkene) adducts directly substantially faster, approaching the hard-spheres limit of unit
in ligand exchange reactions and to attempt to photoionize themreaction probability. The ZrO molecule is strongly bound by
in our apparatus. We are pursuing that experimental avenue.what is most simply viewed as a covalent double bond.
In the meantime, we can conclude with confidence that ground- Presuming a reaction mechanism similar to that of the bare atom,
state Zr produces at leasbmeH, elimination products in it appears that the covalent bonds to oxygen have little or no
reactions with ethylene and propylene at 298 K. effect on the metal atom’s ability to add to the alkene double

B. Reaction Mechanisms. Stationary points along the bond and subsequently insert in the CH bond. The increase in
adiabatic potential energy profile (lowest enetgglet surface) rate from bare Zr to Zr(alkyne) could simply be a lifetime effect.
for the Zr + CoHs — ZrCyH, + H, reaction calculated by ~ The large addition to the number of degrees of freedom of the
Blomberg, Siegbahn, and Svensdoare reproduced in Figure comple>_( may dls;r|m|n§te against dissociation back to reactants,
6. These energies come from scaled configuration interaction €hhancing the elimination efficiency. Alternatively, it may be
calculations using the method known as PCI-80; they include @n electronic effect in which the ligand subtly lowers the barrier
harmonic corrections for zero-point energies. The theoretical ©© CH insertion. _
reaction path involves addition of the Zr@&, 3F) ground state _None of these_flrst examples reveal any effect of steric
to the CC double bond to form a triplet metallocyclopropane hindrance by the ligand. The key common feature may be the
intermediate in a deep potential well. The calculated barrier to @vailability of empty low-lying 4d orbitals of the proper
CH insertion from this well lies 1.8 kcal/mol above reactants. SYMmetry to act as acceptors, allowing the ligated metal to form
The Zr(H)(GHs) intermediate, which lies 28.7 kcal/mol below 2 Strong bond to the alkene in all cases.
reactants, rearranges easily to the very deep exit-channel )
complex Zr(HY(C,H), which lies some 63 kcal/mol below V- Conclusion
reactar)ts and eliminates,Hvithout any additiongl barrier. We have shown the feasibility and utility of 157 nm
There is another, more weakly bound ZsG) species on the  ppotojonization in determining the identity of metal-containing
lowestquintetsurface, but it probably plays little or no role in - products of reactions of neutral transition-metal species. In Zr
the ground-state triplet chemistry. + alkene reactions, our results confirm theoretical predictions

The calculations did not explore the possibility ofentrance that H, elimination can occur over at most a small potential
channel barrieron the adiabatic triplet surface lying between energy barrier. In addition to further applications to neutral
Zr(4d5¢, 3F) + C,H,4 and the triplet Zr(GH4) well. Chemical product identification, the technique also holds great promise
intuition suggests there might be such a barrier due to repulsivefor extending kinetics studies to a variety of small ligated
forces between the closed-shelf suter configuration” of the species, as demonstrated here for ZH§), Zr(CsHy4), and ZrO.
metal atom and the closed-shell alkene. However, experiment
shows that the total removal rate of Zr in collisions witpHg Acknowledgment. We thank the National Science Founda-
is about 20% of the estimated hard-spheres collision rate at 298tion and the Donors of the Petroleum Research Foundation for
K. The simple Arrhenius expression with the preexponential generous support of this research. T.A.F. thanks Carleton
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