J. Phys. Chem. R000,104,11071116 1107

Dynamics of H, and C;H,4 Elimination in the Y + C;Hg Reaction
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The reaction between ground-state atomic yttriudD{pand ethane (€4s) has been studied in crossed
molecular beams with 157 nm photoionization detection of products. Studies have been carried out at several
collision energies, ranging frofiE., 0= 16.1 kcal/mol tolE.. 0= 29.8 kcal/mol. AtlE.q 0= 18.1 kcal/mol,

reactive scattering is observed, with both Y#H C,H,; and YGH,4 + H; products being formed. Detected
products of the YH + C;H, channel are found to exhibit very little translational energy, suggesting that
there is little or no potential energy barrier above the final product energy to ethylene elimination from an
(H)2Y(C,Hy) intermediate. Translational energy distributions for the,M£+ H, channel, resulting from
elimination of H from a common intermediate, demonstrate that a slightly larger fraction of energy available
to these products is channeled into translation. The ¥K,H, channel is found to dominate the Elimination

channel by greater than an order of magnitude, which suggests that a small potential energy barrier to the less
endoergic H elimination channel exists. In lower collision energy studies, only nonreactive scattering of Y
atoms from ethane is found to occur. This observed collision energy threshold behavior for the onset of YH
and YGH, product formation allows determination of the barrier te-l bond insertion of Y atoms into
ethane to be 19.9 3.0 kcal/mol.

I. Introduction asymptote and driven predominantly by the formation of a

. N strongly bound YG@H, adduct? However, a second product
Experimentally, recent years have brought significant ad- channel, resulting in Y+ CoH, products, is expected to be

rances e aby of eseacher (o sy the MCracion o gy iy s hemodmamicaly avrabe, oing (0 e
y ! ’ hformation of two relatively strong MH bonds in YH.2%27 This

neutral transition metal atoms in the gas phase. Initial kinetics ethylene elimination channel from the initial insertion intermedi-
studies of these types of reactions have relied solely on probes

of the metal atom reactant depletion, using either flow tote ate is particularly interesting in that the reverse reaction, i.e.,

: 20 . : 1,2-insertion of an alkene into a metal hydride bond to form a
or laser photolysislaser fluorescencé * techniques to gain transition metal alkyl species, plays a key role in a variety of
insight into the rate constants of metal atehydrocarbon vl sp » Py y y

. ; . . . Iytic r ions, includin Ikene hydrogenation, alken
reactions for a broad series of reactants. In conjunction with catalytic reactions, including alkene hydrogenation, alkene

theoretical calculations, the measured rate constants Werelsomerlzatmn, and alkene hydroformylafiéh.

justified and the bimolecular reaction products or stabilized 10 ultimately eliminate these molecular species, the yttrium

termolecular reaction complexes of these reactions could be&0m mustinitially insert into an ethane-@i bond to form the
inferred. More recently, experimental techniques utilizing 157 HYC2Hs oxidative addition products. Such oxidative addition

nm photoionizatiof*2* or electron impact ionizatidhdetection ~ Processes of alkanes to coordinatively and electronically
have allowed direct observation of the bimolecular reaction Unsaturated transition metal centers play an important role in
products formed from a small subset of these reactions. the conversion of largely nonreactive alkanes to more reactive

In the previous studies, observed or inferred bimolecular species, and as such, have garnered considerable experimental
reaction products from neutral metal atetnydrocarbon reac- ~ @nd theoretical attention over the past few decades, as reviewed
tions have been largely limited to those products resulting from €xtensively by several authoXRecently, a series of theoreti
reductive elimination of Kfrom reaction intermediatés?-21-25 cal calculations, primarily focusing on reactions of bare second-
Indeed, for most reactions studied thus far, molecular hydrogen oW transition metal atoms, have demonstrated that potential
elimination is the energetically favored bimolecular reaction €nergy barriers to €H insertion into alkanes by transition metal
pathway and is therefore most readily observed. In some cases2!oms are due pregomma_mtly toa I’elpl1J|SIV6 interaction between
however, other interesting reactive pathways lie relatively low the ground-state"d?s® or high-spin d-1s" electronic configura-
in energy and can therefore be studied at slightly larger collision tions of most metal atoms and the directionat bpbridized

energies where competition can exist betweerekmination C—H o-bond>23%-32 Note that similar trends in barrier heights
and other reactive pathways. This is, for example, the case infor insertion into H are expected to result from these electronic
the reaction between Y atoms and ethangddCwhere YGH, requirements, although reduced in magnitude because of the

+ H, formation is the most energetically favorable product SPherical nature of H atom s-orbitals, which can readily
channel, calculated to lie 5.0 kcal/mol endoergic to the reactant Participate in multicenter bondirf§. Thus, calculated barrier
heights for oxidative addition are closely related to the promo-

. . N
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cornell.edu. electronic configurations that reduce this repul$iét32 These
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30 H YH, by Balasubramanian and Ravimohan (BR)etermined
Y:'l.'l‘CHZCH3 YC,H, + 2H, this binding energy to be substantially stronger; however, the
= 20 more recent calculations suggest that BR used an inadequate
£ ok YH, + CH, effective core potential and therefore overestimated the YH
5 binding energy’
~ ok YC,H, + H,
Eﬁ 0 Y+ GH, [l. Experiment
Q
5 All experiments reported here were carried out using the
201 o G crossed molecular beams apparatus described in ref 33. The Y
30k \Y—CH,CH3 H CH, atomic beam, prepared and characterized as discussed in a
. . . . previous publicatioR? is generated by laser vaporizatiéfrom
'r:;chj[i%nl.' Schematic potential energy diagram for the-# CHe a 0.25 in. diameter yttrium rod (Alfa Aesar, 99.9%) at the throat

of a supersonic expansion of carrier gas issuing from a
promotion energies, and therefore,—B insertion barrier piezoelectric pulsed vaiv&.The differentially pumped yttrium
heights, are particularly large for early transition metal atoms beam is collimated by a 0.5 mm diameter skimmed ar2 mm
such as yttrium. Since most previous experiments have beenx 2 mm square aperture before passing into the main chamber
carried out at relatively low temperatures§30 K) using region maintained below 2 107° Torr. A slotted wheel (22.9
thermal distributions, the accuracy of the calculated energeticscm diameter, 0.5 mm slot) spun at 210 Hz provides additional
for even these simple transition metal atom reactions with small temporal resolution of the Y atom pulse. A second pulsed valve
alkanes is still largely untested, necessitating further comparisonis used to generate a beam ofHg (Matheson), seeded in,H
between experiment and theory. that crosses the yttrium atomic beam at a fixed right angle

We have studied reactions between ground electronic stategeometry. These two beams can be rotated with respect to a
Y atoms and @Hg over a range of collision energies using the fixed triply differentially pumped detector housing a quadrupole
crossed molecular beams technique with 157 nm photoioniza- mass spectrometer and ion counting electronics. The metal atom
tion. Despite relatively small reactive cross sections expected and hydrocarbon beam velocities are measured by detecting the
for this reaction, 157 nm photoionization provides sufficient beam species on-axis through a 0.254 mm diameter aperture
sensitivity to probe both reaction channels accessible at theseon the front of the detector using electron impact ionization,
collision energies, as well as scattered Y atoms resulting from and these distributions are fit to a functional fothScattered
nonreactive encounters between yttrium and etfabetection products from Y+ C;Hg collisions traverse a flight distance of
of these three different channels is further simplified by the fact 24.1 cm before being ionized using the 157 nm output of an F
that yttrium €9Y) is isotopically pureé®* Thus, differentiation laser (Lambda Physik LPX 220i). Time-of-flight (TOF) spectra
among Y, YH, and YGH, signals using mass spectrometry of scattered products are measured by scanning the delay of
following ionization is straightforward. the ionization laser relative to a time zero defined by the slotted

A schematic potential energy diagram for the ground-state wheel while counting all ionized products of a given mass-to-
Y(a?Dsjp) + CyHg reaction showing the most likely pathway to  charge (ve) ratio as a function of ionization laser delay.
product formation following € H insertion is shown in Figure  Laboratory angular distributions of scattered products are
1. Although the barrier to €H insertion into ethane has not obtained by integrating TOF spectra obtained at various
been directly calculated, the analogous transition state for thelaboratory angles}, measured with respect to the Y atom beam
Y + CHj, reaction is predicted to lie 20.7 kcal/mol above the axis.
reactant asymptofe®! A similar barrier height is expected for The forward convolution technique was used to analyze the
this reaction; however, the barrier calculated for the-YCH, experimental data. Several known instrumental parameters (e.g.,
reaction has been corrected for zero-point vibrational effé€ts,  atomic and molecular beam angular widths, scattered product
which will differ for the Y + CyHg reaction. Following flight distance, detector aperture size, etc.) along with the
formation of a C-H insertion intermediates-hydrogen transfer  measured beam velocity distributions are input into a Windows-
may occur resulting in the dihydrido intermediate, {H{C2Ha). based computer program. Simulated laboratory angular distribu-
The barrier to this transfer as well as the energetics of the initial tions and TOF spectra are then calculated and compared to the
insertion complex may be stabilized relative to the energetics experimental data assuming separable input center-of-mass
shown in Figure 1 because of the presencgg-afjostic bonding  (c.m.) flux distributions: P(E), the c.m. translation energy
in the insertion complex. This type of interaction, which involves distribution, andl(®), the c.m. angular distribution. These c.m.
transfer of electron density from the-@# o-bond to empty  distributions are subsequently iteratively adjusted to achieve
orbitals of the metal atom, has been found to play an important optimal agreement between simulation and experimental data.
role in p-elimination from the ethyl group in Pd¢Es)(H)- The normalizedP(E) distributions are generated using a
(PHe).2% Theoretical calculations suggest tifaagostic bonding functional forn$8-49 as described previousk.
is not present in related reactions between ethane and bare Pd
and Rh® both of which lie to the right of the periodic table and
have nearly filled d-shells. However, such interactions may play
a larger role in the Y+ C,Hg reaction, since Y has only three In a previous publicatioA® we have detailed a characteriza-
valence electrons and can therefore readily acoeglectron tion of the states populated in the ablated yttrium atomic beam
density from the hydrocarbon. The final dihydrido complex can using laser-induced fluorescence. At the molecular beam
eliminate either H or C;Hy to form the two energetically interaction volume, the Y beam is found to contain predomi-

[ll. Results and Analysis

accessible product channels. On the basis of the bikding nantly the two spir-orbit states of the ground?@; (d's?)
energy calculated by Siegbabhthe YH, + C;H4 product electronic state, with no evidence for population of excited
channel is 6 kcal/mol less favorable than the ;M& + H> electronic states. There is evidence for some YO contamination

channel, as depicted in Figure 1. In fact, earlier calculations on in the metal atom beam; however, experiments have been carried
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TABLE 1: Mean Collision Energies ((E.q ), Peak Velocities
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6=0°

(vpk), and fwhm of Velocity Distributions for Y + C;Hg 2, ! 1 20°
Studies 1 ! '
N II // 30°
yttrium beam GHs beam i O
beam ! ‘N
(Eci@ carriergas v fwhm® composition v fwhmP ' 7 ’
7 7/

16.1 8%NeinHe 2170 300 40%irpH 1140 160 ! ;

181 8% NeinHe 2170 300 20% inpH 1430 160 ' !

185 He 2380 360 40%inH 1140 160 X YC,H, +H,
204 8% NeinHe 2170 300 10% in,H 1700 180 ; . VH. + C.H
23.0 50%HinHe 2560 350 20%inkH 1420 160 7 2
253 He 2420 330 8%inH 1890 180 Y . Y +C,H,
298 H 3010 410 20%inkK 1420 160 v

2 [Ecoqillin kecal/mol.? Velocities in m/s. /,’
/ /s
’y
out to determine that these impurities do not contribute to the " 300 m/s
observed reactive signal. ” ‘
Reactions between yttrium atoms angHg were studied at CH, ®

several collision energies ranging frdif.;J= 16.1 kcal/mol %
up to [Ecqi0= 29.8 kcal/mol by varying the compositions of
the beam carrier gases. Table 1 shows the peak beam velocitied;igure 2. Newton diagram for Y+ C;Hs collisions at(EcolJ= 23.0

vpke and fwhm of the measured velocity distribution for each kcal/mol. Circles represent the maximum c.m. velocity constraints on
reactant at several of the collision energies studied. To achievethe heavy fragments (shown in bold) for the various product channels

. L . . based on reaction ergicity and momentum conservation.
these relatively large collision energies using seeded molecular

beams, it was necessary in some cases to use peathixtures 400 T T
containing H as seed gases. It is therefore important to ensure

that the observed reactive signal does not result from collisions 300| i
involving YH or YH; species in the metal atom beam or  _

collisions between species in the metal atom beam apd H <© 200 _beam i
molecules present in the molecular beam. To check for the

presence of YH and YHin the metal beam, the intensities 100} J
observed atm/e = 89, 90, and 91 were compared while

monitoring this beam on-axis using both electron impact Of

ionization and 157 nm photoionization. The relative intensities I S

observed at these masses were found to be the same using either
neat B or neat He as the metal beam seed gas. Thus, signal

observed on-axis am_/e = 90 and 91. results only from overflqw for YH, products atE.qiC= 23.0 kcal/mol. Solid curve is a simulation

of the m/e = 89 signal due to |mperfe9t mass resolution. of the distribution resulting from the solid c.m. distributions shown in

Furthermore, both Ykland YGH, reactive signals are observed  Figure 5, whereas dashed curves are simulations resulting from the

at several different collision energies, as discussed below, correspondind®(E) in conjunction with the solidl(®).

including collision energies in which neat He is used as the Y

atom carrier gas. These observations confirm that the presencéaboratory angular rang@ = —5° to 26°. Despite comparable

of H in the metal atom beam is not a necessary condition for calculated energetics for the ¥, + H, channel, YGH,4

detection of reaction products. Note also that reactions of speciesproducts are constrained to a much smaller angular rathge (

in the metal atom beam with the;ldeed gas of the molecular  6° to 15°) because of the lighter mass of the ¢dunterfragment.

beam cannot contribute to the Yklignal observed at laboratory  Also shown is a circle corresponding to elastically scattered Y

angles larger than a few degrees because the c.m. angles for Yatoms following collision with GHs.

+ Hz and YH + H; collisions are less than® for all collision The laboratory angular distribution for Bhroducts, obtained

energies studied here. at m/e = 91, is shown in Figure 3. This distribution has been
In the presentation of the experimental data, results from the obtained by integrating TOF spectra obtained at various

[Ecoill = 23.0 kcal/mol data set, which are qualitatively laboratory angles, several of which are displayed in Figure 4.

representative of several of the data sets studied, will be At smaller laboratory angle®(< 12°), the contribution at/e

discussed in depth first. This will be followed by a brief =91 from an overflow ofve = 89 signal resulting from small

description of the data from other collision energies. c.m. angle scattering of Y atoms is nonnegligible, becoming
A. [Ecoil= 23.0 kcal/mol.Shown in Figure 2 is a canonical  increasingly important with decreasing laboratory angle. This

Newton diagram in velocity space, representing the transforma- contribution has been subtracted from té = 91 data on

tion between the laboratory and c.m. frames of refer&rfoe the basis of the measured fractional overflow of signal from

this reaction affE.o = 23.0 kcal/mol. At this collision energy, = m/e= 89 intorm/e = 91. At laboratory angles below5°, signal

the velocity of the c.m. of the system liesal0° with respect from forward-scattered Y atoms is large enough that this

to the Y atom beam. Superimposed on this diagram are circlesoverflow can no longer be reliably subtracted from thie =

corresponding to the maximum possible velocities in the c.m. 91 data.

frame of reference for the Y-containing fragment of the two  Along with the experimental data, best-fit simulations are also

reaction channels studied. On the basis of the theoretically included as solid curves derived using the c.m. distributions

calculated thermodynamics for the ¥H+ C,H,; channel, displayed in Figure 5. To simulate the experimental data

scattered YH products are expected to be constrained within a properly, it is necessary to assume a dependence of the reactive

Lab. Angle, 6 (degrees)

Figure 3. Measured laboratory angular distribution (closed circles)
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100 150 100 150 100 150 solid curve is a simulation resulting from tiéE) and T(®©) shown in
Flight Time, t (us) Figure 8.
Figure 4. YH, product TOF spectra (solid circles) at several laboratory e —
angles ranging from 6to 18. Solid curves are simulations of the 50} 6° + 7° + 8° A

experimental data resulting from the best-fit c.m. distributions shown
in Figure 5.

0 5 10 15 20 25
Trans. Energy, E (kcal/mol)

100 150 100 150 100 150

Flight Time, t (us)

Figure 7. Measured TOF spectra (closed symbols) obtained at various
laboratory angles for Y&, reaction products at/e = 117. Solid
curves are calculated spectra obtained using the c.m. distributions shown

in Figure 8.
0 30 60 90 120 150 180 distributions shown as dashed curves in conjunction with the
c.m. Angle, ® (degrees) . g . : .
solid T(®) in Figure 5, still using a threshold collision energy
Figure 5. Product c.m. distributiond?(E) and T(©), for the YH, + of 23.4 kcal/mol. Calculated laboratory angular distributions

C;H, reaction channel &k (= 23.0 kcal/mol. Solid curves represent using these limitingP(E)’s are included as dashed curves in

distributions that best simulate laboratory angular distribution (Figure _. 3 S th i terf t for thi duct
3) and TOF spectra (Figure 4), whereas dashed curves represent thé:Igure - >Ince the recoiling counterfragment for this proauc

range of distributions that reasonably simulate experimental data. ~ channel, GHy, is relatively massive, the simulated TOF spectra
and laboratory angular distribution are quite sensitive to small
cross section on the collision energy of the colliding partners. changes in th&(E) and are particularly sensitive to the degree
Such a dependence is not unexpected given the large calculatedf peaking of theP(E) away from zero kinetic energy. The best-
barrier to C-H bond insertion and the proximity of this collision  fit P(E) for this channel peaks at 1.3 kcal/mol, with a mean
energy to the calculated barrier height. In the calculation of the translational energy of 3.3 kcal/mol, indicating that a large
simulated TOF spectra and laboratory angular distribution for fraction of energy available to this product channel exists as
the YH, products, a simple step function probability for the internal excitation of the Y+ CoHg products.
reaction cross s_ection has been_ assumed,__corresponding foa Uncertainty ranges are also shown as dashed curves for the
threshold behavior of the reaction probability at a specific best-fit c.m. angular distributiorl[(®), for the YH, + CoHa

collision energy. The arrival times of the calculated TOF data hannel. Again, owing to the heavy recoiling counterfragment
are quite sensitive to this assumed threshold, as is expecte(f '

. Tor the detected YhkIproducts, the simulations are quite sensitive

because only the faster components of the total reactant velocity, .
distribution will contribute to the formation of products. Without to the form of theT(®) used. MOSt _notably, the be_s tLWO) is
this assumed energy dependence, calculated TOF spectra at afprwqrd—backward symmet_nc,o with a substantial degree of
angles peak roughly fis too slow regardless of the assumed peaking at the poles (.6 = 0° and 180).
c.m. distributions. The simulations shown in Figures 3 and 4  The YGH, products, detected at the parenie = 117, were
were calculated assuming a threshold for reaction of 23.4 kcal/ found to be constrained to a much smaller range of laboratory
mol. Changing this assumed threshold by more than ap- angles than were the Yiproducts, as is apparent in Figure 6.
proximately 0.5 kcal/mol shifts the simulated TOF enough that As noted above, this is expected given the light mass of the H
the calculated TOFs can no longer reasonably simulate thecounterfragment. This kinematic constraint is also evident in
arrival times of the experimental data at all angles. the TOF spectra for these products, shown in Figure 7, with

To estimate the uncertainty in the best-fit c.m. distributions, YC,Hs4 products arriving over a much smaller time range
calculations were carried out assuming the rangeP(i) compared to the Yhireaction products.
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c.m. Angle, ® (degrees)

Figure 8. Product c.m. distributions for the .8, + H, channel at

[Ecqil= 23.0 keal/mol. Solid curves are the best-fit distributions; dashed . .
curves represent a range of distributions giving an acceptable range ofcomponent. These data therefore do not show behavior that is

simulation.

It should be noted that at this collision energy, signal was
also observed am/e = 115, corresponding to Y4l

and a backward-scattered contribution)(-
component of the TOF is more intense than the slower

indicative of a strong component of backward nonreactive Y
atoms scattering (i.e., to c.m. angles n€ar= 18C).

In the simulation of the nonreactive Y atom TOFs and
laboratory angular distribution (not shown), it was found that

However, the shapes of the individual TOF spectra at all anglesthe translational energy distribution and c.m. angular distribution
as well as the laboratory angular distribution observed at this are not completely separable. To simulate these data at small
m/e ratio appear to exactly reproduce, within the signal-to-noise laboratory angles corresponding to small c.m. angles (i.e., nearly
of the experimental data, the data obtainedv&t= 117. This directly forward-scattered Y atoms), it is necessary to assume
m/e = 115 signal therefore appears to result at least to a largea translational energy distribution that is essentially identical

extent from fragmentation of Y#£l, reaction products to
YC,H,™ + H, + e during the photoionization process. By
comparison of the experimentale = 117 data to simulation,

it was assumed that the extent of fragmentation obNCis
independent of the product internal energy, justified by the fact
that the signals atve = 115 and 117 appear to be identical. It
is possible that some of the signal detecteavat= 115 results
from secondary fragmentation, prior to the photoionization
process, of highly internally excited nascent )4z, since the
YC,H, + 2H, asymptote is calculated to lie roughly 21.2 kcal/
mol above ground-state ¥ C,Hg reactants. Implications of

to the measured collision energy distribution. This corresponds
to nearly elastic scattering of Y atoms off ethane at small c.m.
angles. At wider laboratory angles, the nearly elaf{E)
predicts an arrival time that is faster than the experimental data
and is too narrow. Thus, the translational energy distribution
for larger c.m. angle scattering appears to be much more
inelastic. Such behavior is consistent with a larger transfer of
initial translational energy into internal (i.e., rotational and
vibrational) motion of the scattered products for small impact
parameter collisions, since the wider c.m. angle scattering of Y
atoms results predominantly from these smaller impact param-

this secondary fragmentation channel will be discussed in greatereter collisions. Simulation of this behavior was achieved by

detail in section IV.

The best-fitP(E) and T(®) distributions for the Y@H, +
H, product channel are shown in Figure 8. To accurately
simulate the arrival times and widths of the G TOF spectra,

assuming a weighted sum of two pairs of separ&{€) and
T(®) distributions; a nearly elastic component for the more
forward-scattered Y atoms®( < 110C°) and a much more
inelastic component at larger c.m. angl€d® ¢ 70°). The

it is again necessary to assume a threshold collision energy ofsimulated TOF spectra in Figure 9 include contribution at all

23.4 kcal/mol for formation of these reaction products. Im-
mediately evident in the best-fi(E) is a larger degree of
product translational energy compared to that for the, ¥H
C,H4 channel, peaking at 2.5 kcal/mol and extending to
approximately 22 kcal/mol. The mean translational energy for
this product channel is found to be 7.1 kcal/mol. The best-fit
c.m. angular distribution for this channel shows forward
backward symmetry and is essentially isotropic.

angles from both of these pairs of c.m. distributions, indicated
as dashed curves. As expected for nonreactive scattering at this
relatively high collision energy, it is not necessary to assume a
strong dependence of scattering cross section on initial collision
energy; therefore, no threshold collision energy was used in
simulating the data for this channel.
Figure 10 shows the product flux in velocity space for

nonreactively scattered Y atoms derived from the weighted sum

In addition to the two reaction product channels observed at of these c.m distributions. Superimposed on this flux map is

this collision energy, signal was also observed for nonreactive the Newton diagram for the most probable beam velocities; note
scattering of Y atoms off ethane. Figure 9 shows TOF spectrathat Y products are scattered beyond the elastic limit for this
for signal atm/e = 89 at several laboratory angles. At all angles, Newton diagram, since the distribution in beam velocities results
both fast and slow components are present in the experimentalin a comparable distribution in nonreactive recoil velocities even
data, resulting from sampling the faster and slower edges of for purely elastic collisions. This flux map indicates the strong
the Y + CyHe Newton circle (Figure 2). At wider laboratory  forward-scattered nature of Y nonreactive scattering, with only
angles @ > 25°), the two components begin to coalesce into a a very small fraction of nonreactive Y atoms scattered beyond
single peak as the outer edge of the Newton circle is being ® = 90°. Although the translational energy distribution for a
sampled at these larger angles. At all angles, the fastergiven c.m. angle changes from essentially elastic for s@all
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Figure 11. Collision energy distributions folE..i0= (a) 16.1 kcal/
mol, (b) 18.1 kcal/mol, and (c) 20.4 kcal/mol data sets. Solid curves
correspond to data sets where Y&hd YGH, products are observed.
Solid vertical line is best estimate ofH insertion barrier height (19.9

=+ 3.0 kcal/mol); dashed vertical lines represent 3.0 kcal/mol error bars.

necessary to properly simulate both the arrival times and
widths of the individual TOF spectra for both reaction channels
and is found to be the same, within the stated uncertainty, for
both reaction products. The threshold required for this data set
is, however, lower than that required in simulating the higher
collision energy data described earlier. Therefore, it is likely
that the reaction cross sections for both channels increase quite
rapidly through this energy range, and the high-energy tail of a
given collision energy distribution dominates the formation of
reaction products. This results in an overestimation of the real
energetic threshold because a simple step function is assumed
to simulate the real cross section behavior. As the high-energy
tail of the collision energy distribution approaches the actual
energetic threshold for reaction from above, the assumed onset
energy used to simulate the data will more closely approach

Figure 10. Contour map of Y atom product flux in velocity space.
Note that the spacing of the contours is a logarithmic scale, with the
forward-scattered inner contour roughly a factor of 170 larger than the
outermost contour.

to quite inelastic for® = 18C°, the integrated c.m. angular
distribution obtained by integrating the total flux as a function
of ® is found to monotonically decay fro® = 0° to ® =
180°.

B. Threshold Behavior for YH, + C,Hs and YC,H4 + Ho ;
Product Formation. Studies of the Y+ C,Hg reaction were the real energetic threshold.
carried out at additional collision energies as indicated in Table ~ Additional confirmation of this threshold behavior for both
1. At all collision energies studied, nonreactive Y atom signal reaction product channels was obtained through several studies
showed behavior quite similar to that @&, 0= 23.0 kcal/ at lower collision energies. Shown in Figure 11 are collision
mol, with essentially elastic scattering of Y atoms at small angles energy distributions (nominall{E.qi0= 16.1, 18.1, and 20.4
and somewhat more inelastic scattering at larger c.m. angles.kcal/mol) studied near this apparent threshold energy of 19.9
In all cases, the nonreactive angular distribution was found to kcal/mol. In all cases, nonreactive scattering of Y atoms off
decrease monotonically #® = 180, with no evidence for a  ethane was observed, However, signal from both reactive
strong contribution from long-lived collision complexes dis- channels was observedé&tn, only for the two larger collision
sociating back to reactants. energies, whereas no signal was observed above the noise at

At all [E.o7> 18.1 kecal/mol, signal was observed from both  [Ecoil= 16.1 kcal/mol. It is important to note that these studies
YH, and YGH, reaction products, although for tHE.q 0= were carried out while maintaining the velocity of the yttrium
18.1 kcal/mol data set, signal at the c.m anlas, from both beam near 2130 m/s by using a mixture of 8% Ne in He as a
of these channels is present but very weak, making it extremely Seed gas. Different collision energies were obtained by varying
difficult to obtain a complete data set for both channels. To the concentration of £1s from 10% in H; for the highest energy
more accurately probe the collision energy dependence of thedistribution shown in Figure 11 to 40% in Hor the lowest
two products, a slightly higher collision energ¥coill = 18.5 collision energy distribution. This allows the intensity of the
kcal/mol, was used to fully study the laboratory angular Yttrium beam to remain essentially constant while studying the
distributions and TOF spectra of products. The reaction cross collision energy behavior. Furthermore, the collision energy is
sections increase rapidly enough through this energy range thasystematically decreased bigcreasingthe concentration of
sufficient signal-to-noise was obtained at this slightly larger ethane in the secondary beam. This allows confirmation that a
collision energy for both channels in a reasonable amount of reduction of YR or YC;H, signal at lower collision energies
time. The best-fit c.m. distributions for both reaction channels is not simply due to a smaller number density of reactants in

are qualitatively quite similar to those shown above forlthg[]

= 23.0 kcal/mol data set. TH&E) for the YH, + C;H,4 channel
peaks at 0.9t 0.1 kcal/mol and falls to essentially zero near 8
kcal/mol, whereas thB(E) for the YGH,4 + H, channel reaches

a maximum at 1.9 kcal/mol and decays to zero at roughly 17
kcal/mol. Similarly, the c.m. angular distributions found to best

the beam interaction volume. Instead, the behavior at these
collision energies is consistent with a threshold for both of these
reaction channels of approximately 19.9 kcal/mol.

IV. Discussion

simulate these two product channels are essentially identical to A. Determination of C—H Insertion Barrier. A threshold

those shown in Figure 5 for YHproducts and Figure 8 for
YC,H,4 products. These c.m. distributions were derived after
assuming a threshold collision energy of 1%£9.5 kcal/mol

behavior for product formation is observed for both the,¥YH
C,Hs and YGH4 + Hz reaction channels. At all collision
energies studied, the threshold collision energy necessary to

for both reaction channels. As was the case for the data obtainedproperly fit the experimental data has been determined to be

at [E.qi0= 23.0 kcal/mol, this threshold energy assumption is

the same within the experimental uncertainty for both channels.
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From the threshold energy needed to fit the lower collision
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for both YH, + C,H4 and YGH4 + H, product channels.

energy data, this barrier appears to occur at approximately 19.9Theoretical calculations predict that a relatively stable dihydrido
kcal/mol and corresponds to the largest barrier along the reactiveintermediate, (H)Y(C2H,), exists prior to elimination of mo-

pathway toward products.

lecular hydrogen to form Y&4.5 The observation of both of

On the basis of the theoretica"y calculated thermodynamics these channels following initial insertion is consistent with decay
for this reaction system, the largest barrier along the reaction of this final reaction intermediate. Formation of both product

pathway to both product channels is the initial barrier tobC
insertion. The possibility exists that the largest barrier along

channels thus results from competition between reductive
elimination of H and elimination of ethylene from this

the reaction pathway corresponds to a different transition state,dihydrido intermediate.

e.g., that forB-hydrogen transfer in the insertion intermediate.

The product translational energy distributions for the,YH

However, the nonreactive data obtained at all collision energies C;H, channel is found to peak extremely sharply near zero
studied here do not indicate that this is the case. In all thesekinetic energy, with a large fraction~80% based on the
studies, the nonreactive Y atom signal is completely dominated calculated thermodynamics of this channel) of the available
by a forward scattering component, with c.m. angular distribu- energy transferred into internal excitation of the products at alll
tions showing a monotonic decay@= 18C°. Such scattering  collision energies. This indicates that formation of these products
indicates a process that is dictated by a repulsive interactionoccurs over a negligible exit barrier above the final product
between the two colliding molecules. Similar behavior was energetics or, if a barrier tog8, elimination is present, much
observed recently in our laboratory in collisions of molybdenum of the excess energy is channeled into internal degrees of

atoms with Ne, Ar, and &1¢.2* The strong forward scattering

freedom of the recoiling fragments. This latter behavior is likely

directly contrasts the behavior seen for crossed molecular beamto occur only in cases where the barrier is “early” along the

reactions of transition metal atoms with ethyléhend acety-

reaction coordinate and vibrational modes of the recoiling

lene® In these previous cases, the nonreactive metal atom signalfragments can couple strongly to the reaction coordinate as the

is found to peak strongly & = 18(, indicating formation of

fragments dissociat®.Such a situation is, however, not likely

collision complexes that persist at least several rotational periodsto be the case here. The dihydrido intermediate contains

prior to decay back to reactarf&23If any barriers existed after
the formation of an initial &H insertion complex that are
comparable to or greater than the barrier toe HC insertion,
evidence for decay of long-lived collision complexes would also
be evident in the nonreactive data shown here for thie Q;Hs

what is essentially a single bond between the Y atom and the
C,H,4 ligand, since the valency of Y can only allow three
bonds to be formed simultaneously. Calculations demonstrate
that the H-H distance in this intermediate is sufficiently long
that the bonding between Y and the two H atoms is not a

reaction. Such evidence is, however, not seen. We thereforesingle g-addition complex but instead two single bonds to
conclude that the barrier to formation of ¥H- C;H4 and the hydrogen aton?®. This leaves only a single electron to
YCzH4 + Hz products corresponds to the initia-®i insertion bind to the ethylene ligand. Thus, the bond that forms is
barrier. necessarily a-bonded complex, where the<C bond distance

To ascertain the height of this-@H insertion barrier relative  in the GHy ligand is only slightly longer than that of free
to ground-state ¥ C,He, it is important to consider the internal ~ ethylene, as opposed to a metallacyclopropane complex, where
excitation that may be present in the reactants prior to collision. the C-C double bond has been essentially brokehlpon
Characterization of the Y beam indicates that some-spibit dissociation, it therefore appears unlikely that any barrier along
excited-state Y@Ds), lying 1.5 kcal/mol above the ground the reaction coordinate would result from, for example, the
spin—orbit state, is preseit. Furthermore, although rotations  breaking of two Y¥-C bonds and re-formation of the«C
are in general cooled quite efficiently during a supersonic double bond of ethylene. An exit channel barrier, if present,
expansion, vibrational excitation is generally not cooled as well. should instead result from a repulsive interaction between the
Thus, the vibrational temperature of the ethane in the molecularnonbonding metal atom electrons and the doubly occupied
beam may be as high as room temperature. This will result in z-bond of ethylene. Thus, it is not likely that a substantial
population of one or more quanta of primarily low-frequency amount of internal excitation of the dissociating fragments
modes of the ethane, most notably torsion about th€®ond occurs after this final transition state. We therefore conclude
at 278 cmr1.4243 Although, on average, the vibrational energy from the producP(E) for this channel that little or no barrier
of ethane at room temperature is roughly 0.4 kcal/mol, greater exists above the product energetic threshold during dissociation
than 2% of the ethane molecules will have an additional-2.3  of the dihydrido intermediate. Calculations by Blomberg et al.
2.7 kcal/mol of internal energy in vibrational modes such as have shown that bare Y atoms can form relatively strongly
the C-C stretch (944.8 cm) or the asymmetric Cklrock boundz-complexes with ethylene while maintaining substantial
(821.5 cnTY).42 None of these lower frequency normal modes d's? ground electronic state charactéryhich suggests that the
are expected to be directly along the reaction coordinate for repulsive interaction between ethylene and the ground electronic
C—H insertion, but this additional excitation may result in state of yttrium is not substantial. Furthermore, the addition of
insertion and subsequently reaction for a small fraction of two hydride ligands to Y has the effect of removing some of
collisions despite being below the barrier for insertion into the electron density from the metal atom cerfer, further
vibrationally cold ethane. Because of these uncertainties in thereducing repulsive interactions during the dissociation to form
internal energy of the reactants, in addition to the fact that the YH, + CyHa.
19.9 kcal/mol measurement may slightly overestimate the barrier  The best-fit c.m. angular distributions for the ethylene
to formation of reaction products as discussed above, we placeejimination reaction channel at all collision energies show
conservative error bars on this measurement to derive a19.9  forward—backward symmetry, consistent with the formation of
3.0 kcal/mol barrier for insertion of ground-state Y atoms into  a long-lived collision complex prior to dissociation to form these
ethane. products. The peaking of thE®) at the poles® = 0°, 18C°)

B. Reaction Product Channels Above the experimentally  relative to® = 90° is dictated by the partitioning of the total
determined threshold for-€H insertion, reactive signal is seen angular momentum of the collision complek, between the
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final orbital angular momentum of dissociating produdts, stronger than those for Y8, at all laboratory angles despite
and the internal rotational angular momenta of these products,being scattered over a larger range of angles. Assuming
j'.38 Because of the relatively large reduced mass of thé Y  comparable ionization cross sections for the two detected
C;He reactants coupled with the fact that rotations are efficiently products and taking into account the measured degree of
cooled during the supersonic expansidns essentially equal  fragmentation of YGH,4 products to YGH,"™ + H, + e~ during

to the initial orbital angular momentum of the colliding partners, ionization, formation of YH products is favored over Y,

L. In cases where all of this initial angular momentum is taken production by more than an order of magnitude at all collision
up inL', corresponding to no rotational excitation of products, energies. Thus, the decomposition of the Jf{iC.H,) inter-

L' is oriented nearly parallel to and the relative velocity vector ~ mediate appears to strongly favor the thermodynamically less
of scattered products is constrained to the same plane as thdavorable ethylene elimination over reductive elimination ef H
initial relative velocity vector. This results in a very sharply This behavior suggests that there may be a slightly larger barrier
polarized T(®), peaking at® = 0° and ® = 18 for near- to H, elimination above the final product asymptote than is
prolate collision complexes, with a limiting case Bf®) = present for the gH, elimination channel discussed above. This
sin"}(®) for L = L'.38 Conversely, in cases where rotational is consistent with the fact that a somewhat larger fraction of
excitation of products is quite largg,~ L, and the magnitude  available energy is channeled into translation of theNC+

of L' is correspondingly much smaller than thatlof As a H, product fragments than is channeled into Y#t CHy4
result, products are scattered out of the plane perpendicular totranslation.

the initial L, and the sharp polarization of tig©) does not Another possible explanation for the dominance of the
occur. In the case of the best-fi{®) for the YH, + CoHa ethylene elimination channel is that the calculated energetics

products, this polarization is quite evident (Figure 5). Although ynderestimate the YHbinding energy, and this channel is
the polarization is not in the limit that all initial orbital angular actually more thermodynamically favorable than the;Mg+
momentum is taken up ds’, the T(©) indicates that only @ H, channel. However, at all collision energies, the translational
relatively small fraction of the angular momentum of the energy distributions appear to be quite consistent with the
collision complex is transferred into rotational excitation of the z|culated product energetics for both channels depicted in
YH2 + CzH, products, and." is comparable in magnitude to Figure 1, taking into account both the high-energy tail of the
for most collisions. collision energy distribution and the high-energy tail of the best-
In contrast to the relatively sharply polariz&@)’s observed fit P(E). In all cases, the best-fR(E) falls off to zero at smaller
for the YH, + C;H,4 channel, essentially isotropic c.m. distribu-  energies for the ethylene elimination channel. On the basis of
tions are seen for the 4limination channel at all collision  these fits, there is no evidence that the relative energies of these
energies above the-€H insertion threshold (Figure 8). Again,  two product channels are reversed.
the observed forwardbackward symmetry is expected given In an attempt to model this observed dominance of thé,C
the considerable rearrangement that must occur in the collisiongjimination channel over the Y484 + H. product channel, we
comp_lex_prior to formation o_f thgse proc_iucts. The negligible have carried out RiceRamsburger Kassel-Marcus (RRKM)
polarization of the c.m. distributions indicates thatand L’ calculationd” for dissociation from (H)Y(C,H.). Since exten-
are not strongly coupled for this reaction channel. Because 0f sjye ap initio calculations have not been performed to date on
the small reduced mass of this product channel, the exit orbital {he transition states leading to these two competing product
angular momentum is constrained to be much smaller in channels, we have only carried out crude calculations assuming
magnitude tharL, and a substantial amount of this angular «joose” transition states for both products. These variational
momentum must instead be taken up as rotational excitation of .5 |culations were carried out assuming simple potentials

the recoiling fragments. between the dissociating product molecules, the magnitudes of
The translational energy distributions for the élimination which were estimated using the polarizabilities of the dissociated

channel peak at kinetic energies roughly twice as large as theproducts**48 For each transition state, 20 internal degrees of

most probable translational energies for the;#HC,H, channel  freedom were considered. To estimate the frequencies of internal

at all collision energies, with approximately 65% of the modes in the transition states, frequencies of the separated
energy available to products going into internal excitation of fragments were assumed. For the élimination channel, 15
the recoiling fragments. As discussed earlier, signal was harmonic modes were included for the Y@ fragment and
observed ate = 115 corresponding either to secondary one for the H fragment. Vibrational frequencies of the ¥id,
dissociation of highly internally excited nascent ¥G products  moiety were assumed to be identical to those calculated for free
or to fragmentation of YeH, products during ionization. The  7rC,H,.4¢ For the GH4 elimination channel, three harmonic
translational energy distributions for this channel do show a modes for YH were estimated and 12 modes were included
large degree of product internal excitation; however, in order for C,H,.4° The soft bending vibrations for the two separating
for a substantial fraction of Y&, products to undergo  moieties with respect to each other as well as torsional rotation
secondary dissociation, this would require that essentially all about the dissociating axis were treated as free internal rotors
of this internal excitation goes into vibrational excitation of the for hoth transition states. We used reasonable estimates of the
YCzH, fragment. This is in fact not the case, since some of viprational frequencies of the (k(C2Ha4) complex; however,
this internal energy is tied up in the large degree of product in calculating the ratio of Ykl products to YGH, products,
rotational excitation for this channel, and we expect that the density of states of this complex cancels out. Assuming an
vibrational excitation of Hproducts may also carry away some insertion barrier of 19.9 kcal/mol and moments of inertia
of this available energy. Furthermore, the ratiomé = 117 to calculated using an initial €H insertion transition-state
m/e = 115 signal remains constant at all collision energies geometry similar to that for Y+ CH,4 insertion®° the total
studied. Thus, signal atVe = 115 appears to result almost angular momentum of the reaction complex is limitedJts
exclusively from fragmentation of Y4, during ionization. 150 atlE o= 23.0 kcal/mol; thus, calculations were performed

At all collision energies where reaction products have been for J = 0—150 using the calculated product energetics for the
observed, the peak intensities of the Y HOF spectra are two channels.
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Under these assumptions, the RRKM calculations carried out  C. Possibility of C—C Insertion. We note finally that the
for a collision energy of 23.0 kcal/mol predict that the H  barrier for insertion of Y into the €C bond of ethane has been

elimination channel should dominate by a factor of-230 calculated to lie 28.5 kcal/mol above the reactant asymptote.
for all J levels populated. Note that the centrifugal barrier for At the highest collision energy studied here, a substantial fraction
H, elimination increases more rapidly with increasihghan of collisions are able to surmount this calculated threshold.

does the barrier for €&, elimination because of the smaller Following C-C insertion, rearrangement may occur to ulti-
moments of inertia at the orbiting transition state for dissociation mately form YCH + CH, reaction products, expected to lie
to YC,H4 + Ha. However, both product states are energetically energetically below the €C insertion barrier. The experiments
accessible fod = 0—150, and dissociation to Y&, + H» reported here have focused only on detection of products that
still dominates by a factor of 25 faf = 150. The assumption ~ are formed following G-H insertion. Detection of YChlis
of a loose transition state foratlimination therefore substan- ~ complicated slightly by the fact that the c.m. angle for this
tially overestimates the contribution of this product channel highest collision energy study lies quite close to the Y atom
relative to the GH4 elimination channel. Thus, FElimination beam, which additionally contains a small amount of YO
from (H),Y(CoH4) appears to traverse a substantially tighter contamination. Because of the similarity in mass between YO
transition state and therefore suggests that at least a small barrief™€ = 105) and YCH (m/e = 103) as well as the fact that
exists above the Y&, + H, product asymptote. signal from this reaction channel is expected to be subs_t_antlally
. . o weaker than, for example, the ¥Yldata reported here, additional

A §|m|Iar barrier to H 'ellmlnauon has been postulated to steps are presently being taken to remove YO contaminant from
exist n the Y+ CZHZ reaction b_ased on crossed molecular beam the atomic beam. Therefore, the characterization of possible
experiments carried out previously in our laborat&iyn that C—C insertion reactions by Y atoms at high collision energies
case, the Ye + _Hz product_ channel translational energy g reserved for future studies.
distribution exhibited a relatively large degree of product
translational excitation that directly indicated the existence of V. Conclusions
an exit ghannel barrier. This barrier was atFribqted to a repulsive Two distinct product channels, YaH+ CoHa and YGH, +
mterapﬂon betvx{een the YCQragment, which is EXpeCted,to H,, are observed following reactions between ground-state
exhibit subszt?nUaI closed-shefl sharac@er,_and thg departing yttrium atoms and ethane at high collision energi{>
Hz fragment™® We suspect that a repulsive interaction may also 1g 1 kcal/mol). At lower collision energies, only nonreactive
result in a sma_ll barrier in the final +limination st(_ep of the Y + C,H; collisions are found to occur, with no evidence for
Y + CzHg reaction to form YGH4 products. Calculations have 5 gypstantial fraction of collisions undergoing-8 insertion
been carried out on several low-lying electronic states oft¥C prior to decay back to reactants. A collision energy threshold
|nd|cat|ng that the ground electronic state of this molecule Shows pehavior is observed for both reaction product channels,
substantial “metallacyclopropane” character; i.e., the@C  ngjcating that the high-energy tail of the collision energy
z-bond in the ethylene moiety is essentially broKerhis distribution dominates the formation of reaction products.
ground state is found to mix in substantial yttrium excited state Studies at several collision energies allow determination of the
d?st character in forming the metallocyclopropane. Additionally, barrier to G-H insertion of Y atoms into ethane, found to lie
a low-lying excited state of Y&14 has also been found, nearly  19.94 3.0 kcal/mol above ground-state reactants. This compares
isoenergetic to the ground state, which mixes in predominantly well with the calculated barrier of 20.7 kcal/mol for insertion
the ground state'&? configuration of yttrium. This excited state  of Y atoms into methane.
exhibits a shorter €C bond and a longer ¥C;H, distance At all collision energies above the-H insertion threshold,
than the metallacyclopropane state and is better described as ghe YH, + C,H, product channel is found to dominate the
Y —C,H4 m-bonded complef® This type of bonding is quite  second channel, i.e.,Helimination from a common (HY-
similar to that found in the (HY(C.H4) intermediate, as  (C,Hy4) intermediate, by greater than an order of magnitude.
indicated by the nearly identical geometry of the i@ moiety Products of the gH,4 elimination channel exhibit only a small
in the intermediaté® As discussed above, this-bonding is fraction of available energy in the relative translation of the
necessary in the intermediate because of the lack of sufficientscattering fragments, instead indicating a large degree of internal
valence electrons of yttrium to form four bonds. Thus, if excitation. This behavior is consistent with aHz elimination
dissociation of the dihydrido intermediate occurs to form mechanism in which little or no barrier exists above the final
the z-bonded yttrium-ethylene complex by maintaining the YH2 + C;Hs asymptote. Product translational energy distri-
YC,H4 bonding present in the intermediate, a small exit channel butions for the H elimination channel also exhibit a large degree
barrier may result from a repulsive interaction between the Of internal excitation of products, although a larger fraction
dissociating H and the predominantly?sclosed-shell YGH,4 of energy available to products is transferred into relative
fragments. translation. The dominant nature of the ¥Broduct channel
suggests that a tighter transition state exists foekination
than for elimination of GH4 from the common dihydrido
intermediate.

If, on the other hand, the final yttrium ethylene product
formed following H elimination is the ground-state metalla-
cyclopropane, the dominant electronic configuration of the metal
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