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Effects of Collision and Vibrational Energy on the Reaction of CHHCHO(v) with C,D4'
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The reaction of acetaldehyde cations with ethene has been studied as a function of collision energy and
acetaldehyde vibrational state. REMPI through different vibrational levels of #ledronic state is used to
produce CHCHO" with controlled excitation in different vibrational modes. Reactions are studied in a guided

ion beam instrument, including measurements of product ion recoil velocity distributions. In addition, we
calculated the structures and energetics of 13 different complexes that potentially could serve as intermediates
to reaction. Three reactions are observed. Hydrogen atom transfer (HT) dominates at low collision energies
and is suppressed by collision energy and, to a lesser extent, vibration. The HT reaction is clearly direct at
high collision energies but appears to be mediated by a reactant-like precursor complex at low energies. The
most energetically favorable product channel corresponds to eliminationgdf@h an intermediate complex.
Nonetheless, this channel accounts for onB.5% of the total product signal. The cross section for endoergic
charge transfer (CT) is strongly enhanced by collision energy in the threshold region. Over a wide range of
collision and vibrational energy, GBHO" vibrational excitation enhances CT, but only 18% as much as for

the equivalent amount of collision energy. This effect is interpreted in terms of competition between the CT
and other product channels. The expected proton-transfer channel is not observed, an absence also attributed
to competition.

I. Introduction partially the influences of complex formation, lifetime, and
decay branching. In addition to complex-mediated mechanisms,
which usually dominate at low collision energies, most poly-
atomic ion—molecule reactions make a gradual transition to
direct dynamics with increasing energy. For the -CHO™—
C,H,4 system, there is an important direct mechanism even at
low collision energies, which is the regime where most collisions
form at least short-lived complexes. Vibration and collision

Reactions of polyatomic ions and molecules are often
mediated by collision complexes that allow time for rearrange-
ments that cannot occur in direct scattering. Several types of
complexes are possible. Nearly any +emolecule system will
have reactant-like electrostatic complexes with well depths of
a few tenths of an electronvolt with respect to reactants. Such

complexes can be very |mportan_t at low collision energies, energy have different effects on the branching between direct
where they can mediate reorientation of reactants and help trap_ g complex mechanisms and provide insight into the factors

reactants into more stable complexes where reactions aréy ot control this branching.

broviding time for more complex reartangements and ireoty ', O1® INeresting feature of the acetaldenyghene system
P 9 P Y Y is that there are two pairs of product channels that differ only

mediating H or H transfer reactions. In systems where one or in which fragment carries the charge. One pair issCHO +

both reactant is unsaturated, covalently bound complexes alsoc2H4+ versus CHCHO" + CoHa (i.e., charge transfer (CT) vs

exist. If these covalent complexes are accessible, long COIliSion"separation back to reactants”). The other is:CB + C;Hs"

gmej akr)e [7(053|bleOi ?Iloww:jg complicated reactions with multiple versus CHCO* + CoHs (i.e., proton transfer (PT) vs hydrogen
o_?hs Cr:o g:'gﬂ +or21?_| : h I th ¢ atom transfer (HT)). In the CT versus “back to reactants” pair,

e Chy 10" + CoHs system has a ree types of o7 has a substantial cross section despite being endoergic by

complexes, W'th_ blndln_g energies ranging frefd.03 to 3 eV. 0.28 eV. In the PT versus HT pair, PT is not observed at all

The data prowde_ ewdence_ that the most strongly bound despite being endoergic by only 0.03 eV. The collision energy

complgxes are unimportant in the reaction, whergas the elec'and vibrational effects can be understood in terms of the

trostatic and hydrogen-bonded geometries play an important roIeCompetition between the two product channels

at low collision energies. Even in the absence of any special '

vibrationa! mogle effects on reaction, comp_aring th_e ef_fects of || Experiment and Calculations

reactant vibration and collision energy provides insight into the ) )

reaction mechanism. Changes in collision energy also change The guided ion beam (GIB) tandem mass spectrometer used
collision velocity and angular momentum, affecting both the N this study has been described previouslglong with
probability of complex formation and the branching in complex ©Operation, calibration, and data analysis procedures. Vibra-
decay. Vibration, on the other hand, simply increases the tionally state-selected beams of €FHO™ were prepared by
vibrational energy of complexes that form. By comparing resonance-enhanced multiphotion ionization (REMPI) of a

collision energy and vibrational effects, it is possible to separate Pulsed, seeded supersonic beam 05CHO. The gas mixture
for the beam was prepared by vaporizing liquid acetaldehyde

T Part of the special issue “Jack Beauchamp Festschrift'. (Fisher Scientific, 99.5%) at about 3C and entraining the
* Corresponding author. E-mail: anderson@chemistry.utah.edu. vapor in 200 psi of helium carrier (Matheson 99.9%). The
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TABLE 1. Summarized Results of REMPI-PES CH3CO" is also the product ion in the hydrogen atom transfer
Experiment with CH3CHO (HT) reaction of CHCHO" with ethene, but at a<2%
intermediate ion states average ion contamination level, the contribution of the fragment ion in the
B state level observed in PES vibrational energy (eV) reactant beam is adequately removed by the subtraction
origin vibrationlesg100% 0 procedure described above. The only problem is with the HT
10t 10 (100% 0.045 channel for CHCHO" produced by pumping through th% 3
9 91(417%); 910'(26%); 0.13 transition, where the parent intensity is very low and it is
6lor 7t 611801((227;%; 149'(37%): 0.195 impractical to keep the CG4£0" contamination below 2%. To
6'154(34%) ellmlnqte any possible prob!ems with subtraction of the_g(:H
5t 5110t (90%); 5* (10%) 0.22 CO' signal from fragments in the beam, a set of experiments
3t 31107 (8099; 3'15 (15%); 0.44 was performed with a modified source arrangement. The
3 (5%) guadrupole ion guide was replaced by a conventional quadrupole

) ) mass filter, thus completely removing the €3O+ background.
mixture was expanded through a pulsed valve, collimated by a The mass filter source was not used for all experiments because
skimmer, a_nd then introduced into the ionization region. the translational energy spread of the ion bea.2 eV fwhm)

Preparation of state-selected &HHO™ cations by REMPI s hadly broadened<0.5 eV) by interaction with fringe fields
through the acetaldehyde &ate has been discussed in detail i, the mass filter. With the exception of energy resolution, the
elsewheré.The vibrational states, or mixtures of states, resulting o sets of data are identical within the scatter of the data.

from each REMPI transition are listed in Table 1. The origin,  1¢ ajd in reaction coordinate interpretation and to get

105, 5y, and 3 transitions generate ions with80% in a single  energetic information, ab initio calculations were performed
vibrational state, with the remaining ions also having excitation ysing MP2 and B3LYP theories with 6-31G* and 6-31£G**

of the dominant mode. The two other transitions produce cations hasis sets, respectively, using Gaussial @&ometries were
with no dominant state but with one mode or combinations gptimized by calculating both gradients and Hessians at each
thereof dominating the distribution. For the present system, therestep, and the geometries and relative stabilities at the MP2 and
are no mode-specific effects; therefore, we will not emphasize B3LYP levels are consistent. MP2 and B3LYP zero-point
the nature of the different reactant states. We note onlythat  energies were scaled by 0.9646 and 0.9804, respeciiely.
is the aldehyde CH stretch (i.e., the stretch of the bond being Reactant, product, and complex energies were also calculated

broken in the hydrogen-transfer reaction). Note thatCHO* at the G3 level of theory, and single point energies were
has low-lying isomers; however, the vibrational energies selectedcalculated at the QCISD(T)/6-31G* level for all B3LYP/6-
are all well below the isomerization activation barriéT%Ihus 311++G** stationary pointsl Figure 1 summarizes the impor-
the parent ion is stable. tant energetics, with values taken from the literafdf@when

The pulse of ions resulting from REMPI is injected into & available, or from the G3 calculations. RRKM rate calculations
quadrupole ion guide that focuses the ions through an exit were done with the program of Zhu and Hisesing its direct
aperture. A set of ion lenses then injects the ions through astate count algorithm, scaled frequencies from our B3LYP/6-

gate electrode set and into the first of a pair of 8-pole ion guides 311++G** calculationsl® and energetics from the literature
where reactions are studied. A combination of the focusing (when availablé)t or from our calculations.

properties of the quadrupole guide and time-of-flight (TOF)
gating is used to narrow the energy spread of the beam prior to|||. Results
injection into the reaction region. The first 8-pole guide passes

the ions through a scattering cell containingDG vapor Integral Cross Sections.The integral cross sections for the

; ; 0 5 reaction of ground-state GBHO" with C,D, are shown in
(Cambridge Isotope Laboratoriesy8 atom % D) at 4.5« 10° Figure 2 over the collision energ¥dy) range from 0.1 to 2.0

Torr that is controlled by a leak valve and measured with a .

Baratron capacitance manometer. All ion intensity measurementsev' Pr.oduct 'Onf are obierved itz 32;43’ and .61 corre-
are made both with the D, flow routed into the scattering sponding to &D4", CHCO™, and GD,HO™, respectively. The

cell and with the identical flow routed into the vacuum chamber energe.ticl:s of the three observed product channels are as
that houses the scattering cell. By subtracting intensities with follows:

the scattering cell filled and “empty”, we account for background " N

sources including noise, reactions occurring outside the cell, CH;CHO™ + C,D, —~ C,D,” + CH,CHO

and the presence of fragment ions in the reactant beam (see charge transfer (CT)AH = 0.28 eV
below). Product ions and unreacted {LHIO™ are collected by "
the ion guide and then pass into a second, longer guide where — CH,CO" + C,D,H
TOF analysis can be used to measure both primary and product hydrogen transfer (HT) AH = —1.08 eV
ion velocity distributions. The ions are finally mass analyzed n
by a quadrupole mass spectrometer and counted. — CD,CDCHOD" + CH,
Nascent CHCHO™ produced by 2+ 1 REMPI can absorb methyl elimination (ME) AH = —0.91 eV
an additional photon and fragment to HE@- CH; or CHs-
CO' + H. The HCO' fragments are completely eliminated by — C2D4HCO+ + CH,
time-of-flight (TOF) gating prior to injection into the reaction S
guide, and CHCO" is controlled by defocusing the las€The methyl elimination (ME) AH = —1.43eV

percentage of CECO" in the CHCHO" beam is kept below

2%. There are two potential problems. The fragment ions might The experiments used the @EHO" + C,D, isotope
react, affecting the apparent cross sections at both the CH combination to allow the observation of atom scrambling in
CO' and product masses. Fortunately, all reactions of the very conjunction with the reactions. For this system, however, only
stable CHCO" with C,D4 are endoergic by at least 2.1 eV (i.e., a single mass is observed for each product ion, indicating that
more than the maximum collision energy in our experiment). H/D exchange is insignificant. Our experiments can distinguish



9800 J. Phys. Chem. A, Vol. 106, No. 42, 2002

reactants

Kim et al.
observed unobserved
intermediate complexes products products
[ I I I |
< + -
3 CHaCHO oy €D CHaCOH* + CoHs
CoH +
2M4 +
. CH4CHO C2Hs * CH5CO )
A
HZCECHZ
Ha&-H st 2
® S as29)
CHO ! Il \ l\
1
! /’ ‘\\ \ CH2CHC(H)OH*
Iy v +
H,C=CH I [ H
2? 2 (’I // ,”_—\\-‘*\"“‘\ / ot (ME1)
-1 +1 ® e o S~o_
A —2 bl P ) ——
AN ! D Vo / CH,CO* CH2CHC(OH)CH3
CH3 | vl + +
! \— CoHg H
lll E “
H2|(|; C \l / + (ME2)
HoC. F \\ / CpHsCO
0 | .
©) 1 G \ / CH
N \ ! 3
e 1
H CH3 \ / +
\ J CH3CHCO* + CH4
‘\ // J—
2 7 M (CH3)2CCO* + Hp
D E
© ® ,CHO
OH H2¢ H (0] O]
‘j cH2 FHOH o cH C(H)OH
g H3C CH 6
| | /N
Hand| CH, C/CHZ HyC CH3
A © HaC Hy
o Q/C=CH2 J
CH3
<_> CH / H_ .~CH HaC
2 N7 2
HyC HE © co
3 K LM ,C(HOH CH2
Hi3C HaC H3C
(K) ™) L
Figure 1. Reaction coordinate diagram showing energetics of reactants, products, and intermediates.

neither isomers nor isotopomers (i.e., structures with the sameestimated by averaging over different orientations ogCHO™
connectivity and number of D atoms but with different D atom and GDy,,
positions). In the discussion that follows, therefore, we will The dominant reaction channel at I&ag, is hydrogen transfer
indicate the presence of deuterium labels only in cases where(i.e., production of CHCO"). The ratio of the cross section for
they convey mechanistic information. In Figure 1 and in most methyl elimination to that for hydrogen transfer is jusd.6%
locations in the text, we use generic all-H structures. For the at low E¢, even though the methyl elimination channel is more
CT reaction, only one low-energy product isomer exists, and energetically favorable. Methyl elimination is negligible for
there is no possibility of isotopomers. For the HT channel, only Ecoiision Values above~0.5 eV. The HT reaction efficiency

one low-energy isomer exists, but the ethyl radical product may (shown by the heavy dashed line in Figure 2) can be defined as
have two isotopomers. For the ME channel, there are two the ratio of the experimental HT cross section to the collision
possible isomeric structures (GHCH=CHOH" and GHs- cross section. For ground-state §HHO™, oxt/0coliision IS > 73%
CO"), and each may have isotopomers. Although our experi- at low E., and declines te~24% atE., = 1.95 eV. The cross
ments cannot distinguish between these isomers, we can sayection for CT rises ag.q increases above the endoergicity

that there is no D-substitution in the eliminated methyl radical (0.28 eV) and then becomes energy-independent and roughly
(i.e., it appears that it is the intact acetaldehyde methyl group equal tooyr at high Eco. Note that the apparent threshold for
that is being eliminated).

CT is slightly below the thermodynamic threshold at 0.28 eV,
Also shown in Figure 2 is an estimate of the collision cross which is a consequence of the distributiorEg§ resulting from
section taken as the greater value of the capture cross sectiomprimary ion and target velocity distributions.
(0capturg OF the hard sphere cross sectionafq sphe The capture Velocity Distributions. Time-of-flight (TOF) is used to
cross section is estimated using the statistical adiabatic channetecord axial velocity distributions for reactant and product ions,
model of Troel4 and the hard sphere cross sectior36 A?) is

as described in detail elsewhéréxial velocity distributions
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Figure 2. Cross sections for all observed product channels from the reaction of ground-sttelGHand the calculated collision cross section

(left-hand scale). Hydrogen transfer (HT) reaction efficiency (right-hand scale). The inset shows an expanded view of the charge transfer (CT) and

methyl elimination (ME) channels at low collision energies.

are simply the projection of the full velocity distribution on the
ion guide axis. The distributions for the HT, ME, and CT
channels are given in Figures-3, respectively, and are plotted
as laboratory frame velocities. In our experimental geometry,
the ion guide is coaxial with the average relative velocity of
collisions and with the average velocity of the center-of-mass
(Vcm). Because of this high symmetry, the axial distributions
reveal much of the dynamical information that is contained in
the full velocity distributions. For example, the measured
laboratory frame distributions can be approximately converted
to the center-of-mass frame by simply shifting the origivéq,
denoted in each frame as a solid vertical line. If the reaction
proceeds via a complex with a lifetimec{mpiey) that is long
compared to its rotational periodraion typically a few
picoseconds), then the recoil velocity distribution must be
isotropic in the CM-frame scattering plane of that collision. The
resulting axial velocity distribution must be symmetric about
Vewm. Conversely, a nonsymmetric axial velocity distribution is

forward-peaked (ion velocity Vcwm) at high collision energies,
indicating that the HT process does not involve a long-lived
complex. As the collision energy is reducéd;y decreases,
and the peak of the product velocity distribution moves closer
to Vewm. At Eco = 0.23 eV, the distribution is still clearly ahead
of Vem but only slightly. AtEc., = 0.16 eV, the distribution
appears to peak &y, but it is not possible to say whether the
distribution is symmetric because the entire backward hemi-
sphere is in the low-velocity range where distortions occur. We
can conclude that collision time scale for HT is shorter than
the complex rotational period for collision energies above 0.23
eV but may be approaching the rotational period at lower
energies.

In contrast, the velocity distributions for the ME channel
(Figure 4) are forwargtbackward symmetric even at the highest
energies, suggesting that a complex is required to mediate the
relatively complicated rearrangements needed to generate stable
ME products. The narrow width of the MEyy distributions

a clear sign of a fast collision time scale and also reveals the (i.e., low recoil velocities) indicates that little of the considerable

predominant scattering mechanism (e.g., stripping vs rebound-

ing). Finally, the displacement of the.a peak fromVewm
provides some information regarding the recoil energies.
Distributions are shown for the reaction of ground-state-CH
CHO". For the exoergic ME and HT reactions, the distributions
are not significantly different for the reaction of vibrationally
excited reactants. An absence of significant vibrational effects
on recoil velocity is typical for exoergic reactions of polyatomic

available energy appears in recoil, which is also consistent with
a complex-mediated mechanism.

The most interesting velocity distributions are those for CT.
At low energies, the distributions are clearly forward-peaked,
indicating rebound scattering (forward product ions with
velocities greater thanvcy). Rebound scattering, in turn,
suggests that CT is dominated by collisions at small impact
parameterdh. At high Eco values, the distributions become

ions 1523 and the reasons for the absence have been discussedncreasingly backward-peaked but with a tail extending into the

recently?* The effects of vibration on the endoergic CT channel
are discussed below.

The HT velocity distributions (Figure 3) illustrate a problem.
Note that at velocities below500 m/sec the distributions are
truncated. The TOF for these very slow ol Az < 50 meV)
is easily distorted by potential inhomogeneities in the ion guide,
and we are confident of the measured velocity distributions only
for higher velocities. The velocity distributions are clearly

forward direction. Backward peaking of the ion product corre-
sponds to small-angle scattering, suggesting dominance by
collisions at largeb. CT is presumably possible in these
collisions becausE so greatly exceeds the endoergicity (0.28
eV) that efficient energy conversion is not required. The
forward-scattered tail corresponds to CT in Idwcollisions,

but the largeb collisions dominate mainly because the prob-
ability of collision at a particulab is proportional tob.
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Figure 3. Axial recoil velocity distributions for the hydrogen-transfer i ) _ S o
ion product from the reaction of ground-state {CHIO™ for several Figure 4. Axial recoil velocity distributions for the methyl elimination
collision energies. The heavy vertical line indicai&s, the velocity ion product from the reaction of ground-state LHHO" for several
of the center of mass in the lab frame. collision energies. The heavy vertical line indicatésy, the velocity

. . . o . . of the center of mass in the lab frame.
We have fit the axial velocity distributions using two different

models, and the fits are shown as solid curves through the dataredistributed among the 33 degrees of freedom. With increasing
points in Figures 35. Fitting parameters and results are energy, HT becomes increasingly direct, approaching stripping
summarized in Table 2. Fitting allows us to extract quantitative dynamics at high energies.
but model-dependent information from the distributions, thus  The osculating complex model of Fisk efalvas developed
accounting for experimental broadening resulting from the to simulate recoil angular distributions for just this sort of
angular and velocity distributions of both reactants. Fitting is reaction in the transition regime between complex-mediated and
done using a Monte Carlo simulation of the experiment direct mechanisms. In this model, a complex with a lifetime
described previously. Tecomplex IS @ssumed to form and unimolecularly decompose to
For the HT reaction, the velocity distributions at our lowest products. Within this model, the recoil angular distribution (and
collision energies are forwarebackward symmetric, or nearly  thus, the degree of forwarthackward asymmetry in the axial
so, and the energy appearing in recoil (i.e., the width of the distributions) depends only on the ratio ©@fmpiex 1O Trotation
distributions) is small despite the considerable exoergicity. As the classical rotational period of the osculating complex. If
the collision energy is raised, the distributions become asym- tcomplex > Trotation then the axial velocity distribution must be
metric and broaden faster than would be expected from the forward—backward symmetric, but ascompex drops below
increase in the total available enerdyafi ~ Ecol + AHixn). Trotation the distributions become increasingly peaked (in this
At the highest energy, the maximum axial recoil velocities are case, in the forward direction). To complete the model, we must
close to the value that would be expected from spectator assume a recoil energy distributidP(Eecoi), that is primarily
stripping (SS) dynamié&26 (lab framevss = 3890 m/s), asis  sensitive to the deviation of the measured distributions from
often the case for simple atom-transfer reactibtis?® These Vewm. For simplicity, P(Erecoi) IS @assumed to be a Gaussian with
results suggest that HT is mediated by a short-lived complex at adjustable peak and width parameteFits were also attempted
low collision energies, allowing the available energy to be with the impact parameter model (see below). That model does
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Figure 5. Axial recoil velocity distributions for the charge-transfer
ion product from the reaction of ground-state {HIO" for several
collision energies (top four frames). The heavy vertical line indicates
Vewm, the velocity of the center of mass in the lab frame. Opacity
functions at the indicated collision energies (bottom frame).

not yield sensible fits (i.e., it can fit the data only if HT is

assumed to occur only for the narrow range of impact parameters
that give strongly sideways-scattered products). Such a restric-

J. Phys. Chem. A, Vol. 106, No. 42, 20023803

TABLE 2: Product Velocity Distribution Fit Results

Ecol [Erecoild (Erecoil lEavaill Tcomplex Tdirect
channel (eV) (eV) (%) (ps) (ps)
HT 0.16 0.27 20.9 ~1a 0.4
0.23 0.30 22.5 0.8 0.33
0.33 0.33 22.6 0.5 0.27
0.52 0.42 25.8 0.4 0.22
0.99 0.57 26.9 0.4 0.16
1.46 0.72 27.7 0.3 0.13
ME 0.16 0.13 8 >3.4 0.4
0.25 0.17 10 >3.2 0.33
0.34 0.19 10 >3.0 0.27
0.53 0.26 13 >2.6 0.22
0.76 0.33 14 >2.4 0.18
CT 0.52 0.36 89 —b 0.22
0.75 0.56 92 — 0.18
0.98 0.78 93 - 0.16
1.47 1.26 95 — 0.13

a 7complexNOt Well defined for lowest-energy HT distribution because
backward hemisphere is outside accessible velocity ré@esulating
complex model inappropriate and not used in fittih@irect collision
time gefined as time for undeflected reactants to travel a relative distance
of 5 A.

column in Table 2 gives the “direct” collision time, which is
taken as the time requiredrf&@ A of relative motion at the
speed of the reactants. Note that the collision times extracted
from the osculating complex fits are only about a factor of 2
longer than the direct collision times.

For ME, the velocity distributions are symmetric ab®a,
and are narrow (indicating low recoil energy); both of these
characteristics suggest a complex-mediated mechanism. In
addition, the nature of the ME reaction almost requires a
complex. This channel was also fit using the osculating complex
model; however, because the distributions are always symmetric,
no information aboutrcomplex IS extracted other than the fact
thatTcomplex™ Trotation (Table 2). The main information extracted
from the fits to the ME data is the average recoil enefBycoil)
which is tabulated in Table 2 along with the average fraction
of the available energy appearing as rec}ecoilllEavail] AS
expected for a mechanism mediated by a compl&coill
[Eavaills low, increasing slowly with increasing collision energy.

The osculating complex model is clearly inappropriate for
the CT reaction. Even at the lowest energies, CT is direct, and
the angular distributions must depend on the range of impact
parameterd leading to CT rather than on the rotation of an
intermediate complex. In particular, it would be difficult to
rationalize the rebound scattering observed at low energies
unless CT is restricted to smdill For a similar situation, we
develope# a simple “impact parameter” model combining

tion is incompatible with the observed large magnitude of the €Nergy partitioning based on the line-of-centers mBdelth
HT cross section, except perhaps at the highest collision hard-sphere scattering. For each impact parameter, the collision

energies.

The HT fitting suggests the following: HT collision time
scales vary from about 1 ps at low energies to 300 5.at=
1.5 eV. Over the samEgq range, [Eecoil lEavail varies from
~20% to ~30%. Note that for other acetaldehyde cation

energy is partitioned into energy along the line-of-centBrs{

= Ecoisio(1 — b¥d?), and the rest of the energies: ErestiS
assumed to remain in translation throughout the collisipe

is added to the vibrational energy of the cation (if any) and the
rotational energy of the target to giteeac; the energy assumed

reactions where the mechanism clearly involves a long-lived to be available to drive the reaction. Beactis less than the

complex516.24(cf, the ME channel in this system), th€ecoill
[Eavaidratio is found to be<10% at low collision energies,

reflecting extensive energy redistribution in the complex. The (

fact that the extracteEecoilllEEavairatio for HT is more than

endoergicity, the collision is assumed to be nonreactive. This
constraint establishes a maximum reactive impact parameter
bso¢ ) for each collision energy, as in the line-of-centers

model. For reactive collisions, the recoil energy is assumed to

20%, even at the lowest energy, is consistent with a short be Erecoil = Erest T (Ereact — €ndoergicity)Ngeg WhereNgeg is

collision time, as is the fact that the distribution is clearly
asymmetric even aE., = 0.23 eV. For reference, the last

the effective number of the degrees of freedom involved in
energy partitioningEecoil is thus the sum of the collision energy
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TABLE 3: Experimental and Ab Initio Calculated Energies Relative to Energy of Reactants (CHCHO™ + C,H,)

reaction energetics (eV) mp2/6-3t1+G** mp2/6-31G* b3lyp/6-311#+G** b3lyp/6-31G* G3 (0K) exptl
C,H4™ + CHCHO —0.11 -0.21 0.18 0.16 0.29 0.28
CHst + CH;CO —0.13 —0.16 0.22 0.31 0.19 0.03
CH,CHCHOH" + CHjs —0.87 —0.85 —0.52 —0.45 —0.59 —0.91
C;Hs + CH,CO* —1.57 —1.55 —1.50 —1.58 —1.01 —1.08
C,HsCO" + CH;s —1.76 —-1.74 —0.94 —0.93 -1.20 —1.43
complex A —0.03 —0.96 —0.85 —0.22 no record
complex B —-1.65 —-1.04 -1.14 -1.07 no record
complex C —1.88 —-1.31 —-1.52 —1.46 no record
complex D —1.83 -1.28 -1.19 —-1.51 —-1.21
complex E —1.37 —-1.22 —1.42 —-1.25 —1.38
complex F —1.66 -1.27 —-1.58 —-1.38 —-1.55
complex G —2.28 —-1.74 —1.99 —1.86 —-1.73
complex H —2.49 —2.10 —-2.17 —-2.17 —2.55
complex | —2.65 —2.16 —2.25 —2.34 —2.55
complex J —2.97 —-2.59 —2.66 —2.65 —2.77
complex K —2.95 —2.56 —2.64 —2.66 —3.03
complex L -1.35 -0.99 —1.06 -1.09 —-1.25
complex M —2.07 —1.85 —2.06 —1.94 —2.03

notalong the line-of-centers plus some fraction of the remaining are given as the product bP(b) in the fifth frame of the Figure.
available energy. The bP(b) product is shown because it represents the contribu-

For simplicity, it is also assumed that the impact parameter tion of eachb to the total CT signal. The opacity functions have
maps to a unique scattering angle. In our original implementation been scaled so that bP(b) db is equal to the measured CT
of this impact parameter fitting model, the angle was taken as integral cross section (Figure 2) at each energy. For low collision
the hard sphere deflection angle. Recently, we have obtainedenergies, the fitting suggests that CT occurs primarily in
more detailed data including full radial and axial velocity collisions with impact parameters betweer®.3 and 0.7 of
distributions for the scattering of formaldehyde from Ne and bnadsphere With large b collisions suppressed by the line-of-
Xe2® That data indicates that the hard sphere angle exceedscenters cutofflfcutoft = 0. ohardspherr @nd smalb collisions that
the true scattering angle in large impact parameter collisions. are simply infrequent. As the collision energy is raised, CT is
Muntean and Armentrotft recently proposed an impact pa- increasingly dominated by lardecollisions, leading to backward-
rameter/angle mapping function that is based on the conservatiorpeaked product ions. Such a shift to largpes not surprising.
of the component of linear momentum perpendicular to the line At high energies, only a small fraction of the collision energy
of centers. With minor modifications, this angular scattering need be converted to drive the endoergic CT process, presum-
model function also fits our formaldehyde data, and we have ably requiring fewer central collisions. Note that in addition to
adopted it here as well. The present axial velocity fitting is not the increase in averadecontributing to CT the magnitude of
strongly dependent on the impact parameter/angle mappingP(b) increases substantially, indicating that CT probability
function. increases witle.q even for smalb collisions.

With the scattering dynamics defined as just described, the Ab Initio Results. The ab initio results are summarized in
only adjustable inputs to the impact parameter model are theFigure 1 and Table 3. For those species where literature
opacity function,P(b), describing the probability of reaction energetics are available, the8® K energies are generally in
for each impact parameter (constrained by the shape of theclosest agreement, although the discrepancies are frequently
distributions) andNgeg (constrained by the high-velocity limit ~ more than 0.2 eV. The values used in Figure 1 are experimental
of each distribution). In keeping with the attempt to minimize (where available) and G3 otherwise. Several complexes with
the number of fitting parameters, only very simple opacity reactant-like geometries were found that were bound by 0.2
functions were used. Fits were first attempted assurfifiy 1.5 eV with respect to the reactants<£& in Figure 1). The
= constant for 0< b < b% as in the line-of-centers model ~ important geometric parameters for these complexes are sum-
(where the constant is assumed to be unity). This “no adjustablemarized in Table 4. As expected for the reaction of an
parameters” model failed to give acceptable fits, with too much unsaturated molecule, we also find numerous covalently bound
intensity for the forward-scattered ions (i.e., small impact complexes (B-M, Figure 1) bound by 1.23.0 eV relative to
parameter collisions). A modified version with const&{b) the reactants. Note, however, that the experimental results
values forbmin < b < bmay, Wherebmin andbmax (<bL3%) were suggest that these covalent geometries are accessed in at most
freely adjustable parameters, also failed. The fits shown were @ small fraction of collisions.
obtained using?(b) in the form of a Gaussian that was truncated
at b-oS. The Ngeg parameter controls the fraction of the |v. Discussion
available energy appearing in recoil and is constrained in the
fits by the maximum CM recoil velocity (maximum deviation The reaction of the acetaldehyde cation with acetyfene
of vrecoil from Vewm). The best-fitNgeq values varied only slightly provides a useful point of comparison for the present reaction
with Eco, from 1.3 at low energy to 1.2 & = 1.47 eV, with C,D4. In both systems, there are many covalently and
corresponding to a situation where most of the available energy noncovalently bound complexes, and reaction is dominated by
is partitioned to recoil, as shown in Table 2. Note that whereas an exoergic HT reaction, with HT efficiency dropping from
the details of the extracted energy partitioning are highly model- ~65—75% at low energies ta30% atE., = 2 eV. In both
dependent, it is clear from the raw data that a significant fraction systems, the most exoergic channel is ME; however, ME is
of CT reactions does result in high recoil energy. inefficient, disappearing completely for energies aboeeV.

The impact parameter model fits are shown as curves throughThe major difference is that CT is not observed for acetylene,
the data in Figure 5, and the corresponding opacity functions presumably because the CT endoergicity is 0.9 eV greater.
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TABLE 4: Selected Distances and Angles of Reactant-like Complexes as Results of Ab Initio Calculatiéns

complex A complex B complex C

(D)Cc1-C 3.457 (D) C1-h 1.746 (D)C1l-0 1.603
(D) c2-C 3.470 (D) CxC2 1.369 (D) CtC2 1.456
(D) C1-C2 1.364 (D) e-h 1.211 (D) eco 1.247
(D) C——c 1.530 (D)e-o 1.177 (D) C-c 1.462
(A) Cl-c—C2 22.7 (A) C2-C1-h 96.7 (A)C2-Cl-o 108.3

(A) C—C1-C2 79.2 (A) Cl-hc 163.5 (A) Cl-0-c 121.6
(A)c—C—H 106.7 (A) h—c-o 116.0 (A) e-c-C 121.3

(T) o—c-C1-C2 —-121.2 (T) CG-c-C1-C2 0.7 (T) c-0-C1-C2 119.6

ap = distance (A), A= angle (deg) ,and F torsion angle (deg). c, h, and o refer to CHO atoms of the CHO moiety §CEI@*. C and H
refer to CH atoms of the CHmoiety in CHCHO". C1 and C2 refer to C atoms of,8,.

Because the CT channel shows the most interesting dynamics)ong and the proton is usually transferred back prior to complex
the discussion will focus there following brief discussions of breakup. In those complexes, therefore, H/D exchange can occur
the HT and ME channels. by a simple rotation of the NgM*™ or D,HO™ moieties. For
Hydrogen Transfer. As Figure 1 indicates, there are many CHzCHO'—C;D4, because the exoergic HT reaction is facile,
complexes that could serve as intermediates in the reaction ofthe lifetime of complex B is too short to allow H/D exchange.
CH;CHO™ with C,D4. The transition states for interconversion The observation that the HT efficiency at Id, (>70%)
between complexes are unknown; however, given the largeis substantially larger than the fraction of collisions expected
amount of energy available in collisional preparation, intercon- to have the ideal complex B-like geometry indicates that there
version is clearly possible. Several observations suggest,is some chance for reactant reorientation. As described in detalil
however, that most complexes are not accessed in mostelsewheré? this effect cannot be due to reorientation as the
collisions. Consider the “unobserved products” indicated in reactants approach because the torques are too small to cause
Figure 1. A major decomposition pathway for complex K, the significant rotation during the approach time. Instead, reactants
most stable complex in our calculations, would almost certainly in nonideal geometries must frequently form a complex (e.g.,
be through H loss to generate gEHC(OH)CH;*. The absence  complex A or C) that lives long enough to allow for rearrange-
of this product channel indicates that complex K is not formed ment into the complex B-like geometry where aldehyde H
in CHsCHO"™ + C,H, collisions, presumably because the transfer can occur. In this reorientation process, the two reactant
required rearrangements do not compete effectively with the molecules evidently retain their identities, so H/D exchange does
more facile mechanism(s) leading to HT and other product not occur. The need to invoke reorientation would be avoided
channels. The observation that the HT and CT recaoil velocity if collisions in complex A-like geometry lead directly to transfer
distributions are asymmetric, except perhaps for HT at our of a methyl H atom, giving a product ion indistinguishable by
lowest energy, indicates that the collision time scale is short. mass. The methyl CH bond is'1.5 eV stronger than the
Similar arguments regarding the4dlimination channel would aldehyde CH bond; however, this channel is endoergic and
suggest that complex J is not collisionally accessible; however, cannot contribute to the large HT signal at low energies.
in this case (and for CiElimination), it is possible that product The low-energy HT mechanism is perhaps best characterized
formation is inhibited by a barrier in the exit channel. as a direct aldehyde H-transfer but with reactant reorientation
Of perhaps greater overall significance is the fact that none possible, which is mediated by a short-lived, interconverting
of the observed product ion masses suggests a significantset of reactant-like precursor complexes«@). For collisions
tendency for H/D exchange (i.e., ME always involvessQib$s), in the ideal complex B-like geometry, HT is presumed to be
no CH;CDO" is observed in the “nonreactive” scattering, and efficient. At higher collision energies, reorientation in the
there is no GD3H™ product. The absence of H/D exchange precursor complexes is expected to become insignificant, and
suggests that collisions do not access any of the covalentlythe efficiency of aldehyde HT should drop substantially. At the
bound complexes BK, as multiple H-transfer steps must occur same time, the methyl H-transfer channel opens, possibly
in the course of forming and decomposing such intermediates offsetting the decrease in aldehyde HT. Note that the observed
to products, and significant H/D scrambling would be expected. net HT efficiency is~25% at high energies, suggesting that
Given the above information, the likely HT mechanism methyl HT is not highly efficient.
involves interaction within a geometry similar to that of the CH3;CHO" vibrational excitation is found to have a weak
hydrogen-bonded complex B, with rapid transfer of the aldehyde inhibitory effect on the HT cross section that is nearly
H atom and separation to products. Note that in the context of independent oE.,. The effect is proportional to the vibrational
the relatively short time scale HT collisions we refer to the energy (i.e., non-mode-specific) and amounts to onlyl8%
complexes mostly as shorthand for collision geometries, al- inhibition even for the highest-energy vibratiofE,[1= 0.44
though as shown in Table 2, the collision times extracted from eV). For comparison, at our lowes&,, adding 0.44 eV of
the fits (tcompley are significantly longer than the times expected collisional energy decreases the cross section by a factor of 4.
for purely direct scattering at low collision energies. It is particularly interesting thatss, which dominates the
In other systems we have studied, for example, PhGH vibrational motion for the reactants witkis[J= 0.44 eV, has
ND3'920and CHCHO™ + D,0 !5 substantial H/D exchange is  such a small effect. This vibration is the aldehyde CH stretch
observed in hydrogen-bonded complexes. There are differencesi.e., a high-energy stretch of the bond being broken in HT).
between the systems that account for the absence of H/DSimple considerations would suggest that this vibration is

exchange in complex B for GJEHO" + C,D4. In PhOH— strongly coupled to the reaction coordinate and therefore might
ND3z and CHCHO™—D,0, the structure of the hydrogen-bonded be expected to have a different effect from other vibrational
complexes has the proton transferred (i.e., PHNDst and modes.

CH3CO—HD,O"). Furthermore, both HT and proton transfer The small and non-mode-specific effects are consistent,
product channels are endoergic, so the complex lifetimes arehowever, with the precursor complex-mediated reaction mech-
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anism outlined above. In this mechanism, the HT efficiency at endoergic CT channel is in competition with two other channels
low energies should depend most strongly on three relatedthat are facile and more energetically favorable. One is HT,
factors: the probability of trapping into a precursor complex, which occurs with high efficiency in collisions that trap into
the time available for reorientation within the precursor, and precursor complexes (at low energies) or that have the correct
branching between the decay of the precursor to HT productsgeometry for direct H transfer (at all energies). The other
versus back to reactants. The strong inhibition by collision competing channel is “no reaction” (i.e., elastic or inelastic
energy probably is affected by all three factors. Addition of scattering). Consider a collision that does not trap into a
collision energy decreases the capture collision cross sectionprecursor complex. As the reactants approach each other, the
and probably decreases the probability of trapping into the intermolecular interaction mixes the @EHO* + C,D4 and
precursor complex as well. Additional energy will also decrease CHsCHO + C;D4* charge states, as shown by the fact that in
the lifetime of those precursors that do form. Finally, the angular all the reactant-like complexes the calculated Mulliken charge
momentum associated with increased collision energy will tend is distributed over both moieties. In collisions where there is
to favor the decay of precursors back to reactants via an orbitingless than 0.28 eV of collisional to internal energy conversion,
TS rather than by HT, with its presumably more compact energy conservation prevents the endoergic CT reaction. On
transition state. In contrast, when energy is added as vibration,the other hand, if collisions result in a large collisional to internal
the capture collisional cross section is unaffected, and trapping€nergy conversion, then the recoil will be slow. In that case,
into the precursor may be inhibited less than by the same amountthe separation of the GEHO and GD4 moieties is likely to

of energy inEc because les§—V energy conversion is be electronically adiabatic, so the lower-energy charge state (i.e.,
required. The vibrational energy will reduce the precursor 'éactants) is produced. Separation onto the upper charge-state
lifetime, but because there is no angular momentum associatecfurface (i.e., CT) requires a collisional to internal energy
with the vibrational energy, there is no bias toward decay back conversion that is large enough to overcome the endoergicity
to reactants. The net effect is tHai, produces a much larger but not so large to slow the recoil.

inhibition than does vibration, as observed. It should be noted The collision energy and reactant vibrational-state dependence
that at fixedtotal energy, partitioning energy fronk, to of the CT cross section must be considered in light of these

vibration substantially increases the HT probability. factors. At low collision energies, CT is suppressed by three
Methyl Elimination. The ME product ion recoil velocity factors: the requirement for substantial collisional to internal

distribution is forware-backward symmetric at all energies and ©Nergy transfer, trapping into precursor complexes (promoting
also indicates that little energy is partitioned into recoil. Both HT), and the fact that recoil is necessarily slow. As indicated

factors suggest that the mechanism for this channel involvesPY the axial recoil velocity distributions, CT occurs only for
longer collision times, which is not surprising in light of the small impact parameter_colhsmns, _presumably because these
rearrangements needed to generate stable ME products fronf'® Most likely to resu_lf[ |n_the required energy transfer. Even
reactants. From the structure of the stable ME product ions andthen’ _the cT PfObab"'tY is small, as _shown_ by the_ §ma||
the fact that there is no D substitution in the ejected methyl magnitude ofbP(b) in F_|gure . W'.th Increasing collision
group, it appears likely that the methyl group is ejected from energy, a smaller' fraction of cqlhsmngllto internal energy
structures such as complexes L and M. Because the potentialConverSIon IS requwgd, thus allowlng CO”'S'OnS. at !arger Impact
wells for complexes L and M are shallow and the simple bond parameters to contribute. In addition, the rapid rise in the CT

scission transition states leading to ME products are expectedCrOSS section '.mp“es thaF t_he magnltud.d o) also Increases
e .~ ~“substantially (i.e., the efficiency of CT increases at all impact
to be loosely bound, the lifetimes of these product-like

complexes are short. For example, the RRKM lifetime for parameters). This increase is attributed to faster recoil at higher

. o ..~ collision energies, thus allowing more nonadiabatic behavior
complex M was calculated by assuming an orbiting transition

state for CH elimination and by neglecting other possible exit as the products separate. . . . .
channels from the complex (i.e., giving an upper limit). At all As might be expected for an endoergic reaction, vibrational
collision energies, the lifetime is less than 100 fs. This time excitation enhances the CT cross section, as shown in the inset

scale is too short to account for the observed forwdnackward phortlohn I(zjf Figure 6 that ZT?]WS ;?]Iott]s %LverSUSECO' f'n the )
recoil velocity symmetry and is consistent with the absence of threshold energy range. Although the enhancement factors (ie.,

H/D exchange. The implication is that the limiting step in the ©¥/Caround st} CaN be quite large near threshold, the effect of
ME reaction is isomerization from reactant-like geometries to vibration is considerably smaller than that from equivalent

complexes L and M, and it is the reactant-like complexes that a.?g:notrslalo ;:glgz'l?g.oin;ge% ngnr%l:“&/:s;ﬁfggvf ntzss ecr)f
are responsible for the observed forwatthckward recoil vioratl ISl gy ' y a very

symmetry. Given the nature of the isomerization between simple scaling, as shown in the main part of Figure 6. Here we

reactant-like and ME product-like geometries. slow transition plot the CT cross sections for all reactant vibrational states
P 9 ’ versusEq, + 0.18,i. Except possibly right at threshold, the

rates are not unexpected. In this scenario, the almost negligible . .

- N : " cross sections for all reactant states are superimposable when
efficiency of the ME reaction is attributable to competition from lotted this wav. indicating that vibration has an enhancing effect
more facile pathways out of the reactant-like complexes (i.e., plotte Y 9 - get
HT and dissociation back to reactants) that is _only 18% of that from_ coII_|S|on energy. Although it is

i o surprising that the 18% scaling is constant over such a wide

For the_ ME reaction, the cross section is too small to allow range ofEco andEy, values, the CT mechanism proposed above
for meaningful measurement of the effects of the reactant js consistent with a scale factor that is considerably less than
vibrational energy on the cross section. unity. Adding energy in the form of reactant vibration reduces

Charge Transfer. The velocity distributions indicate that CT  the collisional to internal energy transfer required to drive CT,
is dominated by a direct mechanism at all collision energies, resulting in an enhancement. On the other hand, adding
with a strong dependence on the impact parameter. Note alsovibrational energy is less likely than an equivalent increase in
that thelEecoillEavaiJfraction (Table 2) is high for CT at all Eco to result in fast product recoil, so the enhancement from
energies. This behavior can be attributed to the fact that the vibration is smaller than might be expected.
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10 P ——— TTy—y products separate, the system negotiates a series of crossings

V.o TEw between vibronic surfaces correlating to HT and PT products.
O E,=45meV m <E,>=222meV The probability of remaining on the excited electronic surface
gl ¥ <Ep>=130meV O <Ewn>=4 (i-e., PT) will depend on the relative number of accessible

= vibronic surfaces associated with the two electronic states as

well as on factors relating to the intersurface coupling strengths
and crossing velocitie. The densities of vibrationalrotational
states associated with the two electronic states (at fixedltotal
and E = Eavai) should be a reasonable approximation to the
number of accessible vibronic surfaces. Because the HT product
charge state is substantially lower in energy, the density of states
associated with the HT channel is much greater than that
associated with PT products. When we also consider that the
recoil velocities are relatively slow (favoring adiabatic scatter-
ing) it is not surprising that no PT products are observed.

In this regard, the PFHT competition is much like the
competition between CT and “no reaction” discussed above.
0 . . T T T T T T T There, too, density of states and adiabaticity factors tend to

00 02 04 06 08 10 12 14 16 18 20 suppress the higher-energy charge state. We note that for all
the polyatomic ior-molecule reactions we have studied we see
CT only in cases where the endoergicity is less than 1
Figure 6. Charge-transfer cross sections plotted vs collision energy eV 1.15.161824,32-36 Eqr this system, the CT endoergicity is only

plus 18% of the reactant vibrational energy. Charge-transfer cross 0.28 eV, hence the substantial CT cross section, but the PT
section as a function of collision energy for six different levels of 1 energy difference is 1.1 eV.

reactant ion vibrational energy (inset).

Cross Section (A?)

02 03 04 05 06
E. (eV)

Egol + 0.18*Eyip (€V)
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