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Vibrational mode and collision energy effects on reaction
of H,CO™ with C ,D,
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We report the effects of collision energg () and five different HCO" vibrational modes on the
reaction of HCO" with C,D, over the center-of-magss,,, range from 0.1 to 2.1 eV. Properties of
various complexes and transition states were also examined computationally. Seven product
channels are observed. Charge tran$&F) has the largest cross section over the entire energy
range, substantially exceeding the hard sphere cross section at high energies. Competing with CT
are six channels involving transfer of one or more hydrogen atoms or protons and one involving
formation of propanal, followed by hydrogen elimination. Despite the existence of multiple deep
wells on the potential surface, all reactions go by direct mechanisms, except at the lowest collision
energies, where short-lived complexes appear to be important. Statistical complex decay appears
adequate to account for the product branching at low collision energies, however, even at the lowest
energies, the vibrational effects are counter to statistical expectations. The pattegy, ahd
vibrational mode effects provide insight into factors that control reaction and interchannel
competition. © 2004 American Institute of Physic§DOI: 10.1063/1.1822921

I. INTRODUCTION formation regarding collision time scale, scattering mecha-
nisms, degree of energy randomization, and exit channel
interactions. Quantum chemistry calculations were used to
find complexes and transition states on the reaction coordi-

A common feature of ion-molecule reactions is the exis-
tence of intermediate complexes that can mediate reactio

particularly at low collision energies where the complex life- nate, then Rice-Ramsperger-Kassel-MartRBKM) theory
time can be lond. Several types of complexes are pOSS'ble‘was; used to estimate the statistical behavior expected for the

Nearly all ion-molecule systems have reactantlike electro-system, for comparison with observation. Finally, direct dy-

static complexes. Such complexes can be important at IO\f’{amics and analytic potential classical trajectory calculations

collision energy, mediating reorigntation of reactants iNtoyare used to probe issues relating to energy transfer and
more stable complexes or reactive geometries. Hydrogergajectory deflection in long-range collisions.

bonded complexes allow hydrogen or proton transfer, an One interesting feature of the,B0" +C,D, system is

may mediate rearrangement into qther reactive geometrieq, ; ihere are three pairs of product channels differing only in
When one or both reactants contain unsaturated bonds, CQhhich fragment carries the charge. The first pair isC

valently bound complexes may mediate complicated reacy ~ n+ +

_ : _ . ,D, (charge transfer, QTvs H,CO" + C,D, (nonreac-
tions with multiple bonds broken and formed. ThQCHD_ __tive scattering, NRR The second pair is HCO+ C,D,H (hy-
+C,H, system has all three types of complexes,_ mediatin rogen transfer, HI vs HCO+ C,D,H* (proton transfer,
seven product channels. To unravel such complicated rea T). The third pair is chemically identical to the first, but
tion dynamics, a combination of detailed experiments an ith H/D exchange: HDCO+C,DsH vs HDéO

theo|_r|y is needed. brationall de-selective dift +C,D3H*. TheE,, and vibrational state dependence of the
ere we report a vibrationally mode-selective di eren'branching within and between the product pairs provides in-

tial scattering study. Integral cross sections and product Ves'ight into charge state coupling and decoupling during the
locity distributions were measured for reaction of mode-Course of collisions

selectively excited HCO™ with C,D, over a wide range of

collision energy E.,). TheE., and vibrational state depen-

dence of the cross sections gives information about inter!!- EXPERIMENTAL AND COMPUTATIONAL DETAILS
channel competition and insight into the effects of energy, The guided ion beam tandem mass spectrometer used in
angular momentum, and different types of nuclear motionthis study has been described previodsRalong with the
When vibrational effects are mode dependent, rather thagperation, calibration, and data analysis procedures. The
simple energy effects, the implication is that the critical pointH,CO precursor was generated from paraformalderiydie
along the reaction coordinate is early enough that the initialirich 95% mixed with anhydrous MgS©(Merck) at 60 oct
vibrational mode information has not been scrambled. ProdThe resulting HCO was carried into a pulsed molecular
uct recoil velocity distributions provide complementary in- peam valve using a flow of helium atl atm, giving a
H,CO concentration of-5%.” H,CO" can be generated in
dAuthor to whom correspondence should be addressed; Electronic maif€lected vibrational states by resonance-enhanced multipho-
anderson@chem.utah.edu ton ionization through théA,(3p,) Rydberg staté.For this

0021-9606/2004/121(23)/11746/14/$22.00 11746 © 2004 American Institute of Physics

Downloaded 07 Dec 2004 to 155.101.45.175. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp


http://dx.doi.org/10.1063/1.1822921

J. Chem. Phys., Vol. 121, No. 23, 15 December 2004 Reaction of H,CO™ with C,D, 11747

study, HCO" was generated in its ground state or with oneE,,) is less than 10%. The uncertainty in the absolute scale
quantum in the following vibrational modes, (CO stretch, of the cross section is also estimated to-b&0%, primarily
0.208 eV}, v; (CH, scissors, 0.143 eV v; (CH, out-of-  resulting from uncertainties in target pressure and collection
plane bend, 0.114 &Y v. (CH, asymmetric stretch, 0.337 efficiency for slow product ions.
eV), andvg (CH, rock, 0.101 eV. The ions were generated To map out the energetics of the reaction coordinates,
inside a short radio frequencyf) quadrupole ion guide electronic structure calculations were performed at the
which focused the ions through a pair of ion lenses into éB3LYP/6-311++G** level of theory, usingsAussIAN03™®
quadrupole mass filter. Mass-selected ions were collecteGeometries were optimized calculating the force constants at
and collimated by a lens set equipped with variable aperturegvery point. The vibrational frequencies and zero-point ener-
and a electrode pair used to time gate the ion pulse. Thgies were scaled by a factor of 0.9613 and 0.9804,
combination of controlled collection radius and time gatingrespectively! All transition stateTS) were verified to be
allows us to produce a mass-selected beam with narrow kfirst-order saddle points by frequency calculations. RRKM
netic energy spreadAE~0.1eV). calculations were done with the program of Zhu and Hase,
The mass-, vibrational state-, and kinetic energy-selectedsing its direct state count option, and frequencies and ener-
primary beam was injected into a system of eight-pole rf iongetics from the B3LYP/6-31&+G** calculations. Direct
guides’ In the first segment of the guide ions were passediynamics trajectories were calculated at the MP2/6231G
through a 10 cm long scattering cell, containingdg (Cam-  level of theory, using the updating Hessian trajectory integra-
bridge Isotope Lab, P98%) at 4.0< 10”5 Torr. Product ions  tor built into GaussiaNo3® with initial conditions generated
and unreacted primary ions were collected by the ion guidehy the VENUS program of Haseet all® Trajectories evaluat-
passed into a second, longer guide segment for time-of-flightg the role of the long-range potential on the range of im-
(TOF) analysis, then mass analyzed and counted. Integralact parameters leading to CT were integrated using a home-
cross sections were calculated from the ratio of reactant anthade classical trajectory program and analytic electrostatic
product ion intensities, and the calibrated target gas pressurpetentials. The ion-induced dipole potential was used for the
length product. TOF was used to measure the reactant iod,CO" + C,D, charge state, while for §CO+C,D; the
beam velocity distributiorfand thus theE, distribution) at  ion-dipole potential was used. In the latter case a potential
each nominaE, and also to measure the product ion axialcorresponding to the average dipole orientation was used for
velocity distributions discussed below. long range and the possibility for dipole orientation locking
For each reactant state we cycled through the series @ft some specified distance was also included.
E.o values several times in order to minimize systematic
error from drifting potentials, etc. As a check on reproduc-|||. RESULTS AND ANALYSIS
ibility, we measured the cross sections for the ground state .
both at the beginning and end of each complete experimenté' Integral cross sections
run. Finally, the entire set of experiments was repeated sev- The H,CO"+C,D, isotope combination was used to
eral times. Based on the reproducibility of the cross sectioiook for hydrogen scrambling during reactions. The follow-
measurements, we estimate that the relative de@., un- ing product channels are observed, where energeiis K)
certainty in comparing data for different vibrational states orare taken from Lias and co-workes!®

ion mass=29: HCO'+C,D,H (hydrogen transferHT), AH'=-0.42 eV, (D)
ion mass=31: HDCO'+C,D3H (H/D exchangeH Ex), AH'=0.0 eV; (29

C,D;H*+HDCO (rearrangement C¥FH_Ex), A,H°=-0.37 eV; (2b)
ion mass-32: GD, +H,CO (charge transferCT), A,H'=-0.37 eV, 3
ion mass-33: GCD4H"+HCO (proton transfe=PT), A,H°=-0.49 eV; (4)
ion mass=34:. GD4H, +CO (H, transfe=HPT, A,H°'=-0.78 eV, (5)
jon mass=61: CD,HCD,CO"+H (H eliminatior=HE), A,/H°=—1.91 eV. (6)

|
Note that the “H/D exchange” and “rearrangement CT” The integral cross sections for reaction of ground state

channels are just the two charge states of the (HDCQH,CO* with C,D, are shown in Fig. 1 over the center-of-
+C,D3H)* product pair, and coincidently also have the mass(c.m) E., range from 0.1 to 2.1 eV. Also shown are the
same product ion mass. Because they cannot be distirxperimental total cross sectiomrf,=sum of individual
guished, we will refer to the sum of these two channels asross sectionand an estimate of the collision cross section
H_Ex. (oconision): taken as greater of the capture cross section
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100 == ="t} CT efficiency E ocr/ocision) iNCreases from 50% at low
] T collision; E.o t0 230% at highe . The fact thatr1 exceedsrqgjiision

for E.o=0.5eV, indicates that CT can take place at large
interreactant separations. As a consequengg, exceeds
O coliision €Xcept at the lowest collision energy.

The PT cross section declines wiih,; however the PT
efficiency (= opt/ o cglision) iNCreases from 15%—-20% at low
E.o t0 a E;yrindependent 27% at higk.,. For the HT
channel, both the cross section and reaction efficiency in-

-
o
uul

Cross Section / A2
)

e —— crease withE.,, with efficiency approaching 22% at the
0.0 0.5 1.0 15 20 highestE,,. Note that the HT signal (HCO may have a
Collision Energy / eV contribution from collision-induced dissociatiofCID) of
H,CO", however, several pieces of evidence suggest that the
FIG. 1. Cross sections for the reaction of ground staf€®" with C,D,. CID contribution is negligiblésee below. The HPT channel

Also shown are the total reaction cross section and the estimated collisio

cross section. 15 strongly suppressed H,, at low energies and becomes

energy-independerit-1%) at high energies. The cross sec-

tions for HEx and HE haveE ., dependence different from

the above channels. Both are strongly suppressedt y
(0caprd @nd the hard sphere cross sectiomfgspher-  declining to near-zero cross sectigefficiency <0.3% at
ThardspheraVas calculated from the orientation-averaged conEcq above 1.0 eV.
tact radius of HCO* and GD,, assuming covalent radii for An issue for this system is that the@, , C,D,H*, and
each atom, and exceeds g efor Eco™>~1.5€V. C,D,H; products have low velocities in the lab frarfeee

The dominant channel at all collision energies is CT. Thebelow), and are likely to undergo secondary reactions with

CT channel is suppressed by collision energy at By, the GD, in the scattering cell. Significant signal is seen for
approaches a minimum &,=0.4eV, and then rebounds, masses corresponding to the following secondary
eventually becoming energy-independent at higl. The  reactions:*~16

C,D,; +C,D,—~C3Ds +CD;  (secondary reaction of the CT product A, H°=—0.14 eV; (7)

C,D,H* +C,D,—C3D,H* +CD, or—C3Ds +CD;H  (secondary reaction of the PT product)A,H'=—0.72 eV;
(8

C,D4H; +C,D,—C,D; +C,D,H, (secondary reaction of the HPT product A,H°=—1.01 eV. (9)

The integral cross sections reported in Fig. 1 were correctelde significant, given that the cross section for single H/D
for these secondary reactions by taking measurements at seaxchangeH_Ex) is small. Multiple H/D exchange could also
eral GD, pressures ranging from 10104 to 4.0 conceivably generatd,- andd;-H,COH" contributions to
X 10 ®Torr, then extrapolating to zero,D, pressure. In the PT and HPT signals, respectively. Again, multiple H/D
addition, the cross sections have been corrected for contrib@xchange appears unlikely to be efficient enough for such
tions from the isotopic €D, contaminants:3CD,CD, and contributiops to be significant, particularly for the large PT
C,D3H, both having~2% concentration in the D,. cross section.

There are also a number of mass overlaps that poten-
tially complicate assignment of some product ion masses to
particular reactions. The CT product mass,D¢) could B. Computational results
have contributions from HCOD" (hydrogen abstraction,

. :
HA) and from BCO" (double H/D exchangeHA is endo- 1,64 in Fig. 2 and Table I. Energetics are reported for all

ergic by 0.22 eV, thus could only contribute & | gpecies to allow comparison with the literature, however,
>0.22eV. Even at high energies, however, competition Withpe calculated energy differences for the appropriate deuter-
facile exoergic channelCT,PT,HT) makes it quite unlikely  ated species are generally small and alway®&1 eV, i.e.,
that this endoergic channel could account for more than &jithin the computational uncertainty. The B3LYP results are
few percent of the huge CT cross section. Furthermore, exn reasonable agreement with experiment, the exception be-
perience suggests'® that HA should give strongly forward- ing that the HE reaction is calculated to be less exoergic by
peaked product ions at high,, whereas the CT product 0.57 eV. In Fig. 2, the energetics for products are experimen-
ions are strongly backward peaked, as expetied below.  tal, and those for complexes and TSs are experimental,
Double H/D exchange is certainly possible, but unlikely towhere available, and B3LYP/6-331HG** otherwise.

The computational results for 80" + C,H, are sum-
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CoHEHE FIG. 2. Schematic reaction coordinate
for H,CO" +C,D,. Energies are de-
rived from a combination of experi-

l; 3 J/I ? 2 L e mental and B3LYP/6-314+G** val-
. @ }_ﬁ ‘—Q ) ues, the latter including zero-point
> M ? &9 H LD oy 4 9 energies.
H,CO*
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Four weakly bound complexe$A—D) and one co- statically bonded to one of the carbon atoms in ethene with a

valently bound complex (845CHO") were found. We at- H,CO-CH,CH, distance of 1.96 A. Natural population
tempted to locate transition stat@&Ss connecting the com-  analysis(NBO) (Ref. 22 indicates that in complex A the
plexes to each other and to reactants and products, and thosiearge is 72% transferred to the ethene moiety, thus this
found are indicated in Fig. 2. We were not able to locate thQ;omp|eX is productlike from the perspective of CT. Complex
TS governing interconversion between complexes A and Bg phas HCO" hydrogen bondecbta C atom in ethene with a
Several other covalently bound ;0" isomers (e.9., H_c distance of 1.83 A, and here, the charge is roughly
[CH;COCH;]™,  [CH;CHCHOH]™,  [CH,CH,CHOH]", equally distributed between the,80 and GH, moieties.

+ + ;
E:grﬂi)itHaioHﬁgl:;] b’y SZiragHﬁaii%ggﬂ a)n dwlg‘rjjiﬂswgfd Because no rearrangement is required to form these reactant-
.9 ! ~ . like complexes, it is unlikely that there would be activation
choux, Luna, and Tortajadd,and Hudson, McAdoo, and : piexes, 11 1S uniikely wou vatl

1 . . . . barriers to their formation, and the large cross section ob-
Traeger! These species are not included in the reaction path
outlined in Fig. 2 because their formation involves eithers'erved for CT suggests that the c_:harge transfer needed to
activation barriers inconsistent with the experimental energf;orm complex A should also be facile. i
dependence or complicated rearrangements that are inconsjs- Complexes C and D are productiike, formed by
tent with the very short reaction time scale observed her@ydrogen-bond and electrostatic interactions, respectively.
(see below If these additional complexes were included, Complex C has appropriate geometry to dissociate to HT, PT,
they would probably contribute only to the minor HE chan-and HPT products by single bond sclssion, whereas complex
nel. To participate in any of the major channels, complicated® connects directly only to HT and PT products. The co-
rearrangements would be required in both the entrance an¢lently bound GHsCHO" complex is the most stable of the
exit channels. five complexes, and is the obvious complex to mediate the H
Complexes A and B can be characterized as reactantlikeglimination (HE) channel. This complex can also lose HCO,
but are bound by 1.4-1.6 eV. Complex A hagd® electro- HCO", or CO generating PT, HT, or HPT products, how-
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TABLE |. Experimental and calculated H° (eV) relative to reactants v HY,
(H,CO™+ CoH). :IJT—z 10eV M
o L g.a
A H® (298 K) ) ' j (T T
Reaction energetics B3LYP/6-311+ +G** 2 Experimental E,=152¢
9 P -ﬂhql:!"“\“f ——L aan s
—H,COH" + C,H5 0.22 0.28 '
—HCO" +C,Hs -0.23 —-0.42 AJ"-* ™ E_=0.98eV
| !
—C,H; +H,CO —-0.54 -0.37 T T i y T
—C,HZ +HCO -0.52 -0.49 _
—.CHi+CO ~0.86 ~0.78 el ' Eq =074 6V
—C,HsCO" +H -1.34 -1.91 i
Complex A ~1.59 - / , E_ <0496V
Complex B -1.35 . — PAnsss r
Complex C -1.47 !
Complex D -1.28 : E, =0.41eV
C,HsCHO* -2.19 —2.29 7 T -u- -y
TS(B-O) ~1.05 /
TS(B-D) -1.19 ! ___E,=029ev
T T r
|
1

—-1.15 Ia T
~12 // E,,=021eV
'i : :

&ero point energy calculated at B3LYP/6-313G** was scaled by
0.9804.
PExperimental values af,H° (298 K) are taken from Refs. 14, 15, and 39.

E,, =0.09 eV

?

0 1000 2000 3000 4000 5000 6000
Lab Frame Axial Velocity (m/s)

ever, both energetics and transition state tightness suggest

that HE will dominate its decay' FIG. 3. Axial recoil velocity distributions for the HT channel. Solid sym-
Figure 2 shows reaction paths suggested by the calculawols: experimental. Solid line: simulation based on the osculating complex

tions. The CT channel is dynamically simple in that no rear-model. Heavy vertical line{V. ). Dashed line: spectator stripping limit

rangement is needed and there are no barriers along the fgoduct velocity.

action coordinate. Observation of a CT cross section in

EXCeSS Ofooiision At higher collision energies indicates that ., yes contributions from both simple H/D exchange and

CT must be possible at large interreactant separations, witP]_-UD exchange accompanying CT. Finally, the minimum en-

out any strong dependence on reactant orientations. CT maéfgy pathway to HE products suggested by the cal-

be complex mediated at low collision energy, but Complexculations is reactants complex B—TS(B—C)— complex C

formation is certainly not required. The lowest energy routes TS(C—C.H-CHO" C.H.CHO" — TS(C.H.CHO" —
found to HT and PT products are reactanrtomplex — TSIC-CHs ) = CoHs — TS(CHs

HE)— C,H:CO" + H. Even though HE is the most energeti-
B—TS(B-C)[or TSB-D)]—complex Cor complex )~ CoHs 9 9

cally favorable channel, it accounts for less than 2% g,
D]—HT and/or PT products. In decay of complexes C and y 6k

D, branching between RRCO+C,H:) and HTHCO*® even at our loweskc.
+C,Hs) will depend on both the energetics of the product
charge states and also on the nature of how the charge stat%‘s
decouple as the products separate. Assuming that the charge TOF data were collected for product ions at a series of
state electronic coupling is strong, the branching, in absencE., values and for each vibrational state. Velocity distribu-
of dynamical effects, should just be determined by the numtions for the HE channel were not analyzed because the
ber of accessible vibronic levels belonging to the two elecheavy ion-light neutral kinematics are poor for extracting
tronic state$® useful information. The lab frame,,, distributions for HT,
The only low energy route found to HPT products is H_ Ex, CT, PT, HPT product ions are given in Figs. 3-7,
reactants-complex B—-TS(B—C)—complex C-HPT. We  respectively. Also shown as solid vertical lines in each figure
also computed a pathway for theEk channel, i.e., for H/D are the velocities of the c.m. frame with respect to the lab
exchange between 80" and GD,. Both complexes C frame, (V. ), averaged over distributions of reactant ion
and D are good candidates for mediating the actual H/D exand target velocities. For comparison, the velociti®g)(
change event, which in this case requires only rotation of thexpected from the spectator-stripping mechaffsane indi-
methyl (i.e., CD,H) group. To generate IEx products, the cated with dashed vertical lines in Figs. 3 and 6.
exchanged D atom must be transferred back to the HCO Axial velocity (vayia) distributions are simply the pro-
moiety. The HEx path is thus reactantscomplex jection of the full velocity distributions on the ion guide axis.
B—complex C or D~complex B—H_Ex products. Com- Because our experiment is axially symmetric, the lab frame
plexes B and B differ only in H/D exchange of the atoms v, distributions can be approximately converted to the
labeled 1 and 3. When complex Bissociates, it can gener- c.m. frame simply by subtracting/. ,). The raw lab-frame
ate either HDCO + C,D3H or HDCO+C,DzH™ products, v,y distributions, thus, provide useful dynamical insight.
depending on which fragment gets the charge. In either cas&pr example, if reaction is mediated by a complex with life-
the ionic product is mass 31, thus theB:# cross section time (7.yision) greater than its rotational perioa §taiion , the

Recoll velocity distributions
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/ v . |H Ex : Vew E
o™ E_,=076eV Vss E,, =2.06eV
’/\
/{T\ E., =0.50 eV . bae, Eam 1508V
://"‘\
/Tk E,, =0.30 &V | e, E,=097eV
v
m E,=022eV : \"‘\.\_‘ E, =0.70eV
: /"'\.
. E,=010eV : \.\'\'\__ E,,=052eV
0 1000 2000 3000 4000 5000 ! /'A \
Lab Frame Axial Velocity (m/s) E , S Tt
FIG. 4. Axial recoil velocity distributions for the IEx channel. Solid sym- :/1\- E =031eV
bols: experimental. Solid line: simulation based on the osculating complex | r ; r =
model. Heavy vertical line{V ). ?ﬂ\‘
! o E,, =0.19eV
Ve ' - i
resultingu iy distribution must be symmetric abo(\¥ ,,). ] \\N_u - E, =0.10eV

Conversely, an asymmetric,,;, distribution is a clear sign
that reaction is directi.e., not complex mediatedand also
reveals the dominant scattering mechanise, forward vs Lab Frame Axial Velocity (m/s)

.baCkward .Scatte”ng Fma.”y’ some mSIth |r_1to the par_tltlon- FIG. 6. Axial recoil velocity distributions for the PT channel. Solid sym-
ing of ava|labl_e encrgy into product I’eCOI_| can be ImcerIjedbolsz experimental. Solid line: simulation based on the osculating complex
from theuv 4y distribution. There are a few limitations of thiS model. Heavy vertical line(V, ). Dashed line: spectator stripping limit
technique as implemented here. Product ions that areroduct velocity.

strongly backscattered in the c.m. frame may have negative

laboratory velocities. To collect such ions, the ion lens at the

ion guide entrance is biased positive relative to the guide.fecteq jons appear at long flight times, corresponding to
potential, reflecting these ions back toward the detector. Thﬁ)w but positive lab velocities. In addition, the slowest ions
are most likely to undergo secondary reactions and to have
their velocities distorted by small inhomogeneities in the sur-

1000 2000 3000 4000 5000

o

Vew |C_T face potentials on the ion guides. Finally, these distortions in
E, =2.09eV the low velocity portion of the .,y distributions are exac-
erbated by the singular TOF-to-velocity Jacobian. The prob-
/r\x._._ E, =151eV lem appears to be significant for the CT, PT, and HPT chan-
" nels, as they produce the slowest product ions. In fitting the

;

velocity distributions, data points at velocities below 450

*l—-ﬁ____‘Ee_ol =1.00 eV

}

", E,=073eV
F S I
E, =049 eV .‘\."*L._L E_=073eV
/\-\. . _—— ‘col i /._..\. T T 'R!—l-rl--l-—l--n-
|
.\‘\\___ Eoy=0.40 eV \N\\-_L- E_,= 0506V
/j\‘ E, =0.28eV \4‘ E,, =0.31eV
\- E, =0.20eV E, =022eV
/T\A E,, =0.08 eV 7?\-\-“ . Esol =0.10eV
0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
Lab Frame Axial Velocity (m/s) Lab Frame Axial Velocity (m/s)

FIG. 5. Axial recoil velocity distributions for the CT channel. Solid sym- FIG. 7. Axial recoil velocity distributions for the HPT channel. Solid sym-
bols: experimental. Solid line: simulation based on the osculating complexbols: experimental. Solid line: simulation based on the osculating complex

model. Heavy vertical line{V ). model. Heavy vertical ling{V. ).

Downloaded 07 Dec 2004 to 155.101.45.175. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



11752  J. Chem. Phys., Vol. 121, No. 23, 15 December 2004 Liu, Van Devener, and Anderson

m/s, where the distortions are most problematic, are giveperimental broadening resulting from the angular and veloc-

zero weight. ity distributions of both reactants. Our fitting program and
At high E., the v 4,y distributions for all channeléex-  procedures have been described previofistythe osculat-
cept HEXx) are strongly asymmetric with respect {d. ), ing complex model, a short-lived collision complex is as-

indicating direct reaction mechanisms. The distributions forsumed to form, with rotational angular momentyamd pe-
HT are peaked well forward offaster tham (V. ), while  riod, 7,500 determined by the orbital angular momentum
the distributions for CT, PT, and HPT are backward peakeaf the collision. The collision complex is assumed to decay
(i.e., slower thanV.,)). Note that “forward” and “back-  to products with a lifetimercompex and recoil energy distri-
ward” are defined as produainswith axial velocities faster bution, P(E,ecoi) - Here P(E ecoi) IS assumed to be a Gauss-
or slower, respectively, thafV. ). With this definition, the ian distribution parametrized in terms of the available energy
sense of forward and backward are opposite for channel&E,,,;) in each product channel. A parameter is also included
where the charge is transferréBT,CT,HPT compared to to allow the peak value and width & (E, ... to decay as
those where it is notHT). In this system, all major channels the complex rotates, to model the expected redistribution of
at high E., are dominated by stripping type mechanisms,energy over the course of the complex lifetime. The most
i.e., by collisions at large impact parameters leading to transimportant aspect of the fits, the degree of forward-backward
fer of 7, H, H™, or H; , without major deflection of the symmetry, depends only on the ratig,ision/ Trotation- 10 PUt
collision partners. In addition, the presence of tails in ther.gision ON an absolute basis,qaiion CaN be estimated from
U axia distributions well into the backwar(HT) or forward  the moment of interia and angular momentum of the com-
(CT, PT, and HPT directions suggests that small impact pa-plex, the latter estimated from the magnitude of the cross
rameter collisions also contribute to all the major channelssection and,. Assuming a complex like A in Fig. 2, form-
leading to rebounding product ions. It is not surprising thating with cross section at the collision limit;yation drops
stripping-type dynamics are dominant for the majorsmoothly from~0.9 ps atE.,=0.1eV to 0.35 ps aE,,
channels—the large cross sections imply that these reactions2.1eV. The solid curves shown in Figs. 3—-7 are the fits,
must be possible in larger impact parameter collisions. Foand the numerical results are summarized in Table Il. For the
HPT, on the other hand, the small cross sectiorH Ex and HPT channels, simulations were only done for
(~0.010argsphere @t Eco™>1€V) is consistent with two E.,<0.75€V because at high&,, the ion intensities are
limiting-case mechanisms. It could be that HPT occurs onlytoo low for meaningfub 5, measurements.
in small b collisions, or alternatively, that a broad range of With the exception of the HEx channel,7.yjision drops
impact parameters contribute, but with very low efficiency.rapidly with increasinge ., reflecting the increasingly asym-
The strongly backward peaked,, distributions show that metric v, distributions. As an indication of the collision
the latter interpretation is closer to reality. time that might be expected in the limit of a direct mecha-
As E is reduced, the peak of thg,, distributions for  nism, Table Il also givesy,.,, taken as the time required for
all product channels shifts towakd/. ,,), such that by the reactants to move a relative distance of 5 A. For the HT
lowest E, the distributions appear forward-backward sym-channel,rqsion IS comparable ta,.p,, at all collision ener-
metric with respect tqV, ). At the same time, however, gies. For CT, PT, and HPTzision €XCEEASTYY 1y, at low
(V.m) decreases to only 480 m/s at the lowEstg—only  E.,, but becomes comparable By,~0.5eV. Clearly, any
slightly greater than the-450 m/s velocity below which we complexes that form are short lived. The only exception is
feel that our velocity measurements are unreliable. Becaude Ex, where the collision time remains lorfge., 7oision
we have essentially no information about the slow half of the> 7,400 OVer the entire energy range where this channel is
v axial distributions at lowE ., the fact that all product chan- observed. It should be noted that in the osculating complex
nels can be fit assuming forward-backward symmetry is inmodel, the degree of forward-backward symmetry is as-
consequential. What is clear, however, is that the distribusumed to result entirely from rotation of a collision complex.
tions for all channels except Hx become asymmetric as At high E., where 7.yision iS Negligible, the shape of the
collision energy is raised. The shape of the distributions i 4 distributions are probably more sensitive to the distri-
consistent with a complex-mediate mechanism at Ky, bution of impact parameters contributing to each product
becoming increasingly direct with increasikg, as the col- channel, as discussed above.
lision time becomes shorter. Table Il also includes estimates of the average energy
The exception is the HEx channel, where the,, dis-  partitioned into recoil E ...y extracted from the fits. For
tributions remain forward-backward symmetric over the en-CT, PT, and HPT, th€E,..) values extracted should be
tire E.y range whereoy g, is large enough to allow ., lower limits on the true values, because ions with low lab
measurements. This behavior suggests that tiiexldhannel  velocities (i.e., high c.m. velocitiesare excluded from the
requires mediation by a long-lived complex. AS, is  fits. The tables give botkE .. and the fraction ofE 4
raised, rather than switching to a direct mechanism, tliexH going into recoil (E,ecoip/{Eavaiy)- FOr all channels except
channel simply disappears. the HEX, both (E ecoip and (Eecon/{Eavaip increase with
The velocity distributions for all channels were fit using increasinge,, consistent with faster collisions not allowing
the osculating complex mod&l,appropriate for a mecha- energy initially in translation to be converted to internal en-
nism that transitions between complex mediate and direatrgy. For HEX, the(E ecoi/(Eavai) ratio decreases with in-
with E,. Fitting allows us to extract somewhat more quan-creasingE.,, as expected for a complex-mediated mecha-
titative insight from the distributions, by accounting for ex- nism. In a long-lived complex, the available energy is
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TABLE II. Product ion velocity distribution fit results for }£0" +C,D,,. 11 — 1.3
64
Ecol <Eavail>a <Erecoil> <Erecoil>/ b ™ 104
(eV) (eV) (eV) <Eavail> (%) Teollision (pS) Tily-by (F’S) ‘\% 09 4
HCO' (HT) Z
009 058 0.17 29 0.79 0.47 0.8 1
0.21 0.69 0.16 23 0.32 0.31 07
0.29 0.77 0.20 26 0.22 0.26 '
0.41 0.89 0.25 28 0.22 0.22 1.3
0.49 0.97 0.30 31 0.19 0.20 -
074 122 0.47 38 0.15 0.17 C
0.98 1.47 0.61 41 0.13 0.14 =11
152  2.00 0.97 49 <0.10 0.12 %
210 258 1.48 57 <0.10 0.10 101 0.4
»o H_EX 1P
HDCO" (H_Ex) 1a ' ' ' w0 ' ' '
0.10 0.16 0.07 44 2.36 0.45 “T——E,=0.1-03 eV :
0.22 0.28 0.09 32 1.94 0.30 12{—— E=05-0.75eV 08 4
0.30 0.36 0.10 28 1.78 0.26 ) —o— E=10-21 eV '
050 056 0.11 20 1.54 0.20 £ 06 |
0.76 0.82 0.18 22 0.70 0.16 1o g __ '
CZDI(CT) 0.9 04 'HE
0.08 0.50 0.09 18 1.64 0.50 HT| - - - - - -
0.20 0.62 0.12 19 0.90 0.32 0.0 0.1 02 03 0.0 0.1 0.2 0.3
0.28 0.70 0.15 21 0.45 0.27 Vibrational Energy / eV Vibrational Energy / eV
0.40 0.81 0.17 21 0.28 0.22 I — .
0.49 0.90 0.20 29 0.20 0.20 FIG. 8. Vibrational enhancement/inhibition factorskg, , for differentE.
0'73 1'13 0'40 35 0'12 0'17 ranges, for the reactions of,B0" + C,D,.
1.00 1.40 0.61 44 <0.10 0.14
1.51 1.92 1.05 55 <0.10 0.12
2.09 2.49 1.60 64 <0.10 0.10 Figure 8 shows the dependence of all product channels on
C,DH* (PT) vibrational state. The effects are given as ratios of cross sec-
0.10 0.65 0.07 11 236 0.45 tions for reaction of a particular state(»") to the cross
0.19 0.75 0.08 11 1.29 0.33 section for reaction of the ground statégs plotted against
031 086 0.15 17 0.60 0.25 E.i,. EachE,;, value corresponds to one of the six states
039 094 0.16 17 0.55 023 studied, as indicated by labels in the top frame of the figure.
0.52 1.06 0.25 24 0.32 0.20 . . . .
070 126 032 o5 022 017 To reduce statistical uncertainty in the ratios, data for the
0.97 153 0.48 31 0.13 0.14 indicated ranges oE., have been averaged. The error bars
1.50 2.05 0.89 43 <0.10 0.12 were estimated by variations between multiple data sets.
2.06 261 1.28 49 <0.10 0.10 Clearly, the effects of KCO" vibration are mode specific,
C,D.H; (HPT) different for different channels, and dependentEy,.
0.10 0.95 0.19 20 2.36 0.45
0.22 1.06 0.21 20 1.50 0.30
031 114 0.24 21 0.65 0.25 IV. DISCUSSION
8'?2 12‘71 8'% gg g'ii g'ig A. Reactions at high collision energies

The significant product channels at higl, are CT, PT,
¥-) denotes mean value. S T
brﬂy_by defined as time for undeflected reactants to travel a relative distanctrr’ and HPT, an(_j the)aXial d!str|but|ons_ indicate that all
of 5.0 A. channels are dominated by direct reaction mechanisms. The
H_Ex and HE channels, which both intuition ang,, dis-
distributed among the energetically accessible degrees dfibutions suggest to be complex mediated, are negligible for
freedom, and ag, increases the high frequency vibrational Eco™>1 €V.
modes become more accessible. The most obvious feature of the data at higly, is that
Velocity distributions were also measured for reaction ofthe CT cross section is230% of the collision cross section
vibrationally excited HCO". These are not shown, as they (taken asopagspherdor Eco™>1.5€V). Such a largecr im-
are qualitatively quite similar to those for ground state reacplies that CT must be efficient for impact parametéss
tants. The similarity reflects the fact th&,..,; depends larger thanRyagsphee~2.9A). The maximum impact pa-
mostly onE,,; and on the collisional energy transfer dy- rameter where CT can occWgica, Can be estimated from
namics. For exoergic stripping-type reactions neither is afthe usual relation
fected much by small amounts of vibrational energy. w0
D. Vibrational effects 7ol wao P(b)bdb, 10
While vibration has little effect on product recoil, there where the opacity functioR(b) describes the reaction prob-
are substantial effects on reactivity and product branchingability as a function ofb. We useoyy,, rather thanocr,
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because CT occurs at long range, even in collisions that ukharge transfer trajectories for,80"+C,D, however,
timately lead to other product channétee below. P(b) is  electronic structure methods suitable for use in trajectory
a (presumably smoojhfunction going to zero at largé,  studies are not applicable to nonadiabatic systems. To ap-
when the collisional interaction becomes too weak to couplgyroximate the effects that might occur in the@0O+ C,D;;

the H,CO" +C,D4 and GD, +H,CO charge states. If we charge state, we integrated trajectories fiCB+N,H; .
approximateP(b) as a step function equal to 1.0 fér  This system is geometrically and kinematically nearly iden-
<Dbyriticas aNd O otherwise, thedtya= mbZicar AthighEcy,  tical to H,CO+C,D; , but the ionization energy difference
ooa= 96 A%, therefore, by iica~5.5A. Also of interest is (2.7 eV) is large enough that nonadiabatic effects can safely
Rcr—the maximum range where CT is probable. Under thepe ignored for the large impact parameter collisions of inter-
assumption thaP(b) has a sharp cutoff diiica;, We can  est. Depending on the initial orientation of the reactants, we
estimateRcr by simply calculating how much a trajectory at find between 0.6 and 0.8 eV & — E oi0n CONVersion in the
beriical IS deflected by the attractive long-range potential.trajectories, mostly appearing as tumbling motion @,
From a classical trajectory calculated fbr=bgiica, Eco  as expected. This calculated rotational excitation is in rea-
=2.1eV, and the appropriate ion-induced dipole potentialsonable agreement with the observed 0.8 eV inelasticity, sug-
we find that the inward deflection is onty0.05 A, i.e.,Rcr gesting thafl — E,4aii0n CONVErsion is responsible.

is ~5.45 A corresponding 10~ 1.9Rnarsphere BECAUSE aN There are at least a couple of counterexamples indicating
approximateP(b) was used in these estimates, they are onlythat T— E 40, CONversion can be inefficient in long-range
effective values obijca andRer. collisions, even when one reactant has a large dipole mo-

Several factors are generally considered to be importanhent. Glenewinkel-Meyer and Ottingéstudied chemilumi-
in determining the efficiency of long-range €TLong range  nescence following CT of several atomic ions with HCI and
electron transfer is essentially an electronic transitionfound little rotational excitation. Similarly, Dresslet al?®
wherein the orbitals involved happen to be on different mol-jooked at luminescence produced in charge transfer of sev-
ecules. Therefore, CT probability should reflect the Franckeral atomic ions with KO, and found HO* to be rotation-
Condon factors connecting the initial state with accessibleyly cold. There are several differences between thegg H
final states. This aspect of the mechanism is elaborated bgnd HCI systems and our,B8O" + C,D, and ND; systems
low, in the context of vibrational effects on CT. The secondthat account for the very differefft— E,qg1ion behavior. Most
factor is that long-range CT should be most efficient forimportant is that the product states in theGHand HCI ex-
product states that are near resonant with the reactant stajgeriments correspond to a molecular ion-atomic neutral, i.e.,
This requirement stems from the weakness of intermoleculahere is no ion-dipole potential to generate torque. In addi-
forces at large separations. For exampleRat the ion-  tion, the CT reactions are exoergic such that charge state
induced dipole potential for }€O*-C,D, has a value of mixing should be dominated by the product state. Therefore,
only ~—0.033 eV—less than 2% d. If the potential is  if the charge state mixing occurs at long range, as suggested
too weak to allow significant translational internal energypy the large CT cross sections/rate constants, liffle
interconversion, then the CT exoergicity must be accommo--E, ..., conversion is expected, in agreement with the ob-
dated as product internal energy. servations. In the WCO"+C,D, and ND, systems, the

If (T—Einera) interconversion were truly weak, then product charge states have polar neutrals, so that torque is
the product ion velocity would be close to that of the neutralhigh through most of the collision trajectory, resulting in
reactant—in this case correspondinguigi,~0 in the lab  large T— E gy gi0n CONVErsion.
frame. Figure 5 shows that for higf.,, thev uq distribu- Another factor that may affect — E,yaii0n CONVeErsion
tions peak at low velocities, however, the peak is near 50@fficiency is the relative time scales associated with rota-
m/s in the lab frame. Taking.,=2.1eV, for example, 500 tional and translational motion. In our systems, the tumbling
m/s corresponds t&..i~1.3€eV, i.e., the most probable rotations driven by ion-dipole torque involve heavy atom
T— Eintemal cONversion is~0.8 eV of the initial 2.1 eVE,. motion, and thus have relatively large moments of inertia—
Given the weakness of the potential at long range, such effabout ten times larger than the moments of inertia for tum-
cient T—E;yema CONVersion is surprising. We observed abling rotation of HCI or HO. Because all these systems
similar degree of T—E;ema CONversion in a previous have relatively large reduced masses associated with colli-
study'® of long-range CT in collisions of JCO" with NDs, sional motion, the implication is that the rotation-translation
but in that case substanti@l— E,qaiion CONvVersion could be time scale is better matched in our systems than in the HCI
attributed to the angle-dependent ion-dipole potential that apand H,O systems. It is not clear how this mass scaling might
plies to both reactant and product charge states. In thaffect T— E,q.ii0n CONVeErsion over the ranges Bf,, studied
present system, the,0, reactant is nonpolar, and one would in the various experiments, and it would be interesting to
expect the ion-quadrupole interaction to be insufficient toexamine this issue with a series of trajectory studies.
cause substantidl— E, 40, cONversion. We believe that the In light of this discussion, we restate the rule regarding
explanation is that CT occurs at long range during reactanivhich states are accessible in long-range CT. For long-range
approach, such that a substantial fraction of the trajectorCT where the neutral product is poldF— Egtaiion CONVer-
occurs in the gD, +H,CO charge state, where the neutral is sion can be efficient, bUE— E, iy asion iS NOt. Therefore, effi-
polar. To test this idea, we ran a few direct dynamics trajeccient CT at long range requires that there be product vibra-
tories atb=4.0-5.0 A andE,=2.1 eV, with forces calcu- tional states that are near resonant with the reactant
lated at the MP2/6-31Glevel. Ideally, we would calculate vibrational state and with substantial Franck-Condon factors.
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Both the large ground state CT cross section and the vibraFigs. 3 and § which tends to result in more adiabatic be-
tional state dependence will be explained on this basis belovhavior, i.e., increased production of the lower energy PT
Before going on to the other high,, product channels, we products. The vibrational effects on PT/HT branching will be
should emphasize that thg,;, results(Fig. 5 indicate that discussed below.
CT takes place for collisions at a wide range of impact pa- An issue relevant to the PT/HT branching is the contri-
rameters. The strong backward peak results from long-rangeution of CID to the apparent HT product signal fig
CT, but the tail extending well into the forward direction above the 1.09 eV dissociation energy ofGD". Several
indicates that CT also occurs in loly repulsive collisions, observations suggest that this contribution is small. We have
where the product ion rebounds forward. studied CID of HCO" in collisions with Ne and X&,and

At high E,, the HT, PT, and HPT reactions are also the cross sections at 2.1 eV are, respectivel§,3 and 1.4
direct and dominated by collisions at large impact paramA? for Ne and Xe, the latter being non-negligible compared
eters, as shown by the strongly forwaffdr HT) or back- to oyr. On the other hand, in collisions with GDRef. 17
ward (for PT and HPT peaked velocity distributions. Also or OCS(Ref. 29 where, as in the present system, CID com-
like CT, tails in thev 4y distributions indicate that HT, PT, petes with facile atom transfer channels, no CID signal is
and HPT occur at smaller impact parameters as well, leadingbserved in the energy range of interest here. We also note
to rebounding products. Unlike CT, however, these reactionthat HCO™  produced by CID is predominantly
involve atom transfer and presumably cannot occur at sepdackscattered whereas in the present system there is little
rations significantly larger thamRyaqsphee~2.9A). Thus, backscattered signal at hidk, (Fig. 3. We conclude that
while all channels at higk ., are dominated by large impact CID accounts for a negligible fraction of the HT signal in
parameter collisions, HT, PT, and HPT are only able to comthis experiment.
pete with CT forb<Ryagsphere FOT this range ob, however, _ o _
the atom transfer reactions are quite efficient. TheB. Reactions at low collision energies

Oreactior! U caliision ratios for HT, PT, and HPT at high,, are As the collision energy is reduced,r decreases to a
22%, 27%, and 1%, respectively, i.e., these reactions tOshallow minimum near 0.4 eV, then increases slowly at low
gether account for 50% of the collisions B Rharasphere  E,,. The increase is considerably slower than the increase in
This 50% efficiency is roughly independent Bf, and the .. and in the cross sections for competing channels,
vibrational effects, while mode-specific, are only in the fewhowever, so that both CT efficiency and branching fraction
percent range. decrease substantially at Id&,;. The main dynamical fac-
We propose that collision geometry is the main factorior driving these effects is the increasing importance of the
Controlling the branching between CT and the three atOl'T]long_range attractive poten[ia| with decreasml, Speciﬁ_
transfer channels. Fd®paqsphers~ P <Deriticai, CT is the only  cally, the increase in the maximum impact parameter leading
possible reaction, and it occurs high efficiency. Hor tg capture,beaprre At Iow energiesbqpure bECOMeES larger
<Rhardsphere CT a@nd the atom transfer reactions are in com-thanbygca, thus bothocr and e, become limited by cap-
petition, and the branching is most likely determined by theture rather than by the range at which long range CT can
geometric requirement that atom transfer can only happen igccur. AsE,,, is lowered, competition also becomes more
collisions where one or moreJ80" H atoms interact with  important. At highE,,, where largeb collisions are almost
one or more carbon center o[, . Given the geometries of undeflected by the weak long-range potential, we have seen
the reactants, the 50% branching suggests that atom transfgat collisions in the impact parameter ranBg,rdsphers< D
is quite efficient for those collisions in the right geometry. <b .o l€ad to CT, with no competition from atom transfer
The branching between HT, PT, and HPT is more intercollisions. At lowerE,,, the attractive potential captures an
esting. HPT efficiency at higk., is only ~1% and roughly increasing fraction of these collisions into the radial range
E.orindependent, most likely reflecting the small fraction of where atom transfer is possible, increasing the branching to
collisions that have just the right geometry to transférﬂd HT, PT, and HPT, at the expense of CT.
the GD, reactant in the short collision time available. The At high E., all reactions clearly proceed by direct
branching between HT and PT depends on bBth and  mechanisms, while for loviE., the v 4y distributions raise
vibrational state, and thus is clearly not simply determinecthe possibility that some or all product channels are complex
by geometry. In fact, the HT and PT channels are just the twanediated. A change in mechanism may, therefore, be an issue
charge states of (HC®C,D,H) ", thus the PT/HT branch- in the product branching at lov.,. RRKM theory was
ing must depend on how the energies and coupling strengthsed to explore the question of which compgksx might
of these charge states vary with separation and with variousave lifetimes long enough to mediate the various channels.
product vibrational coordinates that might be excited in thelLifetimes were calculated for complexes A, B, C, D, and
collision. The PT/HT ratio aE.,=2.1eV is 1.2. Aratio near C,HsCHO" as a function ofE.,. For each complex, all
1 is consistent with the fact that the HT channel lies onlydecomposition channels indicated by dashed lines in Fig. 2
0.07 eV above the PT channel—a small fraction of 25  were included. No barriers, in excess of the complex well
eV available energy. As the collision energy drops, thedepth, are expected for decay of complexes A and B to reac-
PT/HT ratio gradually increases to 1.4EB{,=1 eV and 3.1 tants and to CT products; decay of compleX #® H Ex
at E.,=0.1eV. Such an increase is expected as the PT-HPproducts; and decay of complexes C and D to HT, PT, and
energy difference becomes a larger fractiorEgf,;. In ad-  HPT products. For these barrierless channels, we assumed
dition, lower E, translates to slower product separationorbiting transition staté$ with angular momentunt corre-
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sponding to the average capture collision, i.€.gjision because the orbiting TS leading to CT is much looser than
:Mvrel(acapturézw)llzi where u and v, are the reduced TS(B—D) or TSB-C). The net branching to CT products is
mass and relative velocity, respectively. calculated to be~86%, in poor agreement with experiment
The two reactantlike complexéa and B) were assumed (63% atE.,=0.1eV). We then recalculated the branching
to interconvert, such that complex A can also isomerize taunder the assumption thatAB interconversion is rapid, al-
complexes C and D, via TB—C) and TSB-D). It turns out  lowing complex A to decay to complexes C and(then on
that this assumption has little effect on the lifetimes, but doeso other productsvia TSB-D) and T$B—C). Under this
have a major effect on the calculated product distribution, agssumption, the net branching to CT products Eat,
discussed below. At low collision energies, the dominant de— (.1 eV is 69%, still higher than the experimen(8%) CT
cay channel for complexes A and B is to CT products, withpranching, but not tremendously so. When the decay branch-
smaller branching to complexes C and D. For both reactaniyg of complexes C and D is calculated, the net branching to
like complexes, the probability of decaying back to reactants, products atE,,=0.1eV is CT:PT:HT:HPT:HEx:HE

is negligible, consistent with the observation thaloa  —g9:16:3:8:2:2, compared to the experimental ratio

~ Tolision At OW E¢o. Compared to complexes Aand B, the g3.19.6:7:4:2 The main discrepancy is that the calculated

productlike complexes C and D are less strongly bound, Witrbranching to HT products is too low. The discrepancy for HT
higher vibrational frequencies and smaller moments of inter-

. e can be rationalized by allowing a contribution from direct
tia. As a consequence, their lifetimes are too skart00 f9 . o . L )

o - : .7 HT, in addition to the complex-mediated contribution. This
to have a significant effect on the collision time. The impli-

cation is that, if reaction is complex mediated at &, suggestion is supported by thgy distributions which in-

the reactantlike complexes A and B must be responsible. hgicate shortereision at low Eqo than the other channels. -
RRKM lifetimes for these complexes fall from a few pico- _At. ch": O'_2 eV,. thf R.RK.IVI.-e.st.lmated bragchlr:]ghs
seconds aE.,=0.1 eV to 0.4—0.8 ps b.,=0.5eV. Both CT:PT:HT:HPT:HEx:HE=80:10:2:5:1:1, compared with the

the magnitude and trend are in reasonable agreement Wifﬁ(perimental ratio of 65:19:?:4:4:1. The agree.ment is s.ignifi-
the Toyision Values extracted from the,, fits. On the other cantly worsened for even this small increaséjg,, consis-

hand, the existence of suitable complexes does not mean tH&Nt With thev i, results indicating that the transition from
the mechanism is necessarily complex mediated. complex mediated to direct reaction is already well under-

A better test is to compare the experimental and RRKMWway. For this reason, statistical branching was not calculated
branching ratios. To calculate the branching, we assume@boveE,=0.2eV.
that the relative contribution from complexes A and B is ~ The HEX cross section at o (branching~4% at
determined by the ratio of the density of states in these comEco=0.1eV) indicates that H/D exchange can occur with
plexes. This assumption would be true either if the com+easonable probability. The mechanism suggested by the cal-
plexes interconvert rapidly or if the formation probability is culations(Fig. 2) has the actual H/D exchange event occur-
proportional to the density of states. The density of states ising by methyl rotation in complex C or D, followed by
energy dependent, but even at |&y, the ratio is 49:51 for conversion back to a reactantlike geomedtgmplex B) and
A:B, reflecting the fact that the available energy is muchdissociation to either of the isobaric HDCCand GDsH™*
larger than the energy difference between the complexes. Aproduct ions. In this context it is interesting to note that the
issue in treating complex decay in this system is that theqF reaction never involves D loss, despite complex C being
major decay channels are actually pairs of charge statefiong the reaction coordinate to,lsCHO", which then
(“back to reactants” vs CT products; HT vs PT products; gliminates H to generate HE products. The absence of
both contributions tooy g,), and it is not obvious how p_glimination products can be rationalized only if there is no
branching between the charge states should be treated. TBgrambling of the H atom labeled 2 in the structures for
product charge s'Fate_ dls_trlbuuons will depend on the eXte”J:omplexes C and D and,8sCHO" in Fig. 2.
of_ charge delocalization in the complexes and on the decou- To summarize from th&., dependence of the integral
pling .Of the charge states as the prpducts se_parate. The d(?r'oss sections andl,,, distributions, the following mecha-
coupling depends on how thg relat|V(_a energies of the tv.v%istic picture arises. The experimental velocity distributions
charge states and the coupling matrix elements vary with . . S .

nd product branching are approximately in line with the

separation coordinate. Population analysis indicates that '@ Pr . .
~72% of the charge has been transferred to the ethene m _redlctlorjs .Of a statistical mOdel Bto=0.18V, suggestllng
ety in complex A, while in complex B the charge is almost that mediation by the reactantlike complexes may be impor-

equally distributed between the moieties. As a first cut at théan,t in the. mechanism. W_ith increasing collision energy, re-
product branching, we assumed that charge state coupliffftion rapidly becomes direct. The ik and HE channels,

was strong, such that the charge state branching is just deté¥hich require complex mediation, shut down completely.
mined by density-of-states factors. HPT also decreases dramatically with increadig, how-

The other important question in product branching is€ver, @ small and energy-independent cross section for direct
whether complexes A and B interconvert prior to decompoHPT remains at higlt.,,. At high energies, all channels are

sition. Initially, we calculated the branching assuming thatdirect, and the product distribution is dominated by CT and
A=B interconversion is slow. In this scenario, complex Aby the pair of atom transfer channels, HT and PT. CT/atom

decays almost exclusively to CT products at I&y,, but transfer branching is determined geometrically. PT/HT
complex B also goes to CT products72% of the time, branching is determined by energetics.
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C. Vibrational effects Impact parameters up ., result in intimate collisions,
some of which lead to CT products. Collisions fog,pwre
1. Effects on CT <b<bgiica Still lead to CT by long-range electron hopping.

While ot is nearly independent of collision energy, At high Ecoj, Beaprureis small, and because of theweighted
there are significant, mode-specific vibrational effe@tiy.  nature of the cross secti¢iq. (10)], the vibrational effects
8). The Vg (in-plane CH rock), v; (out-of-plane bend and  are largely determined by the long-range component of the
ve (asymmetric CH stretohmodes have little or no effect on mechanism. At lovE |, beapuregrows, thus CT increasingly
CT probability at any energy. In contrast; (CO stretch  Occurs in intimate collisions. At lowE., the vibrational
andv; (CH, scissors significantly inhibit CT, with the ef- mode dependence of CT becomes weaker, but remains quali-
fect becoming stronger with increasittgy,. The identical tatively identical to that observed at high,. The implica-
pattern of mode effects was observed for CT Q[]ﬂ)"’ in tion is that the intimate-collision CT mechanism is Weakly
collisions with NDy,8 thus it is reasonable to assume thatdependent on 5CO" vibrational state, and that the residual
the effects are independent of the neutral reactant. The largibrational mode dependence simply reflects the fraction of
est effects occur in the higEcoI range where CT is C|ear|y CT that continues to go by the Iong-range mechanism. If this
dominated by a long-range electron hopping mechanism. ABicture is correct, then aE.=0.1eV, where beapyyre
discussed above, efficient CT in a long-range mechanism is Periticar, the CT vibrational dependence should be much
expected to require the existence of product vibrational state¥eaker than the effects shown in Fig. 8, where the results
nearly resonant with and having good Franck-Condon overrom E.,=0.1-0.3 eV are averaged. Such is the case.
laps with the reactant state. In this case, the exoergicity is
0.37 eV, and the question is “where does it go?.;GO" 2. Effects on other channels
and H,CO have similar geometries, thus the Franck-Condon In H,CO" + NDs,® the vibrational mode effects on the

principle is expected to favor long-range CT transitions thatatom transfer channelé®T and D-abstractionare nearly

; ; . + (.t
conserve the bLO vibrational state: HCO™(v") identical to those observed for the CT channel, even though

_>H2Ctocsvt). tAIj a conseﬂuirlﬁe,ct@rezelo pfo.f“clt IS n(t)t tthese channels are formally competing for product flux. The
expected 10 take up much of the exoergicity. In contras similarity suggested that CT during reactant approach in-

€D, goes from planar to a twisted geometry upon 'ONIZ& reases the collision cross section, thereby enhancing all

. + . +
tion, such that the £C stretch .@2) _and torsion ¢, ) channels. The present system is quite different. The HT, PT,
modes are Franck-Condon active in the photoelectron

a1t t tthat the CT icity of 0.37 eV | HPT, HEXx, and HE channels show several different vibra-
spectrum. it turns out tha I e exoergicity o1 U.o7 VIS ional mode patterns that change with, in some cases. All
nearly resonant with the D, (0202) energy level, and pro-

are quite distinct from the pattern observed for CT. The vi-

dUCt'O_lr]hOf ;[hIS le(\é?l_l is also str?ng n th(ihpho;oele%tron ts_pecf)rational effects, taken together with other evidence, provide
trum. The large Cross section can, theretore, be rationa nsight into interchannel competition, the contribution of sta-

Efgo'f( ;Er)riscfgzl?c')%got)ai'ajgg@goi érz?jr}sEt(l)ozrész).such AStistical complexes, and other dynamical issues.
The inhibiting effects of HCO" v, and v3 vibrations
on CT must involve degradation of either the Franck-Condors- The low E ¢, range
factors or resonance conditions for efficient CT. As noted  The discussion above raises the possibility that statistical
previously'® the H,CO" geometry is essentially unchanged intermediate complexes may be important at the lowest col-
upon neutralization, however, the nature of the vibrationalision energies. We, therefore, begin by examining the extent
normal coordinates for; and v; do change substantially. to which a statistical model can account for the vibrational
In particular, the relative contribution of GHscissors and effects. First, however, we note that the appearance of vibra-
CO stretch motion in these two normal modes changes sigional mode(as opposed to vibrational enejggffects, indi-
nificantly between HCO and HCO". Thus, although the cates that the limiting step in the mechanism must be influ-
CO bond length and HCH angles are essentially unchangeénced by dynamics, i.e., the type of motion excited matters.
ionization clearly changes the potential along the CO stretchThis might seem inconsistent with a statistical mechanism,
ing and CH scissors coordinates. We calculated approximatéowever, there is no reason that a mechanism cannot com-
Franck-Condon factors for #£O" neutralizatiod® within bine dynamical and statistical effects. For example, product
the independent harmonic oscillator, normal mode approxibranching and ., distributions might be controlled by sta-
mation, using the Sharp-Rosenstock-Chen algoriith tistical decay of a complex, but dynamical effects could still
evaluated by the programescaL®*% As suggested by the be important at an earlier stage of the mechanism, e.g., con-
changes in normal coordinates, the Franck—Condon factotsolling complex formation. In this system, the dependence
are essentially unity>0.97) for the diagonal transitions in on vibrational mode is relatively weak, thus it is reasonable
all modes excepw, and vy, where the Franck—Condon to see if a statistical model can account for the major effects
factors are 0.88 and 0.79, respectively. As in the;[8ilstem,  of vibrational energy, before trying to rationalize the mode
therefore, we attribute the vibrational inhibition fromd and  dependence.
v excitation to diminished Franck—Condon overlaps for the ~ Comparing the RRKM calculations &.,=0.1 and 0.2
energetically favorable transitions, requiring closer reactangV (above, gives a prediction for the effects from adding 0.1
approach before CT becomes efficient. eV of collision energy. To predict the effects of addifg,,
Recall that CT goes by a combination of mechanismswe did a calculation wittE_ ,=E,;,=0.1 eV, equivalent to
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exciting v{ at our lowestE,. In a purely statistical calcu- Sion time, suppressing channels requiring multiple atom
lation, the difference between vibrational and collision en-ransfers, in favor of the higher energy, but simpler HT and
ergy is that increasing ., also increases the angular mo- PT channels. By analogy, we would expect that thé&x

mentum, and this tends to favor channels controlled by Tsghannel, which also requires multiple atom transfers, should

with small rotational spacing, such as orbiting TSs. For de&!S0 be suppressed by bd, andE,;, . Suppression from

cay of the reactantlike complexes A or B, bdh, andE,;,  Ecol IS Observed, buky;, actually enhances Ix. Evidently,
should enhance branching to Gfiigh energy, orbiting Ts ~ SOMe step in the HEx mechanism is sufficiently enhanced
relative to the atom-transfer channels, which require passinBy vibrational excitation to override the expected inhibiting

through the tighter, but lower energy [B5-C) or TSB-D).  effect of increased energy content. _
For E_,=0.1 andE,;,=0, the RRKM-predicted CT branch- The PT, HT, and HEx channels are enhanced by vibra-

ing is 69%, in reasonable agreement with the 63% experitional excitation at lowE, with mode dependence similar
mental CT branching. As expected, adding 0.1 e\Egj or enough to suggest some Techan|§tlc commonality bgtween
E.i increases the calculated CT branching to 80% and 7994€ channels. In particularg (CH; in-plane rock and v,
respectively. Both values, however, are in poor agreemer{po stretch excitation result in larger-than-average enhance-

with the experimental branchirig-65% in both cas@ssug- Ment (per unit energy, while v (asymmetric CH stretoh

statistical already for IowE,, and E,;,. Given the domi- if these mode-dependent variations are factored out, a gen-
nance of long-range CT at high energies and the signature &fal enhancement from vibrational energy remains, which for
long-range CT in the mode dependence even at By, PT and HEX is in contrast with the inhibiting effects &
this breakdown of statistical behavior is not too surprising. at low energies. Evidently, vibration enhances these channels
The atom transfer channels are formed by decay of th®y some dynamical effect that depends generally on the par-
productlike complexes C and D, therefore it is conceivablditioning of reactant energy betweén, andE,j,, and spe-
that the branchingvithin this set of channelmight still be  Cifically on the nature of the motions excited.
statistical, even if CT is not. Encouragingly, RRKM does The relationship between the vibrational motions and the
qualitatively predict the effects of addiri, on branching reaction coordinate in polyatomic reactions is complex, but
among these channels. Relative E,=0.1eV, atE,  Some correlations can be drawn. For example, PT, HT, and
=0.2eV the HT and HPT branching fractions are predictecH_Ex all require transfer of one hydrogen atom frorG@"
to increase, PT is predicted to decrease slightly, and the HE® C;D,, with subsequent back transfer of a deuterium atom
and HEXx branching fractions are predicted to decrease by &quired to generate Hx products. Immediately following
factor of ~2. Comparison with Fig. 1 shows that the only the hydrogen transfer step, the system looks like
qualitative error is that the HPT branching actually decreaseHCO—-GD4H) ", with charge delocalizedDelocalization
with increasingE.,. One might argue, therefore, that the is suggested by the electronic structures of the productlike
effects of E¢, on branching within the atom transfer chan- complexes C and D, where both have chargqually dis-
nels are at least approximately statistical, although the podributed between HCO and ,0,H moieties) HCO is
agreement for CT and HPT branchingB&g,=0.2eV indi-  strongly bent119.59 (Ref. 36, HCO" is linear?’ while the
cates that reaction becomes direct at quite low collision enHHCO moiety in complexes C and D is intermediate 151° and
ergies. 126°, respectively. From the perspective of theCl®" reac-
RRKM fares much worse in predicting vibrational ef- tant, therefore, the hydrogen transfer reaction coordinate in-
fects. Experimentallyys excitation (0.101 eV results in  volves both breaking one of the CH bonds and partially
effects quite different from those of 0.1 el addition, straightening the nascent HCO moiety.
while, as might be expected, RRKM predicts that the effects The observed enhancement patterns can partially be ra-
should be gualitatively similar. The predicted vs experimen4dionalized in these terms, at least for the two modes most
tal effects ofy{ excitation onbranching fractionsare the  obviously related to the reaction coordinate. Tie (CH,
following: PT—21% decrease vs 3% increase; HT—80% in-in-plane rock mode is clearly related to straightening the
crease vs no change; HPT—5% decrease vs 40% decreastCO bond, carrying the system toward a more productlike
H_Ex—37% decrease vs 10% increase; HE—27% decreaggeometry, andg results in the largest per energy enhance-
vs 30% decrease. The poor agreement indicates that vibraaent. The HCO™ vibrational mode most obviously relating
tional effects are largely determined by dynamical factorsto breaking a CH bond is. , the asymmetric CH stretch. As
even at lowE,. this argument would predict, enhances all three channels,
At the lowest energies, the atom transfer channels can beowever, the enhancement is smaller than from other modes
grouped based on similar vibrational effects. The HPT andn a per unit energy basis. In this context we note that
HE channels show similar strong suppressions by vibrationgtas had smaller-than-average per energy effects on every
excitation, and the effects are proportionaBg, within ex-  H,CO" reaction studied!'®®and several rationalizations
perimental error, suggesting a non-mode-specific mechazan be imagined. This mode has the largest mismatch be-
nism. Both these channels are also strongly suppressed Iween the vibrational time scalélassical period,rgassical
E..,» and it seems reasonable to attribute the suppressions10fs) and the slow relative motion at lol, (hundreds
from bothE,;;, and E., to a common cause. These are theof femtoseconds, Table)lI This is also the highest energy
lowest energy channels, but both involve multiple atommode(0.337 eV}, more than doubling the available energy at
transfers. We propose that increased energy shortens collow E,, and it may be that there are diminishing returns for
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