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Abstract

We present a crossed beam and density functional theory (DFT) study of the dynamics of charge transfer and hydride transfer in collisions of
OD* with C,;H, at relative collision energies between 19.3 and 102 kI #(6L20—1.06 eV). Charge transfer to forraHG* is a direct process
occurring through large impact parameters. A comparison of the internal energy distributions of reaction products with the photoelectron
spectrum of GH, is consistent with a Franck—Condon picture for long distance electron transfer. Charge transfer with H/D rearrangement to
form C,H3zD* + OH does not occur, unlike the related systes@D+ C,H,4, in which comparable amounts of8,* and GHsD* are observed.

This difference is accounted for by the significantly smaller proton affinity of OH relative,€. IReactive processes are initiated by the
formation of a protonated oxirane triplet diradical, which undergoes intersystem crossing to the singlet manifold. Formatigh-oHOD,

nominally a hydride transfer reaction, is shown to occur at the lowest collision energy through transient singlet intermediates in which the
timescale for rate-limiting hydrogen atom migration corresponds to a significant fraction of a rotational period. Formation of hydride transfer
products is sufficiently exothermia\H = —489 kJ mot?) that a fraction of the gHs* products may be formed above the dissociation threshold

to C;H,". Increasing collision energy results in enhanced yields,6f,Crelative to GH3*, consistent with unimolecular decay of the most
highly excited GH3* products. However, the very small translational energy releases at all collision energies also require significant vibrational
excitation in the HOD products; the most probable internal excitation in HOD is approximately 60KJahall collision energies.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction straints, and studies in the gas phase may distinguish the
roles of these distinct factors. Conventional treatments of ex-
Gas phase ion—molecule reactions play an important role oergic charge transfer reactions often consider the processes
in establishing the chemical composition and reactivity pat- as occurring at long range, with littte momentum transfer
terns in interstellar gas clouds and planetary atmospheresbetween the approaching reactants or the separating prod-
[1,2], electrical discharge3], combustion process¢4,5], ucts [7]. Energy resonance and favorable Franck—Condon
and chemical ionization mass spectromdy. The pro- factors are often cited as playing a key role in electron
cesses of charge transfer and light particle exchange, includ-transfer{8].
ing hydride, proton, and hydrogen atom transfer, are among In a recent study from our laboratory, we presented a de-
the important prototype reactions implicated in such sys- tailed experimental and theoretical study of the charge trans-
tems. Light particle transfer between two heavier functional fer and proton transfer reactions that occur between ionized
groups is governed both by kinematic and dynamical con- water and ethylene moleculgl. Those data showed that the
product internal energy distributions in the charge transfer re-
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for removal of an electron from ethylene. Isotopic label- from 19.3 to 102 kJ moi! (0.20—1.06 eV). Although we ob-
ing studies with RO" reagents showed that charge transfer served a very weak signal at mass 29 at the highest collision
with H/D exchange to form gH3D" products was facile,  energy, we were unable to measure a full differential cross
occurring with a cross section only a factor of two smaller section for this channel. In conjunction with DFT calcula-
than that for direct charge transfer. Density functional the- tions, the data provide a clear physical basis for understand-
ory (DFT) calculations of important reactive intermediates ing the dynamics of the charge transfer reaction, including
and the transition states connecting them, in conjunction an interpretation of energy partitioning and the absence of
with statistical Rice—Ramsperger—Kassel-Marcus (RRKM) H/D exchange in this process. In addition, the formation of
calculations[10,11] predicted H/D exchange rates more C,H3* is shown to occur via hydrogen atom migrations in

than three orders of magnitude smaller than observed. Thereactive intermediates that evolve during the course of the
DFT calculations also predicted that proton transfer occurs reaction.

along a coordinate in which the incoming proton approaches
the m-cloud of GH4 perpendicular to the -&C bond axis.
The experimental data showed a clear progression in the2. Experimental
v10 vibration generated by the D atom bridging the carbons
in the nascent §H,D* products, consistent with the DFT The crossed beam instrument has been described in detail
prediction. previously[14], so only a brief overview is given here. OD

In the present work, we report a crossed beam ions are produced by electron impact on deuterium oxide
and DFT study of the reactions between the hydroxyl vapor in an ion source held at a pressure of approximately
cation and ethylene. We employ the isotopically-labelled 0.01torr. Following extraction, the ions are accelerated to
cation OD' instead of OH, and focus on the following  300eV, and are then mass-selected by‘aréfgnetic sector.
reactions: After deceleration to the desired beam energy and focusing
by a series of ion optics, the beam has a roughly triangular

+ +
OD" 4+ CyHs— OD + CoH4™, kinetic energy distribution with a FWHM between 19 and

AH = —241kJmot? (1) 43kJmot?! (0.20 and 0.45eV) in the laboratory frame of
N N reference.
OD" 4+ CyHg— HOD + CyH3z™, Experiments were performed at selected energies over a
AH = —489kJImot? ) relative collision energy range of 19.3-102 kJ |_’Ti‘0IEthy-
lene beams are formed by supersonic expansion of the pure
OD" + CoHg — CoHzt +H + HOD, gas through a 0.07 mm nozzle. A 1.0-mm diameter skimmer
AH = —444KkJmol ! 3) located 50 nozzle diameters in distance downstream from the

nozzle selects the cool core of the beam. The beam is colli-

Reaction(1) appears to be a simple electron transfer mated by passing through a 3.0-mm square aperture located
to form GH4*, while reaction(2) is nominally a hydride approximately 2.5 cm from the skimmer before entering the
abstraction procesd 2], but may proceed through one or mainchamber, where itintersects the ion beam at@fgle.
more covalently bound intermediates. React{@his suf- An electrostatic energy analyzer with resolution of 0.07 eV
ficiently exothermic that the most highly internally excited determines the kinetic energies of ions in the primary ion
CyoH3* products may undergo-& bond cleavage; the lat- beam and scattered ionic reaction products. The energy ana-
ter process may be thought of either as unimolecular decaylyzer is calibrated before and after the experiments by measur-
via reaction(3), or as a direct collision-induced dissocia- ing the kinetic energy distribution of thermal ions formed by
tion process. Experimental data allow this distinction to be resonant charge transfer betweer' l@d He. The energy-
made. analyzed product ions are mass-analyzed by a quadrupole

The reaction of OD+CyH4 has been studied previ- mass filter, and are detected with two microchannel plates
ously by Fishman and Grabowskl3]. They used a se- in the chevron configuration. High vacuum is maintained
lected ion flow tube (SIFT) to determine thermal en- in all chambers by oil diffusion pumps. Data acquisition is
ergy rate coefficients and product branching ratios for the computer-controlled.
ion—molecule reactions of hydroxyl cation, ionized water, Three independent measurements were performed in the
and their deuterated analogues with ethylene. In addition to experiment. At each collision energy, the kinetic energy dis-
observing GH4* and GHs™*, these workers also reported tributions of the scattered product ions were measured at
rate coefficients for the formation of a product of mass 29, 22 fixed laboratory angles. Each energy spectrum consisted
and suggested pathways that could form either the ethylof 80 points, with typical energy bin widths of 0.025eV.

cation, GHs*, or the formyl cation, HC®. No firm con- These kinetic energy distributions were then normalized to
clusion was offered concerning the identity of the mass 29 the angular distributions of product ions at each angle in
product. the laboratory coordinate system. The branching fractions

In the present experiments, we report differential cross for reactions(1)«3) were also measured at each collision
sections for reactiond.)<3) over the collision energy range  energy.
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3. Data analysis 4. Results

Dynamical information about a chemical reaction is most 4.1. Direct charge transfer: Ob+ C,Hs — OD +
easily extracted from the measured kinetic energy and an-CoHs*
gular distributions of scattered ionic products when viewed
in the center of mass (c.m.) frame of reference. The ion and The charge transfer reaction was studied at c.m. colli-
neutral beams contain atoms or molecules with distributions sion energies of 19.3, 61, and 102 kJ mo{0.20, 0.63, and
of velocities and the beams have finite spatial widths, re- 1.06 eV).Fig. 1 shows the flux distribution for g4+ prod-
sulting in a distribution of collision energies and intersection ucts at 19.3 kJ mot!, obtained by iterative deconvolution of
angles. The spread in reagent beam velocities and intersecthe lab data and transformation to c.m. coordinates, repre-
tion angles must be removed from the laboratory data beforesented as a contour projection superimposed on the Newton
they are transformed to the c.m. frame to extract the differ- kinematic diagram; the distributions are qualitatively similar
ential cross section for the reaction. An iterative deconvo- at the higher collision energies and are not shown here. In the
lution procedure based on the method of Siska is used toc.m. coordinate system, the directions of the'Qén beam
remove the spread in beam velocities and extract the centeand the GH4 neutral beam are 0 and 180@espectively.

of mass cross sectioig m(u, ) from the laboratory cross The experimental results shown in the flux map indicate
sectionl|ap(v, ®) by inverting the following transformation  that the charge transfer flux distribution is sharply asymmet-
relationship[15]: ric, with the majority of the GH4* products scattered in the

same direction as the precursor beam. Because of the con-
N ) vention that the parent ion beam defines thal®ection in
Ta(v, ©) = Z fiv—zlc.m(ui, 9,). (4) ¢.m. coordinates, the charge transfer products are assigned
o1 U to the angular range near 1'8We adopt the convention that
such products are forward-scattered since their momenta are
similar in direction and magnitude to their precursor neutral
reactants.

The angular distributions and relative translational energy
stributions of the products of the charge transfer reaction
at all three energies are shownhig. 2 Angular distribu-
tions are sharply forward-scattered, their widths decreasing
with increasing collision energy as expected for a direct pro-
cess governed by long range electron transfer with minimal
momentum transfer to the nuclei. The relative translational
energy distributions of the product at the three energies are
Sshown in the lower panel dfig. 2 As the collision energy

Inthe above equatiom,andy; are the velocities in the lab-
oratory and c.m. coordinates, respectively; the summation is
evaluated over a grid of 125 Newton diagrams, correspondingdi
to five energies in each of the two reagent beams, and five in-
tersection angles distributed around 9is a weighing fac-
tor, or the probability of observing Newton diagrabased on
distributions of reagent beam velocity and intersection angle.
The extracted: m(u, 8) can be transformed back to the lab
frame of reference, allowing comparison with the experimen-
tal data. When averaged over experimental velocity distribu-
tions and beam intersection angles, the c.m. cross section
recover the experimental data with a standard deviation of
=15%. OD* + C,H,— C,H,*+ OD

The barycentric angular distributigip) of the ionic prod- E .= 19.3 kJ-mol-
uct of each reaction is also calculated by averaging the flux wl
distribution over recoil speed, indicated by the bracket nota-
tion:

(g0), = /:Odu Ie.m(u, 0). (5)

Similarly, the angle-averaged relative translational energy
distribution of productsP(E?) is given by:

(P(EL)), = / :de sinfu~t Iem(u, 6). (6)

<>
10°m/s 0 INTENSITY 100

The full flux distributions in velocity space as well as the
kinetic energy and angular distributions derived from them Fig. 1. Contour plot representation o§* product flux at 19.3 kJ mok

provide important physical insight into the nature of reactive cojiision energy superimposed on Newton diagram. Circle on contour map
collisions. defines maximum gH4* product velocity allowed by energy conservation.
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Fig. 2. (a) Angular distributions for £4* charge transfer products, all
energies. (b) Kinetic energy distributions fosk,* charge transfer products,

all energies.

increases, both the mean energy and the width of the transla-

tional energy distribution increases.

of the appropriate relative translational energy distribution in
the lower panel oFig. 2 Table 1shows that the average in-
ternal excitation of the reaction products ranges from 229 to
241 kJmot?, lying within 5% of the reaction exothermicity

of 241 kI mot! at all collision energies. Thus, the internal
energy distributions of the charge transfer products are essen-
tially independent of collision energy in the range of these
experiments.

4.2. Hydride transfer: OD + C,H4 — HOD + CoH3z*

The formation of products of mass 27 is formally a hy-
dride transfer from gH4 to OD*, although this term does not
necessarily imply that the process occurs by direct particle
abstractionFig. 3shows the c.m. flux distribution for£Eiz*
products at the lowest collision energy of 19.3 kJmolAl-
though the dominant feature in the flux distribution is a peak
near the ethylene beam corresponding to forward-scattered
products, a careful analysis shows that there is also a weak
component in the backward direction. Close inspection of
the flux distribution inFig. 3 shows that the most proba-
ble speeds of the forward and backward components of the
distribution are quite similar. That conclusion is reinforced
by decomposing the angular-averaged recoil distribution of
Eq. (6) into two terms. By setting the limits of integration
in Eq. (6) to (0, w/2) or (w/2, ), the recoil distributions for
backward or forward scattered products, respectively, can be
evaluated separately. The results of those calculations, shown
in Fig. 4, demonstrate clearly that the recoil distributions are
effectively independent of scattering angle, a hallmark of a
transient complex that lives a significant fraction of a rota-
tional period. Thisis animportant point, in that it significantly
reduces the probability that the bimodal flux distribution is

OD*+ C,H, — C,H;"+ HOD
E.,=19.3 kJ-mol!

The energy disposal results for the charge transfer process

to form GH4* are summarized ifiable 1 The total energy is

the sum of collision energl,e|, any reactant internal energy,
and the reaction exothermicity. The product relative energy
E7 at each collision energy is tabulated as the average value

Table 1
Reaction energy partitioning results for OB C,Hy4 — OD + GHy4™ (units
in kJmol1)

Vop

Ven)
lon energy 23.1 93 160 :
(0.24eV) (0.96eV) (1.66eV)

Reactant relative 193 61 102

energy Erel) p
Total energy 260 302 343 s

(Etotal) = -

— i

Product average 32 61 114 10°m/s 0 INTENSITY 100

relative energy

!

(,(ET)) Fig. 3. Contour plot representation ofids* product flux at collision energy
(E7)/Etotal (%) 12 20 33 of 19.3 kJ mot ! superimposed on Newton diagram, lowest collision energy.
Product average 228 241 229 ) ’ '

internal energy

Circle on contour map defines maximurphD* product velocity allowed
by energy conservation.
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Fig. 4. Upper panel: kinetic energy distributions fatG* hydride transfer Fig. 5. (a) Angular distributions for&Hz* hydride transfer products, all en-

products at 19.3kJ mot. Forward and backward scattering distriputions ergies. (b) Kinetic energy distributions fopBs* hydride transfer products,
are shown separately. Lower panel: phase space calculation as discussed i energies.

the text.

N ) ) their assignment in this system. Numerical results are sum-
a superposition of two mechanisms, one producing forward yarized inTable 2
scattering, the other resulting in backward scattering. Also  ajthough the precise nature of energy partitioning among
shown inFig. 4is the result of a model statistical calcula-  the G,H5* and HOD products cannot be determined unam-
tion of the product kinetic energy distribution, which will be biguously from the data shown fig. 5 energy conserva-
discussed in the next section. o . tion does require important constraints on the partitioning
In Fig. 5 we show the angular and kinetic energy distri- of the energy. At the lowest collision energy, the total en-

butions for GH3* products at all three collision energies. ergy accessible to reaction products is 508 kJthakhereas
The upper panel shows the angular distributions averaged

over product velocity. Consistent with the flux mapHag. 3, Table 2
the angular distribution at the lowest collision energy Shows a Reaction energy partitioning results for OBCoHs — HOD + CoHg*
weak but perceptible component of backward scattering. This (units in kJ mot?)

component of backward scattering is absent at higher colli- 1on energy 23.1 93 160
sion energies. As will be noted later, the magnitude of this (0.24eV) (0.96eV) (1.66eV)
component relative to the stronger forward-scattered peakRreactant relative 193 61 102
provides information on the decay lifetime of the complex.  energy Er)

The lower panel oFig. 5show the angular-averaged kinetic ~ Total energy 508 550 591
energy distributions of the £&£i3* products at all three col- Pr(fg’lﬂ)t average 08 55 03

lision energies. All of the distributions show evidence for  gative energy

incompletely resolved structure to the low energy side of ((£;))

the maxima, especially near 10 kJ mbl This structure may  (E%)/Ecotal (%) 55 95 16
arise from populating specific vibrational modes of the prod- Productaverage 480 498 498
ucts, but the large numbers of vibrational modes preclude _MeMa! energy
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the dissociation thresholds for-€l bond cleavage in the OD* + CyHy — C2H2+ +HOD + H
CoH3™ products, or for @H(D) bond cleavage in HOD, are Erel = 19.3 ol

445 and 499 kJ mott, respectively. Thus, reaction products

formed at a relative collision energy of 19.3 kJ mblwith

less than~63 kJ mot ™ of translational energy may have suf- /,-60' '
ficient energy to dissociate to,8,* + H+ HOD; products AN
with translational energy less than 9 kJ mbinay dissociate
to CoH3* + H(D) + OD(H). Similarly, at collision energies of
61 and 102 kJ mot!, products formed with translational en-
ergies below 105 and 147 kJ md| respectively may have

internal excitation in excess of the dissociation threshold to Vex, -

C2H3*. The corresponding limits for HOD dissociation are i > 180 B e

51 and 93kJmol!, respectively. Statistical partitioning of 10°m/s 0 INTENSITY 100
energy in the GH3* + HOD products places the majority of

the available energy in Ei3*; in conjunction with the sig-  Fig. 6. Contour plot representation ofl,* product flux at collision energy

nificantly lower dissociation threshold in,83* relative to of 19.3kimol* superimposed on Newton diagram.

HOD, we expect gH,* to be the major decay fragment of

the nascent products formed by hydride transfiey. 5shows The first salient characteristic of thel@,™ distribution is

that the translational energy distributions e+ products that it bears a remarkable resemblance to the corresponding
at all three collision energies fall almost entirely in the range CzHs™ flux distribution. If the GH," products arise from
where enough energy is available for dissociation g€ . hydrogen atom ejection from decayingh™ products, the

As discussed |ater, the lifetimes of all decaying Species are kinematics of dissociation require that the momenta of the
significantly shorter than the transit time through the detec- €jected H and gHz" fragments be equal and opposite in the
tion system, resulting in negligible kinetic shifts. Thus, the reference frame of the decaying parent. The c.m. speed of
mechanism for formation of reaction products at such low the nascent gH," can only be 1/27 of the relative velocity of
translational energies requires that the HOD products con-the separating fragments. Thus, we expect the distributions of
tain sufficient internal excitation to be formed in concertwith daughter GH,* products in velocity space to originate from
stable GH3* products. At the peaks of the translational en- the parent @Hz™ flux distributions. The fact that thes€l,*

ergy distributions shown ifig. 5, the magnitudes of HOD  fluxdistribution is broadened only slightly relative to the par-
internal excitation all lie withink10% of 60 kJmot®. This ~ entGHg™ distributionimplies thatonly asmall fraction of the
observation suggests that dynamical constraints place a fixed84 kJ mof* excess energy appears in product translation, as
amount of product internal excitation in HOD, and that the statistical theories of unimolecular decay would prediCt. The
C2H3+ products popu|ate internal energy states up to the dis- kinematic Simplification ariSing from ||ght partiCle ejeCtion
sociation limit. The low energy downturn in the translational allows this analysis to be placed on a more quantitative basis
energy distributions ifFig. 5corresponds to the onset of dis- and will appear in a separate publication from this laboratory.
sociation, subject to the constraint that HOD products have ~ The second clear conclusion coming from the experimen-

approximately 60 kJ moft of internal excitation. In the next ~ tal data ofFig. 6 concerns the appearance of both forward
section, we report on direct observation of the products of and backward scattered peaks. The backward scattered peak,

dissociation. whose existence in the,@83" distribution shown inFig. 3
was considered strong evidence for the participation of long-
4.3. Unimolecular decay of exciteBz* products lived transient intermediates, is even stronger relative to the

forward peak in the gH,* flux distribution. As described

At each collision energy, products were detected at massin the previous paragraph,28,* products are formed in
26, Corresponding to the formation OEHZ"'_ A close exami- regions of VeIOCity space in the immediate V|C|n|ty of their
nation of the experimental data allows us to demonstrate thatCzHs™ precursors. The fact that the backward peak is more
CoH,* is formed by unimolecular decay of highly excited intense in the fragments than in the parents suggests that a
C,Hs*. Similar observations of £&1,* formed by unimolec- ~ Majority of the GH3™ products have decayed tol8,", at
ular decay of GHs* have been reported in the literat(it6]. least for parents in this region of velocity space.

In Fig. 6, we plotthe GH2* flux distribution at 19.3 kJ mott

relative to the center of mass of the original reactants. Mea- 4.4. Product branching ratios

surement of the flux distribution of a single product from a

collisional process forming three fragments is kinematically =~ Careful measurements of the intensities of the products of
indeterminate. However, careful inspection of the experimen- reactiong1)+3) were obtained at all three collision energies.
tal data and close comparison with the flux distributions for Independent of collision energy, the charge transfer process
the parent GHz* products allow a number of robust conclu- corresponds to 75% of the total reactive flux, in reasonable
sions to be made. agreement with the value of 66% reported at thermal energy
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by Fishman and Grabowskl3]. The remainder of the re-
active flux arises from hydride transfer, both in the form of
nascent GHs* and its unimolecular decay daughtes-G*.
The observed ratio for £3* to C;H,™ products is unity at
the lowest collision energy of 19.3kJ mdland decreases
smoothly to approximately 0.4 at the highest collision en-
ergy of 102 kI motL. This result is also consistent with the
formation of GH,* by unimolecular decay of £Hs*.

4.5. DFT calculations

In order to gain insight into different intermediates and
reaction pathways that may be accessible to thé ®0,H4
collision system, we have carried out DFT calculations with
the Gaussian 98 program packd@é]. The calculations fo-
cus on the structures of intermediates of singlet multiplicity
having nominal stoichiometry [Ol&;H4]* and probe path-
ways for the formation of ground stateld,* and GHs*

277

matrix elements for spin—orbit coupling and subsequent rapid
intersystem crossing to the singlet manif¢@®]. Our DFT
calculations show that this triplet species ke300 kJ mot?
below the reactants.

The geometrical parameters of all relevant species on
the lowest singlet surface were fully optimized at the
HF/6-31G(d) and DFT(UB3LYP)/6-31+G(d,p) levels. The
transition states were calculated using the synchronous
transit-guided quasi-Newton (STQN) methfd,22] The
stationary points and the first-order saddle points were
confirmed through the calculation of harmonic vibrational
frequencies. The frequencies of the deuterated species were
calculated with proper substitution of hydrogen by deu-
terium. These frequency results are used in the RRKM cal-
culations discussed later. The transition states were assigned
through the frequency analysis. In order to obtain more re-
liable energetics, the single point energy calculations were
performed atthe DFT(UB3LYP)/6-311++G(d,p) level on the

products. The key issues that we attempt to understand arebasis of the B3LYP/6-31+G(d,p) equilibrium geometries. In
the following: the absence of a charge transfer process coinci-this study, the expectation values of the total square of the spin
dent with H/D rearrangement, unlike the results of previously angular momentumS), are very close to 0.75 for all dou-

reported work from our lab with BD* reactant$9], and the
formation of GH3z* products via a complex that appears to
survive a significant fraction of a rotational period at low
collision energies. Fishman and Grabowigd] proposed a

blet state species. For triplet state QKS?) is equal to 2.01.
Thus, spin contamination may be ignored. The geometrical
parameters, and energy and frequency results obtained in this
study are listed in the supporting information of this paper.

series of reaction pathways that bear a resemblance to the Fig. 7 shows the schematic energy diagram of reactants,

results discussed here.

The OH' reagent has a triplet ground state. In a man-
ner analogous to the isoelectronic®®) + GH, systen|18],
we expect the approaching Okb undergo electrophilic ad-
dition to them-bond of ethylene to form a triplet diradical

products, and key intermediates important in the reaction dy-
namics of OH + CoH4. The DFT calculations, obtained at
the B3LYP/6-311++G(d,p) level with zero-point vibrational
energy corrections, focus on singlet intermediates and the
products formed from them. All energies are calculated rela-

corresponding to ring-opened protonated oxirane. As charac-tive to the energy of the approaching reactants. The diagram

terized by Yamaguchi et g19], the p-type diradical orbitals

also shows the energy of the triplet protonated oxirane dirad-

are orthogonal in this oxirane system, leading to favorable ical calculated by DFT, as well as electrostatic complexes

0 OD" +C,H,
I\
I\
W
- W ! N !
— W / N / \
g 2001 o\ / — \
ks Ny / HOD.C, I, \ C,11,+0D
\ i —
= S A U —
1 \ / ———————— — _- +
:>B \1 OD.CH, OH.CHD -~ GHD +OH
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Fig. 7. Schematic reaction coordinate for the 'OBC,H,4 system. As discussed in the text, charge transfer occurs through ti& B electrostatic complex.
Intersystem crossing of triplet protonated oxirane to the singlet manifold precedes hydride transfer and unimolecular decay. Propertieglexesd| @oth

transition states are discussed in the text and irstgplementary data
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implicated in the charge transfer process, as describedspecies, which undergoes rapid intersystem crossing to the
later. singlet manifold. The singlet diradical closes to form proto-
The first [OHC,H4]* isomer characterized, denoted inter- nated ethylene oxidé&, Isomerization ofl to the ring-opened
mediatel in Fig. 7, is protonated ethylene oxide, inwhichtwo  structure2 occurs througf S1 2, a transition state with an en-
carbon atoms and oxygen form a three-membered ring with ergy of 140 kJ mot? relative to complex, only 12 kJ mot?®
the hydrogen atom of the hydroxyl group pointed out of the lower than the energy of the;83* + HOD products, which
C—-C-O plane. This is precisely the structure that one would form directly from2. Finally, intermediate, corresponding
expectfromring closure of the nascent singlet protonated oxi- to protonated acetaldehyde, which our calculations show is
rane species formed upon intersystem crossing. The calculaaccessible through intermediaglies only ~130 kJ mott
tions show that this species is bound by 618 kJthotlative below1. The transition stat&S,3 for this isomerization lies
to the reactants, compared to a value of 643 kJtheval- 180 kJ mot* above2.
uated from tabulated thermodynamic data. A second inter- The reaction coordinate for,€l3* formation is a clas-
mediate, denote®, lies 33 kJ mot! below1, and is formed sic double minimum systenfi24,25] in which the rate-
by cleavage of the C(2)0 bond to open the three-membered determining step is passage throug8:, associated with
ring, followed by a hydrogen atom shift from C(2) onto the ringopening and hydrogen atom migration. The DFT calcula-
oxygen atom. In isome®, the three heavy atoms are in a tions of the structures of complexéand2 and the transition
plane and H(7) and H(8), the hydrogens bound to oxygen, lie states connecting them with each other and with the reac-
nearly symmetrically on opposite sides of tigsymmetry tion products allow statistical rate constants to be calculated
plane. Intermediat®@ may undergo €O bond cleavage to  via RRKM theory. We expect that rates belowl0'3s1
form the GH3* product. are consistent with the assumption of rapid intramolecular
A third structure, denote8, lies 131 kJmot® below 1 vibrational relaxation prior to dissociation, whereas calcu-
and corresponds to protonated acetaldehyde, which is predated rates significantly larger than this value provide qual-
cisely the expected product from ring opening of protonated itative confirmation that the processes are direct. At a col-

ethylene oxide. Our calculations showed tBat/olves from lision energy of 19.3kJmotf, the total non-fixed energies
complex2, rather than along a direct path frdmThe calcu- of complex1 and the critical configuration &tS;, are 638
lation also shows th& does not lead to the observedrG* and 498 kJmot?, respectively. Using vibrational frequen-

products, but should undergo-C bond cleavage to form  cies obtained from the DFT calculations, we find that the rate
CH3+HCOH'. The latter product, the protonated formyl constant for thd — 2 isomerization process is»810%s 1,
radical, was not observed in our experiments. Another iso- The entropy of activation for the isomerization process is

mer, denoted, is structurally similar tc8, differing only in +9.9JK I mol~1. In like manner, the rate constant for de-
the orientation of the OH bond relative to theCframework. composition of compleX by C-O bond cleavage to form
Like 3, this species does not correlate with observed prod- C;Hs* and HOD products at the same collision energy is
ucts. Finally, an isomer of [§H4—OH]*, denoted, in which 1.2x 10 s~1 more than two orders of magnitude faster. The

a hydronium ion orients a single hydrogen atom toward the entropy of activation for this process is +59.53%nol,
w-electron system of an incipient,8, molecule was also  confirming the “loose” nature of the transition state for this
found, but was considered unimportant because the expectedimple bond cleavage process. Thus, the formatiornpbfC
H30* (or H,DO") decay products were not observed. products does not occur by direct hydride abstraction, but
In an early theoretical study on the 2-hydroxyethyl cation proceeds via complek, followed by ring opening and hy-
system, Hopkinson et aJ23] obtained structurd at the drogen atom migration to form compl@g with subsequent
HF/4-31G level. They also obtained an open chain structure, C—O bond cleavage.
[H,CCH,—OH]*. Our calculations also obtained the same The interconversion rate fa?2— 3 via TSy3 is calcu-
structure at the HF/4-31G level, but further optimization at lated via RRKM theory to be 2.5 10 s~1, nearly four or-
the HF/6-31G(d) and UB3LYP/6-31+G(d,p) level of theory ders of magnitude slower than direct decay2dab C,Hs*.
shows that this structure has an imaginary frequency associ-The entropy of activation for this reaction is calculated to
ated with the torsional motion of the Glgroup to which O is be —12.7 JK 1 mol~1, indicative of a tight transition state.
bonded, and is therefore a transition state associated with hy-Thus, formation of protonated acetaldehyde is not expected

drogen atom migration, denotéd-ig. 7omits structures, 5, to be an important pathway in this system, consistent with the
and6, but their properties are reported in tBepplementary  absence of any products that correlate with this intermediate.
data The geometry of the incipient HOD bond in compl2x

provides some insight into the mechanism for forming vibra-
tionally excited HOD molecules upon cleavage of theGC
5. Discussion bond. The DFT calculations show that the HOD bond angle in
the complex is approximately 11,lappreciably greater than
The DFT calculations provide a natural focus for a dis- the equilibrium value of 104:5n the free molecule. Relax-
cussion of the reaction dynamics in the OBC,H4 system. ation of the H-O-D bond angle to its equilibrium value may
Fig. 7 shows the initial triplet diradical protonated oxirane impart significant bending excitation to the nascent product.
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One quantum of HOD bending is approximately 17 kJmol nificantly “hotter” than statistical. Although many reported
so only a relatively small number of quanta are required to €xamples of experimental kinetic energy distributions are
impart a mean internal excitation of 60 kJ mbto this prod- broader than PST distributions and are ascribed to incom-
uct. More detailed studies of this issue are required to provide plete randomization of the total energy, experimental distri-
further insight into this dynamical constraint. butions that are “hotter” than statistical are more unusual. A
The angular distribution asymmetry observed both in the classic example of such behavior has been reported by Graul
parent GHs* and daughter gH,* flux distributions at low and collaborator§35,36] on the $2 nucleophilic substitu-
energy provides experimental confirmation that the processtion reaction of Ct +CHgBr, in which the nascent -€Cl
is not direct, but is mediated by one or more transient in- bond retains high levels of internal excitation. Hase and co-
termediates. The “osculating model” for chemical reactions Workers[37—40]have provided a theoretical rationalization
[26—28] proceeding through complexes that live a fraction Of this behavior through calculations showing that a signifi-
of a rotational period parameterizes the forward—backward cant fraction of reactive collisions avoid the entrance channel
asymmetry in the angular distribution in terms of the ratio Well and react in a direct fashion with dynamical specificity.
of the complex lifetime to its rotational period. Accordingto As we have already noted, the formation ofHg* products
the model, the asymmetry is written as: requires that they be formed in concert with HOD products
with a constant amount of vibrational excitation. The possi-
bility that non-statistical kinetic energy distributions in the
present case arise from the dynamical constraints that form
such products must be considered.
The DFT calculations also provide a basis for establishing
the pathway for charge transfer. In intermedihtthe charge
is localized on the carbons; as a result, simple cleavage of
two C—O bonds leads directly to OD +€l4* products. Al-

g(m)/8(0) = coshtr/27) )
wherer is the complex lifetime andg its rotational period.
The low energy angular distribution shownRig. 5suggests
thatg(m)/g(0)~ 10 and thugr/t ~ 6. The DFT calculations
allow the rotational constants of complexeand?2 to be eval-
uated (8 GHz). Rate constant dafth3] provide an estimate
of the maximum impact parameter for complex formation, though we were unable to characterize the transition state
leading to a value of 16&for the total angular momentum of  leading to charge transfer products framwe can estimate
the complex. Under these conditions, the rotational period is the upper limit for this rate via a loose, orbiting transition
estimated to be 700 fs, resulting in a lifetime-ef10-120 fs. state; the RRKM rate for this process is %4013s™1. If
This resultis in fortuitously good agreement with the RRKM complex 1 serves as the common intermediate for charge
lifetime inferred from the rate of isomerization throug; 2, transfer and hydride transfer, then one would predict that the
8 x 1012571, From the perspective of rate limiting isomer- upper bound on the branching ratio for charge transfer is
ization, the formation of hydride transfer products is in rea- 60%, in fair agreement with the experimentally determined
sonable accord with statistical theory at the lowest collision value of 75%. However, a decay rate of this magnitude would
energy. produce an angular distribution for charge transfer with back-
The kinetic energy distributions forsEls* formation at ward scattering of intensity comparable to that observed for
the lowest collision energy give an additional perspective on CoHs™ formation. The absence of such backward scattering
the statistical character of the reaction. Unlike rate measure-peaks in the charge transfer data argues against a pathway
ments, which only probe the transition state region, kinetic involving covalently bound intermediates suchladf the
energy distributions provide information on the transition proper transition state for charge transfer is “tight” and is
state as well as energy transfer processes that occur as ththerefore rate limiting, then the observed branching ratio for
products leave the transition state. Seminal work by Hase charge transfer from should be smaller and the backward
and co-workerg29-32] has helped clarify the relationship  scattering contribution to the angular distribution should be
between rate and kinetic energy measurements and the modkarger, both of which contradict experiment.
ification of the distribution of energy at the transition state by =~ The large cross sections and strongly forward peaked
exit channel interactions and angular momentum constraints.angular distributions observed for exoergic charge transfer
The statistical phase space theory (PST) of unimolecularare consistent with the occurrence of electron transfer at

decay as introduced by Light et 483] and elaborated by
Bowers and Chesnavid34] calculates the kinetic energy

length scales characteristic of electrostatically rather than
covalently bound intermediates. In analogy with the related

distribution by counting all microstates of the products ac- D,O" + CoH4 system[9], we examine the possible role of
cessible from a complex of constant total energy and angulara pathway for charge transfer that involves an electrostati-

momentum as equally probable.

In Fig. 4, we show the results of PST for the product ki-
netic energy distribution from a complex with total angular
momentum of 16@. In comparison with the experimental

cally bound [ODC,H4]* complex formed by the long-range

attraction of approaching reagents. We were unable to char-
acterize such electrostatic complexes by DFT in the pres-
ence of the strongly bound covalent intermediates discussed

results, the calculated kinetic energy distribution is shifted above, but the DFT results for electrostatically bound inter-
to higher energies and is significantly broader than observedmediates in the closely-related{D-CoH4]* system provide

experimentally. Thus, the internal energy distribution is sig-

significant guidance. In that system, the nearly 200 kJthol
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difference in ionization potentials between® and GH4 The experimental data for the system OBC,H4 sug-
causes the first electrostatically bound intermediate to begest that the reaction products are formed through distinct
D20-C2H4™, in which the electron has already been trans- pathways. Access to the different regions of the potential en-
ferred from GH4 to D.O*. The ionization potential of OD  ergy surface that result in charge transfer or hydride transfer
is 0.40 eV (38.6 kI matt) larger than that of BO, suggest- is controlled by impact parameter. At large impact parame-
ing that a similar situation holds and that the electrostatic ters, the centrifugal barrier effectively prevents trajectories
complex formed when ODapproaches §Hs also has the  from accessing regions of the surface at short range where
positive charge on the latter species. The-OfM4+ com- significant covalent interactions occur. In contrast, the reac-
plex lies no more than 300 kJ mdi below the reagents, as  tive channels in which chemical bonds are cleaved or formed
contrasted with the covalent complexesind2, which are proceed through interactions in which covalently-bound in-
bound in excess of 600 kJmdi. As described in detail in  termediate complexes live a substantial fraction of a rotational
our previous publication, the RRKM decay rate of such an period. Small impact parameter collisions provide access to
electrostatic complex to the charge transfer products shouldthe characteristic length scales where such intermediates may
be of magnitude ¥ s~1, a full order of magnitude faster  form.
than decay of the more strongly bound covalent complex to  The charge transfer process appears to proceed as a direct
the products of charge transfer. reaction, occurring at large impact parameters, with long dis-

Finally, we must account for the absence of H/D exchange tance electron transfer, such that the momenta of the products
leading to OH + GH3D*. Along the covalent pathway, a se- are changed minimally from that of the precursor reactants.
guence of isomerizations in which ring-opening and migra- The internal energy distributions of the reaction products may
tion of a hydrogen atom bound to carbon convetio 2, be extracted by energy conservation from the measured trans-
followed by the reverse of this process, but with migration lational energy distributions dfig. 3as follows:
of the oxygen-bound deuterium to carbon, i.€,-a 1’ pro-
cess, would produce a precursor gH3D*. The RRKMrate ~ Pint(ET) = Purand Etotal — E7). )
for the2 — 1’ process is X 10'1s1, approximately 3% of
the rate for direct decay of 1 to,€84*. However, this lat-
ter process must compete with dissociatior2ab C,H3*,
proceeding with a rate estimated tob&0°s™1, Less than
one complex in 1000 will lead to charge transfer with H/D
exchange, for an effective H/D exchange rat8 x 10°s~1.
Although the H/D exchange rate along the covalent path-
way is below our detection limits, consistent with experimen-
tal data, the observed angular distributions for charge trans-
fer are inconsistent with this pathway, requiring us to reject
it.

The issue of H/D exchange along the electrostatic complex
pathway requires us to consider the following sequence of H

and D' exchanges: —e— 193 kJ mol”

—— B1kJ mol”
—a— 102 kJ mal”’

OD- CoHs™ = HODT - CoH3z = HO - CoH3D™ (8) = Franck-Condon distribution
1.0

Experimental work on the photoelectron spectrum of the
product GH4 provides useful information on the nature of
the Franck—Condon envelope for formation ofHG* [41],
and provides a useful comparison with the present experi-
mental data. This comparison is shownHig. 8 First, we
notice that internal energy distributions of products at all
three collision energies are very similar and cut off at the
thermochemical limit. Second, the photoelectron band for
production of GH4* in the 12829 excited state is energy res-
onant and also has large Franck—Condon factors. The sim-
ilarity of the product internal energy distributions and the

The lower bound on the barrier to the first proton transfer
should be approximately equal to the difference in the proton °
affinities of OH (593 kJmotl) and GHs (755 kJ mot?),
or ~160kJmot?. At the lowest collision energy of these 0.5 -
experiments, in which the non-fixed energies of the com-
plex and the critical configuration are 320 and 160 kJThol
respectively, the RRKM rate for this intramolecular proton
transfer process should be on the order dt<d, also be-
low detection limits. The suppression of H/D exchange in
the ODC,H4* electrostatic complex by barriers driven by
the low proton affinity of OH therefore provides a convinc- Internal Energy, kdJ mol
ing explanation for the absence of charge transfer with H/D
exchange to form gH3D* products. In addition, the rate of Fig.8_. Internal energy distributions _of reaction produchfqrtEHﬂ prod- _

. 14 1 ucts inferred from product translational energy distributions. The vertical
Charge trans_fer along the electrostatic pathway]t@l S arrows indicate the thermochemical limits for the three different collision
consistent with the sharply forward-scattered product angular energies. The solid curve shows the photoelectron band for formation of
distributions. CoHa* in the first excited 3B, state.
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