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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 C2H4 at relative collision energies between 19.3 and 102 kJ mol−1 (0.20–1.06 eV). Charge transfer to form C2H4

+ is a direct process
occurring through large impact parameters. A comparison of the internal energy distributions of reaction products with the photoelectron
spectrum of C2H4 is consistent with a Franck–Condon picture for long distance electron transfer. Charge transfer with H/D rearrangement to
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orm C2H3D+ + OH does not occur, unlike the related system D2O+ + C2H4, in which comparable amounts of C2H4
+ and C2H3D+ are observed

his difference is accounted for by the significantly smaller proton affinity of OH relative to H2O. Reactive processes are initiated by
ormation of a protonated oxirane triplet diradical, which undergoes intersystem crossing to the singlet manifold. Formation of C2H3

+ + HOD,
ominally a hydride transfer reaction, is shown to occur at the lowest collision energy through transient singlet intermediates in

imescale for rate-limiting hydrogen atom migration corresponds to a significant fraction of a rotational period. Formation of hydrid
roducts is sufficiently exothermic (�H =−489 kJ mol−1) that a fraction of the C2H3

+ products may be formed above the dissociation thres
o C2H2

+. Increasing collision energy results in enhanced yields of C2H2
+ relative to C2H3

+, consistent with unimolecular decay of the m
ighly excited C2H3

+ products. However, the very small translational energy releases at all collision energies also require significant v
xcitation in the HOD products; the most probable internal excitation in HOD is approximately 60 kJ mol−1 at all collision energies.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Gas phase ion–molecule reactions play an important role
n establishing the chemical composition and reactivity pat-
erns in interstellar gas clouds and planetary atmospheres
1,2], electrical discharges[3], combustion processes[4,5],
nd chemical ionization mass spectrometry[6]. The pro-
esses of charge transfer and light particle exchange, includ-

ng hydride, proton, and hydrogen atom transfer, are among
he important prototype reactions implicated in such sys-
ems. Light particle transfer between two heavier functional
roups is governed both by kinematic and dynamical con-
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straints, and studies in the gas phase may distinguis
roles of these distinct factors. Conventional treatments o
oergic charge transfer reactions often consider the proc
as occurring at long range, with little momentum tran
between the approaching reactants or the separating
ucts [7]. Energy resonance and favorable Franck–Con
factors are often cited as playing a key role in elec
transfer[8].

In a recent study from our laboratory, we presented a
tailed experimental and theoretical study of the charge t
fer and proton transfer reactions that occur between ion
water and ethylene molecules[9]. Those data showed that t
product internal energy distributions in the charge transfe
action to form C2H4

+ were consistent with long range ele
tron transfer governed by favorable Franck–Condon fa
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for removal of an electron from ethylene. Isotopic label-
ing studies with D2O+ reagents showed that charge transfer
with H/D exchange to form C2H3D+ products was facile,
occurring with a cross section only a factor of two smaller
than that for direct charge transfer. Density functional the-
ory (DFT) calculations of important reactive intermediates
and the transition states connecting them, in conjunction
with statistical Rice–Ramsperger–Kassel–Marcus (RRKM)
calculations[10,11], predicted H/D exchange rates more
than three orders of magnitude smaller than observed. The
DFT calculations also predicted that proton transfer occurs
along a coordinate in which the incoming proton approaches
the �-cloud of C2H4 perpendicular to the CC bond axis.
The experimental data showed a clear progression in the
�10 vibration generated by the D atom bridging the carbons
in the nascent C2H4D+ products, consistent with the DFT
prediction.

In the present work, we report a crossed beam
and DFT study of the reactions between the hydroxyl
cation and ethylene. We employ the isotopically-labelled
cation OD+ instead of OH+, and focus on the following
reactions:

OD+ + C2H4 → OD + C2H4
+,

�H = −241 kJ mol−1 (1)
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from 19.3 to 102 kJ mol−1 (0.20–1.06 eV). Although we ob-
served a very weak signal at mass 29 at the highest collision
energy, we were unable to measure a full differential cross
section for this channel. In conjunction with DFT calcula-
tions, the data provide a clear physical basis for understand-
ing the dynamics of the charge transfer reaction, including
an interpretation of energy partitioning and the absence of
H/D exchange in this process. In addition, the formation of
C2H3

+ is shown to occur via hydrogen atom migrations in
reactive intermediates that evolve during the course of the
reaction.

2. Experimental

The crossed beam instrument has been described in detail
previously[14], so only a brief overview is given here. OD+

ions are produced by electron impact on deuterium oxide
vapor in an ion source held at a pressure of approximately
0.01 torr. Following extraction, the ions are accelerated to
300 eV, and are then mass-selected by a 60◦ magnetic sector.
After deceleration to the desired beam energy and focusing
by a series of ion optics, the beam has a roughly triangular
kinetic energy distribution with a FWHM between 19 and
43 kJ mol−1 (0.20 and 0.45 eV) in the laboratory frame of
r
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D+ + C2H4 → HOD + C2H3
+,

�H = −489 kJ mol−1 (2)

D+ + C2H4 → C2H2
+ + H + HOD,

�H = −44.4 kJ mol−1 (3)

Reaction(1) appears to be a simple electron tran
o form C2H4

+, while reaction(2) is nominally a hydride
bstraction process[12], but may proceed through one
ore covalently bound intermediates. Reaction(2) is suf-

ciently exothermic that the most highly internally exci
2H3

+ products may undergo CH bond cleavage; the la
er process may be thought of either as unimolecular d
ia reaction(3), or as a direct collision-induced dissoc
ion process. Experimental data allow this distinction to
ade.
The reaction of OD+ + C2H4 has been studied prev

usly by Fishman and Grabowski[13]. They used a se
ected ion flow tube (SIFT) to determine thermal
rgy rate coefficients and product branching ratios for

on–molecule reactions of hydroxyl cation, ionized wa
nd their deuterated analogues with ethylene. In additi
bserving C2H4

+ and C2H3
+, these workers also report

ate coefficients for the formation of a product of mass
nd suggested pathways that could form either the
ation, C2H5

+, or the formyl cation, HCO+. No firm con-
lusion was offered concerning the identity of the mas
roduct.

In the present experiments, we report differential c
ections for reactions(1)–(3) over the collision energy rang
eference.
Experiments were performed at selected energies o

elative collision energy range of 19.3–102 kJ mol−1. Ethy-
ene beams are formed by supersonic expansion of the
as through a 0.07 mm nozzle. A 1.0-mm diameter skim

ocated 50 nozzle diameters in distance downstream fro
ozzle selects the cool core of the beam. The beam is
ated by passing through a 3.0-mm square aperture lo
pproximately 2.5 cm from the skimmer before entering
ain chamber, where it intersects the ion beam at a 90◦ angle
n electrostatic energy analyzer with resolution of 0.07
etermines the kinetic energies of ions in the primary
eam and scattered ionic reaction products. The energy

yzer is calibrated before and after the experiments by me
ng the kinetic energy distribution of thermal ions formed
esonant charge transfer between He+ and He. The energ
nalyzed product ions are mass-analyzed by a quadr
ass filter, and are detected with two microchannel p

n the chevron configuration. High vacuum is maintai
n all chambers by oil diffusion pumps. Data acquisitio
omputer-controlled.

Three independent measurements were performed
xperiment. At each collision energy, the kinetic energy
ributions of the scattered product ions were measure
2 fixed laboratory angles. Each energy spectrum cons
f 80 points, with typical energy bin widths of 0.025 e
hese kinetic energy distributions were then normalize

he angular distributions of product ions at each ang
he laboratory coordinate system. The branching frac
or reactions(1)–(3) were also measured at each collis
nergy.
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3. Data analysis

Dynamical information about a chemical reaction is most
easily extracted from the measured kinetic energy and an-
gular distributions of scattered ionic products when viewed
in the center of mass (c.m.) frame of reference. The ion and
neutral beams contain atoms or molecules with distributions
of velocities and the beams have finite spatial widths, re-
sulting in a distribution of collision energies and intersection
angles. The spread in reagent beam velocities and intersec-
tion angles must be removed from the laboratory data before
they are transformed to the c.m. frame to extract the differ-
ential cross section for the reaction. An iterative deconvo-
lution procedure based on the method of Siska is used to
remove the spread in beam velocities and extract the center
of mass cross sectionIc.m.(u, θ) from the laboratory cross
sectionI lab(v, Θ) by inverting the following transformation
relationship[15]:

Ilab(v, Θ) =
N∑

i=1

fi

v2

u2
i

Ic.m.(ui, θi). (4)

In the above equation,v andui are the velocities in the lab-
oratory and c.m. coordinates, respectively; the summation is
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4. Results

4.1. Direct charge transfer: OD+ +C2H4→OD+
C2H4

+

The charge transfer reaction was studied at c.m. colli-
sion energies of 19.3, 61, and 102 kJ mol−1 (0.20, 0.63, and
1.06 eV).Fig. 1shows the flux distribution for C2H4

+ prod-
ucts at 19.3 kJ mol−1, obtained by iterative deconvolution of
the lab data and transformation to c.m. coordinates, repre-
sented as a contour projection superimposed on the Newton
kinematic diagram; the distributions are qualitatively similar
at the higher collision energies and are not shown here. In the
c.m. coordinate system, the directions of the OD+ ion beam
and the C2H4 neutral beam are 0 and 180◦, respectively.

The experimental results shown in the flux map indicate
that the charge transfer flux distribution is sharply asymmet-
ric, with the majority of the C2H4

+ products scattered in the
same direction as the precursor beam. Because of the con-
vention that the parent ion beam defines the 0◦ direction in
c.m. coordinates, the charge transfer products are assigned
to the angular range near 180◦. We adopt the convention that
such products are forward-scattered since their momenta are
similar in direction and magnitude to their precursor neutral
reactants.
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valuated over a grid of 125 Newton diagrams, correspon
o five energies in each of the two reagent beams, and fiv
ersection angles distributed around 90◦; fi is a weighing fac
or, or the probability of observing Newton diagrami based on
istributions of reagent beam velocity and intersection a
he extractedIc.m.(u, θ) can be transformed back to the

rame of reference, allowing comparison with the experim
al data. When averaged over experimental velocity dist
ions and beam intersection angles, the c.m. cross se
ecover the experimental data with a standard deviatio
15%.
The barycentric angular distributiong(θ) of the ionic prod

ct of each reaction is also calculated by averaging the
istribution over recoil speed, indicated by the bracket n

ion:

g(θ)〉u =
∫ ∞

0
du Ic.m.(u, θ). (5)

Similarly, the angle-averaged relative translational en
istribution of products,P(E′

T) is given by:

P(E′
T)〉θ =

∫ π

0
dθ sinθ u−1 Ic.m.(u, θ). (6)

The full flux distributions in velocity space as well as
inetic energy and angular distributions derived from th
rovide important physical insight into the nature of reac
ollisions.
The angular distributions and relative translational en
istributions of the products of the charge transfer reac
t all three energies are shown inFig. 2. Angular distribu

ions are sharply forward-scattered, their widths decrea
ith increasing collision energy as expected for a direct
ess governed by long range electron transfer with min
omentum transfer to the nuclei. The relative translati
nergy distributions of the product at the three energie
hown in the lower panel ofFig. 2. As the collision energ

ig. 1. Contour plot representation of C2H4
+ product flux at 19.3 kJ mol−1

ollision energy superimposed on Newton diagram. Circle on contou
efines maximum C2H4

+ product velocity allowed by energy conservati
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Fig. 2. (a) Angular distributions for C2H4
+ charge transfer products, all

energies. (b) Kinetic energy distributions for C2H4
+ charge transfer products,

all energies.

increases, both the mean energy and the width of the transla-
tional energy distribution increases.

The energy disposal results for the charge transfer process
to form C2H4

+ are summarized inTable 1. The total energy is
the sum of collision energyErel, any reactant internal energy,
and the reaction exothermicity. The product relative energy
E′

T at each collision energy is tabulated as the average value

Table 1
Reaction energy partitioning results for OD+ + C2H4 → OD + C2H4

+ (units
in kJ mol−1)

Ion energy 23.1
(0.24 eV)

93
(0.96 eV)

160
(1.66 eV)

Reactant relative
energy (Erel)

19.3 61 102

Total energy
(Etotal)

260 302 343

Product average
relative energy
(〈E′

T〉)

32 61 114

〈E′
T〉/Etotal (%) 12 20 33

Product average
internal energy

228 241 229

of the appropriate relative translational energy distribution in
the lower panel ofFig. 2. Table 1shows that the average in-
ternal excitation of the reaction products ranges from 229 to
241 kJ mol−1, lying within 5% of the reaction exothermicity
of 241 kJ mol−1 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+ +C2H4→HOD+C2H3
+

The formation of products of mass 27 is formally a hy-
dride transfer from C2H4 to OD+, although this term does not
necessarily imply that the process occurs by direct particle
abstraction.Fig. 3shows the c.m. flux distribution for C2H3

+

products at the lowest collision energy of 19.3 kJ mol−1. Al-
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
i r
b an be
e hown
i are
e of a
t ota-
t tly
r n is

F y
o rgy.
C d
b

n Eq. (6) to (0, �/2) or (�/2, �), the recoil distributions fo
ackward or forward scattered products, respectively, c
valuated separately. The results of those calculations, s

n Fig. 4, demonstrate clearly that the recoil distributions
ffectively independent of scattering angle, a hallmark

ransient complex that lives a significant fraction of a r
ional period. This is an important point, in that it significan
educes the probability that the bimodal flux distributio

ig. 3. Contour plot representation of C2H3
+ product flux at collision energ

f 19.3 kJ mol−1 superimposed on Newton diagram, lowest collision ene
ircle on contour map defines maximum C2H3D+ product velocity allowe
y energy conservation.
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Fig. 4. Upper panel: kinetic energy distributions for C2H3
+ hydride transfer

products at 19.3 kJ mol−1. Forward and backward scattering distributions
are shown separately. Lower panel: phase space calculation as discussed in
the text.

a superposition of two mechanisms, one producing forward
scattering, the other resulting in backward scattering. Also
shown inFig. 4 is the result of a model statistical calcula-
tion of the product kinetic energy distribution, which will be
discussed in the next section.

In Fig. 5, we show the angular and kinetic energy distri-
butions for C2H3

+ products at all three collision energies.
The upper panel shows the angular distributions averaged
over product velocity. Consistent with the flux map ofFig. 3,
the angular distribution at the lowest collision energy shows a
weak but perceptible component of backward scattering. This
component of backward scattering is absent at higher colli-
sion energies. As will be noted later, the magnitude of this
component relative to the stronger forward-scattered peak
provides information on the decay lifetime of the complex.
The lower panel ofFig. 5show the angular-averaged kinetic
energy distributions of the C2H3

+ products at all three col-
lision energies. All of the distributions show evidence for
incompletely resolved structure to the low energy side of
the maxima, especially near 10 kJ mol−1. This structure may
arise from populating specific vibrational modes of the prod-
ucts, but the large numbers of vibrational modes preclude

Fig. 5. (a) Angular distributions for C2H3
+ hydride transfer products, all en-

ergies. (b) Kinetic energy distributions for C2H3
+ hydride transfer products,

all energies.

their assignment in this system. Numerical results are sum-
marized inTable 2.

Although the precise nature of energy partitioning among
the C2H3

+ and HOD products cannot be determined unam-
biguously from the data shown inFig. 5, energy conserva-
tion does require important constraints on the partitioning
of the energy. At the lowest collision energy, the total en-
ergy accessible to reaction products is 508 kJ mol−1, whereas

Table 2
Reaction energy partitioning results for OD+ + C2H4 → HOD + C2H3

+

(units in kJ mol−1)

Ion energy 23.1
(0.24 eV)

93
(0.96 eV)

160
(1.66 eV)

Reactant relative
energy (Erel)

19.3 61 102

Total energy
(Etotal)

508 550 591

Product average
relative energy
(〈E′

T〉)

28 52 93

〈E′
T〉/Etotal (%) 5.5 9.5 16

Product average
internal energy

480 498 498
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the dissociation thresholds for CH bond cleavage in the
C2H3

+ products, or for OH(D) bond cleavage in HOD, are
445 and 499 kJ mol−1, respectively. Thus, reaction products
formed at a relative collision energy of 19.3 kJ mol−1 with
less than∼63 kJ mol−1 of translational energy may have suf-
ficient energy to dissociate to C2H2

+ + H + HOD; products
with translational energy less than 9 kJ mol−1 may dissociate
to C2H3

+ + H(D) + OD(H). Similarly, at collision energies of
61 and 102 kJ mol−1, products formed with translational en-
ergies below 105 and 147 kJ mol−1, respectively may have
internal excitation in excess of the dissociation threshold to
C2H3

+. The corresponding limits for HOD dissociation are
51 and 93 kJ mol−1, respectively. Statistical partitioning of
energy in the C2H3

+ + HOD products places the majority of
the available energy in C2H3

+; in conjunction with the sig-
nificantly lower dissociation threshold in C2H3

+ relative to
HOD, we expect C2H2

+ to be the major decay fragment of
the nascent products formed by hydride transfer.Fig. 5shows
that the translational energy distributions of C2H3

+ products
at all three collision energies fall almost entirely in the range
where enough energy is available for dissociation of C2H3

+.
As discussed later, the lifetimes of all decaying species are
significantly shorter than the transit time through the detec-
tion system, resulting in negligible kinetic shifts. Thus, the
mechanism for formation of reaction products at such low
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Fig. 6. Contour plot representation of C2H2
+ product flux at collision energy

of 19.3 kl mol−1 superimposed on Newton diagram.

The first salient characteristic of the C2H2
+ distribution is

that it bears a remarkable resemblance to the corresponding
C2H3

+ flux distribution. If the C2H2
+ products arise from

hydrogen atom ejection from decaying C2H3
+ products, the

kinematics of dissociation require that the momenta of the
ejected H and C2H2

+ fragments be equal and opposite in the
reference frame of the decaying parent. The c.m. speed of
the nascent C2H2

+ can only be 1/27 of the relative velocity of
the separating fragments. Thus, we expect the distributions of
daughter C2H2

+ products in velocity space to originate from
the parent C2H3

+ flux distributions. The fact that the C2H2
+

flux distribution is broadened only slightly relative to the par-
ent C2H3

+ distribution implies that only a small fraction of the
64 kJ mol−1 excess energy appears in product translation, as
statistical theories of unimolecular decay would predict. The
kinematic simplification arising from light particle ejection
allows this analysis to be placed on a more quantitative basis
and will appear in a separate publication from this laboratory.

The second clear conclusion coming from the experimen-
tal data ofFig. 6 concerns the appearance of both forward
and backward scattered peaks. The backward scattered peak,
whose existence in the C2H3

+ distribution shown inFig. 3
was considered strong evidence for the participation of long-
lived transient intermediates, is even stronger relative to the
forward peak in the C2H2

+ flux distribution. As described
i + in
r eir
C ore
i that a
m
l

4

ts of
r ies.
I cess
c able
a ergy
ranslational energies requires that the HOD products
ain sufficient internal excitation to be formed in concert w
table C2H3

+ products. At the peaks of the translational
rgy distributions shown inFig. 5, the magnitudes of HO

nternal excitation all lie within±10% of 60 kJ mol−1. This
bservation suggests that dynamical constraints place a
mount of product internal excitation in HOD, and that
2H3

+ products populate internal energy states up to the
ociation limit. The low energy downturn in the translatio
nergy distributions inFig. 5corresponds to the onset of d
ociation, subject to the constraint that HOD products
pproximately 60 kJ mol−1 of internal excitation. In the ne
ection, we report on direct observation of the produc
issociation.

.3. Unimolecular decay of excited C2H3
+ products

At each collision energy, products were detected at m
6, corresponding to the formation of C2H2

+. A close exami
ation of the experimental data allows us to demonstrate
2H2

+ is formed by unimolecular decay of highly excit
2H3

+. Similar observations of C2H2
+ formed by unimolec

lar decay of C2H3
+ have been reported in the literature[16].

n Fig. 6, we plot the C2H2
+ flux distribution at 19.3 kJ mol−1

elative to the center of mass of the original reactants. M
urement of the flux distribution of a single product from
ollisional process forming three fragments is kinematic
ndeterminate. However, careful inspection of the experim
al data and close comparison with the flux distributions
he parent C2H3

+ products allow a number of robust conc
ions to be made.
n the previous paragraph, C2H2 products are formed
egions of velocity space in the immediate vicinity of th
2H3

+ precursors. The fact that the backward peak is m
ntense in the fragments than in the parents suggests

ajority of the C2H3
+ products have decayed to C2H2

+, at
east for parents in this region of velocity space.

.4. Product branching ratios

Careful measurements of the intensities of the produc
eactions(1)–(3)were obtained at all three collision energ
ndependent of collision energy, the charge transfer pro
orresponds to 75% of the total reactive flux, in reason
greement with the value of 66% reported at thermal en
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by Fishman and Grabowski[13]. The remainder of the re-
active flux arises from hydride transfer, both in the form of
nascent C2H3

+ and its unimolecular decay daughter C2H2
+.

The observed ratio for C2H3
+ to C2H2

+ products is unity at
the lowest collision energy of 19.3 kJ mol−1 and decreases
smoothly to approximately 0.4 at the highest collision en-
ergy of 102 kJ mol−1. This result is also consistent with the
formation of C2H2

+ by unimolecular decay of C2H3
+.

4.5. DFT calculations

In order to gain insight into different intermediates and
reaction pathways that may be accessible to the OD+ + C2H4
collision system, we have carried out DFT calculations with
the Gaussian 98 program package[17]. The calculations fo-
cus on the structures of intermediates of singlet multiplicity
having nominal stoichiometry [OH·C2H4]+ and probe path-
ways for the formation of ground state C2H4

+ and C2H3
+

products. The key issues that we attempt to understand are
the following: the absence of a charge transfer process coinci-
dent with H/D rearrangement, unlike the results of previously
reported work from our lab with D2O+ reactants[9], and the
formation of C2H3

+ products via a complex that appears to
survive a significant fraction of a rotational period at low
collision energies. Fishman and Grabowski[13] proposed a
s to the
r

an-
n
w -
d al
c arac-
t ls
a able

matrix elements for spin–orbit coupling and subsequent rapid
intersystem crossing to the singlet manifold[20]. Our DFT
calculations show that this triplet species lies∼300 kJ mol−1

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) method[21,22]. 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 at the DFT(UB3LYP)/6-311++G(d,p) level on the
basis of the B3LYP/6-31+G(d,p) equilibrium geometries. In
this study, the expectation values of the total square of the spin
angular momentum,〈S2〉, are very close to 0.75 for all dou-
blet state species. For triplet state OH+, 〈S2〉 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.
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eries of reaction pathways that bear a resemblance
esults discussed here.

The OH+ reagent has a triplet ground state. In a m
er analogous to the isoelectronic O(3P) + C2H4 system[18],
e expect the approaching OH+ to undergo electrophilic ad
ition to the�-bond of ethylene to form a triplet diradic
orresponding to ring-opened protonated oxirane. As ch
erized by Yamaguchi et al.[19], the p-type diradical orbita
re orthogonal in this oxirane system, leading to favor

ig. 7. Schematic reaction coordinate for the OD+ + C2H4 system. As discu
ntersystem crossing of triplet protonated oxirane to the singlet mani
ransition states are discussed in the text and in theSupplementary data.
Fig. 7 shows the schematic energy diagram of react
roducts, and key intermediates important in the reactio
amics of OH+ + C2H4. The DFT calculations, obtained

he B3LYP/6-311++G(d,p) level with zero-point vibratio
nergy corrections, focus on singlet intermediates an
roducts formed from them. All energies are calculated

ive to the energy of the approaching reactants. The dia
lso shows the energy of the triplet protonated oxirane d

cal calculated by DFT, as well as electrostatic comple

the text, charge transfer occurs through the OD·C2H4
+ electrostatic comple

cedes hydride transfer and unimolecular decay. Properties of all coplexes and
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implicated in the charge transfer process, as described
later.

The first [OH·C2H4]+ isomer characterized, denoted inter-
mediate1 in Fig. 7, is protonated ethylene oxide, in which two
carbon atoms and oxygen form a three-membered ring with
the hydrogen atom of the hydroxyl group pointed out of the
C C O plane. This is precisely the structure that one would
expect from ring closure of the nascent singlet protonated oxi-
rane species formed upon intersystem crossing. The calcula-
tions show that this species is bound by 618 kJ mol−1 relative
to the reactants, compared to a value of 643 kJ mol−1 eval-
uated from tabulated thermodynamic data. A second inter-
mediate, denoted2, lies 33 kJ mol−1 below1, and is formed
by cleavage of the C(1)O bond to open the three-membered
ring, followed by a hydrogen atom shift from C(2) onto the
oxygen atom. In isomer2, the three heavy atoms are in a
plane and H(7) and H(8), the hydrogens bound to oxygen, lie
nearly symmetrically on opposite sides of theCs symmetry
plane. Intermediate2 may undergo CO bond cleavage to
form the C2H3

+ product.
A third structure, denoted3, lies 131 kJ mol−1 below 1

and corresponds to protonated acetaldehyde, which is pre-
cisely the expected product from ring opening of protonated
ethylene oxide. Our calculations showed that3 evolves from
complex2, rather than along a direct path from1. The calcu-
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species, which undergoes rapid intersystem crossing to the
singlet manifold. The singlet diradical closes to form proto-
nated ethylene oxide,1. Isomerization of1 to the ring-opened
structure2occurs throughTS12, a transition state with an en-
ergy of 140 kJ mol−1 relative to complex1, only 12 kJ mol−1

lower than the energy of the C2H3
+ + HOD products, which

form directly from2. Finally, intermediate3, corresponding
to protonated acetaldehyde, which our calculations show is
accessible through intermediate2, lies only∼130 kJ mol−1

below1. The transition stateTS23 for this isomerization lies
180 kJ mol−1 above2.

The reaction coordinate for C2H3
+ formation is a clas-

sic double minimum system[24,25] in which the rate-
determining step is passage throughTS12 associated with
ring opening and hydrogen atom migration. The DFT calcula-
tions of the structures of complexes1and2and the transition
states connecting them with each other and with the reac-
tion products allow statistical rate constants to be calculated
via RRKM theory. We expect that rates below∼1013 s−1

are consistent with the assumption of rapid intramolecular
vibrational relaxation prior to dissociation, whereas calcu-
lated rates significantly larger than this value provide qual-
itative confirmation that the processes are direct. At a col-
lision energy of 19.3 kJ mol−1, the total non-fixed energies
of complex1 and the critical configuration atTS12 are 638
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ation also shows that3 does not lead to the observed C2H3
roducts, but should undergo CC bond cleavage to for
H3 + HCOH+. The latter product, the protonated form

adical, was not observed in our experiments. Another
er, denoted4, is structurally similar to3, differing only in

he orientation of the OH bond relative to the CC framework
ike 3, this species does not correlate with observed p
cts. Finally, an isomer of [C2H4 OH]+, denoted5, in which
hydronium ion orients a single hydrogen atom toward
-electron system of an incipient C2H2 molecule was als

ound, but was considered unimportant because the exp
3O+ (or H2DO+) decay products were not observed.
In an early theoretical study on the 2-hydroxyethyl ca

ystem, Hopkinson et al.[23] obtained structure1 at the
F/4-31G level. They also obtained an open chain struc

H2CCH2 OH]+. Our calculations also obtained the sa
tructure at the HF/4-31G level, but further optimizatio
he HF/6-31G(d) and UB3LYP/6-31+G(d,p) level of the
hows that this structure has an imaginary frequency as
ted with the torsional motion of the CH2 group to which O is
onded, and is therefore a transition state associated wi
rogen atom migration, denoted6.Fig. 7omits structures4,5,
nd6, but their properties are reported in theSupplementar
ata.

. Discussion

The DFT calculations provide a natural focus for a
ussion of the reaction dynamics in the OD+ + C2H4 system
ig. 7 shows the initial triplet diradical protonated oxira
nd 498 kJ mol , respectively. Using vibrational freque
ies obtained from the DFT calculations, we find that the
onstant for the1→2 isomerization process is 8× 1012 s−1.
he entropy of activation for the isomerization proces
9.9 J K−1 mol−1. In like manner, the rate constant for d
omposition of complex2 by C O bond cleavage to for
2H3

+ and HOD products at the same collision energ
.2× 1015 s−1, more than two orders of magnitude faster.
ntropy of activation for this process is +59.5 J K−1 mol−1,
onfirming the “loose” nature of the transition state for
imple bond cleavage process. Thus, the formation of C2H3

+

roducts does not occur by direct hydride abstraction
roceeds via complex1, followed by ring opening and h
rogen atom migration to form complex2, with subsequen

O bond cleavage.
The interconversion rate for2→3 via TS23 is calcu-

ated via RRKM theory to be 2.5× 1011 s−1, nearly four or
ers of magnitude slower than direct decay of2 to C2H3

+.
he entropy of activation for this reaction is calculated
e−12.7 J K−1 mol−1, indicative of a tight transition stat
hus, formation of protonated acetaldehyde is not expe

o be an important pathway in this system, consistent wit
bsence of any products that correlate with this intermed

The geometry of the incipient HOD bond in comple2
rovides some insight into the mechanism for forming vi

ionally excited HOD molecules upon cleavage of the CO
ond. The DFT calculations show that the HOD bond ang

he complex is approximately 111◦, appreciably greater tha
he equilibrium value of 104.5◦ in the free molecule. Rela
tion of the H O D bond angle to its equilibrium value m

mpart significant bending excitation to the nascent prod
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One quantum of HOD bending is approximately 17 kJ mol−1,
so only a relatively small number of quanta are required to
impart a mean internal excitation of 60 kJ mol−1 to this prod-
uct. More detailed studies of this issue are required to provide
further insight into this dynamical constraint.

The angular distribution asymmetry observed both in the
parent C2H3

+ and daughter C2H2
+ flux distributions at low

energy provides experimental confirmation that the process
is not direct, but is mediated by one or more transient in-
termediates. The “osculating model” for chemical reactions
[26–28] proceeding through complexes that live a fraction
of a rotational period parameterizes the forward–backward
asymmetry in the angular distribution in terms of the ratio
of the complex lifetime to its rotational period. According to
the model, the asymmetry is written as:

g(�)/g(0) = cosh(τR/2τ) (7)

whereτ is the complex lifetime andτR its rotational period.
The low energy angular distribution shown inFig. 5suggests
thatg(�)/g(0)≈ 10 and thusτR/τ ≈ 6. The DFT calculations
allow the rotational constants of complexes1and2 to be eval-
uated (∼8 GHz). Rate constant data[13] provide an estimate
of the maximum impact parameter for complex formation,
leading to a value of 160 ¯hfor the total angular momentum of
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classic example of such behavior has been reported by Graul
and collaborators[35,36] on the SN2 nucleophilic substitu-
tion reaction of Cl− + CH3Br, in which the nascent CCl
bond retains high levels of internal excitation. Hase and co-
workers[37–40]have provided a theoretical rationalization
of this behavior through calculations showing that a signifi-
cant fraction of reactive collisions avoid the entrance channel
well and react in a direct fashion with dynamical specificity.
As we have already noted, the formation of C2H3

+ products
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 intermediate1, the charge
is localized on the carbons; as a result, simple cleavage of
two C O bonds leads directly to OD + C2H4

+ products. Al-
though we were unable to characterize the transition state
leading to charge transfer products from1, we can estimate
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he complex. Under these conditions, the rotational peri
stimated to be 700 fs, resulting in a lifetime of∼110–120 fs
his result is in fortuitously good agreement with the RR

ifetime inferred from the rate of isomerization throughTS12,
× 1012 s−1. From the perspective of rate limiting isom

zation, the formation of hydride transfer products is in
onable accord with statistical theory at the lowest colli
nergy.

The kinetic energy distributions for C2H3
+ formation a

he lowest collision energy give an additional perspectiv
he statistical character of the reaction. Unlike rate mea
ents, which only probe the transition state region, kin
nergy distributions provide information on the transi
tate as well as energy transfer processes that occur
roducts leave the transition state. Seminal work by H
nd co-workers[29–32] has helped clarify the relationsh
etween rate and kinetic energy measurements and the

fication of the distribution of energy at the transition state
xit channel interactions and angular momentum constr
he statistical phase space theory (PST) of unimole
ecay as introduced by Light et al.[33] and elaborated b
owers and Chesnavich[34] calculates the kinetic ener
istribution by counting all microstates of the products
essible from a complex of constant total energy and an
omentum as equally probable.
In Fig. 4, we show the results of PST for the product

etic energy distribution from a complex with total angu
omentum of 160 ¯h. In comparison with the experimen

esults, the calculated kinetic energy distribution is sh
o higher energies and is significantly broader than obse
xperimentally. Thus, the internal energy distribution is
-

he upper limit for this rate via a loose, orbiting transit
tate; the RRKM rate for this process is 1.2× 1013 s−1. If
omplex1 serves as the common intermediate for ch
ransfer and hydride transfer, then one would predict tha
pper bound on the branching ratio for charge transf
0%, in fair agreement with the experimentally determ
alue of 75%. However, a decay rate of this magnitude w
roduce an angular distribution for charge transfer with b
ard scattering of intensity comparable to that observe
2H3

+ formation. The absence of such backward scatte
eaks in the charge transfer data argues against a pa

nvolving covalently bound intermediates such as1. If the
roper transition state for charge transfer is “tight” an

herefore rate limiting, then the observed branching rati
harge transfer from1 should be smaller and the backw
cattering contribution to the angular distribution should
arger, both of which contradict experiment.

The large cross sections and strongly forward pe
ngular distributions observed for exoergic charge tran
re consistent with the occurrence of electron transf

ength scales characteristic of electrostatically rather
ovalently bound intermediates. In analogy with the rel
2O+ + C2H4 system[9], we examine the possible role
pathway for charge transfer that involves an electros

ally bound [OD·C2H4]+ complex formed by the long-ran
ttraction of approaching reagents. We were unable to
cterize such electrostatic complexes by DFT in the p
nce of the strongly bound covalent intermediates discu
bove, but the DFT results for electrostatically bound in
ediates in the closely-related [D2O·C2H4]+ system provid

ignificant guidance. In that system, the nearly 200 kJ m−1
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difference in ionization potentials between D2O and C2H4
causes the first electrostatically bound intermediate to be
D2O·C2H4

+, in which the electron has already been trans-
ferred from C2H4 to D2O+. The ionization potential of OD
is 0.40 eV (38.6 kJ mol−1) larger than that of D2O, suggest-
ing that a similar situation holds and that the electrostatic
complex formed when OD+ approaches C2H4 also has the
positive charge on the latter species. The OD·C2H4

+ com-
plex lies no more than 300 kJ mol−1 below the reagents, as
contrasted with the covalent complexes1 and2, which are
bound in excess of 600 kJ mol−1. As described in detail in
our previous publication, the RRKM decay rate of such an
electrostatic complex to the charge transfer products should
be of magnitude 1014 s−1, a full order of magnitude faster
than decay of the more strongly bound covalent complex to
the products of charge transfer.

Finally, we must account for the absence of H/D exchange
leading to OH + C2H3D+. Along the covalent pathway, a se-
quence of isomerizations in which ring-opening and migra-
tion of a hydrogen atom bound to carbon convert1 to 2,
followed by the reverse of this process, but with migration
of the oxygen-bound deuterium to carbon, i.e., a2→1′ pro-
cess, would produce a precursor to C2H3D+. The RRKM rate
for the2→1′ process is 3× 1011 s−1, approximately 3% of
the rate for direct decay of 1 to C2H4

+. However, this lat-
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The experimental data for the system OD+ + C2H4 sug-
gest that the reaction products are formed through distinct
pathways. Access to the different regions of the potential en-
ergy surface that result in charge transfer or hydride transfer
is controlled by impact parameter. At large impact parame-
ters, the centrifugal barrier effectively prevents trajectories
from accessing regions of the surface at short range where
significant covalent interactions occur. In contrast, the reac-
tive channels in which chemical bonds are cleaved or formed
proceed through interactions in which covalently-bound in-
termediate complexes live a substantial fraction of a rotational
period. Small impact parameter collisions provide access to
the characteristic length scales where such intermediates may
form.

The charge transfer process appears to proceed as a direct
reaction, occurring at large impact parameters, with long dis-
tance electron transfer, such that the momenta of the products
are changed minimally from that of the precursor reactants.
The internal energy distributions of the reaction products may
be extracted by energy conservation from the measured trans-
lational energy distributions ofFig. 3as follows:

Pint(E
′
T) = Ptrans(Etotal − E′

T). (9)

Experimental work on the photoelectron spectrum of the
product C2H4 provides useful information on the nature of
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er process must compete with dissociation of2 to C2H3 ,
roceeding with a rate estimated to be∼1015 s−1. Less than
ne complex2 in 1000 will lead to charge transfer with H
xchange, for an effective H/D exchange rate≤ 3× 108 s−1.
lthough the H/D exchange rate along the covalent p
ay is below our detection limits, consistent with experim

al data, the observed angular distributions for charge t
er are inconsistent with this pathway, requiring us to re
t.

The issue of H/D exchange along the electrostatic com
athway requires us to consider the following sequence o+

nd D+ exchanges:

D · C2H4
+ � HOD+ · C2H3 � HO · C2H3D+ (8)

The lower bound on the barrier to the first proton tran
hould be approximately equal to the difference in the pr
ffinities of OH (593 kJ mol−1) and C2H3 (755 kJ mol−1),
r ∼160 kJ mol−1. At the lowest collision energy of the
xperiments, in which the non-fixed energies of the c
lex and the critical configuration are 320 and 160 kJ mo−1,
espectively, the RRKM rate for this intramolecular pro
ransfer process should be on the order of 108 s−1, also be
ow detection limits. The suppression of H/D exchang
he OD·C2H4

+ electrostatic complex by barriers driven
he low proton affinity of OH therefore provides a convi
ng explanation for the absence of charge transfer with
xchange to form C2H3D+ products. In addition, the rate
harge transfer along the electrostatic pathway is∼1014 s−1,
onsistent with the sharply forward-scattered product an
istributions.
he Franck–Condon envelope for formation of C2H4
+ [41],

nd provides a useful comparison with the present ex
ental data. This comparison is shown inFig. 8. First, we
otice that internal energy distributions of products a

hree collision energies are very similar and cut off at
hermochemical limit. Second, the photoelectron band
roduction of C2H4

+ in the 12B2g excited state is energy re
nant and also has large Franck–Condon factors. The

larity of the product internal energy distributions and

ig. 8. Internal energy distributions of reaction products for the C2H4
+ prod-

cts inferred from product translational energy distributions. The ve
rrows indicate the thermochemical limits for the three different coll
nergies. The solid curve shows the photoelectron band for format

2H4
+ in the first excited 12B2g state.
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Franck–Condon profile for ionization of C2H4 indicates that
the collisional ionization process is very similar to photoion-
ization. As the collision energy increases, the high-energy
cut off of the product internal energy distribution, dictated by
energy conservation, follows the Franck–Condon profile.

6. Conclusions

As revealed by crossed beam experiments and DFT calcu-
lations, both electrostatically and covalent bound intermedi-
ates play significant roles in the reactions of OD+ with C2H4.
Large impact parameter collisions sample the long-range at-
tractive potential where the electrostatic complex OD·C2H4

+

governs the charge transfer reaction. The internal energy dis-
tributions of reaction products are consistent with favorable
Franck–Condon factors for ionization of C2H4. The small
proton affinity of OH suppresses the rates of H/D exchange
in this complex, leading to the absence of charge transfer
products in which H/D scrambling has occurred. This ob-
servation contrasts with the related D2O+ + C2H4 system in
which such rearrangement is facile.

Low impact parameter collisions allow the reagents to
reach intermolecular distances where covalently bound in-
termediates are formed. The initial intermediate formed is
e t un-
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