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a b s t r a c t

We report a crossed beam study of the title reactions in the collision energy range from 0.45 to 1.23 eV
(43–119 kJ/mol). Both reactions are exoergic and proceed as direct processes on a time scale much less
than the rotational period of the transient association complex of approaching reactants. The charge
transfer process takes place with zero momentum transfer. Density Functional Theory calculations of the
eywords:
on–molecule reactions
harge transfer
ydride transfer
otential energy surfaces

structures of reactive intermediates show that a plausible pathway for hydride transfer involves initial
charge transfer on a triplet surface, followed by intersystem crossing to the singlet manifold. This pro-
cess is followed by rapid hydrogen atom transfer to form an intermediate that dissociates smoothly to
products. The kinematics of the heavy + light-heavy mass combination result in mixed energy release at
the lowest collision energy, in which both the breaking and forming bonds are extended, while at higher
collision energies, the incremental translational energy in the reactants appears preferentially in product
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. Introduction

The reactivity of ground state (3P) oxygen atoms with unsat-
rated hydrocarbons is a topic that has received significant
xperimental and theoretical attention [1–6]. The role of poten-
ial surfaces of triplet and singlet multiplicity and the structures of
eactive intermediates are topics that present significant theoret-
cal challenges important in combustion, atmospheric chemistry,
nd photochemistry [7,8]. Recent studies from this laboratory con-
erned with the isoelectronic OH+ (X3�−) species have employed
on beam methods and Density Functional Theory (DFT) calcula-
ions to probe these same experimental and theoretical issues in
he reactions with ethylene [9], acetylene [10] and propylene [11]

olecules. In the reactions of OH+ with alkenes, both charge trans-
er and hydride transfer processes were observed. The competition
etween hydride transfer occurring through an oxirane diradical
ation intermediate and a direct process involving sequential elec-

ron and hydrogen atom transfer was also probed as a function
f the number of carbon atoms. In the OH+ + acetylene system,
ydride abstraction was not observed, although favorable; only
harge transfer and proton transfer products were observed. In
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rder to understand the different reactivities of OH+/OD+ ions with
lkenes and alkynes, and the possible effects of methyl substitu-
ion at one of the unsaturated carbon atoms, we have examined the
eactions of the isotopically labeled reactant OD+ with propyne. In
his system, charge transfer, hydride transfer, proton transfer, and
harge transfer with H/D exchange were detected, summarized as
ollows:

D+ + C3H4 → C3H4
+ + OD �H = −2.67 eV (−258 kJ/mol) (1)

D+ + C3H4 → C3H3
+ + HOD �H = −6.61 eV (−638 kJ/mol) (2)

D+ + C3H4 → C3H4D+ + O �H = −2.72 eV (−263 kJ/mol) (3)

D+ + C3H4 → C3H3D+ + OH �H = −2.67 eV (−258 kJ/mol) (4)

An additional channel (5), dissociative charge transfer, is also
hermodynamically possible as a route to C3H3

+.

D+ + C3H4 → C3H3
+ + H + OD �H = −1.39 eV (−134 kJ/mol)

(5)

urvey mass spectra of the reaction products showed approximate
ranching ratios for the products C3H4

+:C3H3
+:C3H4D+:C3H3D+
mass 40:mass 39:mass 42:mass 41) to be 20:10:5:1, respectively,
ndependent of collision energy. As a function of collision energy,
he relative cross sections for all products decreased by a factor of
wo as the collision energy increased from 0.4 to 1.2 eV. Over this
ange of energies, only the products C3H4

+ and C3H3
+ had sufficient

http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:farrar@chem.chem.rochester.edu
dx.doi.org/10.1016/j.ijms.2008.08.002
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tant physical insight into the nature of reactive collisions.

The charge transfer reaction OD+ + C3H4 → C3H4
+ + OD was stud-

ied at relative collision energies of 0.45, 0.71, and 1.16 eV. Fig. 1
shows the center of mass flux distribution of the C3H4

+ products at
the lowest collision energy, obtained by iterative deconvolution as
L. Liu et al. / International Journal o

ntensity to allow relative differential cross section measurements
o be performed.

To the best of our knowledge, there is no previous detailed
tudy of the OH+ + C3H4 system. Prior studies of the structures
nd energies of several [C3H5O]+ isomers that may serve as reac-
ion intermediates for the present system provide guidance to
his study. Bouchoux et al. investigated twelve [C3H5O]+ structures
mplicated in the electron impact mass spectra of several precursor

olecules with ab initio SCF/CI calculations using 4-31G basis sets
12]. Studies of the reactions of the isoelectronic neutral system
(3P) + C3H4 also provide useful information for the present study.
anofsky et al. observed products from seven reactive channels in
crossed beam experiment [13]. Blumenberg et al. concluded that

eaction forming CO + C2H4 accounted for 95% of the total reac-
ion products [14]. Arrington and Cox investigated the reactions of
round state oxygen atoms with propyne in a discharge flow sys-
em over the temperature range from 298 to 600 K and determined
rrhenius parameters for the rate constant [15]. These workers
lso discovered that the methyl substituent lowered the activation
nergy for attack of the oxygen atom on the �-electron system.
mstead et al. studied the CO products in this system by resonance
bsorption [16]. The observed CO vibrational populations were con-
istent with a statistical model predicting that the dominant initial
o-product is the ethylidine radical CH3CH, which isomerizes to
2H4 after the nascent products separate. Xing et al. also stud-

ed the reactions of O with several alkynes including propyne by
robing the H, CO and H2 products with vacuum ultraviolet laser-

nduced fluorescence [17]. The formation of singlet state products
as hypothesized to occur via intersystem crossing from the initial

riplet state accessed by the approaching reactants.
In this paper, we report crossed beam studies of charge trans-

er and hydride transfer over a relative collision energy range of
.45–1.23 eV (43–119 kJ/mol). Calculations of possible intermedi-
tes using DFT methods provide insight into the role that triplet and
inglet surfaces play in determining the reactive pathways followed
y this system. In addition, the product energy disposal appears to
e affected by kinematic factors associated with the heavy + light-
eavy mass combination of the reactants.

. Experimental

The experimental apparatus has been described in previous
ublications [18], and a recent review of the capabilities of this
ethod has appeared in the literature [19]. OD+ ions were pro-

uced by electron impact on deuterium oxide vapor with He gas as
he carrier. The measured pressure in the initial focusing stage vac-
um chamber was about 3 × 10−5 Torr, corresponding to a pressure

n the ionization region of the source of ∼10−2 Torr. The vibrational
nergy distribution in the OD+ reactants is unknown. This point is
iscussed in more detail in Section 3, in the context of the total
nergy available to reaction products. The ions were accelerated
o 300 V, where mass selection was accomplished with a 60◦ sec-
or momentum analysis magnet. After deceleration and focusing
o the desired beam energy, the beam had a laboratory energy
istribution with a FWHM of 0.30–0.45 eV. Experiments were per-
ormed at selected energies over a relative collision energy range of
.45–1.23 eV. The propyne beam was formed by supersonic expan-
ion of the gas (98%, Sigma–Aldrich) through a 0.07 mm nozzle.
n the main chamber, the neutral beam intersected with the ion
eam at 90◦. A tuning fork chopper modulated the neutral beam

t 30 Hz, and a multichannel scaler gated in synchronization with
he beam modulation allowed background to be separated from
he true reactive scattering signal. An electrostatic energy analyzer
ith resolution of 0.07 eV was used to measure the kinetic energy
istributions of the reactant and product ions. The energy analyzer

F
s
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as calibrated before and after the experiments with the resonant
harge transfer reaction between He+ and He [20]. The product
ons were mass-selected by a quadrupole mass spectrometer and
etected by a dual microchannel plate ion detector.

Two independent measurements were performed in the exper-
ment. At each collision energy, kinetic energy distributions of the
cattered product ions were measured at 16–22 fixed laboratory
ngles based on the signal levels. These kinetic energy distributions
ere then normalized to angular distributions of product ions in

he laboratory coordinate system measured by summing the signal
ver all energies. The angular distributions were corrected for beam
rifting and detection efficiency by returning to a reference angle
eriodically and assuming that the drift of the signal was linear

n time. These measurements were carried out at each laboratory
nergy.

. Data analysis

The experimental kinetic energy and angular distributions of
roducts were transformed to the center of mass (c.m.) coordinate
ystem. An iterative deconvolution procedure was used to extract
he c.m. cross section from the laboratory flux distributions while
emoving the averaging and broadening effects of the beam veloc-
ty distributions [21]. The barycentric angular distribution g(�) and
elative translational energy distribution P(E′

T) of the products were
alculated by appropriate integration of the derived c.m. cross sec-
ion Ic.m.(u,�):

(�) =
∫ ∞

0

Ic.m.(u, �) du (6)

(E′
T) =

∫ �

0

u−1Ic.m.(u, �) sin � d� (7)

he full flux distributions in velocity space as well as the kinetic
nergy and angular distributions derived from them provide impor-
ig. 1. Newton diagram and scattered C3H4
+ product flux contour map at the colli-

ion energy of 0.45 eV.
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Table 1
Energy results at different relative energies (in eV) for charge transfer reaction
OD+ + C3H4 → OD + C3H4

+

Ion energy 0.61 0.98 1.64

Reactant relative energy, Erel 0.45 0.71 1.16
Total energy, Etotal 3.12 3.38 3.83
Product average relative energy, 〈E′

T〉 0.56 0.73 1.26
〈E′

T〉/Etotal (%) 18.1 21.5 32.9
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escribed previously. In the c.m. coordinate system, the directions
f the OD+ ion beam and C3H4 neutral beam are 0◦ and 180◦, respec-
ively. The flux distributions for the two higher energy experiments
re qualitatively similar to Fig. 1 and are available in Supplementary
nformation for this paper.

The experimental results shown in the velocity space map indi-
ate that the charge transfer flux distribution is sharply asymmetric.
he majority of the C3H4

+ products are scattered in the same direc-
ion as the precursor C3H4 beam with similar velocities. These
orward-scattered products indicate that the charge transfer reac-
ion is dominated by a direct mechanism, proceeding through large
mpact parameter collisions on a time scale much shorter than

rotational period of the transient association complex of the
pproaching reactants.

The angular distributions and relative translational energy dis-
ributions of the charge transfer products at all three energies are
hown in Fig. 2. These distributions are computed from the barycen-
ric flux data that have had the reactant energy spread removed by
he deconvolution process. The widths of the angular distributions
how a slight narrowing with increasing collision energy, consistent
ith decreased interaction times at higher kinetic energies. As the
ollision energy increases, the relative translational energy distri-
utions of the products shift towards higher energies and increase

n width. As a fraction of the total energy, the widths also increase,
rom 26% of the available energy at the lowest collision energy to

ig. 2. (a) Angular distributions and (b) relative translational energy distributions
or C3H4

+ products in c.m. coordinates at all energies.
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roduct average internal energy 2.56 2.65 2.57
= 〈E′

T〉 − Erel 0.11 0.02 0.10

H = −2.67 eV.

9% at the highest. The widths reflect the true values after decon-
oluting the laboratory velocity distributions.

The energy partitioning results for charge transfer are summa-
ized in Table 1. The total energies of these collision systems are
aken as the sums of the relative collision energy and the reaction
xoergicity. The internal excitation of the C3H4 reactants, produced
y supersonic expansion, is negligible. The vibrational excitation
n the OD+ reactants is more difficult to characterize. To the best
f our knowledge, the internal energy distribution of OH+ formed
y dissociative ionization of H2O [22] is not well-characterized.
y analogy with the neutral system, where a translational spec-
roscopy study of the OH vibrational state distribution produced by
57 nm photolysis of H2O shows that the population ratios of OH
n v = 0 : 1 : 2 : 3 are approximately 1.0:1.1:0.60:0.30, respectively
23], we might expect a significant degree of nascent vibrational
nergy in the OD+ reactants. However, neither this study nor our
revious work [9–11] have indicated any thermochemical effects
ssociated with reactant vibrational excitation. Thus, we neglect
ny reactant vibrational energy contribution to the total energy of
he system. From energy conservation, we determine that the frac-
ion of the total energy appearing in product translation increases
rom 18% to 33% as the collision energy spans the full range
tudied here. The average internal energy of the reaction prod-
cts ranges from 2.56 to 2.65 eV at all collision energies, identical
o the reaction exoergicity of 2.67 eV within 4%. Therefore, the
nternal energy distributions of the charge transfer products are
ssentially independent of collision energy in the range of these
xperiments.

The formation of mass 39 products may occur either by direct
ydride transfer, process (2), or by dissociative charge transfer,
rocess (5). Because the dissociation process is formally a uni-
olecular decay of excited C3H4

+, the C3H3
+/C3H4

+ ratio should
ncrease markedly with collision energy if dissociative charge trans-
er makes a significant contribution to the C3H3

+ yield. In fact, this
atio remains constant over the 2.5-fold increase in collision energy
f these experiments. This observation provides strong evidence
gainst channel (5) as a significant route for C3H3

+ formation. We
herefore conclude that C3H3

+ production occurs predominately
ia hydride transfer. The hydride transfer reaction was studied at
ollision energies of 0.50, 0.80 and 1.23 eV. Fig. 3 shows the flux dis-
ribution for the C3H3

+ products at the lowest collision energy. The
ajor features of the distribution are both qualitatively and quan-

itatively similar to those for the charge transfer reaction, showing
trong asymmetry with a maximum near the precursor propyne
eactant velocity. The distributions for the two higher energy exper-
ments are qualitatively similar to that shown in Fig. 3, and are
ncluded in Supplementary Information.

The product angular distributions and relative translational

nergy distributions at all three collision energies are shown in
ig. 4, with numerical results summarized in Table 2. The trans-
ational energy distributions are very similar to those of charge
ransfer products in that they broaden and shift with increasing col-
ision energy. The results in Table 2 show that the average internal
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Fig. 3. Newton diagram and scattered C3H3
+ product flux contour map at the colli-

sion energy of 0.50 eV.

Fig. 4. (a) Angular distributions and (b) relative translational energy distributions
for C3H3

+ product in c.m. coordinates at all energies.

Table 2
Energy results at different relative energies (in eV) for hydride transfer reaction
OD+ + C3H4 → HOD + C3H3

+

Ion energy 0.67 1.12 1.74
Reactant relative energy, Erel 0.50 0.80 1.23
Total energy, Etotal 7.11 7.41 7.84
Product average relative energy, 〈E′

T〉 0.52 0.70 1.12
〈E′

T〉/Etotal (%) 7.4 9.5 14.1
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roduct average internal energy 6.58 6.71 6.73
= 〈E′

T〉 − Erel 0.02 −0.10 −0.11

H = −6.61 eV.

nergies of reaction products increase slightly as collision energy
ncreased.

. Computational results

In order to understand the role that possible reactive inter-
ediates and the transition states connecting them play in the

resent system, we performed DFT calculations with the Gaussian
3 suite of programs [24]. The geometries of relevant species were
ully optimized at the B3LYP/6-311+G* level of theory. Vibrational
requencies of intermediates and the transition states connecting
hem were extracted from the geometries in the harmonic approx-
mation. Single point energy calculations based on geometries and
ero-point vibrational energies were performed at the same level
f theory. Benchmark computational studies [25] show that bar-
iers for hydrogen atom transfer reactions at this level of theory
re generally underestimated by as much as 30 kJ/mol, a point
ddressed in the appropriate discussion. Fig. 5 shows a schematic
eaction coordinate incorporating these structures. Full details of

he structures of reactants, products, intermediates, and transition
tates, including energies and vibrational frequencies, are reported
n Supplementary Information for this article.

ig. 5. Schematic reaction coordinate for OD+ + C3H4 charge transfer and hydride
ransfer reactions. Major triplet state intermediates from DFT calculations as
escribed in text are included. Dashed arrows denote possible intersystem crossing
outes. All structures are reported in Supplementary Information for this article.
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The OD+ and C3H4 reactants are triplet and singlet state species
espectively. The potential surface of approaching reactants has
riplet multiplicity, and charge transfer products can form directly
n this triplet surface. However, the products of hydride transfer,
OD and C3H3

+, are singlet state species. Therefore, the role of elec-
ron spin, particularly how intersystem crossing may play a critical
ole in governing the nature of the hydride transfer process, must
e considered. Therefore, we have performed DFT calculations for
urfaces of both singlet and triplet multiplicity.

The structures of possible intermediates for charge and hydride
ransfer were probed by first allowing the OH+ reactant to approach
he hydrogen atoms in propyne in turn. The interaction of OH+ with
he acetylenic hydrogen atom produced one intermediate, denoted
1, that corresponds to a triplet structure in which the reactants
re electrostatically bound in a near-collinear configuration with a

H· · ·O H motif. Electron density analysis indicates that the C3H4
oiety is charged, demonstrating that electron transfer has already

ccurred prior to the formation of the electrostatic complex. Com-
lex 31 is stable relative to reactants by 343 kJ/mol. Fig. 5 shows
omplex 31 correlating directly with the charge transfer products.

The nominal C3H3
+ product of hydride abstraction may occur

n four isomeric forms. The cyclopropenylium cation is lowest
n energy, followed by the linear propargylium ion, [CH2C CH]+.
he second of these species is the expected product of hydride
bstraction from the methyl carbon of propyne. The barrier to inter-
onversion between these two species is 356 kJ/mol relative to
ropargylium, in good agreement with earlier work by Liu [26].
wo other isomers, [CH2CH C]+, structure 3 in Supplementary
nformation; and [CH3C C]+, are also possible products, the latter
result of hydride abstraction from the terminal acetylene carbon;
ur calculations produced a structure for this species at the HF/-31
* level of theory, but further optimization at the B3LYP level failed

o produce a stable structure. Our observation that hydride abstrac-
ion does not occur in the reaction of OD+ with HC CH provides
dditional empirical evidence against abstraction of the acetylenic
ydrogen in propyne.

Hydride transfer from C3H4 to OD+ cannot occur in a single step,
ecause ground state OD+ does not have a low energy vacant orbital
hat can accept a pair of electrons, as required to form ground state
OD. In previous work from our laboratory [11], we have discussed

wo mechanisms whereby hydride transfer from an unsaturated
ydrocarbon to OD+ can occur. The discussion here will follow that
revious work. In the hydride abstraction reaction of OD+ with C2H4
9], the experimental data were consistent with the formation of a
riplet diradical oxirane cation ĊH2CH2ȮD that underwent rapid
nternal conversion to the singlet manifold. In the ground singlet
tate, hydrogen migration and C O bond cleavage led to product
ormation on a time scale comparable to a rotational period of the
ntermediate complex, evidenced by forward–backward asymme-
ry in the product angular distribution. In the reaction of OD+ with
ropylene, hydride abstraction through the analogous oxirane did
ot appear to occur. The additional methyl group in the intermedi-
te complex provided enough steric hindrance to create an entropic
ottleneck along this pathway, allowing hydride abstraction via
sequential electron transfer/hydrogen atom transfer process to

ecome more favorable.
DFT calculations to characterize the oxirene species formed by

ttack of OD+ on the unsaturated carbons in propyne produced
wo complexes, denoted 32 and 33, where the multiplicity of the
omplex is indicated explicitly. Complex 32, in which OD+ attacks

he terminal unsaturated carbon atom, lies 580 kJ/mol below the
eactants, and is ∼30 kJ/mol more stable than species 33 formed by
ttack on the central carbon atom. Only the more stable species are
hown in Fig. 5. Hydrogen atom migration from the methyl carbon
o the oxygen atom over a 247 kJ/mol barrier transforms 32 into

t

a
s
s

Spectrometry 280 (2009) 154–161

omplex 34. Rapid intersystem crossing of complex 34 to its singlet
nalog, denoted 14, expected because of the favorable orientation
f the orbitals containing the unpaired electrons [8,27], yields a
uitable singlet precursor to products. The dashed line in Fig. 5
epresents this process. We note that rapid intersystem crossing
as been invoked to interpret the dynamics and product branching
atios of the isoelectronic O(3P) + propyne reaction [17].

The experimental data for C3H3
+ formation are consistent with

direct process that takes place on a time scale significantly
horter than the rotational period of any transient intermedi-
te, on the order of 10−13 s. In order to assess which, if any,
f the pathways revealed by the DFT calculations are relevant
o the dynamics, we have computed rate constants according
o Rice–Ramsperger–Kassel–Marcus (RRKM) theory [28], evaluat-
ng vibrational energy level sums and densities using frequencies
xtracted from the DFT calculations. Vibrational frequencies for all
ntermediates and transition states are tabulated in Supplementary
nformation. The rate constants are much more sensitive to the
alues of isomerization barrier energies than to precise values of
ibrational frequencies; thus, the greatest systematic error in the
ate calculations likely comes from the consistent underestimation
f DFT-computed barrier heights [25]. The computed rate constants
herefore represent upper limits. Nevertheless, the primary pur-
ose of the rate constant calculations is to provide a qualitative
ssessment of the computed reaction paths that may have rates
pproaching the value of 1013 s−1 that one associates with a direct
eaction.

The rate-limiting step for the oxirene pathway to products is
he 32 → 34 isomerization step. The RRKM rate constant, using
omputed vibrational frequencies for complex 32 and the tran-
ition state 3TS24 for the isomerization process, is 4 × 109 s−1, at
east four orders of magnitude too slow to be compatible with the
irect dynamics observed for this process. A similar analysis with
omplexes 33 and 35, not explicitly shown in Fig. 5, in which the
nitial oxirene complex is formed by OD+ attack on the central car-
on, also shows that the rate-limiting step for product formation,
2 × 109 s−1, is too slow to account for the experimental results.

We also considered the possibility that intersystem crossing in
he initial oxirene may precede hydrogen migration. Using com-
lex 32 as an example, we found that the corresponding singlet
pecies, 12, is 54 kJ/mol lower in energy. The singlet species 14 lies
67 kJ/mol below the triplet species, and the transition state con-
ecting them is 132 kJ/mol above 12. The RRKM rate constant for
his isomerization is 9 × 1010 s−1, also appearing to rule out this
oute for hydride transfer. A similar analysis for complexes 33 and
5 and their singlet counterparts produces a similar result. The
onclusion from these calculations is that any pathway to hydride
ransfer involving an initial triplet oxirene species is much too slow
o account for the experimental results that the process occurs on a
ime scale short compared to the rotational period of any interme-
iate complex. The structures of the complexes and transition states
or this isomerization process are presented in Supplementary
nformation.

We also examined possible hydride abstraction pathways that
roceeded through the interaction of the oxygen end of OD+ with
ne of the hydrogen atoms bound to the methyl carbon. As indicated
n Fig. 5, this approach geometry produces a triplet species, desig-
ated complex 36, where one of the hydrogen atoms bound to the
ethyl carbon has moved toward the approaching OD+. Analysis of

he charge on this species indicates that electron transfer from C3H4

o OD+ has occurred, and is therefore a triplet OD C3H4

+ adduct.
Migration of one of the methyl hydrogens toward the oxygen

tom in complex 36 was found to proceed through a transition
tate denoted 3TS64, which ultimately evolved to complex 34. Sub-
equent rapid intersystem crossing to the 14 complex would lead to
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round state products, with the 36 → 34 barrier limiting the rate of
ydride transfer. The calculations showed that 3TS64 lies 26 kJ/mol
bove 36, yielding a 36 → 34 isomerization rate of ∼6 × 1011 s−1,
he fastest among the isomerization rates we have found on these
urfaces, but still too slow to account for the strongly asymmetric
ngular distribution for hydride transfer.

As discussed in our previous work [11], intersystem crossing in
he initially formed 36 adduct should be rapid, because of the fact
hat in the electrostatically bound OD C3H4

+ complex, the orbitals
n which the unpaired electrons reside can achieve a perpendicu-
ar configuration where spin–orbit matrix elements are non-zero
27]. However, a recent discussion of intersystem crossing in the
+ + C2H2 system [29] suggested that the process is slow but can
e facilitated by bending vibrations in C2H2. A detailed study of
his process in the OD C3H4

+ system could help clarify the issue.
he DFT calculations failed to produce a stable singlet analog of
omplex 6, resulting instead in the collapse of all singlet structures
o the optimized configuration of complex 14, in which hydrogen
tom transfer has already occurred. This complex undergoes simple
ond cleavage through a loose transition state. The decay rate for
omplex 14 to products is in excess of 1013 s−1, comparable in mag-
itude to the rate of intersystem crossing. Thus, the rate-limiting
tep is faster than the rotational period of the transient associa-
ion complex of approaching reactants, producing the asymmetric
ngular distribution of products observed in this study. The data are
herefore inconsistent with initial formation of an oxirane diradical
ation, but consistent with a sequential charge transfer-hydrogen
tom transfer process.

Fig. 5 summarizes the major reaction pathways for charge
nd hydride transfer. All structures are reported in the online
upplementary Information.

. Discussion

The dynamics of the hydride transfer process appear to be direct.
nterestingly, the average values of the product kinetic energy are
easonably consistent with the predictions of the impulsive Spec-
ator Stripping (SS) model proposed over 40 years ago [30] to
escribe hydrogen atom transfer reactions in X+ + H2 collisions. In
he present experiment, where the collision energy is at most 25%
f the energies of the bonds being broken and formed, an impulsive
odel that treats particles as hard spheres would not be expected

o be valid. The agreement with this simple model is fortuitous,
argely because the final velocity of C3H3

+ is tightly constrained
y momentum conservation to lie very close to that of the reac-
ant C3H4, irrespective of dynamics. Even more important, the SS

odel completely ignores any details of electronic structure, par-
icularly the critical role of electron spin in directing the formation
f products. The preceding discussion of the nature of reactive inter-
ediates and the transition states separating them makes the point

hat one must address the structures of important triplet and singlet
ntermediates to understand hydride transfer.

The asymmetric angular distribution observed for the propyne
ystem allows us to reject reactive pathways in which the OD+ reac-
ant adds to the C≡C bond to form a triplet state diradical oxirane
ation. Instead, the calculations support the mechanism we have
roposed in previous work [11], in which collisions of OD+ with
he methyl hydrogens result in an initial long range charge trans-
er process. Intersystem crossing in the triplet state adduct yields
tructures in which hydrogen atom transfer occurs spontaneously.
Reactive collisions also provide additional insight into features
f the potential surface topology beyond the regions where inter-
ystem crossing is probable. Hydride transfer often exhibits energy
isposal motifs that are kinematically determined. Hydride trans-
er, like proton and hydrogen atom transfer, is an example of

b
a
n
p
t
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heavy + light-heavy (H + LH) system in which a light particle,
ydrogen in this case, is transferred between heavier molecular
ragments. The coordinates that diagonalize the quadratic form for
he kinetic energy [31] are scaled and skewed in a manner that
epends on the mass of the particle transferred, ML, and the masses
f the heavy groups donating and accepting the transferred particle,
enoted M1 and M2, respectively. The skewing angle ˇ, the angle
hat the exit channel valley makes with respect to the entrance
alley, is calculated from the expression tan ˇ = MLMtotal/(M1M2),
nd equals 16◦ for the particular mass combination for this experi-
ent. Such an acute angle between the entrance and exit channels

or light particle transfer has a significant effect on reactive tra-
ectories and energy disposal in such reactions. At low collision
nergy, reactive trajectories may not have sufficient energy to pen-
trate into the corner of such highly skewed surfaces, where the
orming and breaking bonds are both compressed. Instead, trajec-
ories will have a strong propensity to cut the corner separating the
ntrance and exit valleys. This motion corresponds to light atom
ransfer from a configuration in which both the cleaving and incip-
ent bonds are extended from equilibrium. Under these conditions,
he nascent bond is formed in an extended configuration, yielding
eaction products that are vibrationally excited. This mechanism is
escribed as “mixed energy release” [32–35]. The hydride transfer
ata reported here at the lowest collision energy show that 93% of
he available energy is partitioned in product internal excitation.
lmost the entire reaction exoergicity is transformed into internal
xcitation, consistent with an early release of the exoergicity, as
xpected for mixed energy release.

More detailed insight into the reactive dynamics comes from
he experimental data at higher collision energies. The increase in
eactant translational energy between experiments performed at
uccessive collision energies is called the “incremental” transla-
ional energy. The concept of “induced repulsive energy release”
as introduced to address partitioning of the incremental transla-

ional energy on H + LH potential surfaces [36], focusing on the fact
hat the incremental energy allows the reactive system to probe a
ualitatively different, and generally repulsive, region of the poten-
ial energy surface relative to the baseline energy. In this picture,
eactive trajectories with excess translation penetrate far into the
orner of the highly skewed potential surface where both the form-
ng and breaking bonds are compressed. The trajectory moves into
he exit valley with little motion perpendicular to the reaction
oordinate, yielding products with high translational excitation. As
he collision energy increases from 0.50 to 0.80 eV, Table 2 shows
hat the average kinetic energy of the products increases from 0.52
o 0.70 eV. Thus, at 0.80 eV, 60% of the incremental translational
nergy appears in product translation. Similarly, at the highest col-
ision energy of 1.23 eV, a significantly increased fraction, 94% of
he incremental translational energy, partitions into product trans-
ation. The corner cutting trajectories that produce vibrationally
xcited products at lower collision energies are replaced by tra-
ectories at higher translational energy that are significantly more
ffective at reaching the compressed configurations that facilitate
ranslation in the separating products. This hydride transfer reac-
ion provides an excellent example of “induced repulsive energy
elease”.

The charge transfer process observed here, which appears to
roceed as a direct reaction with a long-range electron jump,

s also worthy of additional comment. Table 1 shows that val-
es of the translational exoergicity Q, defined as the difference

etween the relative kinetic energies of products and reactants,
t all three collision energies, are very close to zero, indicating
ear-resonance between the kinetic energies of the reactants and
roducts. Since the neutral product is formed along the same direc-
ion as the incoming ion, this result also implies that there is almost
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o momentum transfer accompanying charge transfer, a conclusion
onsistent with collisions that occur through large impact param-
ters.

Although ion–neutral collisions are often influenced by motion
ver a substantial portion of the operative potential surface or sur-
aces, it has been established in many cases that electron-transfer
eactions at thermal energies are subject to energy resonance and
ranck-Condon effects [37,38]. In the present system, the recombi-
ation energy of OH+ is 13.02 eV [39]. There is no matching band
t this energy in the photoelectron spectrum of C3H4. The clos-
st ionic state is at 14.70 eV [40]. Similarly, the A2�+ state of OH
ies 4.05 eV above the ground state [41], significantly above the
.67 eV exoergicity of the charge transfer process. Although vibra-
ionally excited OD+ reactants could more closely satisfy the energy
esonance condition, earlier discussion suggests that this level of
ibrational excitation is not likely found with significant popula-
ion.

Therefore neither energy resonance nor favorable Franck-
ondon factors are operative in guiding the charge transfer process.
s discussed by Mayhew [42], distortion of the molecular poten-

ial surface by the electric field of the reacting ion, leading to a
ignificant changes in the Franck-Condon factors prior to charge
ransfer, may account for the observation of efficient charge trans-
er reactions involving polyatomic species with large polarizability,
here the recombination energy of the ion falls outside the Franck-
ondon envelope of a photoelectron band. Previous results from
his laboratory on the OD+ + C2H2 system appear to be consis-
ent with this principle [10]. The larger polarizability of C3H4,
5.3 × 10−24 cm3 [43], suggests that such distortions are even
ore likely to play a significant role in the present case, pro-

iding some rationalization for the energy distributions in the
roducts.

. Conclusions

The crossed beam technique and DFT calculations have been
sed to study the reaction dynamics of charge transfer and hydride
ransfer between OD+ and C3H4. The product c.m. flux distributions
f both reactions at three energies exhibit sharp asymmetry, with
he maxima close to the velocity and direction of the precursor
ropyne beam. The results indicate that both reactions occur on a
ime scale significantly less than the rotational period of the tran-
ient intermediate formed by the approaching reactants. The charge
ransfer reaction places a constant amount of energy in the prod-
cts, suggesting that the electron is transferred at long distances,
efore the approaching reactants exert a significant attraction on
ne another. Despite the lack of energy resonance and favorable
ranck-Condon factors, a distortion in the Franck-Condon enve-
ope of C3H4 may contribute to the efficiency of the charge transfer
eaction.

The absence of a low energy vacant orbital on OD+ to accept an
lectron pair during the formation of ground state HOD requires
hat hydride transfer involve a change in multiplicity during the
eaction. DFT calculations have provided evidence against path-
ays in which the OD+ attacks an unsaturated carbon atom to

orm a diradical that undergoes rapid intersystem crossing to the
inglet manifold with subsequent hydrogen atom transfer. Isomer-
zation rates on the ground state surface calculated with RRKM
heory are too slow to be compatible with the direct dynamics
bserved. Instead, a mechanism based on initial charge transfer

o form an OD C3H4

+ adduct, followed by efficient intersystem
rossing and rapid hydrogen atom, appears to be consistent with
he experimental data. The kinematics associated with the H + LH

ass combination also come into play in this reaction. The reaction
hows characteristics of both mixed energy release and induced

[
[
[
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epulsive energy release as a consequence of the small skew angle
etween the entrance and exit valleys.

The OD+ + C3H4 reaction demonstrates the value of quantum
hemical structural calculations in interpreting the results of
rossed beam experiments. We expect the synergy between experi-
ent and theory to strengthen, as next-generation methods in both

reas of inquiry experience new and exciting developments.
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