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ABSTRACT: We present measurements of the product-channel branching
ratios of the reactions (i) HD* + HD forming H,D* + D (38.1(30)%) and

D HD* D7
HD," + H (61.9(30)%), (i) HD* + D, forming HD," + D (61.4(35)%) and \ '
D" + H (38.6(35)%), and (iii) D," + HD forming HD,"+ D (60.5(20)%) and

D 4 Hp_—— D2

_» HD}

D;" + H (39.5(20)%) at collision energies E_; near zero, i.e., below kz X 1 K. Tie of gt (1) Timeof fight (1) Time of flight ]
These branching ratios are compared with branching ratios predicted using \ \ /
three simple models: a combinatorial model (M1), a model (M2) describing ] - - . oo
the reactions as H-, H'-, D-, and D*-transfer processes, and a statistical model § By N ;. N T o7 moddl M3
(M3) that relates the reaction rate coefficients to the translational and 2 7 - = S I A
rovibrational state densities of the H,D;_,* + H/D (n =0, 1, 2 or 3) product  £°| i; & B oF o
channels. The experimental data are incompatible with the predictions of QQ: 2 g g g ‘_:;;}
models M1 and M2 and reveal that the branching ratios exhibit clear - T T T K B
correlations with the product state densities. D T HDTAED HDTe R DEEED
he reactions between molecular hydrogen (H,, HD, and dissociation energy of H,*** and the zero-point energies of
D,) and molecular hydrogen ions (H,*, HD*, and D,") H,", H,D*, HD,*, and D;".*°
are reactions involving only four nuclei and three electrons and The product-ion ratios can be used to test hypotheses
are used to test theories of chemical reactivity (e.g., refs 1—5). concerning the reaction mechanisms; they can also be used to
They play an important role in astrophysics’ * and plasma test classical, semiclassical, and full quantum-mechanical
physics'® and have been the object of numerous experimental scattering calculations, including nonadiabatic effects, of the
studies of the collision- and internal-energy dependences of the reaction rates as a function of the temperature, the collision
cross sections, angular distributions, and branching ratios to energy, and the rovibrational states of the reactants. For
the different product channels (e.g, refs 11—23). Studies of the instance, Douglass et al. concluded from the identical product
reactions involving partially and fully deuterated species ratios of reactions (6ab) and (8ab) that rapid charge
providguir_nlgc;gtgitzéinformation on the reaction mecha- equilibration must occur during the product formation and
nisms.” Y Table 1 summarizes the possible that the reactions take place adiabatically on the ground-state
reactions at low temperatures or low collision energies, potential-energy surface at low energies.'” Krenos et al."> and
where the contributions of charge-transfer reactions (e.g, Pollard et al.'"® found that the reactions must follow a direct

HD" + D, —» HD + D,") and collision-induced dissociation
(e.g, H," + D, > H" + H + D,) play a negligible role (Figure
1 in ref 18 and ref 4). These reactions can be formally
described in terms of H-, H*-, D-, or D*-transfer processes, as
listed in the column labeled “M2” in Table 1. For each pair of
competing reactions (e.g, reactions (2a,b), (3a,b), etc.), the
product-ion ratios directly reflect the ratios of the respective
rate coefficients. Typical values for these rate coeflicients used
to model the chemical composition of cold, low-density
plasmas from ref 10 are listed in the last column of Table 1.
The remaining columns of Table 1 provide values of the 0 K
reaction energies for these reactions (A;U(0 K)) and for the
corresponding charge-transfer reactions (A, -yU(0 K)), which
we have derived from literature values of the dissociation and
ionization energies of H,,>”** HD,”” and D,,*" the dissociation
energy of H2+,‘1 the ionization energies of H*” and D,*® the

mechanism without the formation of a long-lived four-nuclei—
three-electron intermediate complex. Several early studies
reported that the ratios depend on the collision energy or
the temperature.'>*°

Recently, we have developed a merged-beam method to
study ion—molecule reactions at very low collision ener-
gies,”””” down to below ky x 1 K. (ks is Boltzmann’s
constant.) This method is described in detail in ref 37. It relies
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Table 1. Reactions Involving the Neutral Molecules H,, HD, and D, and the Ions H,", HD", and D," and their 0 K Reaction

Energies A,U(0 K)

reaction index i reactants products AU(0 K)/(he) (cm™) M2“ A, crU(0 K)/(he) (em™)® k (m?®s71)°

1 H" + H, H;'+H —13967(2) H', H 0 2.0 X 107°

2a H," + HD H;"+D —13 560(2) H 150.9947(6) 025 X2 x 107
2b H,D" + H —13 920(15) H', D 0.75 X 2 X 107°
3a H," + D, H,D* + D —13 578(15) D 327.90264(6) 0.50 X 32 X 107°
3b HD," + H —13 994(15) H* 0.50 X 32 X 107
4a HD* + H, H;" + D —13 711(2) H* —150.9947(6) 0.25 X 2.0 X 107°
4b H,D" + H —14 071(15) DY, H 0.75 X 2.0 X 107
Sa HD* + HD H,D* + D —13 784(15) HY, H 0 0.80 x 1077

Sb HD," + H —14 200(15) D%, D 1.00 x 107°

6a HD* + D, HD," + D —13 858(15) H, D 176.9079(6) 0.67 X 2.0 X 107°
6b D, + H —14 307(15) D* 0.33 X 2.0 X 107
7a D, + H, H,D* + D —13 905(15) D* —327.90264(6) 0.5 x 32 x107°
7b HD," + H —14 323(15) H 0.5X32x 107
8a D," + HD HD," + D —14 035(15) DY, H —176.9079(6) 0.67 X 1.8 X 107
8b D" +H —14 484(15) D 033 X 1.8 X 107°
9 D," + D, D, +D —14 141(2) D%, D 0 1.6 X 1077

“Describes the reaction in terms of H, H', D, or D* transfer.
of the reactions specified by the second and third columns

b0 K reaction energies of the corresponding charge-transfer reactions. “Rate constants
used to model low-temperature, low-density hydrogen plasmas."
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Figure 1. Schematic representation of the experimental setup with the gas-source chambers, the supersonic beams (orange and pale-blue lines), the
photoexcitation region and the Rydberg—Stark deflector, the reaction zone located within the electrode stack used to extract the ions, the MCP
detector used to monitor the product ions, and the fast-ionization gauges (FIG 1 and FIG 2) used to characterize the ground-state beam. See the

text for details.

on the observation of the ion—molecule reaction within the
orbit of a highly excited Rydberg electron which neither
participates in the reaction nor significantly influences it but
prevents the reactant ions from being accelerated by stray
electric fields in the reaction volume. Consequently, the
branching ratios of several of the reactions listed in Table 1 can
now be measured for the first time near zero collision energies.
This letter presents new results on the branching ratios of
reactions (Sa,b), (6a,)b), and (8a,b) and complements results
on reactions (2ab) and (3a,b) obtained recently.””** Our
method cannot be used to determine the branching ratios of
reactions (4a,b) and (7a,b) because it relies on time-of-flight
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mass spectrometry to detect the product ions, and the mass
resolution is not sufficient to distinguish reactant and product
ions of the same mass number (e.g., HD* from H;" in reaction
(42)). The branching ratios obtained for reactions (2a,b),
(3a,b), (Sab), (6a,b), and (8a,b) are, however, sufficient to
draw conclusions on the factors that determine their values.
The purpose of this letter is to present our new measurements
of branching ratios and discuss them in comparison to the
predictions of simple models.

The experimental procedure and the experimental setup
used to measure branching ratios in the reactions of molecular
hydrogen (H,, HD, and D,) and the hydrogen molecular ions

https://doi.org/10.1021/acs.jpclett.1c03374
J. Phys. Chem. Lett. 2022, 13, 864—871
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Figure 2. Time-of-flight mass spectra of the ions present in the reaction zone at the end of a S-ps-long reaction-observation window for (a) the
HD* + HD reaction forming H,D* and HD,", (b) the HD* + D, reaction forming HD," and D;*, and (c) the D,* + HD reaction forming HD,"
and D;*. The insets display the spectra in the region of the product-ion signals on an enlarged scale. The black and blue lines represent the signals
measured with the ground-state beam turned on and off; respectively, and the areas shaded in gray correspond to the product-ion signals. See the
text for details.
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background-corrected ion signals as a function of the duration 7 of the reaction-observation window (called the reaction time). The dots with error
bars (1o) and the solid lines represent the measured signals and the scaled calculated detection functions, respectively. Panels (b), (d), and (f)
show the branching ratios as dots with error bars. The solid and dashed red horizontal lines indicate the mean values and the weighted standard
deviations, respectively. The results of independent measurements are depicted in dark and pale colors.

D, reaction (panels (c) and (d)), and of the D,* + HD reaction (panels (e) and (f)). Panels (a), (c), and (e) display the normalized,

(H,*, HD", and D,") have been described in detail in refs 22
and 23. Only the main aspects of the measurements are
summarized here. A schematic view of the experimental setup
is presented in Figure 1. A supersonic beam of ground-state
HD or D, molecules (referred to as the ground-state beam)
generated by a short-pulse cryogenic home-built valve

delivering 20-us-long pulses at a repetition rate of 25 Hz is
doubly skimmed and propagates in a straight line through the
reaction zone. Its spatial, temporal, and velocity distributions
are determined using two fast ionization gauges (FIG 1 and
FIG 2 in the figure) located at accurately known positions
along the propagation axis beyond the reaction zone. The HD

866 https://doi.org/10.1021/acs jpclett.1c03374
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molecules in the HD ground-state beam are almost exclusively
in their absolute, ] = 0 ground rotational level. The D,
molecules in the D, supersonic beam are also in their absolute
rotational ground states (i.e., J = 0 for ortho D, (two-thirds of
the molecules) and ] = 1 for para D, (one-third of the
molecules).

A second supersonic beam of either HD or D, is produced
by another similar home-built valve. Its propagation axis
initially makes a 10° angle with the propagation axis of the first
beam. After passing through a skimmer and two sets of baffles,
the molecules are excited to long-lived Rydberg—Stark states of
principal quantum number n = 27 having an ion core in the
X"?Z(v" = 0, N* = 0) rovibronic ground state. A triply
resonant three-photon excitation sequence is used via selected
rovibrational levels of the intermediate B 'Y} and I IH;
electronic states, as described in ref 38.

A curved surface-electrode Rydberg—Stark deflector and
decelerator™ is used to merge the beam of Rydberg molecules
with the ground-state beam. Reactions between the ground-
state and the Rydberg molecules are monitored for a
predefined and adjustable temporal reaction-observation
window of duration 7, at the end of which the product ions
are accelerated toward a microchannel-plate (MCP) detector
by applying a large electric potential across the reaction zone.
The reaction-observation window is initialized by applying a
weak electric field that removes all ions present in the reaction
zone and is terminated by the ion-extraction pulse just
mentioned (inset of Figure 1). The product ions arrive at
distinct times at the MCP detector, and their integrated signals
are used to determine the branching ratios of the two product
channels, as explained in more detail in the next section.

The results presented in this article were obtained by setting
the velocities of the ground-state beam and the Rydberg-
molecule beam so that the collision energy was near 0 (i.e.,
below kz X 1 K (details in ref 22)) with a collision-energy
bandwidth of less than ky X 400 mK.

The solid black lines in panels (a)—(c) of Figure 2 show
typical time-of-flight mass spectra obtained after a reaction-
observation time of 7 = S us for the HD® + HD reaction
forming H,D" and HD,", the HD" + D, reaction forming
HD," and D;", and the D," + HD reaction forming HD," and
D5, respectively. In each of these mass spectra, the two
possible triatomic ionic products are observed as distinct
peaks, as clearly seen in the insets. To obtain the branching
ratios for the two product channels for each of the reaction
systems, the ground-state beam is turned on and off in
alternate experimental cycles to determine and then subtract
the background ion signals (blue lines in Figure 2) generated
by reactions of the Rydberg molecules with H,, HD, or D,
molecules in the background gas of the vacuum chamber. The
relative product-ion yields are determined by integrating the
background-corrected ion signals over the corresponding time-
of-flight ranges and correspond to the areas shaded in gray in
Figure 2. They are further normalized, on a shot-to-shot basis,
by dividing the integrated signals by the relative densities of (i)
the molecules in the ground-state beam monitored at the fast
ionization gauges and (ii) the Rydberg molecules measured by
pulsed-field ionization.

To determine the branching ratios of the competing reaction
channels, measurements such as those presented in Figure 2
are repeated for different 7 values. The procedure is illustrated
in Figure 3 for the three reaction systems [(Sa,b), (6a,b), and
(8a,b)]. This figure shows in panels (a), (c), and (e) the
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normalized and background-corrected integrated signals
I(H,D,_,") of the two triatomic-ion products originating
from the two competing reaction channels as blue and black
dots with error bars (i.e, I(H,D*) (black) and I(HD,") (blue)
in panel (a) and I(HD,") (black) and I(D;*) (blue) in panels
(c) and (e)). For 7 < S ps, the product-ion signals grow
linearly with 7, reflecting the fact that the density of the
ground-state molecules is much higher than the density of the
Rydberg molecules. Typically less than 1% of the Rydberg
molecules undergo a reaction in the reaction zone so that the
ion yields are directly proportional to the rate coefficients. For
T > 5 s, the product-ion signals do not grow as fast because
some of the ions emitted with the highest kinetic energy may
leave the detection volume. Lighter product ions are on
average emitted with a higher velocity than the heavier ones
and leave the detection volume earlier, which needs to be
considered when determining the branching ratios. The
correction is done through a full numerical simulation of the
particle trajectories, as explained in detail in ref 22. The solid
orange and red lines in panels (a), (c), and (e) correspond to
the expected normalized signals predicted by taking the
detection losses evaluated in numerical particle-trajectory
simulations into account based on the product-kinetic-energy
distributions determined in separate experiments (refs 22 and
23) as well as in earlier work.'”'® The good agreement
between measured and simulated signals up to about 7 = 10 us
enables us to correct for the detection losses. Panels (b), (d),
and (f) of Figure 3 depict the branching ratios

I(H,D")
Tsap) = I(H,D") + I(HD,")
I(HD,")
M) = I(HD,*) + I(D,")
I(HD,")

Msa) = I(HD,") + I(D,")

(1)

determined from the respective corrected product-ion signals.
For two competing reactions generating ion products i and j,
the branching ratio 7, = I/ (I; + Ij) is related to the ratio r; = I,/
I; of product-ion signals I; and I; through

o
T (2)

The solid and dashed red lines in panels (b), (d), and (f)
represent the mean values of the branching ratios and their
standard deviations, respectively. These branching ratios and
the branching ratios obtained in similar experiments for
reaction pairs (2a,b) and (3a,b)***’ are listed in the column
labeled 7., in Table 2.

The branching ratios for reactions (2a,b), (3a,b), (Sab),
(6a,b), and (8a,b) listed in Table 2 can be used for comparison
with the predictions of theoretical models. In the following
text, three simple models are discussed which are inspired by
considerations made in the discussion of earlier investiga-
tions. "1 7141824726 The first model, M1, is the simplest one
and considers only the probability of randomly drawing the
neutral-atom product (H or D) from the four atoms involved
in the reactions, assuming equal probabilities of drawing each
atom. This model appears to be at the origin of the prefactors
of some of the rate coeflicients used to model the composition
of cold plasmas of H, and D, (e.g,, the values reported in ref 10
for reactions (2a,b), (3a,b), (4a,b), and (7a,b) which are listed

https://doi.org/10.1021/acs.jpclett.1c03374
J. Phys. Chem. Lett. 2022, 13, 864—871
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Table 2. Comparison of the Branching Ratios of the Ion—
Molecule Reactions Involving the Neutral Molecules H,,
HD, and D, and the Ions H,*, HD*, and D,* Calculated with
Model M1 (77,,) and Model M3 (7,4;) with the Branching
Ratios 7)., Measured at Collision Energies E,; near Zero
(i.e., below ky X 1 K)“

reaction reactants products Nexp N vz
2a H," + HD H,*+D 0.225(20)" 0.25 0.20
2b H,D'+H  0.775(20)" 0.75 0.80
3a H," + D, H,D* + D 0.341(15)° 0.50 0.37
3b HD," + H  0.659(15)° 0.50 0.63
4a HD' + H, H,* + D 0.25 0.20
4b H,D* + H 0.75 0.80
5a HD* + HD H,D* + D 0.381(30) 050 0.37
5b HD,"+H  0619(30)Y 050 063
6a HD* + D, HD," + D 0.614(35)“ 0.75 0.65
6b Dy + H 0.386(35) 025 035
7a D," + H, H,D* + D 0.50 0.37
7b HD," + H 0.50 0.43
8a D,* + HD HD,* + D 0.605(30) 075 0.65
8b D, +H 0.395(30)Y 025 035

“The numbers in parentheses represent the statistical uncertainties
(10). YFrom ref 23. “From ref 24. “This work.

in the last column of Table 1). The # values predicted by M1
are listed in the column labeled 7, in Table 2. For instance,
the branching ratios of reactions H," + HD — H;* + D and
H," + HD — H,D* + H (2ab) are predicted to be 0.25 and
0.75, respectively. Whereas this model seems to work well for
these two particular reactions, it fails in all other cases for
which branching ratios were measured at low collision
energies.

The second model, M2, follows a more ”chemical” approach
and classifies the different reactions in terms of H/D-atom- or
H*/D*-ion-transfer processes based on the reaction formulas
and the assumption that a given atom- or ion-transfer process
takes place at the same rate regardless of whether the other
nuclei in the reaction system are protons or deuterons. In this
model, the branching ratios can be expressed as a function of
four rate constants: ky*, ky, kp-, and kp. For instance, the
product-ion ratio and the branching ratio for the reaction pair
(6a,b) are (see the column labeled “M2” in Table 1 and eq 2)

I(HD,")  ky+ + kp
== and
I(Ds ) kD*

I(HD,") kit + kp

Ny + = =
HD; I(HD,") + 1(D3+) kgt + kp + kpr (3)

Similar equations can be formulated for the other four reaction
pairs (2ab), (3a,b), (5ab), and (8a,b). Three of these five
equations can be used with the corresponding measured
branching ratios to express ki, kp, and kp, in terms of ky, and
the model assumptions can be checked for internal consistency
with the two remaining measured branching ratios. For
instance, one obtains

kyt = 2.27ky, kp = 1.17ky, and kpy = 4.14ky (4)

from the product-ion ratios measured for reactions (2a,b),
(3a,b), and (6a,b). With these values, the product-ion ratio
I(HD,")/I(D5") from the reaction pair (8a,b) is predicted to
be (see column “M2” in Table 1)

I(HD, " ky + k
( i)= DM =437
I(Ds ) kp (5)

which is incompatible with the value of 1.53 obtained
experimentally. This model thus misrepresents the actual
processes, and the H, D, H*, and D" transfers are either not
independent processes or the rate constants of the individual
transfers depend on the nature of the remaining three nuclei.
Introducing transfer rate coefficients that would depend on the
other nuclei would increase the numbers of rate coeflicients
from 4 to 12, making the problem undetermined even if
branching ratios were available from experiments for all
reaction pairs listed in Tables 1 and 2. In this context, it
may be relevant to note that previous studies have suggested
that charge equilibration by charge transfer during the collision
prevents the distinction between H* and H transfer'>'® and
that no obvious connection could be made between the
endothermicity or exothermicity of the charge-transfer
reactions (see the A;-;U(0 K) values in Table 1) and the
deviations of the experimental branching ratios from the
predictions of models M1 and M2.

Nevertheless, useful insights result. First, one sees from the
branching ratio obtained for the reaction pair (Sa)b) that the
combination of H' and H transfer is slower than the
combination of D* and D transfer, which is surprising at first
sight given the lighter masses. Second, the reaction pairs
leading to identical products (i.e., (6a,b) and (8a,b) and to a
lesser extent also (3a,b) and (Sab)) have very similar
branching ratios, although M2 expresses these ratios with
different sets of rate constants. The equivalence of the
branching ratios of the reaction pairs (6a,b) and (8a,b) had
been emphasized earlier by Douglass et al,'* who concluded
that rapid charge transfer during product formation makes
atom and ion transfers indistinguishable. Both observations
indicate that the branching ratios are product-specific and not
reactant-specific. Moreover, the only factor that could favor
transfers of D*/D over H*/H in reactions (5ab) is an
increased product state density resulting from the smaller
rotational and vibrational constants in HD," (D*/D transfer)
compared to those in H,D* (H'/H transfer).

This analysis suggests, as the third model, a statistical model
(M3) in which the rate coefficients are proportional to the
corresponding translational- and rovibrational-state densities of
the products, i.e., the number of translational and rovibrational
quantum states per unit energy available at the energy with
which the products are formed. M3 thus expresses the product-
ion ratios for each pair of reactions in Table 1 as ratios of the
corresponding translational- and rovibrational-state densities of
the products. Anicich and Futrell' have advocated a related
treatment of the formation of H;" from H," and vibrationally
excited H, but disregarding the effects of the rotational-state
densities, which are found to be significant in the present case
(see below).

The implementation of M3 is facilitated by the following
facts:

e (i) The reactants are in their ground states. Neglecting
the J = 1 rotational ground-state energy of ortho H, and
para D,, their internal energies can be taken to be zero.

e (ii) All reactions listed in Table 1 have approximately
the same 0 K reaction energies, A;U(0 K) (i.e., —hc X 14
000 + 500 cm™', —1735 + 60 meV, or —kz X
20200(750) K).
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e (iii) The product kinetic energies are similar in all cases
and are about one-third of A;U(0 K). The internal
rovibrational energies of the triatomic product ions are
thus about two-thirds of A,U(0 K) (i.e, hc X 9300 +
500 cm™!, 1150 meV, or ky X 13 400 K), which is so
large that the rotational- and vibrational-state densities
can be expressed with reasonable accuracy in the high-
energy approximation.

Using this approximation, the state density p; of the products
of reaction i can be expressed as

1 1
P X

X

o ABC ©)
where the three successive terms correspond to the
contributions of the relative translational motion of the
products (i.e., of a one-dimensional translational motion), of
the rotational motion of the triatomic product ion, and of its
vibrational motion, respectively. The ratio r; = I/I; of the
product-ion yields of the two competing reactlons (z and j) of
each pair is thus

_ Ii \/7 ‘7117 s
¥ I] \/ﬁ o; | ABC ylty21y3t (7)

In eqs 6 and 7, p,, (n = i, j) is the reduced mass of the products
of reaction n, o, is the symmetry number of the triatomic
product ion of reaction n (i.e., 2 for H,D* and HD,* and 6 for
H;* and D;*), I, represents the harmonic wave numbers of
the three vibrational modes (k = 1-3), and A,, B,, and C, are
the rotational constants. The values of o, reflect that the
equivalent nuclei are indistinguishable. Consequently, the ratio
0;/0; in eq 7 corresponds to the predictions of MI.

The purpose of this treatment is not to achieve a high
numerical accuracy but to identify some of the factors
determlnmg the branching ratios. Consequently, we take for
I, and A,, B, and C,, the ground-state fundamental vibrational
wave numbers and rotational constants, respectively, which are
precisely known from experiments and ab initio calculations.
With the full set of values reported for these quantities by
Miller and Tennyson,** we obtain the branching ratios listed in
the column “ny;” in Table 2.

A comparison of these 773 values with the branching ratios
obtained experimentally for the reaction pairs (2a,b), (3a,b),
(Sa,b), (6a,b), and (8a,b) leads to the following conclusions.
The overall trends are well reproduced, with maximal
deviations for the reaction pair (8a,b), for which M3 predicts
a value of 0.65 instead of 0.605(20), and the reaction pair
(6a,b), for which M3 predicts a value of 0.65 instead of
0.614(35)%. For the reaction pairs (2a,b), (3a,b), and (Sa,b),
the agreement is almost within the experimental uncertainties
and certainly also within the uncertainties inherent in the
model assumptions and approximations. This statement
applies, in particular, to reactions (3a) and (3b), which are
formally pure D and H* transfers, respectively.

Whereas the high-energy approximation is entirely justified
for the rotational-state densities, it is expected to be accurate
only to about 20% for the vibrational-state densities and to be
least accurate for the lightest triatomic ion products. However,
a significant part of the errors in the state densities cancels out
in the ratios (eq 7). Model M3 does not require an
equipartition of the reaction energy among the different
degrees of freedom. For it to be valid, it suffices that (i) the

nihi,
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products are formed over a broad range of states, (ii) the
average energy in each degree of freedom of the products is
sufficient for the high-energy approximation, and (iii) for each
pair of reactions, the average energy in a given degree of
freedom is similar for both sets of products. For instance, the
same results are obtained for 20, 30, and 50% partitions of the
reaction energy among the translational, rotational, and
vibrational degrees of freedom, respectively, as for an
equipartition. Available data'”'®**** suggest that the kinetic
energies released for the two reactions of each pair differ by
less than 10%, and quasiclassical trajectory calculations indicate
product-state distributions that differ from equipartition.”

Analyzing the different contributions to the product ratios
from eq 7 indicates that the dominant contribution stems from
the symmetry numbers, which disfavor by a factor of 3 the
formation of H;" + D compared to H,D* + H in reaction pairs
(2a,b) and (4a,b) and the formation of D;* + H compared to
HD,* + D in reaction pairs (6ab) and (8ab). The
contributions of rotational- (without symmetry number) and
vibrational-state densities both favor the formation of the
heavier triatomic product ion by factors ranging from 1.2 to
1.5. The contributions to the ratios from the translational-state
densities are the smallest and never exceed a factor of 1.25.

In this letter, we have presented the results of measurements
at very low collision energies, below kz X 1 K, of all branching
ratios of the reactions of H,, HD, and D, with H,*, HD*, and
D,* that can be determined by time-of-flight mass spectrom-
etry in our experiments. We have tried to rationalize the
experimental observations with three very simple models: a
purely combinatorial model (M1), a model classifying the
reactions as proton, deuteron, H-atom, and D-atom transfers
assuming that the rates are independent of the nature of
nontransferred atoms (M2), and a statistical model assuming
that the reaction rates are proportional to the product state
densities (M3). Whereas the first two models proved
inadequate, the results of the analysis with statistical model
M3 satisfactorily reproduced the main trends observed
experimentally. This agreement strongly suggests (but does
not prove) that the product state densities are an important
factor determining the branching ratios at very low collision
energies. The state densities, however, cannot be the sole
factor because if they were then the experimental branching
ratios of reaction pairs (3a,b) and (Sa,b) would have been the
same but they differ by ~15%. Moreover, the branching ratios
for several of the reaction pairs discussed here are known to
strongly depend on the collision energy. (See refs 11 and 24
for early experimental observations and ref 4 for a recent
theoretical description of this phenomenon.) Our measured
branching ratios and their corresponding simple modeling with
M3 are for reactants in their ground states and are limited to
the low-collision-energy regime.

Statistical theories and models are commonly used to
interpret the results of elementary reactions, and their validity
ranges are well established. (See refs 41—43 and also ref 44 for
applications to ion—molecule capture reactions involving H,*.)
A common justification for the treatment of reaction rates with
statistical theories is the formation of a long-lived intermediate
complex along the reaction path. Calculations of the potential
energy surfaces of the reaction of H," and H, reveal that the
reaction is downhill without a local well corresponding to a van
der Waals complex of the type H,"—H, in the entrance channel
(e.g., Figure 1 in ref 45 and Figures 2 and 4 in ref 4). A weakly
bound van der Waals complex of the type H;*—H exists in the
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exit channel** but is not expected to be relevant for the
dynamics of the strongly exothermic reactions discussed here.

An alternative justification for a statistical treatment for a
strongly exothermic, barrier-free reaction would be that the
distribution of product states is simply dominated by the
number of product channels and is independent of the details
of the dynamics. For the reactions between H, and H," and
their deuterated isotopomers, the motions in the full seven-
dimensional phase space are very different for the reactants and
products so that a broad distribution of the reaction energy
over the product degrees of freedom is not surprising. In this
case, eq 7 would result if the restrictions on the product states
imposed by the conservation of total angular momentum,
parity, and nuclear symmetry%_48 are not too severe or too
different for the two reactions of each reaction pair in Tables 1
and 2. For the range of collision energies probed in our
experiments, partial waves with [ up to at least S significantly
contribute to the capture rates (e.g., Figure S in ref 5), which
reduces the effects of the restrictions imposed by the
conservation of parity and total angular momentum. The
conservation of nuclear-spin symmetry is likely to play a more
significant role and may contribute to the observed differences
in the branching ratios of reactions (3a,b) and (Sa,b).

In the future, it would be important to assess the limits of
model M3 more rigorously both experimentally and theoret-
ically. The determination of the branching ratios of reaction
pairs (4a,b) and (7a,b), which could not be determined using
the time-of-flight mass-spectrometric method used in the
present investigation, would also be desirable for comparison
with the model predictions.
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