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Extensive theoretical1±13 and experimental2,13±22 studies have
shown the hydrogen exchange reaction H + H2 ! H2 + H to
occur predominantly through a `direct recoil' mechanism: the
H±H bonds break and form concertedly while the system passes
straight over a collinear transition state, with recoil from the
collision causing the H2 product molecules to scatter backward.
Theoretical predictions agree well with experimental observa-
tions of this scattering process15±20,22. Indirect exchange mechan-
isms involving H3 intermediates have been suggested to occur as

² Present address: School of Chemistry, University of Exeter, Stocker Road, Exeter EX4 4QD, UK.

well8±13, but these are dif®cult to test because bimolecular reac-
tions cannot be studied by the femtosecond spectroscopies23 used
to monitor unimolecular reactions. Moreover, full quantum
simulations of the time evolution of bimolecular reactions have
not been performed. For the isotopic variant of the hydrogen
exchange reaction, H + D2 ! HD + D, forward scattering
features21 observed in the product angular distribution have
been attributed21,12 to possible scattering resonances associated
with a quasibound collision complex. Here we extend these
measurements to a wide range of collision energies and interpret
the results using a full time-dependent quantum simulation of the
reaction, thus showing that two different reaction mechanisms
modulate the measured product angular distribution features.
One of the mechanisms is direct and leads to backward scattering,
the other is indirect and leads to forward scattering after a delay of
about 25 femtoseconds.

The dominant recoil mechanism in the H + H2 reaction may be
written as

H±H Ã H ) Ã HÐH Ã H ) Ã H H±H! �1�

where the arrows indicate the direction of motion of the species
involved. This mechanism results in `backward scattered' H2 angu-
lar distributions, which recoil from the collision at centre-of-mass
scattering angles v close to 1808 (where v is measured from the
approach direction of the H reagent at v = 08). A recent ab initio
potential energy surface for this system, the BKMP2 surface4, is so
accurate that the theoretical angular distributions, obtained by
solving the exact time-independent SchroÈdinger equation for
motion of the H atoms on this surface, are in excellent quantitative
agreement with experiment15±20,22.

Quasiclassical8,21 and quantum9 calculations have also predicted
ridge structures along a line in the energy±angle (E±v) plane which
evolve into broad peaks in the `forward direction' (around v = 08).
The quasiclassical ridges were associated with a time-delayed
(15±35 fs) mechanism, although this classical prediction should be
interpreted with care because the quasiclassical method does not
give an exact description of the scattering dynamics. The
quasiclassical8 E±v ridges and forward scattering features are less
pronounced than their quantum9 counterparts, indicating that
quantum effects are important in causing these phenomena. In
the isotopic variant of the hydrogen exchange reaction, H + D2 !
HD(v9 = 3,j9 = 0) + D, forward scattering21 has been observed at a
collision energy E = 1.64 eV (v9 and j9 refer to the vibrational and
rotational quantum numbers of the diatomic product, respectively).
For HD(v9 = 3,j9 = 0), the quasiclassical calculations underestimated
the amount of forward scattering by about a factor of three21, while
model quantum calculations12 indicated that a quantum threshold
resonance, associated with a quasibound complex formed by the
collision partners, was possible at this energy.

The experiments reported here used the PHOTOLOC (photo-
initiated reaction analysed via the law of cosines) technique17,18,21,22.
A 1:9 mixture of HBr and D2 is expanded in a free jet using a pulsed
nozzle valve. The reaction is initiated by photolysing HBr with a 5-ns
laser pulse, varying the photolysis wavelength between 203 and
225 nm to correspond to the nine collision energies shown in Fig. 1.
The HD(v9 = 3,j9 = 0) product is detected 15 ns after photoinitiation,
using (2+1) resonance enhanced multiphoton ionization (REMPI)
through the Q-branch members of the HD EF 1S+

g-X 1S+
g (0,3)

band24. The energy resolution of the experiment is about 50 meV
full-width at half-maximum, due mainly to the residual transla-
tional temperature (T < 50 K) of the beam expansion.

A direct comparison of the experimental measurements with the
theoretical predictions is presented in Fig. 1 in the form of time-of-
¯ight (TOF) pro®les of the HD(v9 = 3,j9 = 0) product. The
theoretical TOF pro®les were calculated by solving the exact time-
dependent SchroÈdinger equation for the H + D2(v = 0,j = 0) reaction
on the BKMP2 potential energy surface4, using a recently developed
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wavepacket method25, extended as explained below. Angular dis-
tributions, at ®xed values of E from 1.3 to 2.2 eV, were calculated by
summing all partial waves from total angular momentum J = 0 to
30, and were converged to better than 2%. The convergence of
selected ®xed-J reaction probabilities was checked by comparing
with results calculated using the CCP6 time-independent code26.
The calculated angular distributions were then convoluted with the
instrumental and collision-energy resolution of the experiment to
obtain the TOF pro®les shown in Fig. 1.

The experimental and theoretical TOF pro®les in Fig. 1 are in
excellent agreement. The most notable feature in the TOF pro®les is
the overall change in shape as a function of collision energy, which
we interpret by referring to the calculated HD(v9 = 3,j9 = 0) angular
distributions as a function of collision energy in Fig. 2. (Strictly
speaking Fig. 2 shows the angular distributions multiplied by a
factor of sinv, so as to give a fair representation of the amount of
reaction product per solid angle.) On passing from a collision
energy of 1.5 eV to 1.8 eV, the angular distribution changes from
being mainly sideways scattered to being (asymmetrically) for-
ward±backward peaked. This change maps onto the TOF pro®les
as a change from a broad pair of peaks around 625 ns, at 1.5 eV, to
three narrow peaks around 0 ns and 650 ns, at 1.8 eV. The 625-ns
peaks correspond to sideways scattering in Fig. 2, the 0-ns peak to
back scattering, and the 650-ns side peaks to forward scattering.
Note that the reduction in height of the 650-ns peaks between 1.64
and 1.85 eV is caused by a reduction in experimental sensitivity to
forward-scattering featuresÐnot by a reduction in the forward
scattering itself. The forward scattering remains strong between 1.64
and 1.85 eV while becoming narrower. This feature is the onset of a

broad forward scattering peak as a function of collision energy, such
as predicted previously for the H + H2 (ref. 9) and D + H2 (refs 8 and
9) reactions at lower collision energies. Our TOF pro®les are, to our
knowledge, the ®rst experimental measurement of this feature, and
also of the E±v `ridge', which, for H + D2 ! HD(v9 = 3,j9 = 0) + D,
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Figure 1 Comparison between experimental and theoretical results for the H + D2 !
HD(v9 = 3,j9 = 0) + D reaction. Each frame is a plot of an experimental (black dots) and

theoretical (red curve) time-of-¯ight (TOF) pro®le, showing the number of ionized

HD(v9 = 3,j9 = 0) molecules that arrive at the detector as a function of time. There is a

one-to-one mapping between this arrival time (which should not be confused with the

time t used to follow the reaction mechanism in Fig. 3) and the centre-of-mass scattering

angle v (measured from the approach direction of the H reagent at v = 08). Each black dot

represents the total HD(v9 = 3,j9 = 0) single-ion count at a given time of arrival at the

detector. The spread in the experimental points is indicative of the statistical errors arising

from the Poisson-like statistics of the ion-counted signals. Systematic errors were

identi®ed and reduced to a minimum by performing at least three independent

measurements of the same TOF pro®le at each collision energy. The TOF pro®les are

symmetric about the centre because there are as many reagent H atoms with speed

projections towards the detector as those away from the detector. The theoretical TOF

pro®les were obtained by convoluting the calculated angular distributions of Fig. 2 with the

instrumental and collision-energy resolution of the experiment. At present we do not

understand the cause of the discrepancies at 1.54 eV, although we note that it is around

this energy that the shape of the angular distributions changes most rapidly as a function

of collision energy; also, the calculations included only the lowest rotational level of the

D2(v = 0) reagent, whereas higher rotational levels (j , 3) contribute to the experimental

signal. The excellent overall agreement between theory and experiment means that the

simulation shown in Fig. 3 is a realistic picture of the reaction mechanism.

Figure 2 Calculated HD(v9 = 3,j9 = 0) angular distributions. The distributions [dj(E,v)/

d­sinv)] are plotted as a function of collision energy E and centre-of-mass scattering

angle v. The forward (v < 08) peak at E . 1.6 eV shows up as the side-peaks at 650 ns

in the TOF pro®les of Fig. 1. The ridge between collision energies of 1.4 and 1.7 eV causes

the broadening of the TOF pro®les between collision energies of 1.39 to 1.64 eV.
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lies between 1.4 and 1.7 eV (see Fig. 2). As E increases from 1.4 to
1.7 eV, the ridge moves in the forward direction, evolving into the
forward peak. Hence the scattering features predicted previously8,9

and attributed to indirect processes are responsible for the overall
change in the shape of the TOF pro®les.

The excellent agreement between experiment and theory suggests
that the wavefunction we use provides a realistic description of the
motion of the atoms during the reaction. To obtain the time-
dependent wavefunction, we built on previous work27±29 on calcu-
lating time-dependent wavefunctions for ®xed values of J (usually
J = 0). We extend the method of ref. 25 to calculate the ®xed-J
wavefunctions for every value of J that contributes to the angular
distributions (that is, J = 0±30). The ®xed-J wavefunctions are then
superposed to give the complete wavefunction, ª, which describes
the motion of the nuclei as a function of time, t, and of the six
coordinates that locate the nuclei in the centre-of-mass frame. We
next project ª onto the HD(v9 = 3, j9 = 0) rovibrational product
state, obtaining the function ©(R,v,t) which describes when and
where the HD(v9 = 3,j9 = 0) product is formed, and how it scatters.
Note that R is the distance from the product HD centre of mass to
the product D atom, and v is the centre-of-mass scattering angle
de®ned above.

We calculate |©(R,v,t)|2sin v at 120 values of t from 0 to 100 fs.
Plots at selected values of t are shown in blue in Fig. 3. The

symmetry about the H±DD approach axis re¯ects the cylindrical
symmetry of the reaction in three-dimensional space, which is
ensured at t = 0 by the symmetry of the D2(v = 0,j = 0) wavefunction,
and is preserved throughout the collision. The spatial part of ª at
time t = 0 is a plane-wave wavepacket x(R9,v9 ), which describes the
H atom approaching D2(v = 0,j = 0) from a mean separation R9 of
6 bohr (where (R9,v9) are the reagent analogues to (R,v)). The
function |x(R9,v9)|2 is plotted in green in Fig. 3. Note that
x(R9,v9) is made up of a superposition of time-independent
wavefunctions, describing the H±DD approach motion over a
continuous range of collision energies from 1.33 to 2.2 eV. The
distribution of these energies is ¯at, damping to zero at the edges.
(The precise form of the distribution is a Fourier-transformed
distributed approximating functional30, centred about 1.65 eV,
with j and M (de®ned in ref. 30) set to 0.07 eV and 88.) Using
different energy distributions con®rmed that all the key features in
Fig. 3 were independent of the form of the energy distribution.

Figure 3 demonstrates that the HD(v9 = 3,j9 = 0) product is
formed by two distinct reaction mechanisms. The ®rst mechanism
is the recoil mechanism of equation (1), which ejects the HD
product in the opposite direction to the H±DD approach direction.
The second mechanism occurs roughly 25 fs after the recoil
mechanism, and ejects most of the HD product in the opposite
(forward) direction. This time-delayed mechanism causes the broad
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Figure 3 Snapshots from the quantum simulation of the H + D2(v = 0,j = 0) ! HD(v9 =

3,j9 = 0) + D reaction. The blue contours are obtained from the complete wavefunction of

the reaction as explained in the text, and show the time-evolution of the HD(v9 = 3,j9 = 0)

product, as a function of the centre-of-mass scattering angles R and v. The green

contours and arrows show the location and direction of travel of the reagents at t = 0. The

red circles are of radius R = 3.5 bohr and give a rough indication of the extent of the

transition state region. Two reaction mechanisms are visible, separated by a time delay of

about 25 fs. The earlier mechanism, which throws out most of its products in the

backward direction, is the direct `recoil' mechanism, and is responsible for the central

peaks in the TOF pro®les of Fig. 1. The time-delayed mechanism, which throws out most

of its products in the forward direction, is responsible for the side peaks in the TOF pro®les

of Fig. 1. Snapshots are shown here for selected values of t; the entire sequence of frames

is available as a movie (at http://www.dur.ac.uk/chemistry/publications/sc_althorpe/

nature.html).
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forward peak in Fig. 2, and hence the side peaks in the TOF pro®les
in Fig. 1. Analysis of the angular distributions showed that the time-
delayed mechanism is also mainly responsible for the sideways ridge
(see Fig. 2), and hence for the broadening of the TOF pro®les
around E = 1.4±1.7 eV.

We see that the HD product from the time-delayed mechanism
starts to form at scattering angles of roughly 458, where the
wavefunction is found to have mostly `high impact parameter'
components, corresponding to J = 15±20. This indicates that the
H atoms that react via this mechanism come from the parts of
the plane wave (green function in Fig. 3) around Rsinv =
6(1.1±1.6) bohr. It is likely therefore that H attacks the D2 at a
glancing angle, in contrast to the direct mechanism (in which H
attacks the D2 bond collinearly). If this happens, then energy
initially concentrated in the HDD bend must be converted into
energy along the HDD asymmetric stretch, to allow the system to
pass over the transition state and react.

The successful combination of experiment and theory to
elucidate in detail the mechanisms involved in one of the simplest
chemical reactions, the hydrogen exchange reaction, can also be
applied to more complex reactions. These include the reactions
O(1D) + H2 ! OH + H, F + HD ! HF + D, and H + H2O !
OH + H2, for which experimental angular distributions and realistic
potential energy surfaces are available19,20, and for which it is
computationally feasible to solve the time-dependent SchroÈdinger
equation. M
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The pH of the ocean is controlled by the chemistry of calcium
carbonate. This system in turn plays a large role in regulating the
CO2 concentration of the atmosphere on timescales of thousands
of years and longer. Reconstructions of ocean pH and carbonate-
ion concentration are therefore needed to understand the ocean's
role in the global carbon cycle. During the Last Glacial Maximum
(LGM), the pH of the whole ocean is thought to have been
signi®cantly more basic1, as inferred from the isotopic composi-
tion of boron incorporated into calcium carbonate shells, which
would partially explain the lower atmospheric CO2 concentration
at that time. Here we reconstruct carbonate-ion concentrationÐ
and hence pHÐof the glacial oceans, using the extent of calcium
carbonate dissolution observed in foraminifer faunal assemblages
as compiled in the extensive global CLIMAP data set2. We observe
decreased carbonate-ion concentrations in the glacial Atlantic
Ocean, by roughly 20 mmol kg-1, while little change occurred in
the Indian and Paci®c oceans relative to today. In the Paci®c
Ocean, a small (5 mmol kg-1) increase occurred below 3,000 m.
This rearrangement of ocean pH may be due to changing ocean
circulation from glacial to present times, but overall we see no
evidence for a shift in the whole-ocean pH as previously inferred
from boron isotopes1.

© 2002 Macmillan Magazines Ltd


