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State-to-State Rates forthe D + H(v=1,j= 1)
— HD(v’, j) + H Reaction:
Predictions and Measurements

Daniel Neuhauser,* Richard S. Judson, Donald J. Kouri,t
David E. Adelman, Neil E. Shafer, Dahv A. V. Kliner,t
Richard N. Zaret

A fully quantal wavepacket approach to reactive scattering in which the best available H,
potential energy surface was used enabled a comparison with experimentally determined
ratesforthe D + Hy(v=1,j= 1) - HD(v' =0, 1, 2; j') + H reaction at significantly higher
total energies (1.4 to 2.25 electron volts) than previously possible. The theoretical results
are obtained over a sufficient range of conditions that a detailed simulation of the exper-
iment was possible, thus making this a definitive comparison of experiment and theory.
Good to excellent agreement is found for the vibrational branching ratios and for the
rotational distributions within each product vibrational level. However, the calculated ro-
tational distributions are slightly hotter than the experimentally measured ones. This small
discrepancy is more marked for products for which a larger fraction of the total energy
appears in translation. The most likely explanation for this behavior is that refinements are

needed in the potential energy surface.

Ultimately, the test of any theory is its
predictive power. In chemistry, theoretical
calculations based on first principles have
been applied to static properties of mole-
cules with great success. However, theoret-
ical calculations of dynamical properties
have met with less success because of the
large number of quantum mechanical (QM)
scattering channels in such processes. Re-
cent experimental advances have permitted
the study of the H + H, reaction and its
isotopic analogs at a level of detail previ-
ously not possible (1-9). Corresponding
advances in theoretical techniques have
allowed these new measurements to be
compared with exact QM calculations at
total energies up to 1.82 eV (10-22). Cal-
culations for a range of total energies have
been restricted to energies below 1.35 eV
(10, 12-14, 18), whereas results for reac-
tions in which the H, was vibrationally
excited have been obtained only for total
energies ranging from 0.82 to 1.35 eV (18)
and for 1.82 eV (16, 21). The QM calcu-
lations (10-14, 18, 20) agree well with
integral cross section measurements (1-3,
8) in the total energy regime below 1.5 eV.
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Significant differences have been found
between experiment (5, 8) and theory (16,
21) at the higher total energy of 1.82 eV.
Two factors may influence this comparison:
(i) the theoretical calculations did not fully
simulate the experimental conditions; and
(ii) the experimental results may have been
impaired to some extent by space-charge
effects caused by ion production in the use of
DBr as a photolytic source of fast D atoms.
Consequently, it was not possible to deter-
mine whether the differences between ex-
periment and theory were caused by experi-
mental error, the incomplete simulation of
the experiment, the potential energy surface
(PES), or the accuracy of the QM calcula-
tions. The theoretical predictions were es-
sentially unchanged in a subsequent more
accurate study (22); however, these calcula-
tions also did not include a full simulation of
the experimental conditions. At such high
energies, it may well be that the PES is less
reliable for these comparisons with experi-
ment because regions of greater anisotropy
and anharmonicity can be sampled, that is,
experiments at lower energies may be less
sensitive to inaccuracies in the PES.

Existing noniterative time-independent
quantal scattering methods rapidly become
computationally intensive at higher total
energies because of the increase in the num-
ber of quantum channels (10-22). We re-
port here theoretical results obtained with a
newly developed wavepacket approach (21,
23-26) to exact scattering dynamics that
extends the predictive power of theory to
higher energies and more complex scattering
systems; consequently, a full simulation of
the experimental conditions was feasible.
We also report new state-to-state integral
cross section measurements of the D + H, (v

519




1
P
T

Relative rate
o
LR

0.0 .
0 1 2
Vibrational level v’

Fig. 1. Comparison of experimental and theoreti-
cal relative vibrational population distributions for
thereaction D + Hy(v= 1, j= 1) = HD(V', j') +
H at £, = 1.4 eV. The experimental (9) data
(squares connected by solid lines) are recorded
by using a variable-wavelength photolysis source,
and the theoretical calculations (26) (circles con-
nected by dashed lines) are obtained with the
wavepacket approach. The experimental error
bars represent one standard deviation.

= 1, j = 1) reaction (where v is the
vibrational quantum number and j is the
rotational quantum number) in which DI
was used as the fast D atom photolytic
precursor, thus significantly reducing the
space-charge effects associated with the DBr
precursor. Comparison of the new experi-
mental results with the calculations of the
wavepacket approach yields a definitive test
of theory at higher total energies than pre-
viously possible.

A combination of laser techniques has
enabled true state-to-state experiments for the
H + H, reaction family to be carried out. The
D+H,w=1,j=1)—HD@ =0,1,2;j)
+ H reaction rates have been measured, in
which the H, reagent was prepared in the (v
= 1, j = 1) state by stimulated Raman
pumping (7-9), and fast D atoms were pro-
duced by laser photolysis of DBr or DI. In
these experiments the DBr(DI)-and H, were
mixed with He in a reservoir and then flowed
into a high-vacuum chamber through a pulsed
supersonic nozzle. The same laser both gener-
ated the fast D atoms needed to initiate the
reaction and ionized the nascent HD product
through (2 + 1) resonance-enhanced mul-
tiphoton ionization (REMPI) (27), in which
a two-photon transition connects the X state
to the E, F state of HD that is subsequently
ionized by a one-photon transition. The
REMPI detection scheme has been calibrated
against an effusive high-temperature nozle
(27) such that relative quantum-state popula-
tions can be obtained from the measured ion
signals. A shuttered time-of-flight mass spec-
trometer was used to detect the HD ions (3,
28). Because the same laser effected the pho-
tolysis and ionization steps, E_; varied as a
function of product state detected. By replac-
ing the DBr precursor (E_; = 0.95 to 1.07
eV) used in the earlier experiments with DI,
higher values of E, | are obtained [1.38 to 1.54
eV for HD(W' = 0), 1.31 to 1.43 eV for
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Fig. 2. Comparison of ex-
perimental and theoretical
relative rotational population
distributions for the reaction
D+ Hyv=1,;=1 -
HD(v', j') + H for a vari-
able-wavelength photolysis
source: (A) HD(v' =0, j') at
E.,=15¢eV;(B)HD(V' =1,

rel
j’)eat E., =14¢V;and (C)
~13

HD(v' = 2, ") at E,

eV. The experimental data
(8, 9) are represented by
squares connected by solid
lines; the error bars are one
standard deviation. The the-
oretical calculations (26)
are represented by circles
connected by dashed lines.
Dotted lines connect the
populations of levels adja-
cent to a level for which the

-
o

Relative rate
o
o
D

population was not mea-
sured. 0.14

0.10

0.06

0.02

HD(' =1), and 1.26 to 1.32 eV for HD(v'
= 2)]. At these relative collision energies and
with 0.52 eV in the H, reagent vibration, the
reaction accesses regions of the PES far re-
moved from the minimum energy path. Fur-
thermore, the use of DI significantly reduces
the previously noted (7, 8) space-charge ef-
fects associated with the DBr precursor.

The broad range and high total energies
associated with these experiments make the
corresponding theoretical calculations ex-
tremely difficult. Noniterative, time-inde-
pendent basis set expansion methods (10—
14, 17-20, 22) have been the only means
previously available for carrying out sophis-
ticated fully converged, three-dimensional
reactive QM scattering calculations. Al-
though applicable to reactions at lower total
energies, such methods become highly com-
putationally intensive under the present ex-
perimental conditions. New approaches are
needed to compare theory and experiment at
these high energies in which a large number
of reaction channels are open.

Among the theoretical techniques used,
the newly developed time-dependent wave-
packet approach (21, 23, 24) has four attrac-
tive features. First, calculations are performed
only for the initial state of interest, whereas
noniterative time-independent basis set meth-
ods necessarily include all initial states acces-
sible at a given energy. Second, a single
propagation of the wavepacket yields results at
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many energies, thereby significantly reducing
the number of calculations required. Third, a
grid representation is used so that the poten-
tial energy is calculated by simple multiplica-
tion. Fourth, the wavepacket can be propa-
gated by using the Jacobi scattering coordi-
nates of a single arrangement. Perhaps most
importantly, the associated numerical com-
plexity grows roughly linearly with the num-
ber of grid points. This is a marked advantage
over the noniterative basis set methods, in
which the Hamiltonian matrix must be in-
verted and the computational effort scales as
N3, where N is the size of the basis set used.

Recent developments in the time-depen-
dent approach include accurate methods for
evaluating the kinetic energy terms and a
mixed grid and close-coupling approach for
representing the wave function. When these
methods are coupled with an accurate algo-
rithm for propagating the wavepacket, the
resulting approach is decisively the most
efficient available for simulating inelastic
molecular collisions at high energies. For
reactive collisions, the major difficulty is the
presence of multiple asymptotic arrange-
ments. Large grids are then ostensibly nec-
essary for representing the wave function
before and after the scattering event. This
difficulty is circumvented (23-25) in three
ways: (i) by using projection operators to
couple the one-channel wave function in
the reactant arrangement to the many-chan-
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Fig. 3. Comparison of experimental and theo-
retical relative rotational population distribu-
tions for the reaction D + Hy(v=1,j=1) >
HD(v' = 1, j') + H for a fixed-wavelength
photolysis source (E,,, = 0.8 eV). The experi-
mental data (9) are represented by squares
connected by solid lines; the error bars are one
standard deviation. The theoretical calculations
(26) are represented by circles connected by
dashed lines.

nel wave function in the interaction region so
that a many-channel representation is needed
only in a small region; (ii) by calculating
accurate state-to-state probabilities with an
overlap-integral expression for the scattering
matrix that enables the asymptotic scattering
probabilities to be calculated from the wave-
packet within and just outside of the interac-
tion region; and (iii) by introducing functions
that absorb the wavepacket as it scatters from
the interaction region, thereby reducing the
wavepacket propagation time.

The computational efficiency of the time-
dependent wavepacket approach permits a
complete simulation of the D + H, experi-
ments (26). Specifically, the theoretical cal-
culations include: (i) the variation in the
relative collision energy as a function of HD
rovibrational state detected; (ii) the experi-
mental relative collision energy spread
(~0.07 eV full-width at half-maximum);
and (iii) the fast and slow D atom contribu-
tions corresponding to the concurrent pro-
duction of I(*P;,,) and 1(*P, ) in the pho-
tolysis of DI. In order to perform a quanti-
tative comparison between theory and ex-
periment, we must have a well-characterized
experimental procedure. Numerous tests are
carried out to check for possible sources of
experimental error. Among the most impor-
tant of these checks are: (i) verification of
the validity of the procedure used to extract
the D + H,(v = 1, j = 1) distributions (8);
(ii) use of two photolytic D atom sources (DI
and DBr) (8, 9); (iii) determination that HD
product fly-out from the detection volume is
not perturbing the rotational distributions
(9); and (iv) use of an independent, fixed-
wavelength photolysis source geometry (9).
Consequently, we are confident that neither
experimental error nor incomplete modeling
of the experimental initial conditions is the
source of the remaining discrepancies be-
tween theory and experiment.

Comparisons of the experimental and
theoretical results for the reaction D +
H,(v = 1,j = 1) - HD(/, j') + H are
represented in Figs. 1 to 3. Because relative
populations are measured, the experimental
and theoretical distributions in each of the
comparisons are normalized to the sum of
the populations of their common levels.
The distributions presented in Figs. 1 and 2
are measured with a variable-wavelength
photolysis source, as described above. How-
ever, the D + Hy(v = 1,j = 1) - HD('
=1,j) + Hat E = 0.8 eV rotational
distribution displayed in Fig. 3 was recorded
with a fixed-wavelength photolysis arrange-
ment. For this geometry, an independent
laser pulse was added to generate the fast D
atoms through photolysis of DI. This pro-
cedure allows the DI photolysis and HD
ionization steps to be decoupled.

Very good agreement is observed be-
tween experiment and theory for the vibra-
tional distribution (see Fig. 1); they agree
within the experimental error bars for each
vibrational level. For the rotational distribu-
tions, however, the extent of agreement
varies from moderately good (Fig. 2, A and
B) to quantitative (Figs. 2C and 3). The
very good agreement observed for the HD (v’
= 2, j') distribution at E,; = 1.3 eV (Fig.
2C) and HD(v' = 1, j') distribution at E_
= 0.8 eV (Fig. 3) shows that the discrepan-
cies in Fig. 2, A and B, are not caused by
the vibrational state of the HD product. As
the fraction of energy grows in the HD
product translational degree of freedom, the
theoretical distributions become increasingly
hotter than the corresponding experimental
ones (Figs. 2 and 3). Thus, both the overall
shape and the peak of the distributions are in
good agreement for the HD(@W' = 2, j')
distribution at E_; = 1.3 €V and the HD(v'
= 1, j') distributions at E_; = 0.8 eV (Figs.
2C and 3). In contrast, neither the shape
nor the peak of the distributions is well
matched by theory for the HD(v' = 0, j')
distribution at E_; = 1.5 eV and the HD(v'
= 1,j') distribution at E_; = 1.4 eV (Fig. 2,
A and B). Specifically, the calculated distri-
butions peak one to two quanta higher than
the measured ones in Fig. 2B and two to
three quanta in Fig. 2A.

The consistency of the experimental and
theoretical results for the vibrational distri-
bution (Fig. 1) and for the rotational dis-
tributions HD(v' = 1, j') at E,,; = 0.8 eV
(Fig. 3) and HD(v' = 2,j') atE = 1.3 eV
(Fig. 2C) suggests that the observed dis-
crepancies do not arise from an error in the
QM scattering calculations. Instead, we
believe the differences are most likely at-
tributable to inaccuracies in the PES used,
which was the double many-body expan-
sion (29). This hypothesis is consistent
with the good agreement observed for the
lower energy reactions, because the high
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energies accessed in these experiments al-
low the reactants to explore regions of the
PES far removed from the minimum energy
path of the reaction. The PES is not as well
characterized in these regions because ab
initio points that are used to generate the
surface are concentrated around the mini-
mum energy path. Buntin et al. (4, 5) and
Continetti et al. (6) measured differential
cross sections for the D + H, reaction and
simulated the experiments with the QM
calculations of Zhao et al. (18) and of
Zhang and Miller (10, 14). These workers
also found discrepancies that they attribut-
ed to errors in the H; PES.

As the above comparisons demonstrate,
the new wavepacket approach is able to pro-
vide a full simulation of the dynamics of the D
+ H,w=1,j=1) > HD@ =0,1, 2;j)
+ H reaction at high total energies. The
accuracy of these calculations is apparently
limited only by the accuracy of the PES for
the reaction and the validity of the assump-
tion that this reaction is electronically adia-
batic (30). The wavepacket approach has
matured to the stage where it affordably yields
complete dynamical information. Further-
more, the reduced computational effort, rela-
tive to the noniterative time-independent ba-
sis set expansion methods, establishes the
wavepack approach as a powerful method for
predicting the dynamics of systems with high
energy or complexity or both.
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Magnetoferritin: In Vitro Synthesis of a
Novel Magnetic Protein

Fiona C. Meldrum, Brigid R. Heywood, Stephen Mann*

The iron storage protein ferritin consists of a spherical polypeptide shell (apoferritin)
surrounding a 6-nanometer inorganic core of the hydrated iron oxide ferrihydrite
(5Fe,04-9H,0). Previous studies have shown that the in vitro reconstitution of apoferritin
yields mineral cores essentially identical to those of the native proteins. A magnetic mineral
was synthesized within the nanodimensional cavity of horse spleen ferritin by the use of
controlled reconstitution conditions. Transmission electron microscopy and electron dif-
fraction analysis indicate that the entrapped mineral particles are discrete 6-nanometer
spherical single crystals of the ferrimagnetic iron oxide magnetite (Fe,O,). The resulting
magnetic protein, “magnetoferritin,” could have uses in biomedical imaging, cell labeling,

and separation procedures.

The ability of ferritin to sequester and
store iron in a bioavailable form arises from
a quaternary structure of 24 polypeptide
subunits assembled into a spherical hollow
shell that is penetrated by two types of
intersubunit channels (1). The mechanisms
by which iron is accumulated within the
8-nm internal cavity have been elucidated
through reconstitution experiments of re-
combinant apoferritins modified by site-
directed mutagenesis (2). In brief, two key
sites have been implicated: a ferroxidase
center residing in the intrahelical domain
of H-chain subunits (3) and a nucleation
site comprising three Glu residues on the
cavity surface. These sites appear to act
cooperatively in affecting the kinetics of
iron oxide deposition such that mineral-
ization occurs specifically within the pro-
tein cavity and not in bulk solution. Such
precise molecular control of inorganic pre-
cipitation within a confined volume could
be generally relevant to the synthesis of
inorganic clusters and nanoparticles. We
have recently shown that Mn(IlI) oxide
cores can be reconstituted in ferritin by
incubation of apoferritin molecules with
aqueous Mn(II) under controlled reaction
conditions (4).

School of Chemistry, University of Bath, Bath BA2
7AY, United Kingdom.
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Although we have synthesized iron sul-
fide cores in ferritin by in situ reaction of
native iron oxide cores with gaseous H,S
(4), the formation of iron oxide cores other
than ferrihydrite has not been achieved (5).
Indeed, it has generally been considered
that the ferrihydrite structure of the bio-
mineral is functionally important in provid-
ing a source of relatively labile iron for
metabolic use. To determine the extent of
structural specificity of iron oxide mineral-
ization in ferritin, we carried out reconsti-
tution experiments under conditions tai-
lored to the synthesis of Fe;O, (Fig. 1) (6).
Iron was removed from native horse spleen
ferritin by dialysis against thioglycolic acid
at pH 4.5 (7). The resulting apoferritin
solution was buffered at pH 8.5 and main-
tained at a temperature of 55° to 60°C
under argon in a water bath. Ten incre-
ments of Fe(Il) solution were added over
200 min (8). Slow oxidation was achieved

Fig. 1. Schematic showing
the synthetic route to mag-
netoferritin. Step | involves
the removal of native ferri-
hydrite cores from horse
spleen by dialysis against
thioglycolic acid, under N,
at pH 4.5. Step Il involves
the reconstitution of apo-

Native ferritin

during this procedure by the introduction of
air into the solution with a Pasteur pipette.
On completion of the Fe(II) additions,
samples of the reconstituted ferritin were
taken immediately for transmission electron
microscopy (TEM) analysis (9). Several
samples were left open to the atmosphere
for 15 min before TEM investigation to
ascertain their stability to possible oxida-
tion in air. Some of these grids were neg-
atively stained with 1% uranyl acetate so-
lution to determine whether any thermal
degradation of the protein had occurred and
to verify that the crystals had indeed been
produced within the protein shell. Protein-
free control reactions, involving an analo-
gous procedure in which 0.15 M saline was
substituted for apoferritin, were also under-
taken (10).

Addition of Fe(Il) to the apoferritin
solutions resulted in an initial increase in
turbidity followed by a blackish discolora-
tion after ~1 hour. The final solution
remained black, and no bulk precipitation
was observed. Exposure to air resulted in a
red-brown coloration within a few min-
utes. Neither the black nor the red-brown
protein solutions responded to a bar mag-
net placed against the side of the sample
container. In contrast, a bulk white pre-
cipitate [Fe(OH),] was initially formed in
the control reaction, transforming into a
green gelatinous deposit and subsequently
into a black and magnetic precipitate after
1 hour. The sample remained black under
argon and after exposure to the atmo-
sphere for 2 weeks.

Examination of the ferritin and control
samples by TEM showed particles of re-
markably different size and morphology
(Fig. 2). The majority of particles synthe-
sized in the presence of apoferritin were
discrete, spherical nanometer-sized crystals
(Fig. 2A) of uniform size (mean diameter =
6 nm, ¢ = 1.2 nm). Negative staining
showed that the individual particles were
surrounded by a protein shell (Fig. 2B),
indicating that the discrete crystals were
formed specifically within the apoferritin
cavity. In contrast, particles formed in the
control preparations were aggregated and
heterogeneous in size (range = 4 to 70 nm)
and morphology (irregular spheroidal, cu-
bic, and cubo-octahedral) (Fig. 2C). Elec-

tron diffraction patterns identified the crys-

Apoferritin Magnetoferritin

ferritin with Fe(ll) solution under slow oxidative conditions at 60°C and pH 8.5.
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