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Distribution of Rovibrational Product States for the “Prompt” Reaction H + Dx(v = 0, =
0—4) — HD(2' = 1,2,j') + D near 1.6 eV Collision Energy
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Department of Chemistry, Stanford Warsity, Stanford, California 94305
Receied: July 31, 2000; In Final Form: December 5, 2000

We initiate the reaction H- Dy(v = 0, ) = 0—4) — HD (v' = 1,2,j’) + D by photolyzing HBr in a 1:9
mixture of HBr and B expanded into vacuum through a pulsed nozzle. The same laser pulse that initiates the
reaction also detects the HD(j'") product in a state-specific manner via-2l REMPI. From the product ion
signals we extract HD(, j') state distributions for the' = 1,2 manifolds that are compared to existing
quasiclassical trajectory (QCT) calculations at similar energies. We find good agreement between calculation
and experiment for the distribution of rotational product states within each vibrational manifold. The line-
of-centers nearly elastic specular scattering (LOCNESS) model predicts an inverted parabolic distribution of
HD(v', j'red) products wherg'req = j'/j'max, andj'max is the maximum predicted rotational state based on the
angle-dependent reaction barrier of thegdtential energy surface and previously measured product scattering
angle distributions. Additionally, this model is shown to hold for previous measurementstoDhl at a
collision energy of 1.28 eV.

Introduction Power

- L Meter
The hydrogen-gtom/hydrogeq-molequIe exchange reaction | Nd:YAG | 2x |Dye Laser| ;;0 s BMB"{, b —5——

continues to fascinate those with an interest in fundamental ;

elementary reactions because of its seeming theoretical simplic- L Pulse Nozzle Trigger ,

ity. This reaction and its isotopic variations appear to be the \ﬁ

system for which the most accurate calculations can be made.

H H 1 H Oscilioscope
The history of the st.udy of this 'react|0n is full of examples of personal o
how our understanding of reaction dynamics has advanced and Computer i [ ] MCPs

deepened, often being led by insightful theoretical treatrmiehts.
For example, it was for H+ H, that the first scattering  Figure 1. Experimental block diagram.

resonances in a chemical reaction were predi¢téthief among

early workers in this area was Kuppermann who together with LOCNESS model to include a linear opacity function we can
his students gave an identification of resonance structures reproduce the functional form of the experimental data.

and provided an interpretation of their physical mearikg.

Twenty-five years after these structures were first predicted, Experimental Section

these scattering resonances are finally being obséf/éd.

Despite the successful isolation of resonances in the hydrogent e
exchange reaction, the Ht H; reaction can be described by
simple physical models to a good degree. In a series of recent
works?~14 we reported state-resolved differential cross sections
for the reaction H+ Dy(v = 0,j = 0—4) — HD (' = 1,2,j")

+ D near 1.6 eV collision energy. These studies were made
under “prompt” conditions in which a single laser was used
both to photolyze the precursor and to ionize the products. A
line-of-centers nearly elastic specular scattering (LOCNESS)
modef® was put forth to explain the observed correlation
between the peak of the product scattering distributions (dif-
ferential cross sectiordDCSs) and the product rotational state,
j'. In this paper, we compliment the DCS studies by presenting
the measured distribution of HU(j') product states (integral
cross sectionsICSs) under the same reaction conditions. We
also compare these measurements to previous QCT calculation
by Blais and Truhld® and show that by extending the

The description of our experimental setup and the charac-
rization of our reaction conditions have been presented
elsewheré? so we will outline only the main points. Hydrogen
bromide (99.8% purity) is freezepump—thawed to remove H
contaminants and mixed in a 1:9 ratio with [9.8% purity)
in a Teflon-lined stainless steel cylinder. The mixture enters a
vacuum chamber through a pulsed nozzle with a typical pulse
width of 600us and a backing pressure of 300 Torr. The vacuum
chamber is differentially pumped and has baffled arms with
fused silica windows for the laser beam entrance and exit. After
the nozzle fires, a laser pulse (26820 nm) enters the chamber
where it photolyzes the HBr precursor and ionizes the 1|
product of interest by 2= 1 REMPI via the EFZgt — X 24t
transitiont®

Up to 2 mJ of ultraviolet light can be created with the setup
ghown in Figure 1, consisting of an injection-seeded Nd:YAG-
pumped dye laser whose output is tripled. The line width of
the laser in the fundamental is 0.25 chnhand the pulse duration

T Part of the special issue “Aron Kuppermann Festschrift”. is 7 ns. We employ a l:.3 Galilean telequpe to eXpand the beam

* Author to whom correspondence should be addressed. E-mail: zare@ @nd & 600 mm suprasil lens to focus it into the chamber. We
stanford.edu. find that by expanding the beam before focusing, we produce
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Figure 2. Bottom-view schematic diagram of time-of-flight spectrom- ‘n 0.8 (b)
eter: A=A = 2.3 cm;B=34.3 cm;C = 0.6 cm. The potential drop I

acrossA is V and the potential drop acrogsis —cV, wherec ~ 7.2. 0.6 —
The free-flight region (spanned IB) is kept at—cV.

0.4 -
a smaller, more homogeneous focal spot that ionizes HD more 0.2
efficiently. As the laser pulse exits the chamber it is absorbed 0.0
by a pyroelectric energy meter, and the reading is recorded ’ T T I i
concurrently with the ion signal. 652.68 652.70 652.72 652.74
The H+ D, reaction and ionization of the HDI( j") products
take place in the extraction region of a WitelcLaren time- dye laser wawelength (nm)

of-fight mass spectrometéf.The spectrometer consists of an  Figure 3. Typical 2+ 1 REMPI scan of the HD, j’) product from
extraction plate at-V, a repeller plate atV, and a free-flight the “prompt” reaction H+- Do(v = 0, j = 0—4) — HD(v, ') + D near
region at—cV, wherec = 7.2 (Figure 2). A system of steering 1.6 eV collision energy: (gHD(v' = 1,j" = 9); (b) HD(' = 2,]' =
plates in the free-flight region allows us to adjust the trajectories 2)- Scans consist of 42 points in 2 pm steps. Signals were corrected
R : . for power fluctuations and averaged to produce the values in Table 1.

of the HD(/, ') ions to strike the center of 25 mm microchannel
plates (MCPs) that detect the ions. Because the line width of TABLE 1: HD( ¢, j') Product State Distributions for the
the laser is significantly smaller than the Doppler width of the Reaction H+ Dy(v = 0,j = 0—4) — HD(+' = 1,2,j') + D
HD(+/,j) product molecules, it is necessary to scan the near 1.6 eV Collision Energy
frequency of the laser over the transition (fwhm typicalig0 HD(v' = 1) HD(v' = 2)
pm in dye laser fundamental). product HD* ion signal product HD™ ion signal

The ion signal is collected by an oscilloscope and downloaded rotational state in arbitrary units rotational state in arbitrary units

to a PC where it is integrated as a function of dye laser 0 1.04(64% 0 0.243(95)
wavelength. We measured HD products for states 1, = 1 1.34(31) 1 0.67(35)
0—13, andy' = 2, ' = 0—8. Each scan consists of 42 points g g'igg‘g g iiggg
taken in 2 pm steps. The raw ion signals were adjusted for 4 3:06(49) 4 1:232(55)
fluctuations in power. Using a thin film polarizer and a half- 5 4.29(76) 5 1.15(26)
wave plate, we reduced the power of the beam to determine 6 4.87(45) 6 0.78(25)
the relationship between laser energy and signal intensity. The 7 4.54(51) 7 0.372(38)
integrated area of the signal at the center of the transition was g g-ggg%g 8 0.29(16)
recorded as a function of power for HD(= 1,j' = 5), HD(' 10 0'_72(97)

=1,j’' = 8), and HD¢' = 2, ' = 3) while complete profiles 11 0.77(30)

were taken for HD{' = 2,j' = 1) as a function of power. In all 12 0.51(10)

cases the power dependence was quadratic (exponent equal to 13 0.42(18)

2.0+ 0.2), implying that the ionization step in thef21 REMPI aNumber in parentheses represents one standard deviation (67%)

scheme and the photolysis of HBr were saturated. For the/HD(  in the last digits, e.g., 3.06(49) means 3:06.49.
= 2) data, we scanned over each peak at least three times in

the course of 2 days, and for the HDE 1) data we scanned The error reported in these measurements is the result of
over each peak at least six times in the course of 3 days. variation in the area under thef21 REMPI signals. When the

laser power was unsteady, as for HDE 2, ' = 1), or when
there were nonlinear crystal mode fluctuations, as for #1B{

1,j' = 10), these errors were considerable (50% or greater).
Figure 3a shows a HR( = 1, ' = 9) peak and Figure 3b Variation in Collision Energy. Because the probe laser is
shows a HD{' = 2, ' = 4) peak. Both peaks are typical of the also responsible for the photolytic initiation of the reaction, the
signal-to-noise level in the experiment. The product distributions center-of-mass collision energy decreases as we tune the laser
were constructed by adjusting the area of each peak to accounto detect higher rotational product states within a particular

for fluctuations in power and then averaging the measurementsvibrational manifold. In addition, a complication arises from
of each HD¢', j') state. It was not necessary to adjust the peaks the existence of two accessible photolysis channels for HBr at
for line strength as the experimental correction factors reported these wavelengths. The “fast” channel corresponds to the
by Rinnen et al® are unity (within error bars) for all of the  production of ground-state B#f3;) atoms, and the “slow” to
HD(v,j') states measured. The average power adjusted ionexcited-state BréPy;) atoms. Figure 4 shows the variation in
signals are also reported in Table 1. The values reported in Tablecenter-of-mass collision energy for the #H D, “prompt”

1 were produced by normalizing the area of the= 1 andv' reaction as a function of the HD(j') product state detected.

= 2 rotational distributions to the appropriate QCT calculations. We have previously measurédhat only 144+ 3% of the H

Results and Discussion
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Figure 4. Variation of center-of-mass collision energy as a function
of product state detected for the “prompt” reactiorHD,(v = 0, =

HD product rotational state (j')

Figure 5. Experimentally measured HD(= 1,|") product rotational
e . ; . state distribution @) for the reaction H+ Dy(v = 0, = 0—4) —
0-4) — HD(v, ") + D when HBr is the photolytic precursor. Solid 5, ") + D near 1.6 eV collision energy and comparison to QCT
line is the “fast channel” corresponding to the production ofPyf) calculations. Solid line is from the QCT calculations of Blais, N. C.;

and dashed line is the “slow channel” corresponding to the production 1. \hiar D. G.Chem. Phys. Lett1989 162, 503. The experimental

of Bri(*Py). Laser wavelengths vary from 209 to 217 nm for 1) distribution has been normalized to the area under the QCT curve.
and from 217 to 220 nm for( = 2).

1.4 —
atoms produced under these conditions are from the slow (Br¥)  ~ 1o 3
channel, in agreement with measurements of Regan'@tmal :’: ’
addition, because the cross sections for the slow channel reaction ‘o 1.0 —

H + D, — HD( = 1,2,j') + D have been calculat&?'to be %08 -
an order of magnitude smaller than the fast channel reacttons,
we are justified in neglecting these contributions.

As can be seen in Figure 4, the collision energy of the
HD(v' = 1,]') distribution ranges from 1.72 to 1.57 eV while
the HD@' = 2,j') distribution varies from 1.55 to 1.49 eV. In
a previous papéef we reported upper estimates for the rotational ! ' I ! ! !
(90 K) and translational (45 K) temperatures of the HBr and 2 4 6 8 10
D2 precursors under identical reaction conditions. From these HD product rotational state (j')
measurements we determined that the error in the center-of-
mass collision energy i£0.05 eV. Thus the spread in collision
energy caused by the variation in photolysis wavelength distributions are slightly cooler than the QCT calculations. This
represents the largest source of error when comparing experi-same behavior was observed when these calculations were
mental product state distributions to calculated integral cross compared to the results of Rinnen et!élas originally intended.
sections. At other nearby collision energies (098.3 eV) this QCT

Comparison to Quasiclassical Calculationsln 1989 Blais method has been sho#to be in excellent agreement with
and Truhlat® (hereafter BT) used the QCT method to calculate rotational distributions as measured by coherent anti-Stokes
ICSs for the reaction H- Dy(v = 0,j) — HD(¢',’) + D at Raman scattering (CARSj but rotationally hotter than REMPI
collision energies of 1.5, 1.6, 2.25, and 2.4 eV on the DMBE measurement®.We are not aware of similar QCT calculations
potential energy surface. These calculations were meant formade on the newer BKMP2 potential energy surface, but we
comparison to experimental “prompt” state distribution would be surprised to see dramatic differences in light of past
measurements of the reactionHDx(v = 0, ] = 0—4) — agreements between these surfaces at nearby enéfdies.
HD(v' = 0,1,j') + D by Rinnen et al® for which HI was the addition we are not aware of any quantum scattering calculations
photolytic precursor. Similar to HBr, HI also dissociates to yield made for this system at these energies.

I(?P31) and 1*(?Pyy,) atoms, making it necessary to calculate ICSs ~ Comparison with the Predictions of the LOCNESS Model.

at a number of collision energies to account for “fast” and In arecent papé we introduced the LOCNESS (line-of-centers
“slow” H atoms corresponding to different spiorbit states of nearly elastic specular scattering) model to explain the correla-
the iodine atom. We are fortunate that the HI slow channel tion between the cosine of the most probable scattering angle
collision energies match the HBr fast channel collision energies for a particular product state cay, andj'?, the square of the

© o o

N b

N
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QCT cross section

o

Figure 6. Same as Figure 5, but for HB(= 2) products ©).

for “prompt” reaction measurements of H Ds. product state angular momentum for the reactior lD,(v =
Our results for H- Do(v = 0,j = 0—4) — HD(v' = 1,}") + 0,j = 0—4) — HD(v',j") + D near 1.6 eV (Figure 4, ref 13).
D at 1.72-1.57+ 0.05 eV and H+ Dy(v = 0,] = 0—4) — In a subsequent pagémwe showed that this model provided a

HD(v' = 2,j") + D at 1.52-1.49+ 0.05 eV are compared to  valid framework to explain thg'-dependence for the state-
the results of BT at 1.6 and 1.5 eV in Figures 5 and 6. The resolved, center-of-mass, angular distributions for ¢he= 2
agreement between experiment and theory is good with theas well as the/ = 1 product manifolds.

exception of HD{¢' = 1, j' = 6), which exceeds the predicted The LOCNESS model contains elements of the optical model
value by nearly 50%. We hesitate to attribute this behavior to of Kwei and Herschback, the classical, kinematic model of

a genuine discrepancy in cross section for HB€ 1,j' = 6) Elsum and Gordof¢ and the line-of-centers mod€l.These

in light of our method of assigning scale to these numbers (i.e., same elements were recently incorporated into a model by
normalizing total area to QCT area). Closer visual inspection, Truhins et aP® that used a Monte Carlo simulation to produce
though, reveals that both measured rotational product stateproduct state distributions for bimolecular reactions. These
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Figure 7. HD product rotational state distributions for the reaction H
+ Da(v = 0,j = 0—4) — HD(v' = 1,2,j') + D near 1.6 eV plotted
againstj'req, Wherej'rea = j'/ j'max @ndj'max is derived from the angle-
dependent activation barrier of the LSTH PE®) (HD(¢' = 1)
manifold. ©) HD(v' = 2) manifold. The solid linef(j'req) = j'red(1 —

j"red), is the prediction of the LOCNESS model assuming a linear opacity
function and the dashed linfj'req) = j'red(1— j'red), is the prediction
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both product states follow an inverted parabolic distribution
peaking atj'req = 0.5. The shape of this distribution can be
approximated by a further extension of the LOCNESS model.
The cross sectiow(E) for the production of products into
(¢',]") at a given collision energy is simply the opacity function
P(E,b) integrated over all impact parameters. Going back to
the relationship between the product rotational state and the
impact parametel; = auwb, it follows from the quantization
of j' that only a limited range of impact parameters can
contribute to a particular(, j') state. For a hard sphere reactant
approaching another hard sphere this results in a dart-board-
like target with annular rings of area2zbdh.
On the basis of a line-of-centers argument we propose a linear
opacity function for the preferentially collinearH D, reaction
of the form

Plonesdb) = (1 — b9 3

Simply put, head-onk{eq = 0) collisions between reactants,
where all of the translational energy is along the B-D axis,

of the angle-dependent line-of-centers model. Both model curves haveshould be most reactive. As the H atom approaches with larger

been normalized to the area of the experimental vibrational manifolds.

simulations nicely reproduced rotational product state distribu-
tions for H+ D, — HD(v' = 1,2)+ D at 1.28 eV, as well as
distributions for CI+ H, — HCl + H, and F+ I, — IF + I.
While not as robust as the model of Truhins et al., the
LOCNESS model can predict a functional form that closely
matches the HD(, j') distributions reported here and at 1.28
eV without further computation (see below).

Starting with a simple optical model and assuming specular @

scattering, we can relate the scattering angjl® a reduced
impact parametds,eq, Wherebeg = b/d andd is the hard-sphere
diameter of the reactants abdhe impact parameter:

(1)

In addition, borrowing from Elsum and Gordon’s kinematic
model we suggest the product rotational angular momeijtum
is a linear function of the initial orbital angular momentum

2

Using egs 1 and 2, we can linkto the scattering anglé via
I, wherel = uvb. This results in the linear relationship between
cos Omp andj'? that we presented in previous works.

A line-of-centers analysis of reactive scattering in this system
allowed us to predict expected maximum values of rotational
product states for the' = 1,2 manifolds near 1.6 eV collision

cosf = 2bred2 -1

j'=al

impact parameters, less energy will be available along the bond
axis up tob = d (beg = 1), where no reaction should occur.
This opacity function, taken over the quantized range of impact
parameters for a particulgrstate, will result in §'-dependent
cross section

ILoenesdl red = C'red —1'red (4)

This function has been normalized to the area of the HD
=1,2,j'1eq) distributions and is plotted (solid line) in Figure
7.

An alternative opacity function results from the angle-
dependent line-of-centers (AD-LOC) model that accounts for
the rotation of the Bmolecule with respect to the incoming H
atom?’

Pap—Loc(b) = ¢(1 — brze )

This opacity function results in g-dependent cross section

Opp-Locl'red = Cl'redl — Jrzed) (6)

following the arguments above. This function has also been
normalized and plotted in Figure 7. While both functions
approximate the experimental points, the closer agreement
between eq 4 and th&eq distributions suggests that a linear
opacity function is a reasonable approximation at these collision

energy. Using the experimentally measured angular distributionsenergies.

and the angle-dependent barrier to reaction of the LSTH
potential energy surfad®3! we determined the maximum
rotational product state to Bgnax = 11 for o/ = 1 (ref 13) and
i'max = 8 for v’ = 2 (ref 14). Looking at the measured product
state distribution in Figure 5, we see productg'irr 12—13

for the »' = 1 manifold, i.e., beyongn.x = 11. The presence

Extension to 1.28 eV.As a further test of the LOCNESS
model, we have constructed c6gp vsj'2 plots from state-to-
state DCSs of the H- Dy(v = = 0) = HD(¢/, j") + D reaction
at 1.28 eV. The experimental points in Figure 8 are taken from
the Rydberg atom time-of-flight measurements of Welge and
co-workers¥ Like the plots of cosfmp Vs j'2 in previous

of product states outside the LOCNESS model could be the works!314we again find linear relationships, suggesting that

result of reactions with rotationally excitec[d.e., Do(v = 0,
j = 4)], where the internal energy of the;bas coupled with

the LOCNESS model is valid over a range of energies.
Additionally, we see that each vibrational manifold has a unique

the collision energy to allow access to higher states. It is more slope reflecting the change in hard-sphere diameter. Using the

likely, however, that the HD( = 1, ' = 12) and HD¢' = 1,

j' = 13) states are the result of imperfect mapping between initial
angular momentum and final rotational quantum number. By
plotting the distribution of rotational products in the reduced
variable j'red = j'/]'max We can directly compare the two
vibrational manifolds (Figure 7). It is striking to observe that

slopes of the lines in Figure 8, we can predigtx = 11 for
the HD@' = 0) manifold,j'max= 9 for the HD¢' = 1) manifold,
andj'max = 6 for the HD¢' = 2) manifold.

The predicted’max vValues can be used to produce reduced
rotational product state distributions as described in the previous
section. In Figure 9 we have normalized the ICS measurements
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Figure 8. Correlation between the most probable scattering afgie, 1.0
and product rotational statg, for the reaction H- Dy(v = j = 0) —
HD(v',j') + D at 1.28 eV. @) HD(+' = 0) manifold. @) HD(v' = 1)
manifold. (&) HD(v = 2) manifold. Data points are taken from
Schnieder et alJ. Chem. Phys997,107, 6175. Lines are least-squares 0.5 —

fits to data. (Solid line) HD{ = 0) manifold, slope= 0.0105. (Dashed
line) HD(»' = 1) manifold, slope= 0.0155. (Dot-dashed line)
HD(v' = 2) manifold, slope= 0.0338.

of H+ Dy(v =) = 0) — HD(¢',]') + D at 1.28 reported by
Welge and co-workefdand plotted them versiSeq = j'/ j' max
In agdition, we have includped the ICS meaguremén'gs of H 0.0 0.2 0.4 9'6 0.8 . 1.0
Do(v = 0,] = 0—4) — HD(//, ') + D at 1.28 eV by Zare and HD(v=1) product rotational state (jeq)
co-workerg® who used a 2- 1 REMPI detection method similar

to the one described in this work. As can be seen in Figure 9,
there is good agreement between the experimentally measured
distributions and the predictions of the LOCNESS model (solid
line).

There is a noticeable disagreement, however, between the
two distributions in Figure 9a. This discordance is likely a
reflection of the difficulty of measuring the population of
HD(»' = 0) products owing to reaction in the presence of HD
impurities in the B precursor. The 2= 1 REMPI method used
by Zare and co-workers cannot distinguish between contaminant
and product HD{' = 0), whereas the Rydberg D-atoms detected 0.0 0.2 0.4 0.6 0.8 1.0
in the Welge experiment, and used to build the ICS, are unique HD(vV=2) product rotational state {j'.q)
to a reaction. It is this ambiguity in REMPI detection for
HD(v' = 0, j' = 0—4) that discouraged us from attempting

o
o
1

normalized population (arb. units)

Figure 9. HD product rotational state distributions for the reaction H

. Y . + Do(v =] = 0) — HD(¢',j') + D at 1.28 eV plotted againgteq,
prompt” reaction measurements of the HDE 0) products  \herejeq = j'/ j'max andj'max is derived from the slopes of Figure 8.
using HBr as a photolytic precursor. (a) HD@' = 0) manifold, (b) HD¢' = 1) manifold, (c) HD¢' = 2)

. manifold. @) Measurements of Rinnen et dl Chem. Physl989 91,
Conclusions 7514. (0) Measurements of Schnieder et dl Chem. Phys997, 107,

t 6175. The solid linef(j'red = j'red(1— j'red), IS the prediction of the

We have measured the rovibrational distribution of produc LOCNESS model that assumes  linear opacity function.

states for the reaction H Dy(v = 0,] = 0—4) — HD(v' =
1,2,j') + D in the vicinity of 1.6 eV collision energy. We find
good agreement within each vibrational manifold between the
measured distributions and the quasiclassical calculations of
Blais and Truhla®® on the DMBE PES. In addition, we showed
that it is not necessary at these energies to account for the “slow
HBr photolysis channel when comparing experiments to cal-
culations. Finally, the LOCNESS model is shown to reproduce

the functional form of the integral cross sections when plotted thanks Elf-Atochem for a graduate fellowship. The authors

as|'res Wherej'red = j'/J'max and|'max is inferred from thej’ gratefully acknowledge the National Science Foundation for
dependence of previously measured angular distribdidfand financial support under Grant No. CHE-93-22690 and CHE-
the angle-dependent activation barrier of the LSTH PES. By 99-00305

examining previous measurements of D&%md ICS8>33for
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