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A marked population alternation between adjacent rotational levels is observed for the D,(v=1, J) product of the D+DI-D, +1
reaction, analogous to that reported for the H+HI— H,+ 1 reaction (P.M. Aker, G.J. Germann, and J.J. Valentini, J. Chem. Phys.
90 (1989) 4795; D.A.V. Kliner, K.-D. Rinnen and R.N. Zare, J. Chem. Phys. 90 (1989) 4625). These alternations result from
the indistinguishability of the D (H) nuclei in the D+DI (H+HI) reaction. The magnitude of the alternations indicates that
there are no symmetry constraints on the reaction complex aside from nuclear exchange symmetry (conserved nuclear spin-

statistics (CNSS) condition).

1. Introduction

Theoretical treatments of bimolecular chemical
reactions often treat the nuclei as being distinguish-
able. However, in reactions that involve two or more
identical particles, this treatment must be modified.
This modification is required to satisfy the gener-
alized Pauli exclusion principle [ 1], namely, the to-
tal wavefunction, ¥, for the system is unchanged
for the exchange of two identical bosons and changes
sign for the exchange of two identical fermions. The
resulting constraints and their effect on chemical re-
actions are well known theoretically [2-5]. These
effects were experimentally demonstrated as early as
1928 in the rotational energy-transfer fluorescence
spectrum resulting from collisions of He atoms with
electronically excited I, molecules [6 ]. However, di-
rect experimental confirmation in reactive collisions
has been sparse. Most prior studies have been con-
cerned with the effect of nuclear indistinguishability
in photofragmentation processes (half collisions) {7-
16] or have presented indirect evidence of this effect
[17]. The first direct observation of the influence of
nuclear indistinguishability on a bimolecular chem-
ical reaction was made for the H+HI-H,+1 reac-
tion [18,19], in which a marked population alter-
nation was found between adjacent rotational levels
of the nascent H, product.

We report here measurements of the isotopically
related reaction system, D+DI-»D,+1. The
D, (v=1,J) product quantum state distribution again
cxhibits pronounced population alternations be-
tween adjacent rotational levels. While even J levels
are more populated for the D, product, odd J levels
are more populated for the H, product. The condi-
tions necessary to produce these oscillations are
discussed.

2. Experimental

The experimental apparatus has been described
previously [20-22]. Purified DI (see below) flows
into a vacuum chamber through a quartz nozzle (4
Torr backing pressure). The molecular beam is
crossed by two counterpropagating laser beams ap-
proximately 1 mm below the tip of the nozzle. The
first laser (Spectra Physics, DCR-1A, Nd: YAG, 266
nm, 10 Hz) photolyzes a portion of the DI gas. Un-
der typical photolysis conditions of ~3.0 mJ pulse
energy in a 2.5 mm beam, approximately 10% of the
DI molecules are photodissociated. This process
generates fast D atoms with center-of-mass collision
energies of 1.59 and 0.67 eV in the population den-
sity ratio of 0.74:0.26 [23,24]. The two D-atom
energies correspond to competing photodissociation
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channels leading to the production of I1(*P;,,) and
I*(2P, ,,), respectively. As the classical barrier to re-
action is only 0.04 eV [25], both D-atom channels
can lead to reaction.

The nascent D, product distribution is measured
via (2+1) resonance-enhanced multiphoton ioni-
zation (REMPI). In this process, the D, molecules
resonantly absorb two photons (1=210 nm) to
undergo a transition from the X'%} (v, J) ground
state to the E, F 'S} (v5=0, J =J) excited clec-
tronic state. Here vz =0 denotes the lowest vibra-
tional level in the E well of the E, F state. Subsequent
absorption of an additional photon of the same
wavelength leads to ionization of the electronically
excited D,. The ions are mass selectively detected in
a shuttered time-of-flight mass spectrometer [26].
The time-gated ion signal is collected with a com-
puter-interfaced CAMAC-based data acquisition
system [27].

The 210 nm radiation necessary for state-selective
detection of D, is obtained by frequency tripling
(INRAD, Autotracker I1) a Nd: YAG-pumped dye
laser (Spectra Physics, DCR-3G; PDL-1; dve: Ex-
cition, R640/DCM) using B-barium borate crys-
tals ', The firing of the probe laser is delayed by ap-
proximately 55 ns with respect to the photolysis laser.
At this delay, the product distribution has been shown
to be unperturbed by subsequent collisions or prod-
uct fly-out from the reaction volume [20-22].

In the absence of the photolysis laser, D3 ions are
still detected [21]. This is caused by photolysis of
DI induced by the probe laser, i.e. the probe laser
both generates D atoms and detects the D, product
formed during a single laser pulse. The resulting
probe-laser-induced product signal must be sub-
tracted from the observed signal in order to obtain
the desired quantum-state distribution for the D+ DI
reaction at a fixed photolysis wavelength (266 nm).
Therefore, a shot-by-shot subtraction scheme is ap-
plied, as discussed in detail in ref. [22] (method 2).

To assure that the observed D, results exclusively
from the D+ DI reaction, special attention is given

#! The barium borate crystals were supplied by R.S. Feigelson
and R.K. Route and grown as part of a research program
sponsored in part by the Army Research Office, contract
DAALO03-86-K-0129, and in part by the NSF/MRL Program
through the Center for Materials Research, Stanford
University.
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to the purity as well as to the storage of the DI gas
prior to and during the experiment. The DI (Cam-
bridge Isotope Laboratories; stated purity: D, 99%)
is purified in a glass bulb by a freeze-pump-thaw
cycle to remove the D, contaminant; most of the I,
contaminant remains in the DI cylinder. The puri-
fied DI is stored in a sample cylinder that is Teflon
lined to minimize wall exchange reactions. Exposure
of the DI reagent to light is avoided to suppress DI
decomposition. In our study of the H+HI reaction
using the same apparatus [ 19,28], it was determined
that after ~ 10 h of storage the partial pressure of H,
caused by HI decomposition was less than 3% of the
HI pressure. A similar decomposition rate is ex-
pected for DI. The surfaces of the gas handling sys-
tem are passivated by exposure to DI for several
hours when switching from the H+HI to the D+ DI
reaction.

3. Results

We recorded the ion signal for the D, (v=1, J=0-
24) product from the D + DI reaction. To obtain the
quantum-state population distributions from the re-
corded spectra, it was necessary to determine the re-
lationship between ion signals and relative quantum-
state populations under our experimental condi-
tions. Therefore, the detection procedure was cali-
brated against an effusive, hot nozzle source in a sep-
arate experiment. The results of this calibration have
been published elsewhere [29,30].

Application of calibration factors to the observed
distributions generates the quantum-state distribu-
tions listed in tables 1 and 2 and plotted in figs. 1
and 2. There are three types of entries in these tables:

(1) Populations, i.e. calibrated ion signals. These
are denoted by the entries without parentheses (solid
circles in figs. 1 and 2).

(11) Estimated populations, i.e. ion signals with es-
timated calibration faciors. The range of calibrated
rotational levels is smaller than that populated by the
reaction. For the calibrated levels, the experimental
correction factors are in close agreement with those
derived from calculated two-photon cross sections
[30]. For most of these levels, the experimentally
and theoretically determined factors are unity; it is
found that there are strong deviations in the two-
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Table |
H, rotational state populations ! for H+HI-H,(v=1)+I at
center-of-mass collision energies of 3.0 eV and 2.1 eV in the ratio

Table 2

D, rotational state populations * for D+DI-D,(v=1)+1] at
center-of-mass collision energies of 3.1 eV and 2.1 eV in the ratio
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0f 0.64:0.36 of 0.74:0.26
J Observed Nugclear spin corrected J Observed Nuclear spin corrected
0 (0.0029 £0.0003) (0.013 £0.001) 0 (0.012+0.002) (0.009+0.002)
| (0.019 *0.001) (0.013 £0.001) | (0.00310.001) (0.005+0.001)
2 0.012 +0.001 0.024 +0.002 2 (0.011£0.002) (0.008£0.002)
3 0.046 10.002 0.031 +0.002 3 0.00610.002 0.010+0.002
4 0.021 +0.002 0.042 +0.003 4 0.018%0.003 0.013+0.002
5 0.080 +0.004 0.054 +0.003 5 0.010£0.002 0.01510.002
6 0.028 £0.001 0.057 10.003 6 0.02810.003 0.021+0.002
7 0.093 +0.005 0.062 10.003 7 0.01410.002 0.02110.002
8 0.039 £0.001 0.078 +0.003 8 0.036%0.002 0.026 +0.002
9 0.144. +£0.008 0.097 +0.006 9 0.019%0.001 0.028+0.002
10 0.068 +0.004 0.138 +0.008 10 0.046+0.003 0.034+0.002
11 0.216 £0.011 0.145 +0.008 11 0.027£0.002 0.040+0.002
12 [0.050 +0.002] [0.101 +0.005] 12 0.063+0.003 0.047+0.002
13 (0.097 +0.013) (0.065 £0.009) 13 0.035%0.003 0.051+0.004
14 [0.013 £0.002] [0.026 +0.004] 14 0.089+0.007 0.066 +0.006
15 (0.049 +0.001) (0.033 +0.001) 15 (0.050+0.003) (0.074+0.005)
16 (0.0075£0.0006 ) (0.015 +0.001) 16 (0.119+0.010) (0.088+0.007)
17 [0.0073£0.0004] [0.0049 £0.0003] 17 (0.066+0.007) (0.098+0.010)
18 (0.0036£0.0004) (0.0073+0.0008) 18 (0.131£0.012) (0.096 +0.009)
19 [0.0013£0.0001] [0.0009£0.0001 ] 19 (0.051 £0.003) (0.07510.005)
20 [0.0003£0.0001] [0.0006 £0.0001 ] 20 - -
21 [0.0012+0.0001] [0.0008 £0.0001 ] 21 [0.039£0.002] [0.058 £0.003]
22 [0.077+0.007] [0.056+0.005]
2) Error bars represent one standard deviation. The numbers in 23 [0.024+0.002] [0.035+0.003]
parentheses denote those levels for which the calibration fac- 24 [0.018 +0.004] [0.013+0.003]
tors are taken as unity, in accord with theoretical predictions. 25 [0.008+0.001] [0.01240.002]

The numbers in square brackets denote uncalibrated ion sig-
nals; see text.

photon cross sections for levels that have non-unit
correction factors. Therefore, for uncalibrated levels
where the two-photon cross sections predict unit cor-
rection factors, we applied factors of unity. These
levels, namely, J=0-3, 15-19 for D,(v=1) and
J=0-2, 15, 16, 18 for H,(v=1), are denoted by pa-
rentheses in the tables (open circlesin figs. | and 2).

(ii1) Uncalibrated ion signals. Estimated correc-
tion factors were not determined for uncalibrated
levels that are theoretically predicted to have non-unit
correction factors, For these levels, the measured ion
signals are reported. Experimental calibration fac-
tors would be necessary to convert their values to
populations. These entries are not included in figs.
1 and 2, but are denoted by square brackets in tables
1 and 2. Note that the level D,(v=1, J=20) is ex-
cluded because it is not resolved spectroscopically

@) Error bars represent one standard deviation. The numbers in
parentheses denote those levels for which the calibration fac-
tors are taken as unity, in accord with theoretical predictions.
The numbers in square brackets denote uncalibrated ion sig-
nals; see text,

from the D,(v=2, J=12) transition in the (2+1)
REMPI detection scheme.

4. Discussion

The calibrated product state distributions are
shown in fig. 1. The two reactions examined,
H+HI-H,+! and D+DI-D,+1, are exothermic
by 1.42 eV and 1.46 eV, respectively [25,31]. The
total energies available to the reaction products for
photolysis at 266 nm are 3.0 (2.1¢eV) for H+Hl and
3.1 (2.1 V) for D+ DI for the high (low) collision
energy channel. These energies are sufficient to form
highly rotationally excited product molecules in v=1.
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Fig. 1. Product rotational distributions from the chemical reac-
tions: (a) H+HI-H;(v=1, J)+1 and (b) D+DI-D;(v=1,
J)+1. The solid symbols denote populations (i.e. calibrated ion
signals). The open symbols indicate the populations of levels for
which the calibration factors are taken as unity, in accord with
theoretical predictions: see text. Error bars represent one stan-
dard deviation.

High rotational excitation has also been observed by
Aker, Germann and Valentini [18]. We defer a dis-
cussion of the reaction dynamics of the H+HI re-
action family to a future publication [28]. Instead,
we concentrate here on the most remarkable feature
of this study, namely, the striking alternations in
population as a function of product rotational level.
In this context, the H+HI and D+ DI reactions pro-
vide an illustration of the consequences of nuclear
indistinguishability in  bimolecular chemical
reactions,

To understand the experimental observations, it is
necessary to examine the symmetry constraints
placed on chemical reactions involving identical nu-
clei. Consider the process

A+AB-[A,B]-A,+B,

where A is an atom, B is an atom or molecule, and
[A,B] denotes the transitory (short- or long-lived)

368

CHEMICAL PHYSICS LETTERS

15 June 1990

| (a) /ﬁ-
5
. e
3 o
S R
(v
n. T T T T T T
w
2
& {b) 1
| - 3
w
o I‘

/ |
vt
;/§
y
| /,/! E
i/k(
v ‘ ‘
0 4 8 1216

ROTATIONAL LEVEL, J

Fig. 2. Product rotational distribution from the chemical reac-
tions: (a) H+HI-H,(v=1, J)+I and (b) D+D1-D,(v=1,
J)y+1. The dlslrlbutlons are corrected for the indistinguishability
of the H and D nuclei in the H+HI and D+ DI reaction, respec-
tively; see fig. 1. In (a) the populations of odd J levels have been
divided by three to account for the ortho:para ratio of 3:1. In
(b) the populations of even J levels have been divided by two to
account for the ortho:para ratio of i:2. The open symbols indi-
cate the populations of levels for which the calibration factors are
taken as unity, in accord with theoretical predictions; see text.
Error bars represent one standard deviation.

collision complex. Permutation symmetry of the in-
distinguishable nuclei A in [A,B] requires the total
wavefunction, ¥, to change sign upon interchange
of the nuclei A if A is a fermion (nuclear spin /=
1/2, 3/2, ...), such as the H nucleus. In contrast, if
Aisaboson (=0, 1,...), like the D nucleus, the sign
of the wavefunction remains unchanged under nu-
clear interchange.

Specific consequences of the constraints that arise
from the interchange of indistinguishable nuclei be-
come apparent upon factoring ¥, into a nuclear spin
part, ¥,,., and a part that depends upon all other de-
grees of freedom (rotational, vibrational, and elec-
tronic), ¥ mer- This factorization is valid for colli-
sion complexes that have a small coupling between
Youe and P, ... In particular, such reaction systems
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exhibit a small hyperfine depolarization constant,
and/or proceed via a mechanism in which the life-
time of the reaction complex [A,B] is short com-
pared to the interaction time between ¥, and ¥, er-
Because of the small coupling between ¥, . and ¥, .er,
nuclear spin is a constant of the motion for the re-
action; hence, the overall nuclear spin symmetry is
unchanged during the collision process. The H+HI
reaction family provides a case for which this as-
sumption is valid.

The behavior of the total wavefunction under in-
terchange of the indistinguishable nuclei may now be
determined by considering separately the transfor-
mation properties of . and ¥, per.

4.1. Symmetry constraints implied by ¥,,.

The factorization of ¥, allows us to consider the
reaction as proceeding via potential energy surfaces
that are labelled in terms of their nuclear spin per-
mutation symmetry. For the case of a reaction in-
volving two indistinguishable nuclei, there are two
distinct nuclear spin symmetries; hence there are two
such surfaces. One surface leads to formation of mol-
ecules in symmetric nuclear spin states (ortho sur-
face), while the other leads to the formation of an-
tisymmetric nuclear spin states (para surface). These
two surfaces are energetically degenerate except for
the hyperfine splitting. The more complicated cases
of reactions involving three or more identical nuclei
are treated in refs. [2-4].

On the basis of nuclear spin conservation, as-
sumed above, reaction trajectories do not hop be-
tween these surfaces during the course of a reaction.
Therefore, trajectories on each surface are indepen-
dently subject to the symmetry constraints associ-
ated with ¥,,... The weighting factors for the two
sets of trajectories are a product of factors derived
from symmetry constraints implied by ¥, e, as well
as from nuclear spin statistics. The nuclear spin de-
generacy of the ortho surface relative to that of the
para surface is (/+1):7if A is a fermion (H nu-
cleus) and I: (I+1) if A is a boson (D nucleus).
Here, I is the spin quantum number of the nucleus.

The existence of two surfaces is demonstrated for
example in the photofragmentation experiments of
Schramm, Bamford, and Moore [8]. These workers
excited formaldehyde to the 2'4' vibrational band of
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the S, state, which leads to photodissociation. The
excitation of a particular ortho- (para-)formalde-
hyde line selects a surface with distinct nuclear spin
permutation symmetry. For photodissociation via
the 2'4! vibrational state, ortho- (para-)H,CO al-
most exclusively yields ortho- (para-)H, as a
photofragment.

4.2. Dynamical preferences implied by ¥.,per

It must be examined whether the collision process
has a dynamical preference for either of the two re-
action surfaces in order to dctermine any scaling fac-
tors associated with constraints implied by ¥, If
the reaction proceeds via a complex with a preferred
collision symmetry (geometry) for nuclear permu-
tation/inversion, then ¥,,. imposes additional
symmetry constraints on the reaction system [3,4].
Hence, there will be an additional weighting factor
in addition to that derived from nuclear spin
statistics.

If the reaction complex does not have a preferred
collision symmetry with respect to nuclear permu-
tation/inversion, then there are no additional con-
straints on the reaction system. In this case, which
we call the conserved nuclear spin-statistics (CNSS)
condition, the rcaction products exhibit solely the ef-
fects of nuclear spin statistics, i.e. the ratio of the col-
lisions occurring on the ortho surface relative to the
collisions occurring on the para surface is the same
for reactive collisions as for all collisions, reactive
and nonreactive. In particular, the product rota-
tional distributions will reflect the degeneracies of
the ortho and para levels.

The CNSS condition is expected to be general and
applicable to most chemical collision processes. As
mentioned earlier, the validity of the CNSS condi-
tion requires: (a) small coupling between ¥ and
¥ .. and (b) no dynamical bias in the collision
complex. Requirement (a) is well documented by
the observation of conservation of nuclear spin n
inelastic collisions [6,32], and photofragmentation
[7-16]. Presently, no experimental results contra-
dict requirement (b). ’

In order to assess the influence of the symmetry
constraints implied by ¥,. and ¥, on the
H+HI-H,+Iand D+DI-D,+1 reactions, the or-
tho and para product quantum-state distributions for
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the two reactions are first scaled by the weighting
factors derived from nuclear spin statistics. This pro-
cedure isolates the effects resulting from ¥, ...

It is found that this scaling smoothes the product
quantum-state distributions (fig. 2). For the H+HI
reaction, the indistinguishable H nuclei have a nu-
clear spin of 1/2. Nuclear spin statistics therefore
weight the odd J levels three times more than the even
J levels. When the distribution is corrected accord-
ingly by dividing the odd J level populations by three,
the rotational distribution becomes smooth within
experimental uncertainty (fig. 2a). In the case of the
D+ DI reaction, however, the indistinguishable D
nuclei have a nuclear spin of 1. Nuclear spin statis-
tics weight the even J levels by a factor of two with
respect 1o the odd J levels. Scaling of the even Jlevel
populations by the appropriate weight factor of two
again results in a smooth distribution for the D,
product (fig. 2b).

Since the population alternations disappear within
experimental uncertaintics when the nuclear spin
symmetry is taken into account, we conclude that the
observed structure in the product rotational distri-
butions is purely a consequence of nuclear spin sym-
metry in the D+DI and the H+HI reactions. It
therefore appears that the weighting between the
“ortho” and “para” trajectory sets is not affected by
any symmetry constraints derived from the reaction
complex. The collision complex fulfills the CNSS
condition.

Our experimental observations of the H+ HI and
D + DI reactions provide evidence for the generality
of the CNSS condition to chemical reactions. The
observation of a dynamical bias in a chemical system
would indicate severe restrictions on the collision
complex and/or the existence of dynamical reso-
nances. Further studies of reactions involving indis-
tinguishable nuclei are necessary to search for pos-
sible violations of the CNSS condition.
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Note added

Recently, the role of indistinguishable nuclei has
been investigated for the ion-molecule reaction of
H* with H, in the two ortho-to-para ratios of 3:1
and ~1:3 [33]. This study has demonstrated for this
reaction system the validity of the CNSS condition,
which was referred to as the frozen nuclear spin
(FNS) approximation.
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