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To investigate the effect of the structure of the potential energy surface on the vector properties ébjhe O(

+ HCI reaction, we carried out a quasiclassical trajectory study of some two and three vector correlations.
The analysis of the allocation of the angular momentum and of the variation with the scattering angle of the
second Legendre moment related to the distribution of the product rotational angular momentum with respect
to relative velocity indicated that the formation of an intermediate complex is responsible for deviations from
the kinematic limiting behavior. The complex formation explains also the agreement of trajectory results
with those of a statistical model reaction proposed by Herschbach (Case, D. A.; Herschbachyi@. R.
Phys.1975 30, 1537).

1. Introduction dynamics stem from Herschbach’'s group in the seventies
(starting with refs 12 and 13) and from several other papers
presented in a series of workshops on reactive stereodyn#mics.
Recently, some papéfs®have been devoted to the illustration

of the theoretical tools necessary to extract fundamental
parameters of two- and three-vector correlations from (especially

Owing to their relevance to atmospheric studi€3(!D) +
HCI — OH + CI (R1) and— CIO + H (R2) reactions have
been extensively investigated both experimentally and theoreti-
cally in recent times. On the experimental side, scalar properties

of reaction R2 have been succesfully determined using beamQCT) dynamical calculations and recent experiméhté. More

) . i 4
techmques both by Ealucanl et dland by Matsumi et &*In recently, reactive stereodynamics has driven also the attention
addition, the Perugia group has also measured the product

e . of quantum dynamicists19
angular d'St”bl.Jt'on of R_?. Recently, Alexander et élob_talr_\ed . Interest for extending stereodynamic theoretical studies to the
state-to-state information for the product angular distribution

of reaction R1L. title reaction was also fueled by the structure of the PES of the
he first theoretical work on these reactions dates back to O(lD)-+ HCI system. The PES of thl$ reaction, in fa_ct, has a
T g o . deep intermediate well and branches into two exoergic product
1984°% More recently_, ab initio calculations have been per- channels having opposite mass combinations. In general,
formed and a potentlal energy sgrface .(PES.) has been CON%eactive trajectories access either the R1 or the R2 product valley
structed” On this PES quasmlassycal trajectories (QCT) were only after spending a certain amount of time inside the region
run to compare calculated scattering data with measured ones

Most of th abl ) tal dat duced b of the intermediate complex well. It is, therefore, important,
ost of the avariable experimental data were reproauced by ¢, o ctive stereodynamic studies, to investigate the effect on

. Yector properties of this phase of the reactive process and its
study of quman and collaboratdtsthe PES is not of relationships with the mass combinations of the two product
spectroscopic accuracy. channels

The intere_st for vector properties of reactiy € processes has These questions have motivated the present paper. The paper
enormously increased in recent years. In this field, important js iyided as follows: in section 2, findings of a quasiclassical

experimental results h_ave been obtamed_ by comblnlng b.eamanalysis of two vector correlations are compared with kinematic
apparatuses and polarized lasers or electric and magnetl(?ﬂelds”mits_ In section 3, the comparison is extended to some aspects

as well as by adopting polarized laser purgpobe strategies ¢ e vector correlations and to a statistical model reagtion.
when using the so-called photol8cor bulb!! experimental

arrangements. S _ 2. Quasiclassical Trajectory Calculations and Relevant
The whole topic of stereodynamics in bimolecular reactions  stereodynamic Quantities
has been recently reviewétl. Seminal papers on both experi-

mental and theoretical aspects of vector correlations and reaction QCT calculations were carried out by running in parallel large
batches of trajectories on the PES of ref 7. To this end a

t Permanent address: Dipartimento di Chimica. UniveritRerugia, parallelized version of the QCT program was used, and a batch
06123 Perugia, Italy. of one million trajectories was integrated on a cluster of
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Figure 1. Amount of reactant orbital angular momentuur{in units

of h) transferred to product rotational angular momentiinfor R2
(lower panel) and to product orbital angular momentunfor R1 (all
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kinematic limiting behaviour ofheayy heay—light (HHL)
systems reacting to give heaviieavy light products, is
represented as a solid lin®). The scatter of trajectory results
about the solid line is a measure of the deviation of dynamical
calculations from the HHL limiting behavior. Such a deviation
is not negligible, and it would be interesting to discorporate
the contribution of trajectories entering the region of the
intermediate complex well from that of direct trajectories (those
not entering the well region). However, since for R2 there are
no direct trajectories to compare with, such an analysis could
not be made.

On the other hand, the comparison could be carried out for
R1 since there is an appreciable batch of direct trajectories
ending up into the OHF ClI product channel. However, since
the mass combination of R1 is that of the heavy lighe¢avy
(HLH) systems reacting to give heavlight heavy products,
the relevant kinematic limiting relationship is ndw= L and
the quantity to be plotted as a function bfis L. For this
reason, the values of the product orbital angular momemtum
obtained from trajectory calculations for the whole batch and
for the direct-only reactive events are plotted as a function of
L in the central and in the upper panels of Figure 1, respectively.
Here, again, the solid line represents the related kinematic
limiting behavior. The figure clearly shows the negligible
scatter about the solid line @f values obtained from direct
trajectories. The scatter of results obtained from the whole batch
of trajectories, though smaller than that obtained in the case of
R2, is still fairly large. This indicates that deviations from the
corresponding kinematic limiting behavior can be largely
ascribed to the effect of experiencing the intermediate well
region of the PES.

However, to extend the investigation to vector polarizations
one needs to go beyond the analysis of the value of the vector
moduli and to consider also vector directions. In other words,
to carry out an analysis of product rotational polarizations, one
needs to examine vector distributions. Two vector (@and
b) distributions are formulated &3(cos #) and depend on a
single (planar) anglé, which is the angle formed by the two

trajectories, central panel; direct trajectories, upper panel) plotted as avectors &b = cos#). The analysis of vector distributions is

function ofL. Individual trajectories (dots), kinematic limiting behavior
(solid line).

workstations. Initial conditions were chosen to be similar to
those of the Perugia experimeénthe relative collision energy

was 12.2 kcal/mol, and the HCI internal energy was that of the

ground vibrational statey = 0) and first excited rotational state

(= 1).

usually performed by expanding them in terms of Legendre
polynomialsPg(cos 6)1516.21

P(cost) = A® P (cos6)

S

@)

whereA® = [Pycosf)(s= 0, 1, 2, ...) and the averaging is

In our notation primed (unprimed) symbols refer to products Performed over the unobserved (randonmly distributed) aAgles.
(reactants). Boldface lowercase characters refer to unit vectorsThe coefficients of the expansiopdlarization parameteijsare

with k', ', I" (k, j, I) being, respectively, the unit vectors of the
collision partners relative velocity, of the rotational angular

momentum, and of the orbital angular momentum. Boldface

uppercase characters refer to related vectors ¥jth’ (J, L)

Legendre moments measuringrientation (odd terms) or
alignment(even terms).

When considering the alignment ¢f with eitherk or k'
(rotational polarization) strict alignmembustbe obtained for

being, respectively, the rotational angular momentum and the achiral systems since the sense of rotation of the diatom with
orbital angular momentum. Italic uppercase symbols representrespect to a single axis cannot be distinguished. This implies

vectors moduli: J, L' (J, L) are the moduli of the rotational

that odd labeled coefficients of eq 1 are zeA&{D) = A'(@stD)

and the orbital angular momentum, respectively; italic lowercase = 0 and, in particularA® = A® = 0; primed and unprimed

symbols represent quantum numbjers’ (j, v) for rotation and
vibration, respectively.

As a first step, the amount of total angular momentum
allocated as product rotational angular momentdimwas
analyzed by plotting)' as a function of the modulus of the
reactant orbital angular momentum As is apparent from the

quantities are used fd¢' andk, respectively). Accordingly,
for completely alignedl’ vectors, the first alignment parameter,
A®@ or A, is the leading coefficient of the expansion with its
extreme values being0.5 (ad function centered on ca% =

0) and+1 (a6 function centered on co8 = +1). On the
other hand, for an isotropic distribution bash= 1 ands = 2

lower panel of Figure 1, there is a certain tendency for R2 to A® parameters of eq 1 are zetA) = A@ = AW = A@ =

transferL into J (the equation = L, corresponding to the

0).



The O{D) + HCI Reaction

Our trajectory calculations led to the following results: For
R1 a rather isotropic product rotational angular momentum
distribution was obtained since the absolute values of A6ih
andA® (from P(k+j")) andA® andA'@ (from P(k'+j")) are of
the order of 102. This can be rationalized in terms of the fact
that, since in the HLH kinematic limit the dominant component
of the total angular momentum Is and this is quantitatively
allocated intoL’, the modulus ofJ' results to be small.
Therefore, large variations in the directiondfare needed for
compensating even small variationslih For R2, instead, the
product rotational polarization with respectkowvas found to
be high since while, as it should be, the absolute valuatf
for P(k+j") is smaller than 1@, that of A@ significantly differs
from 0 (A® < —0.3). This is not true for the product rotational
polarization with respect tk', which is weak. In this case, in
fact, bothA'M and A'@ are about zero (in particular, it is0.1
< A®@ < Q). Again, this can be rationalized in terms of the
fact that since in the kinematic HHL limit the dominant
component of the total angular momentims quantitatively
allocated intad’, andk, which is perpendicular tb, will also
be perpendicular td’'. At the same time, nothing can be said
aboutk’ andJ’ since there are no relationships betw&éand
L.

3. Toward Three Vector Correlations

From the above analysis it can be inferred that kinematic
limits are the driving concepts for the rationalization of the
reactive behaviour of both HLH and HHL limiting systems.
However, for real systems such as!D) + HCI, deviations
from a quantitative application of kinematic limits were found
to be significant. To learn more about the way these limits
apply to the title reaction, we extended our analysis to three-
vector correlations.

To carry out a three-vector correlation, one needs to measure~ |5 H. the

(or calculate) the angular distribution of one pair of vectors while
measuring (or calculating) at the same time the correlation of
another pair of vectors. Multivector correlations are a function
of several angles. Strictly speaking, to depict a three-vector
correlation one needs two planar (saynd ) angles and a
dihedral (say) angle. As an example, when considering the
three vectork, k', andj' of interest for our investigation, the
planar angles argandé (defined as cog = k-k', thescattering
angle and cosf = k-j', the product rotational polarization
angle with respect to reactanelocity)while the dihedral angle

is ¢, which is the angle formed by thHe — k' and thek — j'
planes. By making use of an expansion in (modified) spherical
harmonicsi® or, equivalently, in bipolar harmonid82? the
related distribution function can be expressed as

2s+ 1|2
47T

1 dog,(x)
dQ

Cal6.9) (2

P(X,0,¢)=2ﬂz

S,

where o is the cross section an@g(6, ¢) factors are the
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significant stereodynamic informatid®2® The quantities dis-
cussed in the paper are obtained from QCT results by binning
(k-k") and by evaluatindPs[Jfrom the number of trajectories
falling in a given box. This gives us the value @fo i.e., the
value of &, 0)-PDDCS (orpolar PDDCS) normalized to 5 (O,
0)-PDDCS5 or, in other words, the value of the coefficients of
eq 2 divided by the corresponding differential cross section
DCS)

Pso =

®3)

do, /dQ
do, JdQ

The quantitypso expresses the dependence of the Legendre
moments (polarization parameters) on the anghehich is no
longer unobserved (and, therefore, not randomly distributed).
The product polarization can refer either to the inikabr to
the finalk' velocity. Accordingly, one hags o for the former
distribution andpso for the latter. Again, for achiral systems,
the (1, 0)-PDDCS should be zero by symmetry and this can be
used (as we also did) to check for the accuracy of QCT
calculations (this should be routinely done for bath andA'(M)
of eq 1 in two-vector correlation stud@k

In the case of (2, 0)-PDDCSs, there is no symmetry constraint
and, therefore, the shape of botho and pso must exhibit
dynamic and kinematic features specific of the two reaction
channels3 For the R1 channel producing OH Cl, we found
both p, 0 andp3,0to be about zero at all values of the scattering
angle. This implies that the process is essentially isotropic
regardless of the value of the scattering angle and that, apart
from a possible correlation between the- k' andk — j' planes
(given by the distribution of the dihedral anglenot considered
in our work), the three vectors are uncorrelated when the product
is OH + CIl. On the contrary, for the R2 channel producing
three-vector correlation expresseddy (solid
line of the upper panel of Figure 2) is strong. In fact, from the
plot given in the figure, it is apparent that thej' alignment,
which is large for the forward and backward scattering (the value
of p2, in both forward and backward limits is close t.5)
becomes negligible for sideways scattering. This result deviates
from the kinematic HHL limiting behavior worked out by Case
and Herschbach (Figure 2 of ref 13) and plotted here for
comparison in the upper panel of Figure 2 as a dotted line. It
rather well agrees with values obtained by the same authors
(see Figure 6 of ref 13) for a realistic model of thetKHBr
reaction based on statistical assumptéfthis has been also
plotted for comparison in the upper panel of Figure 2 as a dashed
line).

A close similarity was also found when comparimg values
obtained from our trajectory calculations (solid line of the lower
panel of Figure 2) with corresponding results of the statistical
model (dashed line of the same panel). The curvature of both
plots is less pronounced than thatpgf plots given in the upper
panel. This is due to the fact that, as already mentioned, the

spherical harmonics. Square bracketed terms of eq 2 are themean valueA®, is quite negative. In this case, the deviation

so called polarization-dependent differential cross sections

from the HHL kinematic asymptotic limit, which is (constantly)

(PDDCS). The PDDCSs are a measure of the three-vector—0.5 at all values of the scattering angle, is large.

correlation$>16 since eachg t)-PDDCS is the mean value of
the corresponding spherical harmonic in B{g, 6, ¢) distribu-
tion integrated over th& and ¢ angles. Accordingly, the
PDDCSs express the dependence on the scattering argle
the rotational product polarizatioR(k-j") or P(k'+j").

For the purpose of this paper we confine the analysis to the
few lowest order momentg & 0 ands = 0, 1, 2). After all,

The deviation of QCT results from the kinematic asymptotic
limiting behavior is not surprising. This agrees well with the
fact that, as already seen for two-vector corrrelations, trajectories
experiencing the intermediate complex well were found to be
responsible for deviation from the kinematic limit. For the same
reason it is not surprising that QCT results agree with those
obtained from the statistical model. The experiencing of the

as found also in our case (see below), related PDDCS carrywell and the formation of an intermediate complex is not only
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Figure 2. Normalized polarization dependent differential cross sections Figure 3. Forward cog = k-k' = 1 (solid line) and backward cgs
050 (upper panel) ang, (lower panel) plotted as a function of the = k-k’ = —1 (dotted line) components of the (2, 0)-PDDCSs for R2

scattering angle, cog = (k-k') for R2. Trajectory results (solid line) ~ plotted as a function of’ (in units of ). Values ofp3, are given in
are compared with results from a statistical complex theory for the the upper panel; values @b are given in the lower panel.

HHL kinematic limiting system (dotted lin&)and for a realistic model

of the K+ HBr reaction (dashed lin€f. the k — k') scattering plane collapses into a line. Therefore,

the projections ofl andJ' ontok andk’, respectively, satisfy
evidenced by our graphical study of calculated trajectories, but the relationshipsn, = £m and it is
it is also discussed in references—2R for the O{D) + HD
— OH + D and the OID) + H, — OH + H reactions having . m ZD
a PES showing a similar structure. The authors of those papers, P(k-j )= —0.5+ 1.5 J
however, point out that the formed complex is rather short-
lived. For the title reaction, this was pointed out by us in ref as can be easily obtained from geometrical considerations. Since
7, where it is also shown that, on the average, the system spend& = +k', same considerations (and in particular eq 4) apply
less than 50 fs in the well region. also tok’.

Usually, to be considered statistical, a molecular aggregate In the particular case of a rotationless reagent molegute,
has to undergo more than one rotat®8nTo set a convenient 0, my = ny = 0 (which, obviously, doesot necessarily imply
reference time for the rotation period of the OHCI triatom, we thatj’ = 0) this means that (see eq@,(k+j" ) = —0.5; i.e.,
assume that, during its rotation around an axis of inertia, the the product rotational angular momentum vector is perpendicular
system behaves as a rigid body (or, equivalently, that its to the relative velocity. This applies to all reaction channels
oscillations around the equilibrium geometry are small). Under and to all product internal states.
this assumption, the rotation period can be approximated as The case in whiclh is not equal to O yet is close to O is of
= 2x1/L. The HOCI triatom can be assimilated with a prolate special relevance to our calculations since they were carried
top having two nearly identical largest moments of inékt{&, out atj = 1. In this caselP»(k+j")Ocan still be evaluated from
= 8.60x 1047 kg n? andlp ~ I = 3.58 x 10745 kg n¥). To eq 4: a small value of implies also that its projectiony is
estimate the shortest rotational period, one can take the valuesmall. One can envisage here two extreme situations valid as
of L obtained from trajectory calculations. From the most limiting models for the R1 and R2 reaction channels. Let us,
probable value ok (L = 304) it turns out that even the fastest first, consider the)' > L' case, which is a model for the HHL
rotation (the one around tfeeaxis which almost coincides with  reaction (R2) leading to CI& H. In this case, the ration/J'
the CIO axis) has a rotational perioga) of about 200 fs. This — 0, and eq 4 predicts thaP,(k:j")ldr — —0.5 as is for the
time is about four times longer than the average residence timesolid line of Figure 2. Then, let us consider tiienot much
of trajectories inside the well, implying that the system spends greater tharlL’ case, which is a model for the HLH reaction
in the well a too short time to be considered truly statistical. (R1) leading to the OHt+ Cl product. In this casan/J does
This also means that the assumption made by the model thatnot need to be small. Therefore, as found in our calculations,
the system spends in the well region a time long enough to bePx(k+j") is not close to—0.5.
considered statisticatould be weakened. The calculations allowed also an extension of the analysis to

Further details on vector properties of this reaction can be the detailed dependence of (2, 0)-PDDCSs in the case of exact
obtained fromiP,(k+j")Owhen restricting the analysis to (exact) forward and backward scattering. For R2, values of the related
forward and backward directions (indicated by subinde)x bf  [P,0J are plotted as a function df in the upper panel of Figure
In this casek andk’ lie along the same line, or, in other words, 3 for (k'+j') and in the lower panel of the same figure flrj().

(4)
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As apparent from the figure, the monotonous decrease of the

P,4: of R2 toward—0.5 clearly confirms the above analysis.
The same is not true for R1 for which forward and backward
(2, 0)-PDDCSs (not shown in the figure) are about zero at all
values of the OH rotational angular momentum.

4. Conclusions

The development of two- and three-vector correlation indica-
tors via an expansion of vector distributions in Legendre

polynomials and spherical harmonics, respectively, has allowed
a detailed analysis of the appearance of kinematic features in
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