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Chapter 4

Large Effect of Rotational
Pre-excitation of HCI on its
Reaction on Au(111): A
Rotational Phase Lock-in Effect

This chapter is based on Gerrits, N.; Geweke, J.; Auerbach, D. J.; Beck, R. D.;
Kroes, G.-]. Highly Efficient Activation of HCI Dissociation on Au(111) via
Rotational Preexcitation. J. Phys. Chem. Lett. 2021, 12, 7252-7260, DOI: 10 .
1021/acs. jpclett.1c02093

Abstract

Dissociative chemisorption of molecules on metal surfaces, which is rel-
evant to heterogeneous catalysis, can be subject to important non-statistical
effects. Cases have been recorded in which adding energy to the molecule’s vi-
bration promotes reaction more effectively than increasing the collision energy,
but similar results have not yet been presented for rotational pre-excitation.
In this chapter, it is shown that adding energy to the rotation of HCl can
promote its dissociation on Au(111) 20 times more effectively than increasing
its translational energy. Our prediction can be tested by experiments within
the present state-of-the-art. In the underlying mechanism the molecule needs
to rotate initially in the polar angle 6 of its orientation relative to the surface so
that it can pass through a critical region of the reaction path in a region in front
of the barrier, where this path shows a strong and non-monotonic dependence
on 6.
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4.1 Introduction

Fundamental understanding of molecule-metal surface reaction (MMSR)
mechanisms is vital for heterogeneous catalysis as MMSRs play an impor-
tant role in many industrial processes[1-5]. The efficiency or the rate of an
industrial heterogeneously catalyzed process, which consists of a sequence of
elementary surface reactions, is often controlled[6] by the transition state (TS)
of a dissociative chemisorption reaction on a metal surface[6-8], as is the case
in ammonia production[2] and steam reforming[3]. However, not only statisti-
cal effects, which can be associated with the TS, but also dynamical effects on
the dissociation reaction can play an important role in an MMSR[9-28].

An important example of dynamical effects on dissociative chemisorption
reactions is mode-specifity. For instance, many[29-31], although not all disso-
ciative chemisorption reactions[32], display sticking probabilities that depend
only on the fraction of the molecule’s translational energy that is normal to the
surface (normal energy scaling, NES). Putting additional vibrational energy in
an incident molecule usually increases its reaction probability, with an efficacy
that differs from that achieved by enhancing its incident translational energy
by the same amount[9-14, 17, 18, 33-35]. For some systems, increasing the
vibrational energy is even more effective at increasing the reaction probability
than increasing the translational energy, in which case we say that the vibra-
tional efficacy exceeds one[10, 17, 21, 22, 25, 34, 35] (see also Chapters 3 and 8
to 10). In contrast, increasing the rotational energy of a molecule incident on
a metal surface is usually not very effective at increasing the reaction prob-
ability, and to the best of our knowledge the rotational efficacy has always
been found to be lower than one: adding rotational energy is less effective at
promoting reaction than adding the same amount of translational energy. For
example, in the benchmark MMSR of H; + Cu(111) rotational energy only has
a small influence on the dissociation probability[30, 31, 36, 37] (the rotational
efficacy is 0.3-0.5[30, 31]), and a similar effect has been observed for H, on
other metal surfaces[38—42]. In the mechanism found to be operative for H,
reacting on coinage metal surfaces, rotational energy is converted to energy in
motion along the reaction path because the rotational constant of the molecule
decreases as its bond length extends upon approaching the late barrier[30,
31]. Adding rotational energy has an even smaller effect on the sticking of
methane on Ni(111)[43]. Moreover, rotational effects are not expected to be
easily visible in molecular beam experiments on sticking of small molecules
not containing hydrogen atoms: these molecules tend to have small rotational
constants, so that rotational cooling should be very efficient in such molecular
beams[44-47].
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The dissociative chemisorption of HCl on Au(111) has been called an enig-
matic reaction[48] for several reasons. For example, the first measured sticking
probabilities[49] were found to exceed previously predicted values[50] by
about two orders of magnitude, and the analysis of the experiments suggested
a very high vibrational efficacy. Subsequent dynamics calculations managed
to reduce the discrepancies between computed and measured Sy values, but
the computed S still exceeded the measured values by one order of magni-
tude[48, 51, 52]. Only recently considerably better agreement between theory
and experiment was achieved for sticking at normal incidence[25] (see Chapter
3). The improved agreement resulted from the theory using a better density
functional (the MS-RPBEI meta-GGA functional[53]), and a reanalysis of the
experiments concerning, for instance, the relationship between the sticking
probability and the Auger signals used to establish the coverage of Au by
CI[25]. As a result, the discrepancy between the computed and measured
sticking probabilities at normal incidence was reduced to a factor ranging
from 2 to 7, depending on the incidence energy. Also, the trends observed
experimentally in the energy transfer[54] and (in)elastic scattering probabili-
ties[55] were reproduced qualitatively, suggesting that the new PES should be
adequate for describing the reaction mechanism of HCI + Au(111). However,
sticking at off-normal incidence and the unusually large vibrational efficacy
implicit in a former analysis of the experiments[49] were not yet addressed in
Chapter 3.

In this chapter, we consider the sticking of HCIl on Au(111) at off-normal
incidence, paying special attention to the effects of the rotational temperature
of the incident molecular beam and its average incidence energy parallel to the
surface. For this, the previous experiments on sticking at off-normal incidence
were re-analyzed in the same way as done before for normal incidence[25].
Also, the same improved potential energy surface was used as in the previous
successful study on scattering at normal incidence[25] in Chapter 3. For
technical details of this chapter, the reader is referred to Chapter 3. The theory
based on the meta-GGA functional yields an even better description of sticking
at off-normal incidence than obtained for normal incidence[25] in Chapter 3.
Surprisingly, the calculations show very high rotational efficacies for reaction,
i.e., values exceeding a factor 10. This high rotational efficacy is caused by a
strong and non-monotonic dependence of the reaction path on the polar angle
6 of the orientation of HCl relative to the Au(111) surface in a region of this
path that just precedes the barrier. To traverse this region, the molecule needs
to rotate initially, and it needs to arrive at this region with the right rotational
phase.
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FIGURE 4.1: (a-c) Reaction probability for normally incident HCl on Au(111) and
(e-g) the corresponding rotational efficacy. Results for v = 0 are shown in panels a
and d, for v = 1 in panels b and e, and for v = 2 in panels c and f. The rotational
efficacy is computed relative to | = 0 with the same vibrational state. The dashed line
indicates a rotational efficacy of unity. (d) Reaction probability and (h) concomitant
vibrational efficacy. The vibrational efficacy is computed relative to v = 0 with
the same rotational state distribution. The solid (dashed) lines indicate results for
Trot = 0K (Trot = 506 K).

4.2 Results

4.2.1 Rotational and Vibrational Efficacies

For now, we consider normally incident HCI only, dropping the incidence an-
gle from our notation and writing the initial state selected reaction probability
simply as R, j(E;), where v is the initial vibrational and ] the rotational quan-
tum number (see also Section 4.C). Figures 4.1a-c show a large dependence
of Ry j(E;) on | for v = 0,1, and especially 2. We may define the rotational
efficacy, which measures how effective adding rotational energy is at promot-
ing the reaction (i.e., at achieving an initial state-selected reaction probability
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TABLE 4.1: Rotational (xj) and vibrational (x,) efficacies of HCl on Au(111) as a
function of the reaction probability (Eq. 4.1).

Xj=2 Xj=4 Xj=6 Xj=8 xv(J=0) | xv(Trot = 506K)
R v 0 1 2 0 1 2 0 1 2 0 1 2 101 0—-2|0—-1 0—2
0.05 {05 2.0 1.0 0.8 - 106 1.2 - |11 1.2 1.7 - 1.8
0.10 |22 38 53 (22 18 31 |14 12 - |12 1.6 1.9 14 2.0 -
0.15 (31 65 109(31 31 6.0 (26 1.6 4.0 (19 22 - 2.0 15 2.2 1.7
0.20 {23 9.8 187(34 5.0 99 |34 28 6.0 (24 3.1 41 2.1 15 2.4 1.9
0.25 {29 104 253(4.7 57 139(40 3.7 84 (30 3.8 59 2.2 1.6 2.7 2.1
030 | - 146 257| - 6.6 166| - 4.6 108| - 45 79 3.1 2.3
035 | - 19.1 275| - 123 188 7.7 13.0 6.8 10.1
040 | - 39 202| - 183 17.7| - 125 146| - 99 119

equal to R), relative to increasing E; and for HCl in the state v, as follows:

E(v,] = 0;R) — Ei(v, J;R)
Erot(Vr ]) - Erot(Vr] = 0) )

Here, E;(v, J; R) is the incidence energy at which R, j(E;) = R. Table 4.1 shows
that rotational efficacies defined in this way may be large, e.g., for | = 6 it
takes on the values of 4.0 for v = 0 and R = 0.25, of 125 for v = 1 and
R =0.40, and of 14.6 for v = 2 and R = 0.40. In writing and applying Eq. 4.1
we have tentatively assumed that R, j(E;) is a bijective or invertible function,
i.e., only one value of E; corresponds to a particular value of R, ;. This will
usually be true as R, j(E;) tends to be a monotonically increasing function of

x/(Rv) = 4.1)

E;. We may then also define a function E; (R), which is equal to the incidence
energy E;j at which R, j(E;) = R. This allows us to define a rotational efficacy
that depends on incidence energy for the molecule in the state v as follows:

Ei(V,] = O;R) - Ei(l/,],'R)
Erot(V/]) - Erot(vr] = 0) ‘

In Eq. 4.2, the argument E; is the incidence energy for which a reaction
probability R is obtained for the higher rotational state. The rotational efficacy
defined in this way is plotted in Figures 4.1e-g. The plots show that the
rotational efficacy strongly depends on the value of E; at which it is evaluated
for the higher rotational state, and it also strongly depends on the value of v.
For example, for | = 6 the rotational efficacy takes on values of up to 4 for
v=0,uptol2forv =1,and up to 20 forv = 2.

Figure 4.1d also shows a large dependence of R, ;(E;) on v for | = 0.
To determine the effectiveness of vibrational pre-excitation for promoting

Xxj(E;;v) =

(4.2)
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reaction, the vibrational efficacies x,(R; J) and x, (E;; J) may be defined in a
way that is entirely analogous to Eqs. 4.1 and 4.2, respectively. As can be
seen from Table 4.1, x,(R;]) can also take on large values (for | = 0, these
values are up to 2.2 for v = 1, and up to 1.6 for v = 2), which are considerably
larger than one. However, they are much smaller than the values achieved
for xj(R;v) (e.g., up to 14.6 for v = 2,] = 6). This suggests that rotational
pre-excitation of the molecules present in a molecular beam may have a greater
effect on the sticking probability So(E;, Ty, ®;) measured in a molecular beam
experiment than vibrational pre-excitation. We will come back to this different
efficacy later. A similar picture emerges from the plots of x,(E;; J), which
takes on values of up to 2.8 for v = 1 and up to 1.8 for v = 2, respectively
(Figure 4.1h).

Vibrational efficacies may also be evaluated for a thermal rotational distri-
bution instead of for | = 0 only. In Figure 4.1h, we show x, (E;; Trot = 506 K)
for the highest rotational temperature achieved in the recent molecular beam
experiments on HCI + Au(111), i.e., T;ot = 506 K. Here, we see a synergistic
effect, i.e., the effects of increased vibrational and rotational pre-excitation
are mutually reinforcing, which, to the best of our knowledge, has not been
observed before (see also Section 4.F).

In the literature, values of vibrational efficacies have often been based on
tits of Ry, ]( E;) where the fit function is taken as an S-shaped function of E;,
e.g., as a function containing an error function or tanh function of E;[30, 31,
56-58]. If these functions are taken to be of the same shape (i.e., if they have
the same "width" and "saturation value"), the efficacies x,(R;J) and x,(E;; )
become independent of R and of E;, respectively, and the vibrational efficacy
may be evaluated simply as

EO(V = 0/]) — EO(V/])
Evib(V/]) - Evib(v = O/I),

where Ey(v, ) is simply defined as the incidence energy at which R, ;(E;)
becomes equal to half its maximum value (i.e., its "saturation value"), as
achieved at high E;. One could attempt to extract the vibrational efficacy with
the aid of Eq. 4.3 in a procedure where experiments are performed for normal
incidence, varying the nozzle temperature to increase the (normal) incidence
energy and the vibrational state populations, and for off-normal incidence at
a high nozzle temperature, varying the normal incidence energy by varying
the incidence angle while keeping the vibrational state populations constant.
Such a procedure was recently used to extract Eg(v) parameters for v = 0 and
1 for HCI + Au(111), assuming rotational effects to be negligible and assuming

xv(]) = (4.3)
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TABLE 4.2: Sticking probabilities for off-normally incident HCI on Au(111) shown in
Figure 4.2 for laser-off and laser-on conditions.

En(K/mol)  swroft  spsron o gweron o sleeron  speron
47 0.000 +0.000 0.000 £ 0.000 0.000 #+0.000 0.006 & 0.000 0.008 + 0.000
67 0.001 +0.000 0.004 £+ 0.001 0.004 +0.000 0.015+0.001 0.015 £ 0.001
99 0.010+0.001 0.022 £0.001 0.021 +0.001 0.030 £ 0.001 0.029 + 0.001
123 0.044 +0.002 0.061 £0.002 0.060 +0.002 0.068 +0.002 0.067 £ 0.002
142 0.088 +0.003 0.109 £0.003 0.106 +=0.003 0.113 +0.003 0.111 +0.003
170 0.169 +0.004 0.193 £0.004 0.191 +0.004 0.197 £0.004 0.196 + 0.004
247 0.331 +0.005 0.353 £0.005 0.351+0.005 0.356 £ 0.005 0.355 =+ 0.005

TABLE 4.3: State-specific reaction probabilities for off-normally incident HCI on
Au(111) used to compute the laser-off and laser-on sticking probabilities shown in

Figure 4.2.
En (KJ/mol)  Ry—gj—3 Ry—o,j=7 Ry—1)—2 Ry=1,=s Ry=2j=2 Ry=2j=s
47 0.000 = 0.000 0.000 £ 0.000 0.001 4+ 0.000 0.005 4 0.001 0.073 £ 0.003 0.163 4+ 0.004
67 0.000 £+ 0.000 0.000 + 0.000 0.033 +0.002 0.071 +0.003 0.183 + 0.004 0.327 + 0.005
99 0.006 £ 0.001 0.008 £0.001 0.161 +0.004 0.243 +0.004 0.279 £ 0.005 0.466 + 0.005

123 0.032 £0.002 0.043 +0.002 0.236 £0.004 0.342 +0.005 0.332 £0.005 0.531 4 0.005
142 0.079 £0.003 0.09540.003 0.291 £0.005 0.393 +0.005 0.369 £0.005 0.561 % 0.005
170 0.158 £0.004 0.176 +0.004 0.350 £ 0.005 0.460 4+ 0.005 0.407 £0.005 0.604 + 0.005
247 0.304 £0.005 0.354 £0.005 0.453 £0.005 0.561 £0.005 0.499 +0.005 0.676 & 0.005

So to depend only on normal incidence energy[49]. Applying this procedure
blindly using Eq. 4.3 would yield a vibrational efficacy of 6.4 (see Section
4.B and Table 4.B.1), which is considerably higher than the computed efficacy
(xv=1 = 1.8 — 3.1). We attribute this discrepancy not only to the neglect of
rotational effects in the aforementioned procedure to obtain the vibrational
efficacy, but also to the procedure used to obtain the effective barrier heights
(see Section 4.B).

Our prediction of a high rotational efficacy will of course be most useful if
it can be confirmed with experiments within the present state-of-the-art. In
Figure 4.2 and Tables 4.2 and 4.3, we show that it is possible to do. To enable
excitation to high |, the experiments suggested (see also Section 4.C) would
employ a high Ty and off-normal incidence to vary the normal incidence
energy, as done before in the off-normal incidence experiments on HCI +
Au(111)[49]. Furthermore, the experiments we suggest would pre-excite HCI
tothe ] = 2and | = 8 statesinv = 1 or v = 2, and would therefore be
able to verify that the reaction of ] = 8 HCl is far more efficient than that of
J = 2 HCL. Specifically, such an experiment would pre-excite HCI to a specific
rovibrational state (here, fromv =0and | =3 tov = 1or2and | = 2; or from
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FIGURE 4.2: (a) Predicted rotational efficacy of off-normally incident HCI on Au(111)
as a function of normal incidence energy. The ] = 2 — 8 rotational efficacy is
determined for v = 1 (orange) and v = 2 (green). The dashed line indicates a
rotational efficacy of unity. (b) Sticking probability of off-normally incident HC] on
Au(111) as a function of normal incidence energy. The black lines indicate “laser-off"
results for T, = 1060K and Tyt = 506 K. “Laser-on" results, where part of the
molecules inthev = 0,] = 3 (v = 0,] = 7) state are excited tothev = 1,] = 2
(v =1, ] = 8) state, are indicated by the blue (red) lines. The error bars represent 68%
confidence intervals. (c) Same as panel b, except that the laser-on results are for the
v=2]=2andv =2,] = 8 excited states.
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v=0and | =7tov = 1,2 and | = 8) with a laser. Then, from the "laser-off"
and "laser-on" results, a state-specific sticking probability can be obtained
(for the procedure see Section 4.C). Note that we have also accounted for the
excitation efficiency in such an experiment. For incidence energies below the
barrier height (i.e., 100 kJ /mol), the differences between the laser-off and laser-
on results are likely to be measurable, especially for v = 2 (Figure 4.2¢). For
incidence energies above the barrier height, the differences between the laser-
on and laser-off results are small and likely difficult to measure. Fortunately,
since it is probable that the employed DF underestimates the barrier height
compared to experiment (with an estimated 30 - 50 k] /mol)[25], a considerably
larger range of incidence energies where the state-specific sticking probability
is measurable should be available for such an experiment than predicted here.

4.2.2 Reaction Mechanism

We now turn to the cause of the high rotational efficacy. Our explanation
is based on the following remarkable observations. First of all, results for
v = 0and v = 2 at E; = 247 kJ/mol show that S, ;() is non-zero for all initial
values of the polar orientation angle of HCI for all J-values except for | = 0
(Figures 4.3a and 4.E.3). This already suggests a partial explanation for the
high rotational efficacy: Reaction of molecules with high | is comparatively
efficient, because reaction of | = 0 HCl is notoriously inefficient. Similarly,
vibrational efficacies > 1 are only observed if the reaction of a molecule
in v = 0 is remarkably inefficient, as found in cases where the reaction of
molecules in the vibrational ground state is hampered by the bobsled effect[10,
22] (see also Chapters 8 and 9).

Another intriguing observation is that S, j—4(0) is larger for 6 < 90° than
for 6 > 90° (Figures 4.3a and 4.E.3), even though the barrier for reaction is at
6 > 113° for reaction at the top, bridge, fcc, and hcp sites, and at the global
TS geometry (which occurs close to, but not at the top site, see Chapter 3)[25].
Note that 6 = 0° corresponds to the H atom pointing away from the surface,
and 6 = 180° to the H atom pointing to the surface. Furthermore, independent
of the vibrational state, whether or not molecules with | = 6 stick not only
depends on the initial value of 6, but also on its conjugate momentum, i.e.,
the sense of rotation (see Figures 4.3b and 4.E.4-4.E.6). This is even more
obvious for the | = 2 states of v = 0, 1, and 2 (see Figures 4.E.4 to 4.E.6). These
observations suggest that reaction is promoted if the molecule is initially
rotating and if it approaches the barrier with an appropriate rotational phase.
Inspection of how 6 varies with the MEP for the TS and the high symmetry
top, bridge, and fcc sites (Figure 4.3c) suggests an explanation. On the way
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intervals. (b) Distribution of the initial 8 angle and its conjugate momentum of
reacting HCl on Au(111) for v = 0 and | = 6. The colors indicate the intensity of
reactive combinations of € and py relative to the statistical distribution in the simulated
molecular beam; i.e., blue indicates that the combination is less reactive compared
to its statistical occurrence whereas red indicates a relatively higher reactivity. The
data have been normalized along the 6 angle to remove the sin 6 distribution in the
initial statistical distribution, i.e., with the renormalization performed all initial 6
angles have equal probability. (c) Polar angle 8 of HCI on Au(111) along the MEP
of the global TS (blue), and the top (orange), fcc (green), and bridge (red) sites. The
black dashed line indicates the TS, i.e., the value of the reaction path is zero. (d)
Same as panel ¢, but showing the potential energy instead of 6. (e) 0 angle along the
reaction path for a few representative trajectories reacting at the top site for v = 0
and | = 8. The 6 angle along the MEP for the top site is indicated by the orange red
circles. The black dashed line indicates the location of the reaction barrier, where
r=rt =189 A[25].
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to the barrier, 6 depends on the reaction coordinate in a clear non-monotonic
manner, especially for the top, TS, and bridge MEPs. The optimal 0 value
first decreases with the reaction coordinate, then it sharply increases, after
which it decreases again, before the molecule reaches the minimum barrier
geometry (Figure 4.3¢c). For the initially non-rotating molecules, "steering" (i.e.,
the effect that the molecule is steered to the most favorable orientation for
reaction by the forces acting on it[59]) cannot take place under these conditions,
because the molecule will "overshoot" its most favorable orientation once the
most favorable value of 6 starts changing in the opposite direction, due to
the angular momentum the molecule has acquired. Hence, steering, which
can be especially effective for an initially non-rotating molecule[59], will be
counterproductive, and on a relative basis molecules with | = 0 will be non-
reactive. Rather the opposite is observed: the faster the molecule is rotating
initially, the higher the probability is that the molecule arrives at the barrier
with an appropriate rotational phase (i.e., orientation and angular momentum)
to react (see Figures 4.3e and 4.E.7). In chapter 3, it has been found[25] that the
top site is relatively unreactive, whereas the hollow site is relatively reactive,
even though the barrier heights would suggest the opposite (Figure 4.3d). The
strong non-monotonic dependence of the most favorable value of 6 on the
reaction coordinate is observed to a lesser extent at the fcc site than at the other
sites (Figure 4.3c), suggesting that the behaviour of the 6 angle along the MEP
plays an important role in the dynamical accessibility of the TS, hence also the
observed site-specific reactivity in Chapter 3 (i.e., bridge > hollow > top).

Our admittedly tentative explanation of the non-monotonic dependence
of the value of § on the reaction path observed for most impact sites is as
follows. We suspect that the initial bonding of the dissociating molecule to the
surface goes via the more electronegative Cl atom; its increasingly attractive
interaction with the surface and the purely repulsive interaction of the H atom
with the surface could explain why 6 decreases initially with the reaction
path coordinate in Figure 4.3c for all sites but the fcc site. For long enough
distance between the H and Cl atoms, the H atom will also start bonding with
the surface, which can explain the increase in the 6 value of the reaction path
starting at the value of roughly —0.6 A of the reaction path coordinate in Figure
4.3c.

4.2.3 Sticking Probabilities

We now come back to the possibility that rotational excitation may have a
larger effect on Sy than vibrational excitation. Figures 4.4a,b show the experi-
mental and theoretical sticking probabilities of normally (red diamonds) and
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FIGURE 4.4: Sticking probability of HCl on Au(111) as a function of normal incidence
energy for various conditions ((off-)normal indicidence, and vibrational and rotational
temperatures). The open symbols and dashed lines indicate experimental results,
where the shaded area indicates their uncertainty. The solid symbols and lines indicate
computed results. The diamonds (squares) are for (off-)normal incidence, where the
color indicates the rotational and vibrational temperatures (see legend). The error
bars represent 68% confidence intervals. Panels b, d, and f are identical to panels
a, ¢, and e, respectively, except that a logarithmic scale is used instead. For further
explanation see the text.
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Boltzmann distribution as a function of temperature. The rovibrational energies are
obtained from the PES.

off-normally (blue squares) incident HCI. Interestingly, it seems that the agree-
ment between theory (solid lines and filled symbols) and experiment (dashed
lines and open symbols) is better for off-normally than normally incident
HCL. The difference in the sticking probability between the two experimental
data sets has previously been explained from the difference in vibrational
temperature[49]. Whether this analysis is correct may be gleaned from Figures
4.4¢,d, which compares results of calculations for normal incidence and one
and the same rotational temperature, but different vibrational temperatures,
ie., Tyjp = 0K (orange diamonds) and Ty, = 1060K (blue diamonds). No
difference between the computed reaction probabilities is visible using a linear
scale (panel c), while a difference is only visible with the use of a logarithmic
scale (panel d) if the incidence energy is lower than the minimum barrier
in the PES, i.e., 100k]/mol. The reason is that, even though the vibrational
efficacy for sticking (x,—1 = 2 — 3) is high for the energies shown, only two
percent of the molecules is vibrationally pre-excited (to v = 1) at Ty, = 1060K
(see Figure 4.5), which is the highest vibrational temperature used in the ex-
periments. Thus, the difference between the normal and off-normal incidence
data sets cannot be attributed to the difference in vibrational temperature only.

It has been suggested that the translational energy parallel to the metal
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surface might increase the sticking probability as well[60], i.e., the assumption
of NES might break down. However, here we do not observe an influence
of motion parallel to the surface on the sticking probability (see also Figures
4.D.1g,h). Furthermore, Figures 4.4e,f compare sticking of normally incident
HCl with the rotational state distribution either being completely in | = 0
(green) or according to a Boltzmann distribution at the maximum rotational
temperature achieved in the experiments (orange). Here, we see that also the
rotational temperature influences the sticking probability. From Figure 4.4 we
conclude that the difference between the sticking probabilities measured for
normal and off-normal incidence (presented in Ref. [49], Chapter 3, and the
present chapter) are for a large part due to rotational effects. These rotational
effects (see also Figure 4.D.1 and Section 4.D) prevent the direct determination
of vibrational effects from the experiments discussed, as the vibrational effects
are much weaker than the rotational effects over most of the incidence energy
range probed.

4.3 Conclusion

In this chapter, a large effect of rotational excitation is found for the dissociative
chemisorption of HCI on Au(111). This rotational effect is the cause for a
considerable difference in the sticking probability between two experimental
data sets, which was previously attributed to vibrational excitation instead.
The predicted rotational efficacy can be as large as 20; i.e., rotational energy is
much more efficient at promoting the reaction than translational energy. To
the best of our knowledge a rotational efficacy this large, or even larger than
one, has not been observed so far. Furthermore, pre-exciting both rotation and
vibration has a mutually reinforcing effect: The rotational efficacy is increased
considerably (from a factor of about 4 to a factor 20). Moreover, the high
rotational efficacy is not due to a steering effect, but a lock-in effect where only
specific initial rotational phases (i.e., combinations of the polar angle 6 and
its conjugate momentum) are reactive, which is caused by a non-monotonic
dependence of the reaction path on the polar angle 6 in the region just in
front of the minimum barrier. As a result, the reaction of HCI in the rotational
ground state on Au(111) is inefficient, in contrast to that of rotationally pre-
excited HCl.
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Appendix

4.A Definition of the Sticking Probability
Here, we define the sticking probability as
SO(<E1(UQ, CK)> , TN, @1) = So(<E1> , TN, @1) = So(Ei, TN, ®i)/ (44)

where Ty is the nozzle temperature and ©; the incidence angle. We usu-
ally drop the dependence of the average incidence energy (Ei(vp, «)) on the
molecular beam parameters defining the velocity distribution (i.e., the stream
velocity vy and velocity width «) and write it simply like (E;). In writing the
sticking probability like So(E;, T, ®;) we tacitly assume that the reader knows
that E; is in fact equal to (E;). If we consider normal incidence (®; = 0), we
may also drop the incidence angle from the expression and write the sticking
probability like So(En, Tn) = So(Ei, Tn), where Ej, is the normal incidence
energy and in writing this equation we have again tacitly assumed that in fact
it is the average normal incidence energy, i.e., E, = (En). Here,

En = cos?(0;)E;. (4.5)

If normal energy scaling (NES) holds, we then may simply substitute So(En, Tn)
for S()(Ei, TN, @1)

We also define the initial-state selected reaction probability R,, ](Ei, ),
where v and | are the initial vibrational and rotational quantum numbers,
respectively. Of course, if we decide to only consider normal incidence, we
may also write this as R, j(En) or as R, j(E;), as long as we remember that we
are considering normal incidence. And, if we assume NES, we may substitute
Ry j(En) for Ry j(Ei, ©®;). Which assumption is made (normal incidence only,
or NES holds) has to be clearly stated and we make a decision on this when we
present this in this chapter. Here, the symbol R is used instead of So(E;, Tn;, ©;)
to clearly distinguish between an initial-state selected reaction probability that
can usually not be directly measured in a molecular beam experiment and
the sticking probability, which can be directly measured, but represents an
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average over the distribution of incidence energies and of the rovibrational
states of the molecules in the incident beam.

4.B Determination of Effective Barrier Heights and Con-
comitant
Vibrational Efficacy

An effective barrier height indicates the incidence energy at which Sy =
1/255%, and is typically a parameter in error function fits to experimental
sticking probabilities[31, 49, 61]. Previously, the following vibrational state
specific S-shaped sticking curves were employed for HCI + Au(111)[49]:

SY=i{(E) = % [1 + erf <E ;VEO'ZN ) (4.6)

i

where A; is the saturation value (i.e., 5§'%), Eq; is the effective barrier height,
W; is a broadening parameter, and i indicates the vibrational state. Further-
more, it is assumed that only v = 0 and v = 1 HCl are present in the molecular
beam. The constraints employed in the original fitting procedure[49] are
Ao = A1 = 1 and Wy = Wj, whereas for the newly determined lower and
upper limits (see Ref. [25]) the constraint of Wy = Wj is lifted. The parameters
of the fitted curves are provided in Table 4.B.1. However, in this approach
the role of rotational excitation is assumed to be negligible, which we have
shown to be incorrect. For example, neglecting rotational excitation in making
the fit, even if the sticking probability of vibrationally excited HCl is unity
(Sy=L(E;) = 1), the difference between the measured normal and off-normal
incidence sticking probabilities is larger than the maximum contribution of
the vibrationally excited molecules in the beam (i.e., 0.02, which would be
the population of v = 1 HCl at Ty = 1060K, see Figures 4.4a,b and 4.5b).
Moreover, the agreement between the fitted curves and the experimental data
is poor (see Figure 4.B.1). Additionally, Ey parameters determined for energies
larger than the employed normal incidence energy (i.e., Eg > 299 k] /mol (Ta-
ble 4.B.1), whereas E, < 247kJ/mol (Tables 4.D.1 and 4.D.2)) may be expected
to be inaccurate.

Rotational and vibrational efficacies are often obtained from the aforemen-
tioned effective barrier heights as follows (see also Eq. 4.3 and the discussion
thereof)[30, 31]:

Eo(v,

) = g =S ]

)
Erot(V/] = O) ’ (47)
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TABLE 4.B.1: Parameters for the S-shaped curves shown in Figure 4.B.1 fitted to the
original[49] and newly determined experimental sticking probabilities for v = 0 and
1 HCL Eg, and W, are in k]/mol, whereas A, is unitless.

Results ‘ Eop Wo Ap Eo1 Wy A
Old 3859 482 1.0 164.0 482 1.0
New (lower limit) | 395.6 106.1 1.0 | 1158 96 1.0
New (upper limit) | 2991 772 10| 965 193 1.0

0.20

0.15

H<» -

DS1 new (lower limit)
DS1 new (upper limit)
DS1 old

A DS2 new (lower limit)
V DS2 new (upper limit)

T M DS2old
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Reaction probability

0.00 E

Reaction probability
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Normal incidence energy (kJ/mol) Normal incidence energy (kJ/mol)

FIGURE 4.B.1: Experimental sticking probabilities of HCl on Au(111) for normally
(DS1; a,c) and off-normally (DS2; b,d) incident HCl, where DS1 and DS2 refer to
the employed beam parameters (see text). The blue diamonds indicate the original
experimental results[49], whereas the orange upwards facing (green downwards
facing) triangles indicate the newly determined lower (upper) limit (see Chapter 3).
The solid lines are the error function fits to the data discussed in Section 4.B. Panels ¢
and d are identical to panels a and b, respectively, except that a logarithmic scale is
used instead.
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EO(V = 0/]) — EO(V/])
Vib(vl I) - Evib(v = O, ]) ’
The vibrational efficacies are 6.4, 8.1 and 5.9 for the original, and newly deter-
mined lower and upper limit Ey parameters, respectively. This is clearly much
too large when compared to our calculations (see Table 4.1). At the same time,
this approach does not take into account the R dependence of the efficacy,
which we also consider to be a too severe approximation since efficacies can
vary wildly with R (see Figure 4.1 and Table 4.1). In conclusion, an analysis
of the experimental results based on the assumption of a rotational efficacy
of 0, and in terms of vibrational effects only, is too simple and will lead to
overestimated vibrational efficacies.

xv(J) = E (4.8)

4.C Experimental State-Specific Sticking Probabilities

For the predicted laser-on sticking probabilities shown in Figure 4.4, several
experimental limitations are taken into account. First, in the molecular beam
two HCl isotopes, i.e., 35HCI and 3"HCl, would usually be present, of which
only one can be excited due to the mass mismatch between the two isotopes
and concomitant frequency shift. As such, in the simulated laser-on results
only 3/4% of the molecules (the fraction of *>HCl in an HCl gas) in the targeted
rovibrational state can be excited.

An excitation efficiency of close to 100%, which can be achieved for some
molecules by rapid adiabatic passage (RAP)[14, 62-65], cannot be achieved
with RAP for HCL. The reason is that the narrow frequency bandwidth of the
laser that would be required for RAP would make it impossible to transfer
all of the population in the (v = 0, ]) to the upper (v = 1 or 2, ') state: The
energy ranges spanned between the fine structure states associated with the
nuclear spin of Cl and | in both the upper and lower levels exceed the required
laser band width by too much to achieve a laser excitation efficiency greater
than 50%[66-68]. Thus, only 3/4 x 1/2 = 3/8" of the molecules initially in a
specific (v, |) state can be excited. Furthermore, the selection rules for the R
branch (v =0,Jtov' =1or2,]/ =]+ 1)and Pbranch (v =0,]J tov' =1 or
2,]' = ] — 1) excitations are taken into account.

Experiments using laser excitation would measure both a "laser-off" and a
"laser-on" sticking probability, where the latter can be written as

S})aser—on(Ei) _ S%)aser-off(Ei) +fexc (Sg,’]/(Ei) — S(Z)’J:]’il(Ei)> (4.9)
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if excitation takes place from the (v, ]) to the (v/, ') state, and if the fraction of
HCI molecules transferred between these states, fex, is given by

fexc = fsatfv(Tvib)f](Trot)- (4-10)

Here, fsat is equal to 3/8, as already established above. The product f, (Tyip) X
f7(Trot) yields a Boltzmann-like population of the (v, ]) state excited from
in the molecular beam, where we take into account that the rotational and
vibrational temperatures of the molecules in the beam may differ, assume
that these can be related to the nozzle temperature in some way (see Tables
4.D.1 and 4.D.2 for their values), and have made the approximation that the
rotational constants of the molecule are independent of the vibrational state.

Obviously, the initial-state selected reaction probability Sg/’] , (E;) that we are
after can be calculated from Egs. 4.9 and 4.10 using the equation also used
when extracting these probabilities from experiments, i.e.,

S(l)aser—on ( Ei) o S%]aser—off( Ei)

syl (E) = 7 + Sy (). (4.11)
exc

As can be seen from Eq. 4.11, it will be possible to extract accurate values of

Sg,’] , (E;) from experiments if the difference between the laser-on and laser-
off sticking probabilities is sufficiently large (as addressed by Figures 4.2b,c)
in comparison to the error bars with which these quantities are measured
(this is not addressed in Figure 4.2), and if Sg’] =] /ﬂ(Ei) is either known in
advance, or can be assumed to be zero or approximately equal to the laser-off
sticking probability. Of course, in calculations we do not have this difficulty
and in the simulation of the experiment we can simply use a calculated value

for S7/=/#1(E;). Another way to obtain 5/=%/=/*! is to employ the ratio

of Sg:O’] Ly Sgseroff from simulations[17], although this might require a
PES that is in better quantitative agreement with the experimental sticking
probabilities than employed in this chapter. Here, however, the problem is
solved by simply using the calculated Slser-off g=07=] *! and Sgl’] (E) to
predict Sgseron(E;).

4D The Two Experimental Data Sets and the Origin

of Their Differences

Specifically, the main differences between the experiments yielding the DS1
and the DS2 datasets are as follows[49]. The DS1 experiments were per-
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FIGURE 4.D.1: Sticking probability of HCl on Au(111) as a function of normal inci-
dence energy for various conditions ((off-)normal indicidence, and vibrational and
rotational temperatures). The open symbols and dashed lines indicate experimental
results, where the shaded area indicates their uncertainty. The solid symbols and lines
indicate computed results. The diamonds (squares) are for (off-)normal incidence,
where the color indicates the rotational and vibrational temperatures (see legend).
DS1 and DS2 refer to the employed beam parameters (see text in Section 4.D). The
error bars represent 68% confidence intervals. Panels b, d, f and h are identical to
panels a, ¢, e, and g, respectively, except that a logarithmic scale is used instead. For
further details see Section 4.D.
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formed for normal incidence, and the (normal) incidence energy was varied
by changing the nozzle temperature, so that the normal incidence energy on
the one hand and the vibrational and rotational temperatures on the other
hand were not varied independently in these experiments. In contrast, the
DS2 experiments were performed while keeping the nozzle temperature (and
therefore Ty, and Tyot) constant, while varying the normal incidence energy
by varying the incidence angle and the seeding gas mixture. Therefore, in
these experiments the normal incidence energy could be varied independently
from the rovibrational state populations; however, in the DS2 case there is
parallel translational energy present, and this varies with the normal incidence
angle. As can be seen from Figures 4.D.1a,b, for similar normal incidence
energy the computed DS2 sticking probabilities are higher than the computed
DS1 sticking probabilities. The same is true for the measured values as first
published[49], but also for the upper and lower bounds to these probabilities
obtained by reanalyzing the data (Figures 4.D.1a,b)[25, 69].

With the "experimental knobs" that can be turned to change conditions
between the two experiments yielding sticking probabilities as functions of
normal incidence energy, one cannot vary all quantities determining these
sticking probabilities independently, as discussed above. Of course in theory,
one can, as discussed already to some extent in the discussion of Figure 4.4.
Here, we enter into additional details. In the first step going from the DS1 to
the DS2 conditions, i.e., in turning the first "computational knob" to stay with
our previous analogy, we keep all conditions in the DS1 experiment the same,
except that we now adopt the same Ty, and Ty, temperature as used in all
the DS2 experiments. We keep the beam parameters describing the velocity
distributions in the DS1 experiments the same, and perform the simulations
for normal incidence. Figures 4.D.1c,d then show the effect of changing to
DS2 conditions for Ty, and Tyt while keeping all other conditions the same
as in the DS1 experiments. Here, we see that the sticking probability increases
with the rovibrational temperature. As discussed in Section 4.2.3, this increase
is mostly caused by the increase in rotational temperature, and not by the
increase in vibrational temperature (see also Figures 4.4c,d,g/h). Only for
incidence energies below the barrier height does the vibrational temperature
have a considerable effect on the sticking probability (Figure 4.4d).

The second step is to additionally employ the beam parameters describing
the velocity distributions of DS2 (green) instead of DS1 (orange, see Figures
4.D.1e,f), but without including the effect of changing the incidence angle (i.e.,
the translational energy parallel to the surface remains zero). No considerable
changes are observed and therefore we conclude that the change in stream
velocity and width when going from DS1 to DS2 does not influence the sticking
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TABLE 4.D.1: Beam parameters from Ref. [49] that describe the simulated HCl

velocity distributions of data set 1 (DS1). The stream energy Ey, stream velocity

vg, and velocity width parameter « have been determined through time-of-flight
measurements. The incidence angle is normal to the surface.

Tnyib (K)  Trot (K) - (E;) (k]/mol)  Eg (kJ/mol)  vg (m/s) a(m/s)

296 11 91 90 2219 158
400 78 114 110 2456 245
500 143 124 120 2562 207
620 221 150 144 2808 292
740 298 174 167 3026 323
910 409 205 196 3278 364
1060 506 247 238 3616 371

TABLE 4.D.2: Beam parameters from Ref. [49] that describe the simulated HCl velocity

distributions of data set 2 (DS2). The stream energy Ey, stream velocity vy, and velocity

width parameter & have been determined through time-of-flight measurements. The
nozzle temperature is 1060 K, yielding Ty, = 1060K and Tyt = 506 K.

(E;) (KJ/mol) (E ) (kJ/mol) <EH> (kJ/mol) ©; (°) Ep (kJ/mol) vg(m/s) «(m/s)

114 47 67 50 114 2500 273
114 67 47 40 114 2500 273
241 99 142 50 234 3586 321
236 123 114 44 230 3549 322
241 142 99 40 234 3586 321
236 170 67 32 230 3549 322
247 247 0 0 238 3616 371

probability considerably.

The final step is to also include the translational energy parallel to the
surface (Figures 4.D.1g,h), which is present due to an off-normal incidence
angle, thus completely employing the DS2 conditions (blue). Similar to the
beam parameters, including parallel translational energy does not influence
the sticking probability considerably.

In summary, the difference between the DS1 and DS2 sticking probabili-
ties is caused mainly by the rotational temperature, whereas the vibrational
temperature only has an effect for incidence energies below the barrier height,
and the stream velocity and width, and motion parallel to the surface have no
visible effect on the sticking probability.



4.E. The Mechanism Underlying the High Rotational Efficacy 131

4.E The Mechanism Underlying the High Rotational Ef-
ficacy

The distributions of the 6 angle of reacting HCl are shown for several HCl bond
lengths and rovibrational states in Figure 4.E.1. Similarly, Figure 4.E.2 shows
the distribution of the 6 angle along the reaction coordinate. The reaction
coordinate S is defined here through the change in Zyc and ry¢) along the
MEP or during a trajectory:

S = AZHCI + ArHCl/ (412)

where at the TS S = 0. Although generally the reaction coordinate is taken to
be mass weighted, here, the masses are neglected due to the small dependence
of the reaction coordinate on r. Additionally, movement of the center of mass
in the XY plane is neglected, since little movement in the XY plane is observed
in normally incident HCI MD simulations (see Chapter 3). In general, the
initial 6 distributions are broad and become more narrow when the bond
is extended, eventually moving the distributions close to the minimum TS
value (6 = 117°) (Figures 4.E.1 and 4.E.2). At lower r values, increasing the
rotational energy (] = 2 — 8) increases the width of the 6 distribution, making
low initial 6 values more reactive (Figure 4.E.1a). Similarly, increasing the
vibrational energy (v = 0 — 2) increases the width of the initial § distribution
as well (Figure 4.E.1b). This effect is also observed in Figure 4.E.3, where
So is shown as a function of 0. Furthermore, when the vibrational energy is
increased, the focusing of the distribution towards the TS value occurs at a
larger r value (compare Figures 4.E.1e,f and Figures 4.E.1g/h).

Figures 4.E.4, 4.E.5 and 4.E.6 show the relative reactivity of combinations of
the initial values of 6 and its conjugate momentum compared to its statistical
distribution in the simulated molecular beams. Interestingly, the reactivity
depends on the combination of the orientation and angular momentum (i.e.,
the rotational phase), and is also rotational state specific. Furthermore, the
results suggest that since the higher | states allow for more different orien-
tations and angular momenta, the molecule is perhaps more easily focused
towards a reactive pathway if it is in a high | state.
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FIGURE 4.E.1: Distribution of the 6 angle of reacting HCI on Au(111) for several

bond lengths. Red and blue indicate ] = 2 and 8, respectively. The left panels are for

v = 0 and the right panels are for v = 2. The average normal indicidence energy is

247 k] /mol. For the analysis of the trajectories only Z¢; < 2.5 A is considered. The
black dashed line indicates the minimum TS value.
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FIGURE 4.E.4: Distribution of the initial § angle and its conjugate momentum of
reacting HCl on Au(111) for v =0and | =1 — 8. The colors indicate the intensity of
reactive combinations of 6 and py relative to the statistical distribution in the simulated
molecular beam; i.e., blue indicates that the combination is less reactive compared to
its statistical occurrence whereas red indicates a relatively higher reactivity. The data
have been normalized along the 6 angle to remove the sin 8 distribution in the initial
statistical distribution, i.e., with the renormalization performed all initial # angles
have equal probability.



Chapter 4. Large Effect of Rotational Pre-excitation of HCI on its

136 Reaction on Au(111): A Rotational Phase Lock-in Effect

— 1 T, > oo = o, z
& 0.005 - . g @ . — . z
5 ! S L : g
= 0000 ! ag s S 00 T ave £
o A | | | ] Vg, . - ] v -
§ . ! e § : .
z l_-- & :: - - =
= 00057 — X e &
T = e = L™ 2
20 55 90 125 160 20 55 90 125 160
0 angle (degrees) 0 angle (degrees)
0.02 | .
- wemem . - "
_ o - > 0029 . >
€ oo O T & YL z
=S | = N E o< . = 51 =
2 0.004 . | ! Avg. "o g 0.00 i | - Avg. "o
a | 2 © " =
& | R ~ 1 R u - =
g 004 - & 2=, A <
—0.02 1" =T R eSS
20 55 90 125 160 20 55 90 125 160
0 angle (degrees) 6 angle (degrees)
[ ] 0.04 w7 o
| o > ¥ e, >
= 0.02 1 - " L £ T 0024 "ta, & i L £
= - % g = i = g
< i L] B o= i % Lyt £
2 0.00 Pl |FAvg s 2 0.00 P Avg. ‘5
E - ‘N &g E U ‘ B &9
Z s . L =R - - =
" @ - | —— [}
g 0024~ " L g & -0.027 g ; K
B = ===] ]
PNl ~0.04
20 55 90 125 160 20
0 angle (degrees)
0.04 " 0-050 1
— i 2 [ S —— 2
£ 002 2 & 00257 ta T £
< < ! £
2 0.00 A . ) ) Avg. ¢ E 0.000 THY Avg. @
& i . 3 & — 2
— - = R o] = T
< —0.02 il 3 & 002 - B <
004 e e e ~0.050 e oA
20 55 90 125 160 20 55 90 125 160
0 angle (degrees) 0 angle (degrees)

FIGURE 4.E.5: Same as Figure 4.E.4 but for v = 1.
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FIGURE 4.E.7: 0 angle along the reaction path for a few representative trajectories

reacting at the top, fcc, and bridge sites for v = 0 and | = 2 (left panels) or 8 (right

panels). The 6 angle along the MEP for the top, fcc, and bridge sites is indicated by

the orange, green, and red circles, respectively. The dashed line indicates the location
of the reaction barrier, i.e., r = r.
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4.F Synergistic Effect of Rotational and Vibrational Pre-
excitation

Rotational and vibrational pre-excitation of HCI has a synergistic effect on Sy,
which we will discuss now. The initial distribution of the 6 angle is broad for
all rovibrational states considered, whereas at the moment of reaction (i.e.,
r = r¥ = 2.18 A) the distribution is more narrow and nearer the TS value (see
Figures 4.E.1 and 4.E.2). Both rotational and vibrational pre-excitation cause
a broader initial 6 distribution to be reactive (Figures 4.E.1a,b). Furthermore,
rotational reorientation is required due to large changes in the optimum
value along the MEP and due to a narrow bottleneck in 6 leading up to
the dissociation (see Section 4.2.2). On the other hand, vibrational excitation
causes the bottleneck to occur later along the reaction path, while the rotational
reorientation occurs in a shorter timeframe (see especially Figure 4.E.1). It is
possible that this shortening of the reorientation timeframe causes rotational
excitation to have an even larger effect on Sp. In any case, we see that pre-
exciting rotation and vibration simultaneously has a mutually reinforcing
effect on the sticking probability.
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