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F+CHD3; employing ring polymer molecular dynamics.
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The inclusion of nuclear quantum effects (NQEs) in molecular dynamics simulations is one of the major
obstacles for an accurate modeling of molecular scattering processes involving more than a couple of atoms.
An efficient method to incorporate these effects is ring polymer molecular dynamics (RPMD). Here we extend
the scope of our recently developed method based on non-equilibrium RPMD (NE-RPMD) from triatomic
chemical reactions, to reactions involving more atoms. We test the robustness and accuracy of the method by
computing the integral cross sections (ICS) for the H/F+CH,/CHDj reactions where the methane molecule is
either initially in its vibrational ground or excited state (C-H stretch). Furthermore, we analyze the extent to
which NQEs are described by NE-RPMD. The method shows significant improvement over the quasiclassical
trajectory (QCT) approach while remaining computationally efficient.

I. INTRODUCTION

One of the challenges of physical chemistry is to
study in details the dynamics of chemical reactions.
The detailed understanding of the underlying mech-
anisms is important for many domains of research
such as atmospheric'™ and interstellar chemistry?
combustion” and catalysis®. A key step in this direc-
tion of study is to develop accurate reactive scattering
methods in order to qualitatively and quantitatively as-
sess the influence of the reactants’ rovibrational state on
the reaction dynamics.”!? In this context, nuclear quan-
tum effects (NQEs) can have great impact on the reaction
dynamics.' 16

Unfortunately, initial state-selected full-dimensional
quantum scattering simulations that incorporate NQEs
are only computationally feasible for systems up to
6 atoms with a vanishing angular momentum, al-
though significant development in this direction has been
achieved.'” 2% Consequently, there is a demand to de-
velop computationally efficient simulation methods which
take NQEs into account, at least approximately.

One possibility is to employ quantum simulations with
constraints on the dynamics?%:21:26-39 to reduce the num-
ber of degrees of freedom and make the simulations
amenable. Those methods are called reduced dimen-
sional quantum dynamics simulations (RDQD). However,
dynamical constraints and their potential artifacts have
to be elaborated for each system specifically and it is
rather challenging to assess their accuracy in describ-
ing the dynamics. This renders the RDQD approach
non-systematic in contrast to full-dimensional simula-
tions. Moreover, employing effective RDQD models to
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simulate systems such as the title reactions are nonethe-
less very expensive and can take many months to be
completed.?140

Another very popular alternative is the so-called quasi
classical trajectory method (QCT)%*144. Tt circumvents
the very high computational cost of quantum simulations
by rendering the simulations classical, thus neglecting
crucial aspects of NQEs in the dynamics. The atoms
are propagated with the classical equations of motion on
a potential energy surface (PES) employing initial condi-
tions that mimic quantum rotational-vibrational states.
This approach has successfully revealed insights into
microscopic details of chemical reaction dynamics*® 9.
QCT trajectories are often easier to interpret compared
to RDQD trajectories. One of the main shortcomings
of the QCT approach is the ZPE leakage problem. It
originates from the fact that in classical dynamics the
zero-point energy (ZPE) contained in the vibrational
modes of the molecules typically flows from high to low
frequency modes during the simulation. Consequently,
parts of the vibrational energy can flow into the reac-
tion coordinates, leading to an artificial enhancement of
the reactivity.?® 52 Moreover, the formation of products
having less than their quantum ZPE value can occur, vio-
lating the ZPE constraints.'®527%6 In addition, tunneling
effects are also absent in classical simulations. The ne-
glect of these NQEs can lead to several inaccuracies when
computing energy thresholds, reaction probabilities, and
integral cross sections.

A relatively recent approach that combines the advan-
tage of being computationally efficient and at the same
time takes NQEs into account is ring polymer molec-
ular dynamics (RPMD)7 %6, Tt has been shown that
RPMD is able to accurately compute thermal rate con-
stants for many reactions®%7-"0. More recently, RPMD
was also successfully applied to the calculations of Kubo-
transformed correlation functions for non-equilibrium ini-

tial conditions (NE-RPMD)%. RPMD and NE-RPMD



have been theoretically justified as approximations of
Matsubara dynamics.%:%671 Various results for applica-
tions of RPMD beyond the thermal equilibrium ensemble
followed.”? " In our earlier works”®77, two of us devel-
oped a variant of NE-RPMD and applied it to reactive
collisions of various atoms with the hydrogen molecule
Hs. Here, we extend the application of this method to
more complex reactions.

To test newly developed methods, the computation of
integral cross section (ICS) constitute reliable and pre-
cise indicators for the accuracy of the simulations. The
ICS can be measured via challenging experiments and
its variations with different isotopes and initial rovibra-
tional states reveal important details about the reaction
dynamics. 497880

The elementary reaction H + CHy — H; + CHj
together with its isotopic variants play an important
role in combustion chemistry, interstellar chemistry and
has been the subject of extensive experimental30%2
and theoretical studies??:2%:36:37:83-94 " Thjig reaction in-
volves a small number of electrons and potential en-
ergy surfaces (PES) with quantitative level of accu-
racy were constructed via extensive high level ab ini-
tio calculations.?® 3 QCT simulations typically overes-
timates the reactivity for these reactions as classical dy-
namics ignore ZPE constraints and allow the ZPE to
flow to the reaction coordinates.'®®® Also, the presence
of tunneling effects due to the light H atoms are not
described in QCT. Various RDQD methods applied to
tackle six-atom systems have been developed to study the
reaction.?? 33 In particular, it was shown that restricting
the non-reacting CH3 group under Cs, symmetry yields
a quantitative level of accuracy for the computation of
ICS.2728 Also, the strong reactivity enhancing effects of
the vibrational excitation of the C-H stretch in CHy4 and
CHD3 have been studied theoretically?!:24:29,31,92,95-100
and experimentally®%-32. Therefore, H+ CH, and its iso-
topic variants constitute valuable benchmark hexatomic
reactions for NE-RPMD.

Another extensively studied reaction is F + CHD3 —
FH + CD3.14:344647101-110 The most accurate PES
(PWEM-SO) for this system to date has been developed
by Palma, Westermann, Eisfeld, and Manthe by consid-
ering the spin-orbit coupling in the reactant channel.!??
This intricate reaction has a very low barrier (~ 0.8
kcal/mol) and its dynamics involve reactive resonances
and are strongly affected by stereodynamics forces at low
collision energies.?*19 Morever, mode specificity of the
reaction dynamics sparked controversies between theoret-
ical models and experimental results regarding the effects
of the C-H excited stretch on the reactivity.!03:105111
More precisely, recent experimental studies!?>!!! of the
F + CHDj3 reaction found that the excitation of the C-
H vibration hinders the overall reactivity while both re-
cent QCT*7:199 and RDQD3* simulations predict an over-
all enhancement of the reactivity. These discrepancies
are still unexplained and several speculations exist that
ascribe them to shortcomings of the experiments34:112

or the theoretical models3435199 (QCT, RDQD or the
PES). NE-RPMD is capable of approximating NQEs
with full-dimensional calculations, thus having the ad-
vantages of both QCT and RDQD to some extent. As
such, comparing its ICS results with those of QCT and
RDQ@D for this reaction constitutes a good test to explore
the capabilities of NE-RPMD. Therefore, this reaction is
well suited to benchmark methods capable of approx-
imating NQEs in full-dimensional calculations such as
NE-RPMD.

In this paper we compare the accuracy of ICS com-
puted with the NE-RPMD, QCT, and RDQD meth-
ods for the aforementioned reactions. We compute ini-
tial state-resolved ICS for the reactive collisions H +
CHy4,H 4+ CHDs3, and F 4+ CHD3. We analyze the im-
pact of NQEs for the reactivity and report to what de-
gree they are incorporated in the respective simulations.
We show that the NE-RPMD approach is a promising
and computationally efficient method to obtain state-
resolved insights for reactive collisions involving complex
polyatomic molecules.

The structure of the paper is as follows: In section II,
we briefly outline the ideas behind QCT and RPMD and
give references for further details. Section III explains in
details the NE-RPMD approach to obtain the presented
results. Section IV consists of an analysis of the obtained
ICS results for the title reactions with a discussion on the
NQEs described by the approach. Finally, we summarize
and give our conclusions in Sec. V.

Il. THEORY

In this section, we discuss the QCT method, RPMD
(alongside NE-RPMD) and the NE-RPMD approach we
developed, which includes aspects of QCT used in the
context of NE-RPMD. Both the QCT and RPMD meth-
ods have been widely reviewed?4!:42:57:58,65,66 s we will
only discuss the main aspects related to the NE-RPMD
approach. Details of NE-RPMD applied to triatomic sys-
tems are given in Ref. 77, thus we only summarize the
essential steps here.

A. QCT

In QCT, the atoms are modelled as classical point-
like masses. A standard normal-mode sampling!!? with
semiclassical quantization conditions for each vibrational
mode is performed to mimic a given initial vibrational
state for the reactants. Specifically, positions and mo-
menta are initialized such that the energy in each vibra-
tional mode of the molecule is equal to the corresponding
energy in the quantum state employing the harmonic ap-
proximation of the potential energy surface. The molec-
ular vibrations are then propagated either by directly or
adiabatically switching to the full (i.e. non-harmonic)
potential. The rotational motion of each reactant is



added using an iterative procedure as to limit spurious
ro-vibrational couplings.*>!!4. The relative motion be-
tween the reactants is then set according to a fixed colli-
sion energy FE.o in the center-of-mass frame. The atoms
are then propagated using Newton’s equations of motion.
This approach is very efficient, systematic, and enables
feasible simulations for systems with many atoms.

There exist various effective techniques to incorporate
quantum effects in the dynamics, such as discarding tra-
jectories violating ZPE constraints or partially prevent-
ing ZPE leakage. However, these techniques remain in-

trinsically ad-hoc.?%:115-117

B. RPMD

The RPMD approach originally emerged from the iso-
morphism bridging the equilibrium quantum partition
function Z to the classical partition function of ficti-
tious ring polymers Z,,.%” Each ring polymer consists of
n classical replicas (in the following called beads) joined
by harmonic springs. The corresponding ring polymer
Hamiltonian H,, is derived from the expression of Z,, as

N n (p(k))2 1 )
Hy(pa)=> Y [le + §miw3 (qz(_k) _ ql('kfl)) ]

(1)

where N is the number of atoms, qz(-k) and pgk) are the
position and momentum vectors of the kth bead of the
ith atom (with qgl) = qE"‘H))7 V is the molecular po-
tential, m; is the ith atomic mass that is used for each
bead of the corresponding atom, and w,, = % is the com-
mon frequency of each harmonic springs joining neigh-
boring beads.?” For equilibrium conditions, the ring poly-
mer phase space is sampled according to the ring poly-
mer Boltzmann distribution associated to H,, at temper-
ature % This is done either via thermostatted propa-
gation in imaginary time or by employing Monte Carlo
techniques.!'® The properly equilibrated ring polymers
then allow for computation of exact thermal quantum
observables. For example, the thermal averaged energy

can be computed by
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where <> refers to averaging over the canonical ensemble
and &, is referred as the primitive energy estimator for a
finite number of beads. Note the different sign in front of
the harmonic spring terms of the ring polymer in Eq. 2
in contrast to the ring-polymer Hamiltonian (Eq. 1).

ZPE effects and tunneling effects are incorporated
through the ring polymer internal structure, which is
parametrized by 3 and n.%® ZPE leakage is therefore
avoided, and tunneling effects are also mimicked due to
the finite spatial extension of the ring polymers.!!?

In 2014, RPMD was derived as an approximation to
Matsubara dynamics in the context of time-dependent
Kubo-transformed correlation functions.%"* A bit later
in 2016, encouraging results for applications of RPMD
to non-equilibrium time-dependent correlation functions,
for the specific NE cases of a momentum impulse (or
“kick”) and a sudden mild shift of potential, were suc-
cessfully carried out. Non-equilibrium initial conditions
employed in RPMD (NE-RPMD) can also be derived
from Matsubara dynamics for the case of a sudden change
of potential or an initial centroid momentum “kick”.56
The extent and the conditions for which RPMD or NE-
RPMD can describe real-time dynamics is not known
precisely.5%:66.71 Here we employ non-equilibrium initial
conditions by “kicking” the reactants centroid momenta
to initialize the collision. This approach is also employed
for preparing initial conditions with specific vibrational
mode excitation, as described in the following section in
details.

I1l. NE-RPMD METHOD
A. Reactant initialization

The two reactants in the following are labelled as “T”
for the target molecule (i.e. CHy or CHD3) and “X” for
the colliding attacker atom (H or F). The entire system
consists of N atoms, and the target possesses 3(N — 1)
degrees of freedom. Since T is a non-linear molecule,
its number of internal vibrational modes is N, = 3(N —
1) — 6. The PES of the target molecule alone placed far
away from X is referred to as Vi and is a scalar function
of the molecule’s N, internal coordinates. The initial
momentum and position of each bead are first sampled



according to the harmonic approximation of Vir. To that
end, the target bead coordinates are transformed into the
N, mass-weighted vibrational mode coordinates of the
total potential (including the molecular potential and the
ring polymer harmonic springs potential). The resulting
Hamiltonian of the ring polymer for the target molecule

H7(1T) reads
HD = A (% [E(k)r i w%ot;iﬂ k) {égk)r)’ (3)

where w2, (i, k) = 4w? sin® (%) + Q2 with vibrational fre-
quencies @ = (Q,...,Qy,) and Q) P™ i € [1,N,]
are the ring polymer mass-weighted position and momen-

tum vibrational mode coordinates
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where C and L~1 are the transformation matrices from
the bead representation to the ring polymer (internal)
normal mode representation and the vibrational mode
coordinates, respectively. The coefficients of the ma-
trix C' are chosen such that the bead coordinates cor-
responding to the k 0 index are computed with the

coefficient C, g = \F’ i.e., the bead coordinates Q( )

momenta ]52»(0) are proportional to the normal mode co-
ordinate averaged over all beads (centroid normal mode
coordinate).!?® The N, internal vibrational modes are
sampled with the ring polymer Boltzmann distribution
corresponding to Hr(lT). Provided that n is large enough
compared to S max;(£2;) and that 5 is not too low (this
point is discussed in details later in the manuscript), the
ring polymer ensemble is equivalent to the quantum par-
tition function for the vibrational ground state of T. To
model the excited state for the ith vibrational mode as-
sociated to vibrational quantum number v;, we add the
right amount of vibrational energy by kicking the ring
polymer and shifting the coordinates along a specific vi-
brational mode coordinate, analogously to the procedure
in QCT. To that end, we shift the centroid bead coordi-

nates and momenta by

Q=" Q=Y + K Rcos(@n), (6)
P PO 4 /K sin (), (7)
where K? = QQVL, K? = 21;€); and ¢; is a phase

randomly chosen in [0, 27].

The resulting thermal averaged energy of T becomes

N,

Er = Z (Ql(ul
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is an extra contribution to the internal energy above
the zero-temperature vibrational energy. Those contri-
butions stem from the finite values of 5. Since we are
aiming at pure vibrational quantum states, # will be cho-
sen sufficiently large to keep dEy, small. The ring poly-
mer attacker associated with atom X is initially placed
far away from T and its internal ring polymer normal
modes are sampled according to the free ring polymer
Boltzmann distribution.

B. Collision initialization

The average momentum of the ring polymer atom X is
k
Px = Zp< ) (10)

and the center of mass momentum of the ring polymer
molecule T is

2
0

3\>—‘

Z . (11)
k=1

To prepare the initial conditions for the collision, we
shift the bead’s momenta of X and T such that

i=1

Px = =P, (12)

and the relative collision momentum is

Prel = ﬁX - ﬁT =V 2MX,TEC017 (13)
where pux T = A%(X+A]4\}T is the reduced mass of the sys-

tem and Mx and M are the total mass of X and T,
respectively. Moreover, the position of the two reaction
partners are shifted orthogonal to the axis connecting X
and T by a given impact parameter b. The entire system
is then propagated employing a modified velocity Verlet
integration scheme.'?Y No thermostat is attached to the
system during the propagation. The origin of time ¢t = 0
coincides in the simulations with the momentum “kick”
of the reactants at collision initialization.

C. Choice of 3

The spatial extension and dynamics of the ring poly-
mers strongly depend on the spring constant w, = %



While § is naturally defined as the reciprocal tempera-
ture for thermal equilibrium applications of RPMD, the
status of 8 in the present application of NE-RPMD is
unclear.%6 Previously, we introduced an ansatz for 8 in
which 8 was chosen based on the average of the reciprocal
kinetic energies of the two reactants.”” We also tweaked
the ansatz so that 8 would be higher in the presence
of strong ZPE constraints for the products and, further-
more, we introduced the lower limit S_ to keep the ther-
mal energy contributions §Fyy, in Eq. (8) low.

Here, we employ a somewhat simpler approach and set
B equal to the previously employed lower limit 5_. More
specifically, 3 is given by constraining dF;y, to be 5% of
the total energy of the system, i.e., 8 solves the equation

Noo g No /1
2 m =0.05 Ecol + Zl <2 + l/i) Q;| . (14)

Consequently, 8 only depends on the polyatomic reac-
tants’ initial vibrational energy and the collision energy
E.o1. The values for g for the different target molecules
used here are shown in Fig. 1. As can be seen, larger col-
lision energies result in lower values for 5. At larger col-
lision energies, the resulting ring polymer becomes there-
fore spatially more confined. This behavior reflects the
expected tendency that in general, for higher collision en-
ergies, tunneling effects become relatively less important.
We note that other NQEs such as ZPE constraints can
still be strongly present in the dynamics for certain reac-
tions also at high collision energies and that these effects
are still captured with NE-RPMD also at low 3.1277
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FIG. 1. B values for each reactive system treated.

D. Calculation of integral cross sections

In our simulations, we propagate the system for a suffi-
ciently long time after the collision such that the reaction
products can be distinguished. N trajectories are simu-
lated with different impact parameters b that has been
sampled such that the squared impact parameter b? is
uniformly distributed between 0 and by, where byax is
the maximal value beyond which no reaction occurs.

From the set of QCT trajectories, we calculate the in-
tegral cross section as

0(Eeoi;vr) = wb2 . lim  lim
N =00 "t—00”

1 X .

=

(15)

where the vector v refers to the initial vibrational quan-
tum numbers of T, and Ig is a function taking as ar-
gument the positions (9 (¢) of the atoms of the trajec-
tory 4 at time ¢ and returns 1 if a reaction occurred or 0
otherwise.*! It is important to note that QCT trajecto-
ries can lead to reaction products with internal energies
below their ZPE. Here, the QCT ICS results are com-
puted by considering all product outcomes after collision
regardless of any ZPE violations. This approach, namely
the histogram binning method, is employed as we avoid
using ad-hoc techniques''®!16 to cure ZPE violations.
This way, we are able to pinpoint which NQEs are de-
scribed by NE-RPMD when comparing with the QCT.

Analogously, for the NE-RPMD simulations, the ICS
are computed as follows

. _ 2 . .
orp(Ecol; V1) = Thi o lim  lim
N—00 7 t—00”

1 X .
oS @)
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where 6@)(75) are the centroid coordinates for trajectory
1 at time t. Notably, in QCT all trajectories have a fixed
energy as defined by vy and E.,), whereas in NE-RPMD,
the initial sampling of the ring polymers lead to energy
estimator values that follow a distribution with finite
width.'?! To compute ICS with NE-RPMD, we proceed
by associating the outcome of each trajectory (reaction
or not) to the vibrational state associated to the v;’s in
Eq. (8), which define the sampling of the ring polymer’s
internal vibrational modes.

IV. RESULTS
A. System details and computational details

The PWEM-SO'% and PIP-NN"* potential energy
surfaces are employed for the reactions F + CHD3 and
H + CH4/CHDs, respectively. We do not consider any
non-adiabatic effects or spin-orbit couplings as we are
strictly interested in testing the capability of the NE-
RPMD method for describing NQEs in the context of



reactive scattering for the given PES. All the simulations
are carried out with no initial rotational motion for the
target molecule. The vibrational ground state is referred
with the notation v = 0 which indicates that all vibra-
tional quantum numbers are zero. The vibrational mode
corresponding to the symmetric C-H excited stretch in
CHDj3 has the vibrational quantum number v; and a har-
monic frequency of ; = 3147 cm ™!,

NE-RPMD simulation were run with n = 3[Swmax]
where [Swmax| refers to the smallest integer ¢ such that
1 > Bwmax and wpax is the highest harmonic frequency
of the polyatomic reactant. This is the number of beads
beyond which we observe little change for the ICS. The
time step employed for the QCT and NE-RPMD simu-
lations is 0.02 fs. The initial distances between the reac-
tants’ center of mass are 12 ag for H 4+ CH,/CHDj3 and
14 ag for F + CHD3. The maximal impact parameters
found for the NE-RPMD simulations are in most cases
higher than in QCT. For the H + CH4/CHD3 ground
state reactions byax = 6 ag is employed, while we have
bmax = 8 ag in the presence of the excited C-H stretch
in CHD3. For the reaction F + CHDg3, byax is set to 10
ag. For each collision energy and reactant vibrational
state, 20,000 trajectories were used to compute the ICS.
To benchmark our NE-RPMD approach, we compare the
NE-RPMD ICS results with our QCT results and with
RDQD results taken from the literature. For the reaction
H + CH4 we compare our results with RDQD ICS taken
from Refs. 98 and 99 and for the reaction F + CHD3 from
Ref. 34.

B. Stability of the centroid vibrational C-H stretch
excitation model

ZPE constraints, which in particular forbid the leak-
age of the zero-point vibrational energy to other degrees
of freedom, are described in RPMD intrinsically via the
internal ring polymer structure. Conversely, a potential
issue when performing initial excitation of a vibrational
mode on a ring polymer polyatomic reactant via “kick-
ing” certain coordinates is the possible leakage of the ex-
citation energy to other modes on the time period it takes
for the reactants to collide This leakage occurs because
we are not involving the ring polymer spring terms while
performing the excitation, rather only the centroids [see
Eq. (6)]. It is therefore crucial to monitor how the en-
ergy in the excited vibrational mode evolves as a function
of time which requires a mapping of phase space coordi-
nates to vibrational quantum states. For QCT, the most
straightforward assignment of quantum states is the de-
termination of the corresponding harmonic actions num-
bers. This is done by employing a semi-classical quanti-
zation of the vibrational modes in the harmonic regime
as described in Ref. 116. Here, we employ an analogous
procedure for the ring polymers to assess the stability of
the C-H stretch vibrational excitation.

We perform initial sampling corresponding to the C-

H stretch excited state as explained in subsection ITI A
employing the harmonic approximation of the potential.
The ring polymer is then propagated employing the full
potential. Computing harmonic action numbers to each
vibrational mode along the trajectory requires evaluat-
ing the displacements of the molecule in terms of vibra-
tional mode coordinates. For this task, it is desirable to
align the molecule at each time step of the simulation
via translations and rotations as close as possible to an
equilibrium reference geometry. Following the procedure
described by Eckart 122, we shift the molecular coordi-
nates to the center-of-mass frame and employ a rotation
defined by the rotation matrix C, such that

where q; is the ring polymer centroid position of the ith
atom and q;? is the position of the ith atom in the equi-
librium reference geometry of the molecule.'?® The ring-
polymer phase space coordinates are then determined as
vibrational mode coordinates and momenta as described
in Eq. (4) and Eq. (5). The energy for the ith vibrational
mode is computed as

= 5 (G ).
(18)

and a real harmonic action number for each mode is ob-
tained as

; (17)

Y omiCEt x (@ - Ca?)
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U; = Q2 (19)

In order to quantify the extent to which the excitation
energy leaks to other modes we have run 100 trajecto-
ries for the ring polymer CHDj3 (v = 1) molecule, and
we have computed the harmonic action number for the
C-H stretch mode 7; at each time step employing the pro-
cedure described above. The harmonic action number is
shown in Fig. 2 as function of time. For this simulation,
we used 8 = 450 as this value is representative of the 3
values employed for the collision simulations in this work.
We compare these results with the harmonic action num-
bers obtained from QCT simulations. An initial spike at
t = 0 can be seen for both, QCT and NE-RPMD. This
spike can be attributed to the anharmonicities in the full
potential, which are not considered in the preparation of
the initial vibrational state. We observe that for times
t < 250 fs after excitation, in which most of the reactions
studied here occur, more than 80 percents of the initial
energy remains in the initially excited mode and only for
longer times the harmonic action number becomes lower
than 0.8. For times ¢ < 400 fs, the harmonic action
numbers obtained from the QCT simulations tend to de-
cay a bit faster than the ones obtained from NE-RPMD.
Overall, the harmonic action numbers obtained from the
QCT and the NE-RPMD evolve qualitatively similar. We



conclude that the simulations maintain the vibrationally
excited state for sufficiently long times. A propagation
time of ¢ > 250 fs becomes potentially problematic for re-
actions at very low collision energies. As we will discuss
later, leakage of excitation energy becomes a problem for
the studied F+CHD3(v; = 1) reaction, where very low
collision energies are sufficient to trigger a reaction.

1.4 — QCT
—— NE-RPMD

0.0

200 400 600 800 1000
fs

FIG. 2. Average harmonic action numbers for the normal
modes of CHD3 (11 = 1) as a function of integration time for
QCT and NE-RPMD. The time ¢t = 0 corresponds to the di-
rect switch from the harmonic to the full potential with which
the molecule is then propagated. The employed time step is
0.01 fs with 8 = 450 and the number of beads is 3[Swmax |
where wmax refers to the highest harmonic frequency of CHD3
(3147 cm ™).

C. H+ CHz and H 4 CHD3 in their ground state (v = 0)

In the following we discuss the collisions H 4+ CH,4 and
H + CHDj3, where the target molecules are in their ro-
vibrational ground states. Figure 3 shows the calculated
QCT and NE-RPMD ICS as a function of the collision
energy for the reactions H+ CHy; — Hy + CHjs [Fig. 3(a)]
and H+ CHD3 — Hy +CDs [Fig. 3(b)]. We compare this
data with ICS calculated via RDQD from Ref. 98. These
results are based on the reduced-dimensional model in-
troduced by Palma and Clary?” employed alongside an
established wave packet method to study atom-methane
reactions.”® It has been demonstrated that the frozen co-
ordinates in this reduced-dimensional model act largely
as spectators in the reaction dynamics. The model has
also been validated by demonstrating that ICS for the
ground state reaction calculated via QCT are unaffected
by the dimensional reduction for a wide range of collision
energies and different isotopic variants.'® The ICS results
from these RDQD simulations are therefore considered to

be quantitatively accurate.
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FIG. 3. ICS for the reaction H+ CH4(v = 0) — Hz + CHs(a)
and H + CHD3(v = 0) — Hy + CDs(b) calculated with NE-
RPMD (circles), QCT (green solid line) and RDQD (black
solid line).

For both reactions we observe that RDQD predict al-
most the same reaction thresholds at around 0.4 eV,
below which the reactivity is zero. This is because
both reactions have the same ZPE corrected barrier and
tunneling effects provide for both reactions the same
contributions.”® The QCT thresholds for both reactions
are predicted at around 0.3 eV, which is substantially
lower than in RDQD. The lower threshold for QCT is
explained by the presence of ZPE leakage that allows vi-
brational energy to leak into the reaction coordinates and
enables the reaction to happen below the barrier height.!'®
On a side note, the absence of tunneling contributions in
QCT, which increases the threshold, is overcompensated



by the ZPE leakage.

Remarkably, NE-RPMD predicts a reaction threshold
approximately around 0.4 eV for H + CH,4 and approx-
imately 0.45 eV for H 4+ CHD3 in good agreement with
RDQD. These results indicate that the ZPE leakage is
well mitigated with NE-RPMD. As the collision energy
increases, the QCT ICS for the H + CHy — Hy + CHg
reaction increases more rapidly and also to larger values
than the RDQD ICS. A similar observation can be seen
for H+ CHD3 — Hs + CD3. Overall, the RDQD cross
sections are much smaller compared to QCT, only reach-
ing 0.3 a at most compared to 1.3 a2 for QCT for H +
CHy at 1 eV, while for H+ CHD3 at 1 eV QCT predicts
an ICS of 0.16 a3 and 0.075 a2 for RDQD. This suggests
that NQEs are relevant for the whole range of collision
energies considered above the reaction threshold. More
specifically, we attribute this discrepancy to violation of
ZPE constraints in QCT that leads to an overestimation
of the reactivity. The ICS calculated from NE-RPMD
are much closer to those calculated from RDQD. For col-
lision energies above the threshold, NE-RPMD predicts
somewhat larger ICS for H"CH4 and marginally lower
ICS for HTCHD3 compared to RDQD.

We conclude that NE-RPMD covers the major part of
the ZPE effects relevant for the two considered reactions.
These encouraging results are reminiscent of the previous
successes of the method for triatomic systems.”®7”
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FIG. 4. H+ CHD3(v1 = 1;5 = 0) — Hz + CD3 NE-RPMD
ICSs for n = 3[Bwmax |-

We now turn to the ICS for the reaction H+ CHD3 —
Hy + CDj3 in the presence of the C-H excited stretch. Fig-
ure 4 shows a comparison of ICS as a function of collision
energy calculated from NE-RPMD, QCT, and RDQD. As

for the vibrational ground-state, the RDQD ICS results
are taken from Ref. 98. Accordingly, they involve the
same reduced dimensional model as for the ground state
reactions.

From the comparison with the ground state ICS (Fig. 3
(bottom)), one can see that all simulations consistently
indicate that in the presence of the C-H stretch the reac-
tivity is increased substantially which is consistent with
earlier simulations.?4%6798 The QCT simulations indicate
a reaction threshold of E., ~ 0.2 eV. In contrast to the
ground state reactions discussed in Fig. 3, where the re-
action threshold for QCT was lower than for RDQD, the
reaction threshold for QCT is here somewhat larger than
the reaction threshold for RDQD of approximately 0.12
eV. This suggests that the excitation energy deposited
into the C-H vibrational stretch mode cannot transfer
as efficiently to the reaction coordinate in QCT as com-
pared to RDQD. Also, QCT simulations do not account
for any tunneling contributions to the reactivity that may
be responsible for the lowered reaction threshold. Inter-
estingly, NE-RPMD predicts a reaction threshold of ap-
proximately 0.08 eV which is slightly lower than the one
for RDQD. For collision energies up to 0.6 eV we observe
that NE-RPMD predicts ICS in good agreement with
RDQD while QCT underestimate slightly the reactivity.
For collision energies from 0.6 eV to 1.4 eV, both QCT
and NE-RPMD ICS remain slightly above the RDQD
ICS and NE-RPMD results tend to merge with the QCT
predictions at these higher collision energies.

In summary, we find that the NE-RPMD ICS follow
the same qualitative trend as RDQD for low collision
energies and becomes close to QCT ICS at high colli-
sion energies. Compared to the ground state reaction,
all simulation methods consistently indicate a consider-
able reactivity enhancement (around 10 fold) caused by
the C-H stretch (v = 1).

E. F+CHD3(Z/1 =0, 1)

Here we compare the ICS for the reactions F +
CHD3(»; =0,1) — FH + CD3 computed with QCT,
RDQD, and NE-RPMD. The comparison between
RDQD and QCT and between RDQD and NE-RPMD
for this reaction will be somewhat semi-quantitative as an
additional approximation?® alongside with the aforemen-
tioned Palma-Clary reduced-dimensionality model (see
section IV C) is employed to compute the RDQD ICS,
which are taken from Ref.34

There has been many discussion about the intriguing
discrepancies between experimental results and the QCT
and RDQD predictions regarding the influence of the C-
H stretch excitation on the dynamics of the F + CHDg3
reaction3446:103:109 " Tt ig not yet clear what is the cause
of these discrepancies and whether the experiments or
the simulations are lacking accuracy. One of the possible
reasons for disagreement is regarding the QCT simula-
tions the imperfect treatment of quantum effects such



as ZPE and tunneling and regarding the RDQD model
potential effects of dimensionality reduction. In this con-
text, the presented results may thus provide additional
information for investigating this discrepancy, since NE-
RPMD describe NQEs to some extend, but on the other
hand does not rely on dimensional reduction (as RDQD).
Another possible cause of deviation are the limitations of
the potential energy surface. In this work, we focus on
assessing the performance of our NE-RPMD approach
for computing ICS and describing the quantum effects
on the PWEM-SO PES.

In contrast to the reactions considered in Fig. 3 and
Fig. 4, ZPE constraints are expected to be less relevant,
because of the higher mass of the attacker atom. Accord-
ingly, previous works based on QCT trajectories showed
that reactivity trends are unaffected by ad-hoc treat-
ments regarding the ZPE of the products.!%6 The cal-
culated ICS are shown in Fig. 5 as a function of collision
energy and compared with the earlier published RDQD
results®. For the ground state reaction [Fig. 5(a)], the
QCT reaction threshold is at around FE.,; = 0.03 eV,
which corresponds to the classical barrier for the PWEM-
SO PES.'% The RDQD reaction threshold is consider-
ably lower (< 0.010 eV); a complete decline of the ICS is
not visible within the range of collision energies consid-
ered here. QCT predicts much lower ICS than RDQD for
the entire range of collision energies. This has been at-
tributed to the relevance of tunneling contributions that
are absent in QCT.?* NE-RPMD predicts ICS that are
somewhat larger than the ICS provided by QCT. They
are still significantly smaller, but slightly closer to the
values provided by RDQD.

These results indicate that NE-RPMD only captures
a rather limited part of the tunneling contributions in-
volved in the reaction, which is in accordance with a sim-
ilar observation for F+Hy(v = 0).7" A possible cause is
the relatively low employed /3 that severely limits the spa-
tial extension of the ring polymer of the atom F, which
in turn limits the description of the tunneling effects.

For the C-H stretch-excited case the calculated 1CS
are compared in Fig. 5 (b). Similar to what we have seen
before for H + CHDg, vibrational excitation of the C-H
bond stretch increases the reactivity considerably. For
the collision energies considered here, we observe that
the QCT ICS are considerably lower than their RDQD
counter-parts. NE-RPMD predicts slightly lower 1ICS
as compared to QCT except at higher collision energies
(> 0.14 eV) where NE-RPMD ICS are a bit higher than
QCT. Compared to RDQD, NE-RPMD underestimates
the reactivity considerably. The modeling of the excited
state reaction via NE-RPMD faces particular difficulties,
mainly due to the fact that the reaction is nearly barrier-
less. As a result, the collision energies of interest involve
a long simulation time and thus substantial vibrational
energy leakage (up to 40 % near the threshold) of the
C-H stretch vibrational energy to the other vibrational
modes, which are not as efficient at promoting the reac-
tion.

In addition to the discussed causes for the discrepan-
cies for the ground and vibrational excited state, we note
that the reaction involves resonance effects that are not
described in NE-RPMD and that can strongly affect the
reaction dynamics.?* Those considerations constitute a
limit of our NE-RPMD simulations for very low collision
energies and contribute to NE-RPMD underestimating
the reactivity.
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FIG. 5. (a) F + CHD3(v = 0;j = 0) — FH + CD3 and (b)
F + CHD3(v1 = 1;j = 0) — FH 4+ CD3 NE-RPMD ICSs for
n = 3|—meax—| .

Figure 6 shows the enhancement ratio,
R =0(Ecoi;v1 = 1)/0(Ecoi;v = 0), (20)

for the corresponding reaction. Note that the range of
collision energies in this figure is considerably larger than
in Fig. 5. Displaying R helps to assess the efficiency of



the C-H stretch excitation in promoting the reaction. For
all collision energies, it is observed that the results from
QCT, NE-RPMD, and RDQM are systematically larger
than 1, i.e., excitation increases the reactivity (in contrast
to the earlier experimental findings!03:105-111),

The QCT ratios are significantly higher in comparison
to its RDQD counterpart for the 0.5 - 2.5 eV collision
energy range. As mentioned before, this is due to the
absence of tunneling contributions in the QCT dynamics
for the ground state reaction.’* NE-RPMD predictions
of the enhancement ratio are closer to the RDQD re-
sults. Given the large discrepancy of the individual ICS,
the good agreement for the enhancement ratio must be
attributed to some cancellation of error and that there
is some additional reactivity at low collision energies for
the ground state due to tunneling contributions that are
covered within NE-RPMD.

10
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FIG. 6. H+ CHD3 — HF+CD3 NE-RPMD enhancement ra-
tio, i.e. R(Ecol):a”l;w for 8 = B_ withn = 3[Bwwma |-

ov=0(Ecol) ’

V. CONCLUSIONS

The current work extends the scope of NE-RPMD to
the study of state-resolved reactive scattering dynamics
for reactions involving more than 3 atoms. We have com-
pared the ICS results for the reactions H + CHy, H +
CHD3, and F + CHD3 with and without vibrational C-
H stretch excitation in CHD3. Good agreement for the
H+CH4/CHD3/CDy4 ground state reactions were found.
We show that the NE-RPMD simulations describe the
dominant ZPE effects present in the dynamics for a wide
range of collision energies. However, we also see that
NE-RPMD only performs marginally better than QCT
for the reaction F+CHDg3, where relevant tunneling ef-
fects cannot be described with NE-RPMD.

For vibrationally excited states, we find that the NE-
RPMD method can also give accurate ICS that are sim-
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ilar to those obtained from much more involved RDQD
simulations. The centroid stretch excitation scheme em-
ployed to excite the C-H stretch vibrational mode in
CHD3 was found to be robust and fairly accurate for
the time period of most of the simulations (if < 200 fs).
When employed to study the C-H excited H 4+ CHD3 re-
action, good agreement with the RDQD ICS is found.

In summary, except for the reactive collision F+CHDsg,
where tunneling effects are dominant, NE-RPMD sim-
ulations show good agreement with RDQD simulations,
especially for collision energies around the threshold. For
the discrepancies that arise at larger collision energy, one
has to keep in mind that the dimensional reduction on
which RDQD results rely may not be strictly valid any-
more. Compared to QCT, we can conclude that the here
studied NE-RPMD method is able to overcome key lim-
itations of the previously applied QCT methodologies
with little extra computational efforts. NE-RPMD can
be relatively easily built in into existing MD codes and
can be applied to considerably larger systems thanks to
its scalability. However, the current NE-RPMD method
employs an inconsistent and unclear choice for the 8 pa-
rameter. As such, our NE-RPMD approach as it stands
and the present choice of S can be seen as a possible
starting point for further refinements of the methods to-
ward broader and consistent applications of NE-RPMD
for state-selective reactive scattering simulations.
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