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The low-resolution photodetachment spectrum of FCH−
4 is studied in full dimensionality employing

the multi-configurational time-dependent Hartree approach and potential energy surfaces recently
developed by Bowman and co-workers. The computed spectrum qualitatively agrees with the low-
resolution spectrum measured by Neumark and co-workers. It displays two peaks which can be as-
signed to different vibrational states of methane in the quasi-bound F · CH4 van der Waals complex.
The first intense peak correlates to methane in its vibrational ground state while the second much
smaller peak results from methane where one of the bending modes is excited. The present simu-
lations consider only a single potential energy surface for the neutral FCH4 system and thus do not
include spectral contributions arising from transitions to excited electronic states correlating to the
F(2P) + CH4 asymptote. Considering the quantitative differences between the computed and the ex-
perimental spectra, one cannot decide whether beside the vibrational excitation of the methane frag-
ment also electronic excitation of FCH4 contributes to the second peak in the experimental photode-
tachment spectrum. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4737382]

I. INTRODUCTION

The dynamics of a selected number of gas phase reac-
tions has been characterized in great detail thanks to the effort
of both, experimental and theoretical investigations. In that
regard, the most prominent examples are H + H2 → H2 + H
and F + H2 → HF + H.1–13 Thus, while detailed experiments
provided comprehensive information for these two reactions,
accurate quantum computations allowed such information to
be rationalized and understood. Other three- and tetra-atomic
reactions have also been thoroughly investigated.1–3, 14, 15 Al-
together, these studies helped to unravel the details of many
reactive collisions in the gas phase and to build up the basis of
our current understanding of the subject. However, while the
investigation of three- and four-atom reactions is still an ongo-
ing process, a significant part of the attention has moved to the
treatment of larger and more complex systems. In that connec-
tion, reactions of the type X + CH4 → HX + CH3, with X=H,
F, and Cl have become prototypes and are currently receiving
a lot of attention.16–62 Thus, while X=H is the preferred op-
tion for theoreticians,48–61 X=F, Cl are the preferred ones for
experimentalists.16–47

As the size of the reactive system increases its dy-
namics becomes richer and features that were not present
in smaller systems appear. At the same time both, experi-
mental and theoretical investigations, have to address new
challenges to make their study possible. During the last

a)E-mail: juliana@unq.edu.ar.
b)E-mail: uwe.manthe@uni-bielefeld.de.

ten years, advances in reactive scattering experiments have
uncovered many details of the dynamics of the F + CH4

→ HF + CH3 reaction.16–30 These advances have allowed,
for example, to describe its mode-selected chemistry26–28 and
mode-specific dynamics17, 28 to a good extent. Moreover, it
has been possible to determine the correlation between the
final states of the co-products, shedding light about the way
in which different modes of motion interact with each other
and with the motion along the reaction path.16, 18–20, 23–25, 29

Finally, experiments that suggest the existence of reactive
resonances,21, 22 similar to the ones found in the F + H2

→ HF + H reaction,5, 7, 8, 10, 12, 13, 63 have also been reported.
Unfortunately, advances from the theoretical side were not so
fast and the information obtained from these experiments is
still waiting for explanations founded on accurate quantum
computations. There have been, nevertheless, many theoret-
ical investigations of this reaction based on quasi-classical
trajectories,64–75 transition-state theory,76, 77 and reduced di-
mensionality computations.78, 79

The F + CH4 → HF + CH3 reaction has also been
studied using photodetachment spectroscopy, a technique
employed to get direct access to the transition state of reactive
systems.80–82 Photodetachment experiments have provided
detailed information on the dynamics of several reactions
and played a central role in the study of F + H2 → HF
+ H.83–86 Interestingly, in that case, the differences between
experimental and theoretical results helped to highlight the
limitations of both, calculations and experiments, promoting
the quest for improvements on the two sides. Last year the
low-resolution photodetachment spectra of several XCH−

4
anions including FCH−

4 were presented and their most salient
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features were interpreted with the assistance of ab-initio
calculations.87 More recently, high-resolution spectra for
FCH−

4 and FCD−
4 , which show a very rich fine structure, were

obtained by Neumark and co-workers.86 A dynamical inter-
pretation of the results of these experiments has not be given
yet.

So far, the only theoretical approach that has provided
full-dimensional quantum computations for six-atom reac-
tions is the multi-configurational time-dependent Hartree
(MCTDH) method.88, 89 The first of such studies appeared
nearly twelve years ago. It consisted of the evaluation of
the thermal rate constants for the H + CH4 → H2 + CH3

reaction.51, 90, 91 Shortly after, similar computations were also
performed for O(3P) + CH4 → OH + CH3.92 What made
such calculations possible, in spite of the more limited com-
putational resources of that time, was the combination of the
MCTDH approach, for the efficient propagation of the wave
packets, with the formalism of the flux-flux correlation func-
tion, for the direct computation of k(T). Over the years, other
k(T) calculations appeared for the H + CH4 → H2 + CH3 re-
action using different PESs (Refs. 54 and 93–95) and coordi-
nate systems96 as well as studying isotopic substituions.55, 56

More recently, an approach to compute the initial state-
selected (J = 0) reaction probabilities based on the evaluation
of the thermal flux eigenfunctions97–99 was successfully ap-
plied to this reaction.58, 59

We are now extending the range of polyatomic bimolecu-
lar reactions studied with the MCTDH method, by presenting
the first accurate computations for the F + CH4 → HF + CH3

system. But, instead of calculating reaction attributes such
as rate constants, or reaction probabilities, we characterize
the dynamics at the entrance channel and the transition-state
region through the simulation of the photodetachment spec-
tra of FCH−

4 . The results of the computations are compared
with recent experiments and the differences between them are
thoroughly discussed. Moreover, a dynamical interpretation
of the main features of the spectrum is presented. From a
theoretical point of view, this is a very challenging system,
not only because of its high dimensionality, but also because
of the topology of its potential energy surface. The calcula-
tions presented in this article were obtained with the analyti-
cal surfaces developed by Czakó et al. for both, the anion100

and the electronic ground65 state of the neutral species. Con-
tributions from excited electronic states were not taken into
account.

The rest of the article is organized as follows. In
Sec. II we describe the procedure employed to perform the
calculations. We present there the coordinate system and its
corresponding Hamiltonian, discuss some characteristics of
the potential energy surface, underline the theory used to cal-
culate the photodetachment spectra, and present the basis sets
employed at the different stages of the MCTDH computation.
The results of the calculations are presented in Sec. III. There
we show the dynamics of the evolving wave packet on the
neutral surface, present the outcome of different convergence
tests for the computed spectrum, compare the computed spec-
tra with the experimental ones, and discuss the results. Sec-
tion IV closes the article presenting the conclusions of this
work.

II. SYSTEM DESCRIPTION

A. Coordinates and kinetic energy operator

The present work uses an analogous coordinate system as
recent MCTDH-based studies of the H + CH4 → H2 + CH3

reaction.58, 59, 96 Therefore, only a brief discussion will be pre-
sented here.

The methyl group is described by the curvilinear system
introduced in Ref. 101. It is based on a 3 + 1 Radau construc-
tion. Three vectors, r1, r2, and r3, connect the Radau point
with the hydrogen atoms of the CH3 group. A coordinate
frame is attached to this fragment so that its z axis is aligned to
the trisector of the Radau vectors, while the plane containing
the trisector and one of the hydrogen atoms is defined as the xz
plane. Three angles, θ , χ , and φ, define the orientation of the
Radau vectors in this body-fixed frame. The umbrella vibra-
tion is described by θ , which measures the angle between each
of the Radau vectors and the z axis. The other two angles de-
scribe the symmetry-breaking bending vibrations of the group
(see Ref. 101 for more details and a pictorial description). The
lengths of the Radau vectors are expressed in terms of the po-
lar coordinates ρ, ϑρ , and φρ as

r1 = ρ sin(ϑρ) cos(φρ),

r2 = ρ sin(ϑρ) sin(φρ), (1)

r3 = ρ cos(ϑρ).

Therefore, ρ essentially describes the symmetric stretching
vibration of the group while ϑρ and φρ account for the
symmetry-breaking stretching vibrations.

The positions of the remaining hydrogen atom and the
fluorine atom, are given by Jacobi vectors which are appro-
priate to describe the reactant channel of the F + CH4 →
HF + CH3 reaction. Thus, r goes from the center of mass of
the CH3 group to the remaining H atom, while R goes from
the center of mass of methane to the F atom. Both vectors,
r and R, were expressed in stereographic coordinates96 (r,
s, t) and (R, S, T), respectively. Here, r and R stand for the
lengths of the vectors while (s, t) and (S, T) are their stereo-
graphic projections. These projections can be calculated from
the usual polar angles as

s = tan(ϑr/2) cos(φr ), S = tan(ϑR/2) cos(φR),

t = tan(ϑr/2) sin(φr ), T = tan(ϑR/2) sin(φR).
(2)

Using the coordinates described above the kinetic energy
operator takes the form

T̂ = T̂CH3 + T̂HR
+ T̂Hr

. (3)

Here, T̂HR
and T̂Hr

are the kinetic energy operators for the
Jacobi vectors r and R, respectively,

T̂HR
= − 1

2μR

∂2

∂R2
+ 1

2μRR2
Ĵ

2
R, (4)

T̂Hr
= − 1

2μr

∂2

∂r2
+ 1

2μrr2
Ĵ2

r, (5)
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FIG. 1. Contour plot of the neutral PES for R = 2.97 Å. Contour levels are
plot every 50 cm−1 starting at −350 cm−1.

where μR and μr are the corresponding reduced masses.
Please note that, throughout the article, we use atomic units
so that ¯ = 1. The angular momentum operators ĴR and Ĵr

depend on the coordinates (S, T) and (s, t), respectively, and
are explicitly given in Ref. 96. The kinetic energy operator
T̂CH3 , which accounts for the internal motion of the CH3 group
and its relative motion to the Jacobi vectors, is based on the
mean-field C3v kinetic energy operator derived in Ref. 101.
The specific form valid for the present system is taken from
Ref. 96.

B. Potential energy surfaces

The potential energy surfaces employed in this work for
the anion and the neutral species were developed by Czakó
et al., who also described their main features in Refs. 100 and
65, respectively. In this section we will discuss some charac-
teristics of the neutral surface, mainly in connection with the
coordinates that depict the movement of the F atom with re-
spect to the methane molecule. Figure 1 shows a contour plot
of the PES as a function of coordinates S and T. It was calcu-
lated by fixing R to its Frank-Condon value and relaxing all
other coordinates. Similarly, Fig. 2 shows a contour plot of
the PES as a function of coordinates R and T. This plot was
obtained by fixing S to its Frank-Condon value while relaxing
the remaining coordinates.

Figure 1 clearly shows the symmetries of the system. To
fully understand the picture it is important to note that the
stereographic coordinates map all the points that are on the
northern hemisphere inside the unit circle while everything
that is in the southern hemisphere is mapped from the unit
circle to the infinite. In our coordinate system the z axis is
aligned with the trisector of the C–H bonds of CH3. Since at
equilibrium CH4F− has C3v symmetry, the F atom is also on
the z axis and therefore both coordinates, S and T, are equal
to zero (see Eq. (2)). Accordingly, the equilibrium configura-
tion of the anion surface corresponds to the central point of
Fig. 1, which is a local maximum. The other three maxima of
the figure correspond to configurations in which the F atom is
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FIG. 2. Contour plot of the neutral PES for S = 0. The black dot indicates
the Frank-Condon point. Contour levels are plot every 40 cm−1 starting at
−380 cm−1.

aligned to the remaining H atoms. The coordinates (S, T) for
such points are (1.41,0.0), (−0.71,1.23), and (−0.71,−1.23).
It should be noted that these H atoms are located in the south-
ern hemisphere. Therefore, their stereographic coordinates lie
all outside the unity circle. Since the stereographic projections
do not preserve areas and distances (i.e., they are not isomor-
phic), the contour lines around those maxima enclose larger
areas than the one corresponding to the H atom located at the
north pole.

One can now draw imaginary lines connecting the maxi-
mum at the center of the figure with the other three maxima.
These lines would contain the values of S and T correspond-
ing to the edges of the tetrahedron that connect the H atom at
the north pole with the remaining H atoms. Looking at Fig. 1,
one can now see that there is a minimum centered on each of
those edges. Three more symmetry-equivalent minima, corre-
sponding to the edges that connect the H atoms in the southern
hemisphere between each other, can also be seen in the figure.
Once again, because of the lack of isomorphism of the stere-
ographic coordinates these minima occupy larger areas than
the ones connecting with the H atom in the north pole.

Three tiny relative maxima appear in Fig. 1 in between
the minima located at the edges of the tetrahedron. Such
maxima correspond to configurations in which the F atom is
aligned to the center of the faces. There is a fourth of such
maximum which does not appear in the figure because it is
just at the south pole, the only point of the sphere for which
there is not stereographic projection. In general, the nature
and the relative importance of the different wells and bumps in
figures such as Fig. 1 depend on the value at which R is fixed.
This can be better seen in Fig. 2 where the significance of the
van der Waals wells located at larger values of R is readily ap-
preciated. The black dot at R = 2.97 Å, T= 0.0 indicates the
position of the Frank-Condon point. The figure shows that, in
the R direction, the potential decreases relatively rapidly be-
tween the Frank-Condon point and R ≈ 3.30 Å. Then, it starts
to increase again from R ≈ 3.75 Å. In between, the potential
has a broad and rather flat minimum. At the Frank-Condon
point the potential also decreases in the T direction for both,
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positive and negative values of T, until it reaches the minima
located at T ≈ ± 0.55 (note the symmetry about T = 0). These
minima are connected to the ones situated at larger values of
R through very small barriers. Therefore, there is nearly no re-
strictions for changing the relative orientation between the F
atom and the methane. Besides, since the depths of the differ-
ent minima are similar, there is not a single, clearly preferred
orientation.

We found that the most stable van der Waals complexes
are the ones in which the F atom is placed in front of the
edges of the tetrahedron. The equilibrium configuration for
these complexes are located at R = 2.94 Å and have an energy
of 388 cm−1 below the F + CH4 asymptote. Notably, minima
with this configuration have not been described for the ab ini-
tio results. Instead, it has been reported that the ab initio cal-
culations show two types of van der Waals complexes in the
reactant channel, both of them with C3v symmetry.65 In the
deepest minima, E = −158 cm−1, the F atom is aligned to the
center of the faces of the tetrahedron (F–C–H configuration)
while in the other, E = −40 cm−1, the F atom is aligned to
the vertex (F–H–C configuration). On top of these differences
between analytical and ab initio potential energy surfaces one
should keep in mind that, as described in Ref. 65, the equilib-
rium parameters of the ab initio PES have themselves large
uncertainties because of the extremely high level of theory re-
quired to accurately describe this part of the surface. In this
context the calculation of the photodetachment spectrum us-
ing accurate quantum dynamical methods acquires particular
importance since the comparison between accurate computa-
tions and experiments can be used to identify those features
of the PES that need to be improved.

C. Photodetachment spectra

The evaluation of the spectrum is based on the assump-
tion that the only state of the anion to be considered is the vi-
brational ground state with J = 0. Additionally, it is assumed
that the transition dipole matrix element associated with the
electronic transition between the anion and the neutral species
does not depend on the nuclear coordinates nor on the energy
of the ejected electron. Under these premises the photodetach-
ment spectrum can be calculated as

σ (E) = CRe

[∫ ∞

0
dt eiEtS(t)

]
, (6)

where C is a constant that incorporates the value of the transi-
tion dipole matrix element. S(t) is the autocorrelation function
of the initial wave packet

S(t) = 〈	(0)|	(t)〉 = 〈	(0)|e−i(Ĥn−Ei )t 	(0)〉. (7)

Here the initial wavefunction 	(0) is the wavefunction of the
vibrational ground state of the anion, Ĥn is the Hamiltonian
operator corresponding to the neutral CH4F complex, and Ei

is the ground state energy of the anion. Since the zero of en-
ergy for the computations on the neutral surface was set at the
potential energy minimum of the asymptotic F + CH4 chan-
nel, we have

Ei = −(Ea + De) + ZPE(CH4F−). (8)

TABLE I. Parameters for the absorbing potentials in atomic units.

Vr 0.18 Vρ 0.18
r0 3.37 ρ0 180.0
rmax 4.34 ρmax 220.0

The values employed for the electron affinity of the F
atom and the dissociation energy of the complex were
Ea = 3.401 eV = 27431.5 cm−1 and De = 2398 cm−1.100

On the other hand, the values employed for the zero point en-
ergy of the anion complex, ZPE(CH4F−), depend on the basis
set used in the computations and are presented below, where
the characteristics of these basis sets are discussed. It should
be noted that the energy E appearing in Eq. (6) is equiva-
lent to the electron binding energy (eBE) usually employed
to present the results of electron detachment experiments.

Absorbing potentials were added to Ĥn to remove the
fraction of the evolving wave packet that goes into the
HF + CH3 channel. Two absorbing potentials εr(r) and ερ(ρ)
depending on the coordinates r and ρ, respectively, were
applied

εr (r) = Vr

(
r − r0

rmax − r0

)4

,

ερ(ρ) = Vρ

(
ρ − ρ0

ρmax − ρ0

)4

. (9)

The values employed for the parameters appearing in Eq. (9)
are presented in Table I. Furthermore, since the initial wave-
function is real, the autocorrelation function at time t was ob-
tained from the wavefunction at time t/2 as

S(t) = 〈ei(Ĥnt/2−Ei )	(0)|e−i(Ĥnt/2−Ei )	(0)〉
= 〈	(t/2)∗|	(t/2)〉. (10)

In order to analyse the results of the dynamical simu-
lations, the evolving wave packet can be decomposed into
contributions corresponding to different vibrational states of
methane. To see how this decomposition is done it is conve-
nient to write the wave packet in a way that differentiates the
parts that depend on the methane coordinates from the parts
that depend on the fluorine coordinates. Introducing a collec-
tive coordinate Q = (r, s, t, ρ, ϑρ , φρ , θ , χ , φ), which in-
cludes the nine coordinates describing the motions within the
methane molecule and a collective coordinate X = (R, S, T)
describing the motion of the F atom relative to the CH4, the
wavefunction can be written as

	(X, Q, t) =
∑
N

ψN (X, t)�N (Q), (11)

where the �N(Q) denote a complete (time-independent) ba-
sis of the nine-dimensional Hilbert space corresponding to
the Q coordinates. As will be seen below, a transforma-
tion to this type of wavefunction representation can be ef-
ficiently achieved within the MCTDH framework. Defining
(time-independent) projection operators P̂N projecting onto
�N(Q) states,

P̂N = |�N 〉〈�N |, (12)
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the time-dependent populations of the �N(Q) states,

PN (t) = 〈	(t)|P̂N |	(t)〉 = 〈ψN (t)|ψN (t)〉, (13)

and the contributions σ
(0)
N of the �N(Q) states to the photode-

tachment spectra,

σ
(0)
N (E) = CRe

[∫ ∞

0
dt eiEtS

(0)
N (t)

]
,

S
(0)
N (t) = 〈	(0)|P̂N |	(t)〉 = 〈ψN (0)|ψN (t)〉, (14)

can be introduced.
If one identifies the �N(Q) states in Eq. (11) with the vi-

brational eigenstates of methane, one can analyse the popula-
tion dynamics in the methane fragment and the contribution of
these states to the photodetachment spectrum. However, one
should note that methane can dissociate in course of the dy-
namical process under consideration. Thus, the bound states
of methane do not form a complete basis. Furthermore, the
contributions σ

(0)
N defined in Eq. (14) are not identical with the

partial photodetachment spectra relating to the product state
distribution. The partial photodetachment spectra σ

(∞)
N , corre-

sponding to the fraction of the spectra resulting in the methane
fragment produced in the asymptotic vibrational state �N(Q),
would be given by

σ
(∞)
N (E) = CRe

[∫ ∞

0
dt eiEtS

(∞)
N (t)

]
,

S
(∞)
N (t) = 〈	(0)| lim

t ′→∞
eiĤnt

′
P̂Ne−iĤnt

′ |	(t)〉. (15)

The contributions σ
(0)
N considered in the present work and the

partial photodetachment spectra σ
(∞)
N would only be identi-

cal if the motion in the internal coordinates of the methane
fragment Q and the other coordinates X = (R, S, T) were
separable, i.e., if [Ĥn, P̂N ] = 0. This clearly is not a rigor-
ously correct assumption for the present system. It would
be completely inadequate for describing the dynamics of
the HF + CH3 channel. However, the Franck-Condon point
of the CH4F− electron detachment is located towards the
F + CH4 channel, where the decoupling of the internal mo-
tion of methane from its relative motion with respect to the
fluorine atom is a useful zero order approximation for the de-
scription of the van der Waals complexes. Thus, the calcula-
tion of the contributions σ

(0)
N and the populations PN has been

introduced as an interpretational tool to analyse the dynamics
of the CH4F− photodetachment process. On the other hand,
we emphasize that the partial photodetachment spectra σ

(∞)
N

of Eq. (15) have not been computed.

D. Wave packet propagation

The calculation of the photodetachment spectrum re-
quires propagation in real and imaginary time. The initial
wave packet, 	(0), is generated by propagation in imaginary
time on the PES of the CH4F− anion until convergence. Then
this wavefunction is propagated in real time on the PES of the
neutral CH4F to obtain 	(t). These imaginary and real time
propagations are performed using the MCTDH approach.88, 89

Thus, the multi-dimensional wavefunction 	(x1, x2, . . . , xf, t)

is represented as

	(x1, . . . , xf , t) =
n1∑

j1=1

· · ·
nf∑

jf =1

Aj1···jf
(t)

f∏
κ=1

ϕ
(κ)
jκ

(xκ, t),

(16)
where the ϕ

(κ)
jκ

(xκ, t) are time-dependent basis functions,
called single-particle functions (SPF), and the Aj1...jf

are
the corresponding expansion coefficients. The single-particle
functions itself are represented employing time-independent
basis sets {χ

(κ)
iκ

(xκ ), iκ = 1, 2, . . . , Nκ} in the respective co-
ordinate (typically provided by a discrete variable representa-
tion (DVR) (Refs. 102–104) or fast Fourier transform (FFT)
scheme105)

ϕ
(κ)
jκ

(xκ, t) =
Nκ∑

iκ=1

c
(κ)
jκ ,iκ

(t)χ (κ)
iκ

(xκ ). (17)

Equations of motion can be straightforwardly derived using
the Dirac-Frenkel variational principle.88, 89 The present work
employs the correlation DVR approach106 to evaluate the po-
tential matrix elements appearing in the equations of mo-
tion and a constant mean-field integration (CMF) (Ref. 107)
scheme, the CMF2 scheme of Ref. 108, to perform the time
integration.

The SPF basis set sizes, nκ , and the sizes of the time
independent grids, Nκ , employed in the imaginary time and
real time computations differ significantly. For the anion, only
small amplitude vibrations in a single potential well were con-
sidered (see Ref. 109 for a more detailed discussion of the
localisation of the CH4F− complex). Therefore, the compu-
tations are less demanding. Two different basis, presented in
Table II, were employed to obtain the vibrational ground state.
Basis set A0 is appropriate for the basis sets A1 and A2 of
the real time propagation while basis set B0 is appropriate for
basis set B1 of the real time propagation. The zero point en-
ergies obtained with basis sets A0 and B0 are 9855.3 cm−1

and 9794.3 cm−1, respectively. The last (more accurate) value
is quite close to the accurate results of 9786.6 cm−1 and
9794.7 cm−1 reported by Wodraszka et al.109 and Czakó
et al.,100 respectively. (It should be noted that errors of a
few cm−1 can result from the approximations in the C3v

mean-field kinetic energy operator used to describe the methyl
fragment.96)

TABLE II. Basis sets employed in the imaginary time propagations. R and
r are given in atomic units.

Coordinate Primitive Nκ nκ (A0) nκ (B0)

r FFT [1.21:3.62] 32 3 3
s, t FFT [−0.5:0.5] 32 4 4
R FFT [2.77:8.08] 128 3 3
S, T FFT [−1.0:1.0] 32 4 4
ρ DVR 16 1 2
ϑρ DVR 16 1 2
ϕρ DVR 16 1 2
θ DVR 32 3 3
φ DVR 16 1 2
χ DVR 16 1 2
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TABLE III. Basis set A1 for the real time propagation. R and r are given in
atomic units.

Coordinate Primitive Nk nκ (0 < t < 25 fs) nκ (t > 25 fs)

r FFT [1.21:5.06] 80 7 8
s, t FFT [−0.5:0.5] 32 5 6
R FFT [2.77:15.8] 440 7 8
S, T FFT [−3.0:3.0] 180 6 7
ρ DVR 16 1 1
ϑρ DVR 16 1 1
ϕρ DVR 16 1 1
θ DVR 32 4 4
φ DVR 16 1 1
χ DVR 16 1 1

Significantly larger SPF basis sets and grid sizes are re-
quired for the neutral complex which shows large amplitude
as well as dissociative motion. Furthermore, it was found that
as the wave packet spreads out and moves towards the dis-
sociative channels, some coordinates require more SPFs for
an appropriate description. Therefore, to minimize the nu-
merical effort, the sizes of the SPF basis sets were increased
at some points in time. Calculations with various basis sets
were performed and the three different basis sets presented in
Tables III–V were found to be the most useful. They provide
the most accurate results and allow one to systematically in-
vestigate the convergence achieved.

In order to analyze the results of the simulations, the
evolving wave packet was decomposed into contributions

corresponding to different vibrational states of methane
(see Eqs. (11)–(14)). The vibrational eigenstates of methane
were calculated employing block relaxation within the state-
averaged MCTDH approach.110 The 25 lowest vibrational
states were computed considering the nine coordinates r, s,
t, ρ, ϑρ , φρ , θ , χ , φ. The wavefunction representation used
in this calculation is given in Table VI. Denoting the 25
wave packets �N considered in these nine-dimensional state-
averaged MCTDH calculations as

�N (x1, . . . , x9) =
ñ1∑

j1=1

· · ·
ñ9∑

j9=1

Ãj1···j9,N

9∏
κ=1

ϕ̃
(κ)
jκ

(xκ ) (18)

(where the coordinates x1 to x9 represent r, s, t, ρ, ϑρ , φρ , θ ,
χ , φ) and the full 12D MCTDH wavefunction as

	(x1, . . . , x12, t) =
n1∑

j1=1

· · ·
n12∑

j12=1

Aj1···j12 (t)
12∏

κ=1

ϕ
(κ)
jκ

(xκ ) (19)

(where the coordinates x10, x11, x12 represent R, S, T), the
functions ψN(X, t) = ψN(x10, x11, x12, t) appearing in Eq. (11)
can be straightforwardly obtained as

ψN (x10, x11, x12, t) =
n10∑

j10=1

· · ·
n12∑

j12=1

Bj10j11j12,N

12∏
κ=10

ϕ
(κ)
jκ

(xκ )

(20)

with

Bj10j11j12,N (t) =
ñ1∑

j1=1

· · ·
ñ9∑

j9=1

Ã∗
j1···j9,N

·
⎛
⎝ n9∑

l9=1

· · ·
⎛
⎝ n2∑

l2=1

〈
ϕ̃

(2)
j2

∣∣ϕ(2)
l2

〉
⎛
⎝ n1∑

l1=1

〈
ϕ̃

(1)
j1

∣∣ϕ(1)
l1

〉
Al1···l9j10j11j12 (t)

⎞
⎠

⎞
⎠

⎞
⎠ . (21)

III. RESULTS AND DISCUSSION

A. Dynamics of the wave packet

Two dimensional plots of the wave packet for different
times as a function of coordinates (R, T) and (S, T) are pre-
sented in Figs. 3 and 4, respectively. The 2D probability den-

sity displayed there were obtained by integrating the 12D
probability density |	(x1, .., x12, t)|2 over the remaining ten
coordinates. In both cases, upper panel corresponds to t = 0,
middle panel to t = 50 fs, and lower panel to t = 100 fs.

In Fig. 3, the line at R = 2.63 Å indicates the R value of
the transition state for the F + CH4 → HF + CH3 reaction. It
can be readily noted that, as time passes, a small part of the

TABLE IV. Basis set A2 for the real time propagation. R and r are given in atomic units.

Coordinate Primitive Nk nκ (0 < t ≤ 25 fs) nκ (25 fs<t ≤ 39 fs) nκ (t > 39 fs)

r FFT [1.21:5.06] 80 8 9 10
s, t FFT [−0.6:0.6] 40 6 7 8
R FFT [2.77:19.8] 580 8 9 10
S, T FFT [−3.5:3.5] 210 7 8 9
ρ DVR 16 1 1 1
ϑρ DVR 16 1 1 1
ϕρ DVR 16 1 1 1
θ DVR 32 5 5 5
φ DVR 16 1 1 1
χ DVR 16 1 1 1
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TABLE V. Basis set B1 for the real time propagation. R and r are given in
atomic units.

Coordinate Primitive Nk nκ (0 < t < 25 fs) nκ (t > 25 fs)

r FFT [1.21:5.06] 80 7 8
s, t FFT −0.5:0.5] 40 5 6
R FFT [2.77:19.8] 580 7 8
S, T FFT [−3.5:3.5] 210 6 7
ρ DVR 210 2 2
ϑρ DVR 32 2 2
ϕρ DVR 32 2 2
θ DVR 32 4 4
φ DVR 16 2 2
χ DVR 16 2 2

TABLE VI. Basis set employed in the computation of the first 25 vibrational
states of CH4. r is given in atomic units.

Coordinate Primitive Nk nκ

r FFT [1.21:5.06] 64 4
s, t FFT [−0.5:0.5] 32 5
ρ DVR 16 4
ϑρ DVR 16 4
ϕρ DVR 16 4
θ DVR 32 5
φ DVR 16 5
χ DVR 16 5
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FIG. 3. Evolution of the wave packet in coordinates R and T. Contour levels
are set at 1.0 × 10−5; 5.0 × 10−5; 1.0 × 10−4; 5.0 × 10−4; 1.0 × 10−3; and
5.0 × 10−3. The dashed line indicates the value of R at the TS.
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FIG. 4. Evolution of the wave packet in coordinates S and T. Contour levels
are set at 1.0 × 10−5; 5.0 × 10−5; 1.0 × 10−4; 5.0 × 10−4; 1.0 × 10−3, and
5.0 × 10−3.

wave packet moves towards the products side of the surface.
As explained in Sec. II C, this part is absorbed since it does
not contribute to the autocorrelation function. Consequently,
there is a lost of the norm. This becomes first noticeable at
about 5 fs. At t = 100 fs, 11% of the wave packet has been
absorbed. At the longest time studied by any of our calcula-
tions, t = 140 fs, that number increases to 13%. The remain-
ing part of the wave packet slowly moves to larger values of
R. After 100 fs, the majority of the wave packet located on
the reactant side of the surface has moved to the region of the
outer van der Waals wells (R > 3.30 Å) (see Fig. 2 for the
corresponding PES).

Besides, as the wave packet moves towards larger values
of R, it also spreads in coordinates S and T (see Fig. 4). The
initial collinear configuration is not favoured on the neutral
surface. Therefore, the wave packet moves towards the sur-
rounding minima which are symmetrically distributed around
the Frank-Condon point. From there it then moves towards the
van der Waals wells located at larger values of R. In the last
panel of Fig. 4, corresponding to t = 100 fs, slight deviations
from the proper C3v symmetry can be identified. They re-
sult from numerical errors due to the incomplete convergence
of the SPF basis. These errors indicate that the maximum
propagation time for which accurate wavefunction data can
be obtained from the present calculations is reached at about
t = 100 fs.

Summarizing, the movement of the wave packet in the
coordinates that describe the location of the F atom with
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FIG. 5. Populations of the methane levels as a function of time.

respect to the methane molecule is rather simple and pre-
dictable. A small fraction goes onto the product channel while
the remaining part moves out in the reactant channel until
it reaches the region of the van der Waals wells situated at
R > 3.30 Å. At the same time, the wave packet spreads in all
directions.

The internal vibrational dynamics of the CH4 fragment
was analysed by calculating the populations of the different
methane states according to Eq. (13). Figure 5 shows the
time evolution of these populations for the most prominent
states, the vibrational ground state 1A1, and the bending ex-
cited states 1F2 and 1E. Initially, the population of the ground
state of CH4 is almost 0.80, while the bending excited states
1F2 and 1E have populations nearly ten times smaller. Alto-
gether the six lowest states corresponding to the 1A1, 1F2,
and 1E levels amount to 93% of total population and the sum
of the lowest 25 vibrational states (including additionally all
double bending excited and single stretching excited levels)
amounts to 98%. As the time goes on, the fraction of the wave
packet that populates the lower vibrational states of methane
decreases. This is not surprising since a non-negligibly part
of the wave packet moves towards the products channels. We
note, however, that this process is more rapid at the beginning
of the propagation. Then, at about 80 fs, the curve showing
the summed contribution of the first three levels (1A1, 1F2,
1E) tends to level out, as well as the curve corresponding to
the first 25 states. This picture is coherent with the dynamics
already analysed for the F atom coordinates. The wave packet
is initially close to the transition state but it rapidly moves
out from that region. Part of it goes to products and cannot be
described by the vibrational states of methane. The other frac-
tion moves towards the outer van der Waals wells and can be
approximately described by the lowest three vibrational lev-
els of methane. Finally we note that the curve showing the
summed contributions of 1A1, 1F2, and 1E is rather smooth
while the ones corresponding to the individual levels present
significant oscillations. This indicates that the presence of
the flourine atom induces a non-negligible coupling between
the different vibrational states of methane and demonstrates
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FIG. 6. Absolute value of the autocorrelation function.

the limits of a simple model based on uncoupled methane
eigenstates.

The autocorrelation function obtained by propagating the
wavefunction for 140 fs is presented in Fig. 6. Since the
calculation of the autocorrelation function at time t only re-
quires the wavefunction at time t/2 (see Eq.(10)), the ab-
solute value of the autocorrelation function for times up to
280 fs is displayed. It is a rather unstructured function with
a nearly monotonic decrease. The only feature that stands
out from this description is a small recurrence starting at
≈120 fs. For t = 280 fs the autocorrelation function has nearly
vanished. Therefore, there is no need to introduce a damp-
ing function when computing the low-resolution spectrum.
We should note, however, that recurrences could occur at later
times as a consequence of slow motions such as the stretch-
ing vibration of the F-CH4 complex. Since accurate wave-
function propagation for longer periods of time could not be
achieved with the techniques and resources presently avail-
able, we cannot answer the question whether such recurrences
appear on a longer time scale. If existing, these recurrences
would give rise to fine structures superimposed on the low-
resolution spectrum.

B. Convergence analysis

We have analysed the convergence of the computed spec-
tra with respect to the size of the basis set and with respect to
the propagation time. The result of such analysis is presented
in this section. After many trials we found that basis set A1 is a
kind of minimal-size basis, appropriate to propagate the wave
packet up to 100 fs. In this basis, the five degrees of freedom
that depict the stretching vibrations and the asymmetric bend-
ing vibrations of the CH3 fragment are treated at a Hartree
level. Basis set A2 is an improved version of basis set A1, with
more SPFs in the non-Hartree coordinates (θ , r, s, t, R, S, and
T). One should note that these coordinates are the most impor-
tant ones to describe the dissociation towards the HF + CH3

channel as well as the spreading of the wave packet in the
F + CH4 channel. Basis set B1 is also an improved version of
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FIG. 7. Photodetachmet spectra computed with different basis sets.

basis set A1, but in this case the improvement is in the coordi-
nates that describe the internal motions of the CH3 fragment.
Thus, basis set B1 has the same number of SPFs in coordi-
nates θ , r, s, t, R, S, and T as basis A1, but treats no coordinate
at a Hartree level. From the analysis of the natural popula-
tions of the SPFs in basis set B1 we concluded that the Hartree
treatment is appropriate for the stretching and the asymmetric
bending vibrations of the CH3 fragment. On the other hand,
we found that the additional SPFs in the non-Hartree coordi-
nates included in basis set A2 get relatively high populations
in the course of time. Therefore, we considered basis set A2 to
be the most accurate basis. It was used to run the longest prop-
agations (140 fs) and the data presented above were based on
this calculation. Figure 7 shows the photodetachment spectra
computed with basis sets A1, A2, and B1 for a propagation
time of 100 fs. One finds that the differences between the ba-
sis sets discussed above have almost negligible effects on the
computed spectra.

Figure 8 shows the spectra computed with basis set A2

for propagation times equal to 80 fs, 100 fs, 120 fs, and 140
fs. Apart from the Fourier noise, which is larger for shorter

29000 30000 31000 32000 33000

eBE / cm
-1

0

0.2

0.4

0.6

0.8

1

In
te

ns
ity

t = 160fs
t = 200fs
t = 240fs
t = 280fs

FIG. 8. Photodetachmet spectra computed with basis set A2 for different
times.
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FIG. 9. Comparison between the computed spectrum and the overall experi-
mental spectrum of Ref. 86.

propagation times, all spectra look very much the same. There
is a tiny shift in the position of the maximum, which is at
29703 cm−1 in the spectrum computed for 80 fs of propa-
gation but is at 29691 cm−1 in the spectrum computed for
140 fs of propagation. Also, the shoulder of the main peak
is slightly less pronounced in the spectrum corresponding
to the shortest propagation time. However, these differences
are tiny and even smaller than the differences resulting from
the different basis sets (Fig. 7). Thus, one can conclude that
the low-resolution spectrum is converged with respect to the
propagation time employed. However, as discussed above,
recurrences of a much larger time scale are not considered
and, thus, eventually existing fine structure superimposed to
the low-resolution spectrum presented is not resolved. Conse-
quently, a description of the fine structure seen in recent high
resolution spectra measured by Neumark and co-workers86 is
beyond the limits of the present study.

C. Comparison with experiments and interpretation

The spectrum computed with the best basis set (A2) for
the longest propagation time (140 fs) is presented in Fig. 9
along with the experimental low-resolution spectrum of Neu-
mark and co-workers.86 The maximum of the computed spec-
trum is at 29691 cm−1 and the full width of the peak at
half maximum is 294 cm−1. Besides, there is a significantly
smaller, broad, and asymmetric peak shifted about 1400 cm−1

towards larger energies. The width, location, and shape of the
main peak in the computed spectrum is similar to that of the
experimental spectrum. However, there are differences in the
detailed structure. The location of the maxima and relative
position of the shoulders differ. The computed spectrum has
a shoulder at ≈29 841 cm−1 close to the maximum height of
the experimental spectrum (29 915 cm−1), while the experi-
mental spectrum has a shoulder at ≈29 773 cm−1 close the to
the maximum height of the computed spectrum.

Differences between the computed and experimental
spectrum are larger at the second peak, which is signifi-
cantly higher and broader in the experiment. Besides, the

Downloaded 21 Aug 2012 to 170.210.73.13. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



044306-10 J. Palma and U. Manthe J. Chem. Phys. 137, 044306 (2012)

experimental spectrum shows a tiny peak on the left side of
the main peak that is not present in the computed spectrum.
Thus, while there is an overall satisfactory agreement between
theory and experiment, with the main features of the experi-
mental spectrum being also present in the computed spectrum,
there are also noticeable discrepancies. This not surprising
considering the complexity of the system under consideration
and clearly indicates that further improvements are needed on
the theoretical side.

The fact that the computed spectrum presents a second
peak blue-shifted by about 1400 cm−1 compared to the main
peak is somewhat striking. Previous studies assigned that
peak to transitions to an excited electronic state of the neu-
tral species,86, 87 but the present computations were performed
on a single neutral surface. Clearly, a different explanation
should apply to our results. In the search of that explanation
the spectrum was decomposed into the contributions of dif-
ferent vibrational states of methane as described in Sec. II C.

The most important of such contributions are presented
in Fig. 10. Panel (a) shows a comparison between the spectra
computed in the usual way, i.e., applying Eq. (6), and the sum
of the contributions of the three lowest vibrational levels of
methane σ

(0)
1A1

, σ
(0)
1F2

, and σ
(0)
1E , obtained by applying Eq. (14)

(please note that slight differences compared to the spectra
presented above result from the fact that the “time doubling”
of Eq. (10) could not be employed in this context). The com-
parison clearly shows that the three levels together nearly ac-
count for the whole computed spectrum. In order to identify
the contributions of the different vibrational states of methane,
they are plotted along with the summed contributions of the
three levels: σ

(0)
1A1

in panel (b) and σ
(0)
1F2

, σ (0)
1E in panel (c). Panel

(b) shows that the main peak of the spectrum is almost exclu-
sively due to the contribution of ground state methane while

29000 30000 31000 32000
eBE

0

0.1

F2

E
F2+E

A1+F2+E

0

0.5

1

In
te

ns
ity

A1

A1+F2+E

0

0.5

1
Normal
A1+F2+E

(a)

(b)

(c)

FIG. 10. Contribution of different methane levels to the computed spectrum.

panel (c) indicates that the second peak is due to the summed
contributions of levels 1F2 and 1E. On top of this observa-
tion one should note that the energy difference between the
main and the second peak of the spectrum is roughly equal
to the vibrational excitation energy of the bending excited
states of methane, 1F2 and 1E (1300 cm−1 and 1522 cm−1,
respectively).

The following picture emerges from this analysis:
the main peak of the spectrum is due to excitation to a state
of the FCH4 complex that mainly consists of ground state
methane slightly perturbed by the presence of the F atom,
while the second peak is due to excitation to FCH4 states
which consist of methane in the bending excited states 1F2

and 1E. Since the perturbation exerted by the F atom is weak,
the energy gap between the ground and the excited states of
the complex is nearly the same than the one observed in iso-
lated methane. Also, the presence of the F atom is responsible
for the exchange of population between the ground and bend-
ing excited states observed in Fig. 5.

We want to stress that in no way the previous analysis
rules out that excitation to an electronic excited state also
contributes to the second peak in the experimental spectrum.
Moreover, we note that the second peak is relatively higher
and broader in the experimental spectrum than in the com-
puted one. One could thus speculate that transitions to elec-
tronic excited states of the neutral species either provide addi-
tional intensity and “broadness” for the second peak or add an
extended high-energy shoulder to the main peak which raises
the baseline for the second peak. However, other explana-
tions, such as limitations of the PESs employed in the present
computations, could also be responsible for these differences.
Clearly, quantum dynamics calculations which properly con-
sider all three putative relevant potential energy surfaces of
the F + CH4 system are required to answer these questions
reliably.

Neumark and co-workers also obtained the photodetach-
ment spectrum for FCD−

4 and found that the energy shift be-
tween the first and second peaks is, in this case, somewhat
smaller than for FCH−

4 . Thus, the measured energy shift re-
duces from 1291 cm−1 to 1032 cm−1 upon deuteration,86

which seems to be in line with the idea that the second peak
has contributions of bending excited states of CH4. However,
the expected shift for FCD−

4 (≈913 cm−1) is smaller than the
observed value. Therefore, it is not clear if the observed dif-
ference in the position of the second peak is just due to the
experimental uncertainty, as suggested in Ref. 86, or if there
is a real mass effect on the vibrational energy levels. Hope-
fully, the computation of the photodetachment spectrum of
FCD−

4 could shed some light on this regard.
Differences between computations and experiments be-

come larger if one compares with the experimental spectra of
Ref. 87, which presents two peaks of similar width and high.
However, significantly broader peaks are seen in experimen-
tal photodetachment spectrum of Ref. 87 compared to the one
of Ref. 86. The additional spectra broadening seen in Ref. 87
presumably results from the specific experimental conditions.
We believe that this fact can explain, at least partially, that our
computations compare better with the experiments of Neu-
mark et al.
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IV. CONCLUSIONS

Full-dimensional quantum dynamics simulations of
the photodetachement spectrum of FCH−

4 employing the
MCTDH approach have been presented and the dynamics of
the system within the first 140 fs has been analysed in de-
tail. It was found that the major part of the wave packet ini-
tially moves towards the F + CH4 asymptote and later is lo-
cated in the F · CH4 van der Waals region. Within the time pe-
riod studied, only a minor part moves towards the HF + CH3

asymptote. To assign the two peaks present in the photode-
tachment spectrum, a model which describes the FCH4 sys-
tem as a complex consisting of a methane molecule slightly
perturbed by the presence of the F atom was successfully em-
ployed. The intense first peak results from FCH4 complexes
with CH4 in its vibrational ground state 1A1 and the second
much less intense peak corresponds to bending excited CH4

in the 1F2 and 1E vibrational levels. The presence of the fluo-
rine atom induces significant coupling between the vibrational
levels of the methane fragment and therefore the vibrational
populations oscillate in time.

Because of the limited propagation time, the energy res-
olution of the computed spectrum is in the range of a hun-
dred cm−1. While this allows for a comparison with the
low-resolution experimental spectrum of Neumark and co-
workers,86 it is not sufficient to describe the fine structure
present in the high resolution spectrum obtained by the same
authors.

Qualitative agreement was found between the computed
spectrum and the low-resolution experimental one obtained
by Neumark and co-workers. However, a quantitative compar-
ison showed differences in the detailed shape of the peaks and
in the intensity ratio between the first and second peaks. The
present quantum dynamics study has been limited to a sin-
gle potential energy surface for the neutral system. It seems
presently uncertain whether the two other electronic states
correlating to the F(2P) + CH4 asymptote would have to be
included in the computations to improve the comparison be-
tween theory and experiments, mainly at the second peak. On
the other hand, clearly longer propagation times and a higher
quality of the ground state neutral PES in the F + CH4 chan-
nel are required to quantitatively reproduce and interpret the
existing experimental data.
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