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The spectroscopy and dynamics of protonated methane have been of long-standing interest due to the unusual
and highly fluxional behavior of CH5+. This reflects the fact that the ground-state wave function for CH5

+

has nearly equal amplitude at the 120 equivalent minima and at the saddle points that connect these minima.
While low-resolution spectra of CH5+ have been assigned, the nature of the couplings between the CH stretches
and the low-frequency modes is not as well characterized. An understanding of this will be important in the
interpretation of rotationally resolved spectra. In this work, fixed-node diffusion Monte Carlo techniques are
used to calculate energies and probability amplitudes for several excited states. The calculated energies are
shown to be in good agreement with previously reported vibrational configuration interactions calculations.
Analysis of the 12-dimensional probability amplitudes shows that there are strong couplings between the
high-frequency CH stretch and HCH bend motions and the low-frequency modes that lead to isomerization
CH5

+.

1. Introduction

Protonated methane is a molecule that has been of long
standing interest both experimentally and theoretically. This
interest is derived from the expectation that CH5

+ could be an
important species in the chemistry that takes place in dense
interstellar clouds,1 due to the relatively deep CH4D+ minimum
on the CH3

+ + HD f CH2D+ + H2 reactive potential surface.
The number of studies on CH5

+ has increased rapidly over the
past several years with two reports of rotationally resolved
spectra, first by Oka and co-workers,2 and, more recently, by
Nesbit and co-workers.3 During the same period of time, a
lower-resolution, laser induced reaction (LIR) spectrum of CH5

+

was reported by Schlemmer and co-workers.4 The LIR spectrum
contains two prominent peaks, a band at 1200 cm-1 that has
been assigned to HCH bends and a broad band, which extends
from 2200 to 3400 cm-1, that has been assigned to a variety of
CH stretching motions.3,4 High-resolution spectra have been
recorded for the 2800-3100 cm-1 region and reflect excitation
of CH stretching fundamentals. While qualitative assignments
have been provided for the LIR spectrum, to date the majority
of the rotational transitions remain unassigned.5

From a theoretical standpoint, CH5
+ introduces a number of

interesting features as well as challenges. Starting with the
earliest electronic structure calculations, it was clear that the
potential for CH5

+ contained several low-energy saddle points
that appeared to be accessible at the zero-point level.6,7 The
structure of the minimum energy configuration of CH5

+ and
its geometries at the three lowest energy saddle points are shown
in Figure 1. The two structures withCs symmetry can be
characterized by a H2 moiety interacting with the CH3+ group.
This characterization is based on the observation that the shortest
hydrogen/hydrogen distance in these structures is roughly two-
thirds the length of the next shortest hydrogen/hydrogen
distance. Analysis of the structures of the minima and the two

lowest energy saddle points shows that any pair of the 120
minima on the potential can be connected through a series of
low-energy saddle points, none of which has an energy that is
higher than 350 cm-1 when the stationary points are evaluated
at the CCSD(T)/aug-cc-pvtz level of theory/basis.8 More strik-
ingly, when the harmonic zero point energy is added to the
electronic energies of the stationary points, the range of energies
decreases to less than 30 cm-1.9

This observation raises the questions of how one should think
about the structure of CH5+ and how the fluxionality of CH5+

is reflected in the infrared spectrum. Through a series of studies
by us and others, using methods including classical trajectory
simulations,10,11path integral Monte Carlo (PIMD),12,13diffusion
Monte Carlo (DMC),14-18 variational approaches3,19and analysis
of model Hamiltonians,20 the authors conclude that the ground
state of CH5

+ is delocalized among all 120 equivalent minima
on the potential surface as well as the 180 saddle points that
connect these minima. In spite of the high level of fluxionality
displayed by CH5+, molecular dynamics and PIMD simulations
run at 300 and 0 K DMC simulations all show that 70-80% of
the sampled configuration space corresponds to the molecule
having aCs-like structure, defined by Marx as structures for
which the shortest hydrogen/hydrogen distance is smaller than
1.15 Å.11,12,18 This observation has led to further electronic
structure studies of the nature of the bonding in CH5

+.21-23

The question remains as to how this fluxional behavior is
reflected in the reported spectra. Interestingly, we found that
we could reproduce the LIR spectrum4 by first evaluating spectra
obtained by either harmonic or variational calculations that are
based on the normal mode coordinates evaluated at one of the
three stationary points on the potential, weighting the three
calculated spectra by the relative probability amplitudes at each
of these stationary points, and summing the resulting spectra.3,24

This procedure also gives good agrement with a convolution
of the high-resolution spectrum, reported by Nesbitt and co-
workers. This is, at first, somewhat surprising, given the large
amplitude motions exhibited by the ground state of CH5

+. On
the other hand, difficulties in assigning the high-resolution
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spectra hint that CH5+ is more complicated than this simple
treatment would imply.

Based on the success of this earlier work and the apparent
strong couplings among various vibrational degrees of freedom,
we embarked on a study of the nature of the vibrationally excited
states that are accessed in the experimental spectra. This study
is based on the application of fixed-node DMC approaches,
initially proposed by Anderson,25,26in which an excited state is
evaluated by requiring that the wave function changes sign at
a specified value of the internal coordinates. While, at first
glance, this may appear to be a questionable approach to take
for a system as fluxional as CH5

+, we are encouraged by the
excellent agreement we previously obtained on several floppy
systems, specifically Ne2OH(A2Σ+), Ne2SH(A2Σ+),27H3O2

-,28

and H5O2
+,29,31 for which direct comparisons to results of

variational calculations could be made. Before discussing this
approach further, we return to the stationary points of CH5

+.

2. System

The potential energy surface for CH5
+ is characterized by

120 equivalent minima, separated by a series of low-energy
saddle points. These are depicted in Figure 1 along with the
corresponding energies, calculated using a global CCSD(T)/
aug-cc-pvtz-based potential surface, developed by Jin et al.8

While the precise values of the calculated energies of the
stationary points depend on the level of electronic structure
theory and the basis set that are employed, recent studies are
all consistent with the lowest energy structure havingCs

symmetry, as is shown in Figure 1a. In this configuration, the
shortest hydrogen/hydrogen distance is 65% the value of the
second shortest distance. In the discussion that follows, the
shortest hydrogen/hydrogen distance is between the hydrogen
atoms that are labeled A and B. The second shortest hydrogen/
hydrogen distance involves the hydrogen atoms that are labeled
B and C. As shown in Figure 1, the remaining hydrogen atoms
are labeled D and E and are related by reflection through the
plane of symmetry. The values of the CH and HH distances at
this stationary point are reported in Tables 1 and 2, respectively.
From the distances reported in these tables, one finds that the
HCH angles that involve the hydrogen atoms labeled C, D and
E are 109.3° and 119.4°. This is consistent with a nearly

tetrahedral bonding configuration around the carbon atom and
leads us to refer to these four atoms as the CH3

+ group.
There is a low-lying saddle point withCs symmetry, shown

in Figure 1b. This saddle point has an energy of 29 cm-1 above
the global minimum.8 Motion between theCs(II) saddle point
and theCs(I) minimum corresponds to rotation of the CH3 group
by 30° about the axis that connects the center of mass of the
three hydrogen atoms in the CH3 group and the carbon atom.
In the Cs(II) configuration, the hydrogen atoms labeled A and
B and those labeled C and D are related by reflection through
the plane of symmetry. This symmetry can be seen in the atom/
atom distances reported in Tables 1 and 2.

A second low-energy saddle point hasC2V symmetry and is
shown in Figure 1c. In this case, the saddle point relaxes to the
minimum through motion of HB toward HA, concurrent with a
rocking motion of the HDCHE group. In this structure, the CHB
bond lies along theC2 axis, HA and HC lie in one of the
reflection planes while HD and HE lie in the other reflection
plane.

In this study, we also consider a third saddle point that has
C4V symmetry, with an energy of 1180 cm-1 above the global
minimum. Unlike the other saddle points, it is a second-order
saddle point with the imaginary frequency modes corresponding
to displacement of HE off the C4 symmetry axis. As we will
show, vibrational excitation can increase the probability am-
plitude near this configuration. Finally, analysis of the imaginary
frequency modes indicates that motion along the minimum
energy path, away from this saddle point, leads to theCs(II)
saddle point.

Before continuing to a discussion of the methods used in this
study, we need to define the two coordinates that correspond
to curvilinear version of the modes with imaginary frequency
at the Cs(II) and C2V saddle points. TheCs isomerization
coordinate corresponds to motion alongφR,â, whereR ) A or
B and â ) C, D or E. More precisely, to determineφR,â, we
define a body-fixed axis system. Here, thez-axis contains the
carbon atom and the center of mass of the hydrogen atoms

Figure 1. Structures of the four lowest energy stationary points on the CH5
+ potential surface.8 The A-E labels are included to help show the

relationship among the structures. The minimum energy structure is shown in (a). The (b)Cs(II) saddle point has an energy of 29 cm-1 relative to
the global minimum. The energies of the (c)C2V and (d)C4V structures are 341 and 1180 cm-1 above the global minimum, respectively.

TABLE 1: The CH Bond Lengths at the Four Stationary
Points, Depicted in Figure 1a

CH bond length (Å)

CH bond
structure Cs(I) Cs(II) C2V C4V

CHA 1.20 1.20 1.14 1.12
CHB 1.20 1.20 1.16 1.12
CHC 1.11 1.10 1.14 1.12
CHD 1.09 1.10 1.09 1.12
CHE 1.09 1.08 1.09 1.08

a All distances are reported in angstroms and are calculated using
the CCSD(T) potential of Jin et al.8

TABLE 2: The HH Bond Lengths at the Four Stationary
Points, Depicted in Figure 1a

HH bond length (Å)

HH bond
structure Cs(I) Cs(II) C2V C4V

HAHB 0.95 0.94 1.18 1.43
HAHC 2.04 2.02 2.00 2.02
HAHD 1.72 1.55 1.75 1.43
HAHE 1.72 1.84 1.75 1.87
HBHC 1.44 1.55 1.18 1.43
HBHD 1.94 2.02 1.94 2.02
HBHE 1.94 1.84 1.94 1.87
HCHD 1.79 1.76 1.75 1.43
HCHE 1.79 1.85 1.75 1.87
HDHE 1.88 1.85 1.81 1.87

a All distances are reported in angstroms and are calculated using
the CCSD(T) potential of Jin et al.8
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labeled C, D and E. The HA-HB bond lies parallel to thexz
plane with the molecule oriented so that thex-coordinate of HR
is positive. Finally, we defineφR,â as the angle between the
CHâ vector and thexzplane. The six values forφR,â at each of
the four stationary points shown in Figure 1 are reported in
Table 3. TheC2V isomerization coordinate is defined as

or equivalently, the HAHB/HBHC asymmetric stretch.
Because we could not find a single coordinate to define

motion away from theC4V structure, we determine the extent
of C4V character displayed by a particular state by evaluating
the probability amplitude as a function of the standard deviation
among the four smallest HCH angles,σC4V. When the geometry
of CH5

+ is close to theC4V saddle point,σC4V ) 0. This definition
will not discriminate structures near theC4V saddle point and,
for example, those withD3h point group symmetry as both have
four equal HCH angles. On the other hand, when we plot the
probability amplitude as functions of bothσC4V and the sum of
the four smallest angles or the standard deviation among the
values of the six largest HCH angles, we find that the amplitude
nearσC4V ) 0 also has the values of these other variables that
correspond to theC4V saddle point geometry and not the
geometry of theD3h saddle points. The equilibrium values of
|q| andσC4V are reported in Table 3.

3. Theory

In the present study we use DMC approaches to evaluate
energies, wave functions and probability amplitudes for selected
excited states of CH5+. The details of DMC25,26 and our
implementatation9,32 have been presented in detail elsewhere.

In DMC, we evaluate the wave function and energy of the
state of interest by employing statistical approaches to obtain
the long-time solution to the time-dependent Schro¨dinger
equation in which the time variable,t, has been replaced by an
imaginary time variable,τ ) it/p. For the ground state, we use
the global potential surface developed by Bowman and co-
workers.8 In the excited-state calculations, we define a variable,
ú, which is zero at the value of the internal coordinates at which
the wave function changes sign. We then perform a pair of
simulations to obtain the excited-state energy and wave function.
In the first simulation, we use the global potential of Jin et al.8

whenú < 0 and make the potential infinite for positive values
of ú. The second simulation uses the global potential for CH5

+

whenú > 0 and an infinite potential for negative values ofú.
By introducing the infinite potential we replace each of the
excited-state calculations with a pair of ground-state calculations.
Because we are performing separate simulations for positive

and negative values ofú, we refer to the resulting wave functions
by the sign ofú. By summing the wave functions obtained from
the two separate simulations we obtain the full wave function.
The energies associated with the two separate simulations are
equal, within statistical uncertainties.

4. Results

4.1. Numerical Details.Diffusion Monte Carlo simulations
are performed using a time step,∆τ, of 10 a.u. The average
value of

provides the energy. HereR ) 0.1 hartree is found to effectively
control the number of diffusing particles, or walkers, and
consequently the magnitude of the fluctuations ofW(τ).9 Vh(τ)
represents the average potential energy, andN(τ) gives the
number of walkers atτ. Each simulation is repeated four times
using different initial conditions. The reported energies reflect
the average of the four simulations. In excited-state calculations,
where the functional form ofú can be determined by symmetry,
the wave functions and energies are evaluated forú > 0. When
the exact functional form ofú cannot be determined by
symmetry, we employ adiabatic diffusion Monte Carlo (ADMC)
calculations to determine the functional form ofú and the energy
of the excited state.32 As we discussed above, this procedure
involves making the potential infinite for either positive or
negative values ofú. As the wave function must be zero in
regions of configuration space where the potential is infinite,
walkers can only exist on one side of the nodal surface. Walkers
that cross the nodal surface are removed from the simulation.
Even when the walker remains on the same side of the nodal
surface, it is possible that, had smaller time steps been employed,
the walker would have crossed the nodal surface twice.
Following Anderson, the probability that a walker has crossed
the nodal surface an even number of times is given by26

where

In Precross, x′ andx′′ refer to the positions of the walker at time
τ andτ + ∆τ, respectively. The mass,µ, is the reduced mass
associated with the coordinate used to define the nodal surface.
In all cases, the nodal surface is defined as

whereδ is a real number, the value of which either is determined
to be zero by symmetry or is evaluated in the ADMC
simulations. Finally,

whereR, â, andγ represent the atoms in CH5
+ andmγ ) mR.

Once energies have been evaluated for the excited states, fixed
node calculations are performed in order to obtain probability
amplitudes using the descendent weighting procedure.33 Here
the probability amplitude at the position of a given walker is

TABLE 3: The Values of the Three Isomerization
Coordinates, Defined in the Text, Evaluated at the Four
Stationary Points, Shown in Figure 1a

isomerization
coordinate Cs(I) Cs(II) C2V C4V

|q| 0.49 0.61 0.00 0.00
φA,C 0 31 0 143
φB,C 180 149 180 37
φA,D 118 149 116 37
φB,D 62 31 64 143
φA,E 118 90 116 90
φB,E 62 90 64 90
σC4v 20.59 21.64 20.65 0.00

a All distances are reported in angstroms, angles in degrees, and are
calculated using the CCSD(T) potential of Jin et al.8

|q| ) |rHBHC
- rHAHB

| (1)

W(τ) ) Vh(τ) - R
N(τ) - N(0)

N(0)
(2)

Precross) e-(4x′x′′/(2σ2)) (3)

σ ) 2∆τ
µ

(4)

ú )
rRâ ( râγ

x2
- δ (5)

1
µ

) 1
mR

+
1 ( cosθRâγ

mâ
(6)
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proportional to the number of descendents after 25 time steps.
In order to obtain reliable statistics, this procedure is repeated
25 times and the wave function is propagated for 200 time steps
between samplings. In cases, like the CH bond length distribu-
tion, where there are five distance distributions, the reported
probability distribution reflects the sum of these distributions.

4.2. Excited-State Energies.We calculated the energies and
wave functions for several excited states. The equation forú
along with the energies is reported in Table 4. For comparison,
the energies calculated using the vibrational configuration
interaction (VCI) approach, as implemented in the program
MULTIMODE,34 are also reported.3 In all but two cases the
value of δ at the node is zero, by symmetry. The exceptions
are the CHA/CHC and CHD/CHE symmetric stretches, where the
position of the nodal surface was determined using the ADMC
approach.32

The two lowest energy states correspond to the fundamentals
in theCs(II) andC2V isomerization coordinates, defined in section
2. Specifically, for the state at 44 cm-1, the nodal surface is
defined as two of the HH distances being equal. At first
consideration, this may not appear to correspond to putting a
node at theCs(II) saddle point. Analysis of the probability
amplitude for this state indicates that this is indeed the case.
For this reason, we will refer to this excited state as the
fundamental in the methyl rotor. The next lowest energy state
is obtained by requiring the wave function to change sign when
the HAHB distance and the distance between HB and HC are
equal. Motion along the HAHB/HBHC asymmetric stretch cor-
responds to motion across theC2V saddle point, and we refer to
this state as having excitation in theC2V isomerization coordinate
in the discussion that follows. The difference between the DMC

and variational energies for this state is the largest of any of
the energies reported in Table 4. We believe that this larger
difference reflects the high sensitivity of the energy of this state
to the reference geometry used for the VCI calculations. In
particular, comparing the largest peak in the stick versions of
the VCI spectra, reported in Figure 2b of ref 3, we find that the
energy of this transition shifts by nearly 100 cm-1 between the
calculations based on theCs(I) and C2V stationary points.3

For three of the remaining four excited states for which
comparisons can be made, the agreement with the previously
reported VCI results is excellent. The other excited state for
which there is a notable difference between the energies that
we obtain and those reported in ref 3 is the symmetric stretch
involving the CHD and CHE bonds. While the reported VCI
energy of this state is 84 cm-1 smaller than that for the CHD/
CHE asymmetric stretch, our DMC results display the opposite
trend with symmetric stretch having a frequency that is higher
by 120 cm-1. We believe that this difference reflects coupling
between the CH stretch vibration and some of the lower
frequency modes. When we analyze the wave functions associ-
ated with the two stretching states, we find that compared to
the ground-state wave function, the asymmetric stretch has
increased amplitude near theCs(II) saddle point, while the
symmetric stretch has more amplitude near theCs(I) saddle
point. Not surprisingly, the CH stretch frequencies fluctuate with
methyl rotation and these symmetric and asymmetric CH stretch
frequencies are higher at the minimum than at theCs(II) saddle
point.

4.3. Probability Distributions. While the energies are
interesting and important, they can be obtained by other
approaches. The power of DMC for studies of CH5

+ comes in
the fact that it provides a Monte Carlo sampling of the ground-
and excited-state wave functions. We also evaluate the prob-
ability amplitudes using the descendent weighting approach.33,35

The probability amplitudes allow us to obtain expectation values
of any multiplicative operator of interest, along with projections
of the probability amplitude onto any coordinate or pair of
coordinates. Such information will be useful as we consider
appropriate models for understanding the high-resolution spec-
tra.2,3 We will focus our discussion on four states, and briefly
discuss the other calculated excited states. The states discussed
in detail are the states with one quantum of excitation in theCs

and C2V isomerization coordinates and the states with one
quantum of excitation in the CHA/CHB and in the CHD/CHE

asymmetric stretch coordinates.
We will discuss the excited states in terms of four projections

of the probability amplitude. The first two involve the projection
along the five CH and ten HH distances. These provide
information about the overall size of the molecule. The
remaining two distributions involve projections along the six
methyl rotor coordinatesφR,â, and the C2V isomerization
coordinate,q. As shown in Table 3,φ and q have different
values at the four stationary points and the distributions that

Figure 2. Probability distribution for the ground state of CH5
+, projected onto (a) the CH distance, (b) the HH distance, (c) the methyl rotor

coordinate,φ, and (d) theC2V isomerization coordinate,q.

TABLE 4: The Energies of the Excited Statesa

ú (Å)
energy
(cm-1)

VCI
energies
(cm-1)

%
C4V

b

c 44 ( 5 0.07
(1/x2)(rHAHB - rHBHC) 271( 5 175 <0.01

(1/x2)(rHCHD - rHCHE) 990( 5 0.40

(1/x2)(rHBHD - rHBHE) 1128( 5 1116 0.07

(1/x2)(rCHA - rCHB) 2432( 5 2468 <0.01

(1/x2)(rCHD - rCHE) 3023( 5 3067 0.23

(1/x2)(rCHA + rCHC) - 1.65489d 2974( 5 0.09

(1/x2)(rCHD + rCHE) - 1.57878d 3144( 5 2983 0.06

a Energies calculated by fixed-node DMC and are reported relative
to the zero point energy (10916( 5 cm-1). For comparison, the VCI
energies reported in ref 3 are also given. All energies are given in cm-1.
b % C4V provides a percentage of the probability amplitude for which
σC4v < 2.5°, σC4v ) 0.06% for the ground state.c The node is defined
as having two of the HH distances equal.d The values ofδ in eq 5
reflect the averages of four independent ADMC simulations. The
statistical uncertainties in these values are 8× 10-5 Å for the CHA/
CHC symmetric stretch and 4× 10-5 Å for the CHD/CHE symmetric
stretch.
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are plotted as functions of these coordinates provide information
about the extent of localization of the wave function. In cases
like the CH distance distribution, where there are five possible
distances, the reported probability distribution reflects the sum
of these distributions. This is done in order to ensure that the
plotted distributions reflect the full permutational symmetry of
CH5

+.
The ground-state probability distributions have been explored

in detail elsewhere.14,16,17They are presented in Figure 2 for
purposes of comparison to the excited-state distributions. The
CH bond length distribution, plotted in Figure 2a, has a full
width half-maximum of approximately 0.23 Å. Based on the
harmonic force constants for methane, this CH5

+ distribution
is roughly 25% wider than the CH distance distribution in CH4.36

The increased width of the CH distance distribution reflects the
fact that the CH bond lengths, reported in Table 1, range from
1.08 to 1.20 Å whereas in methane they are all 1.09 Å. In
addition, some of the harmonic CH stretch frequencies in CH5

+

are considerably lower than those in methane.8,37

The HH distance distribution, shown in Figure 2b, has a large
peak at 1.8 Å and a shoulder at 1 Å. The shoulder reflects the
0.95 Å separation of the hydrogen atoms labeled A and B at
the two stationary points withCs symmetry. The peak near 1.8
Å has contributions from the other nine hydrogen-hydrogen
interatomic distances.

The remaining two distributions show the probability ampli-
tude as functions of the two isomerization coordinates. The
methyl rotor distribution, plotted in Figure 2c, has nearly equal
amplitude at all values ofφ. When the ground-state probability
amplitude is projected onto theC2V isomerization coordinate,
shown in Figure 2d, it has approximately equal amplitude atq
) (0.48 Å andq ) 0. These values ofq correspond to the
Cs(I) minimum and theC2V saddle point structures of CH5

+. In
previous discussions of these distribution, we concluded that
the ground-state wave function is delocalized among the 120
equivalent minima and has at least as much amplitude at the
180 saddle points characterized asCs(II) or C2V that separate
these minima.3,14

By looking at changes in the distributions, described above,
we can learn about the nature of the couplings in the excited-
state wave functions. We focus the following discussion on four
excited states. These excited states are obtained by requiring

the wave function to change sign when two of the HH distances
are equal,rHAHB - rHBHC ) 0, rCHA - rCHB ) 0, andrCHD - rCHE

) 0, respectively.
We first consider the lowest energy excited-state calculated

in this study. For this state we require the wave function to
change sign when two of the hydrogen/hydrogen distances are
equal. If we compare the probability distributions for this state
to those from the ground state, we see little difference and
consequently have not included plots of these distributions. This
is not surprising for the fundamental in the methyl rotor
coordinate. Specifically, comparing the range of CH and HH
distances reported for the two stationary points withCs

symmetry in Tables 1 and 2, the differences are small. In
addition, the methyl rotor distribution reflects an average over
the six HCHH torsion angles and this averaging obscures the
nodes in the excited-state wave function.

The next lowest energy excited-state considered in this study
is the HAHB/HBHC asymmetric stretch fundamental, which has
an energy of 271 cm-1. The probability distributions for this
excited state are plotted with black lines in Figure 3 while the
corresponding ground-state distributions are plotted with thin
red lines. Since the nodal surface is defined asrHAHB - rHBHC )
0, the distribution, plotted as a function ofq in Figure 3d, goes
to zero atq ) 0 as expected. When the probability amplitude
is projected ontoφ and plotted in Figure 3c, the distribution
exhibits a slight decrease in amplitude nearφ ) 90°, compared
to the corresponding ground-state distribution. This reflects the
fact that when a node is placed atq ) 0, or at theC2V saddle
points in the potential, the probability amplitude will decrease
at these configurations and consequently increase near the other
stationary points.

Comparing the two bond length distributions to the ground-
state ones, we find that the CH distance distribution is slightly
broadened, with increased probability at the longer CH distances.
The HH distance distribution has a more distinct bimodal
structure than is seen in the ground-state distribution. This
further supports the observation that there is increased amplitude
near the two stationary points withCs symmetry and, conse-
quently, a greater separation of the hydrogen atoms into a H2

and a CH3
+ subunit.

Next, we consider the fundamental in the CHA/CHB asym-
metric stretch. This transition has an energy of 2432 cm-1, which

Figure 3. Same as Figure 2, with the projections of the probability amplitudes for the HAHB/HBHC asymmetric stretching fundamental plotted with
thick black lines. The thin red lines provide the corresponding projections of the ground-state probability amplitude.

Figure 4. Same as Figure 2, with the projections of the probability amplitudes for the CHA/CHB asymmetric stretching fundamental plotted with
thick black lines. The thin red lines provide the corresponding projections of the ground-state probability amplitude.
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is in good agreement with the frequency at which there is a
shoulder on the red side of the CH stretch band in the LIR
spectrum.4 The corresponding probability distributions are
plotted in Figure 4. Here, the CH distance distribution shows
increased probability amplitude at longer CH bond lengths. This
reflects the nature of the excited state where we have required
that one of the two longest CH distances be longer than another
one. The HH interatomic distance distribution again shows a
distinct H2 group although it is not quite as pronounced as was
seen in Figure 3. When the probability amplitude is projected
ontoφ andq, the resulting distributions resemble those which
are obtained when a node is placed in theC2V isomerization
coordinate. When projected ontoφ, the probability amplitude
is approximately as delocalized as the ground states, but the
small oscillations observed in the two plots are out of phase.

Another excited state of experimental interest is the funda-
mental in the CHD/CHE asymmetric stretch. This is most likely
the state that has been accessed in the high-resolution studies,2,3

and the calculated energy of 3023( 5 cm-1 is in good
agreement with the accumulations of transitions near 3020 cm-1

in the 10 cm-1 convolution of the spectrum from obtained by
Nesbitt and co-workers, plotted in Figure 3B of ref 3. The
projections of the probability amplitude for this state are plotted
in Figure 5. As with the CHA/CHB asymmetric stretch funda-
mental, plotted in Figure 4, the CH and HH distance distributions
are broader than those for the ground state. In contrast to the
three other states we have discussed, the hydrogen/hydrogen
distance distribution does not show as pronounced a shoulder
near 1 Å as itdoes in the ground state. In addition, the projection
of the probability amplitude ontoφ shows more structure than
we saw in the other three plots of this distribution. This indicates
that when we excite CH5+ along this asymmetric CH stretch,
the molecule becomes partially locked into theCs(II) configu-
ration, shown in Figure 1b. At theCs(II) geometry, the value
of the C2V isomerization coordinate is smaller than at the
equilibrium geometry. Consequently, when the probability
amplitude is projected ontoq, the distribution is found to be
narrower than the corresponding ground-state distribution. The
changes in the distributions plotted in Figure 5c,d upon
vibrational excitation reflect coupling between this stretching
vibration, and, in particular, motion of the methyl rotor. As is
well-know for systems that contain an internal rotor, coupling
between the internal rotation and the end-over-end rotation of
the molecule leads to rich rotational structure, especially when
the height of the effective barrier to methyl rotation changes
upon vibrational excitation.38-41

The probability amplitude for the other four excited states
for which we report energies in Table 4 have also been studied.
Based on the energies and analysis of the probability amplitudes,
we find that the two states with energies near 1000 cm-1

correspond to bending modes. This is consistent with earlier
assignments of the band in the LIR spectrum near 1100 cm-1

to HCH bends.3,4 The excited-state that has an energy of 990

cm-1 is an HCH bend involving the methyl rotor group. When
we analyze of the probability amplitude for this state, we find
that the projections of the probability distribution ontoφ andq
resemble those for the CHD/CHE asymmetric stretch, shown in
Figure 5. The second bend, at 1128 cm-1, shows even greater
localization in the projection of the probability amplitude onto
φ, while the projection ontoq resembles that of the ground state.

The remaining two states are the two CH symmetric stretches.
The projections of the probability amplitude for the CHA/CHC

symmetric stretch ontoφ andq are nearly identical to those for
the ground state, while the CH distance distribution is slightly
broadened, as expected. Finally, as mentioned above, the
distribution for the CHD/CHE symmetric stretch has more
amplitude near theCs(I) minimum energy structure, compared
to the ground state, and, when the probability amplitude is
projected ontoq, the resulting distribution is slightly narrower
than the corresponding ground-state distribution. When the
probability amplitude is projected ontorCH and rHH, the
distributions are both found to be broader than in the ground
state.

4.4.C4W Saddle Point.The discussion above has focused on
the probability amplitude at the three lowest energy stationary
points. As we discussed in section 2, there are other low-energy
stationary points. In particular, the lowest energy configuration
with C4V symmetry has an energy that is only 1180 cm-1 above
the global minimum. With a zero-point energy exceeding 10 900
cm-1, one might expect that there would also be probability
amplitude near this stationary point. We characterize the amount
of probability amplitude near theC4V structure by projecting
the probability amplitude ontoσC4V, defined in section 2. This
projection is plotted for the ground state in Figure 6. In this
case, there is essentially no probability near theC4V configu-
ration. To quantify how the probability amplitude near this
stationary point is affected by vibrational excitation, we report
in the right column of Table 4 the fraction ofC4V character.
This is defined as the fraction of the probability amplitude for

Figure 5. Same as Figure 2, with the projections of the probability amplitudes for the CHD/CHE asymmetric stretching fundamental plotted with
thick black lines. The thin red lines provide the corresponding projections of the ground-state probability amplitude.

Figure 6. Projection of the ground-state probability amplitude onto
σC4V.
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which σC4V < 2.5°. The choice of 2.5° is somewhat arbitrary,
but the general trends are the same if we use 1.0°, 2.5° or 5.0°.

Of the states we have investigated, two show a significant
increase in probability amplitude nearσC4V. These are the CHD/
CHE asymmetric stretch and the HCH bend within the methyl
rotor group. Interestingly, these are the two states that have very
similar projections of the probability amplitude ontoq andφ.
In particular, they display increased probability amplitude near
the Cs(II) configuration, which is the stationary point that the
C4V structure of the molecule will relax toward.

5. Conclusions

Using fixed-node diffusion Monte Carlo techniques, we
investigate the nature of the couplings in vibrationally excited
states in CH5+. By requiring that the excitation remains localized
in a single vibrational mode, we obtain good agreement between
the energies calculated in this study and those previously
reported VCI energies.3 Interestingly, as we excite the molecule
along the various CH stretch modes, we find substantial changes
in the projections of the probability amplitude along the two
isomerization coordinates, the methyl rotor coordinate,φ and
the HAHB/HBHC asymmetric stretch. Increased structure in the
distributions, when they are projected ontoφ, indicate that the
motion being considered leads to an increase in the effective
barrier to methyl rotation. This is seen in the projections of the
probability amplitude for the fundamental in the CHD/CHE

asymmetric stretch, shown in Figure 5. Based on earlier VCI
studies as well as harmonic frequencies and intensities, this is
the state that provides the oscillator strength in the 3000 cm-1

region of the spectrum. It is hoped that this observation of
significant coupling between the methyl rotor and this vibration
will assist in the assignment of the high-resolution spectra that
have been reported in this wave number region.2,3

In addition, we investigate the extent to which theC4V saddle
point is accessed in the various states that are investigated in
this study. When the wave functions are analyzed, it is found
that in those states, like the CHD/CHE asymmetric stretch, where
there is increased probability amplitude near theCs(II) saddle
point compared to the ground state, there is also an increase in
the amplitude near theC4V saddle point.
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