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The degree to which tunneling through a barrier in the N-H and N-D photodissociation channels of
methylamine (CH;NH,) and its deuterated variant (CH3ND,), respectively, plays a role was
investigated by time-dependent quantum wave-packet dynamics calculations. Two dimensional
potential energy surfaces (PESs) of methylamine, presenting the N-H stretch and the HNC bend,
were constructed employing multireference ab initio electronic-structure methods, allowing full
description of the H motion on the HC—NH, plane. The time-dependent Schrodinger equation was
solved employing the Fourier method for calculating the Hamiltonian operation together with the
Chebychev polynomial expansion of the evolution operator. The results show that tunneling and
decay to vibrational resonant states on the first excited electronic PES are faster for the H atom than
for the D. The decay into two of the resonant states found on the first PES strongly depends on the
initially excited vibrational state on the ground electronic PES. © 2009 American Institute of

Physics. [DOI: 10.1063/1.3204000]

I. INTRODUCTION

Time-dependent quantum mechanical calculations
emerge as important tools for investigating molecular en-
counters and particularly absorption and breakup of mol-
ecules following photoexcitation. These studies are based on
using calculated potential energy surfaces (PESs) with the
molecule normally starting off in a single well defined quan-
tum state, which then provides the specification for the initial
wave packet in a very natural way.1 Over the years, different
molecules have been studied as exemplified by HZO,Q_4
H,S,” ENO,° 05 H,0,° CH;L*> CH,;0NO,” HCO,"
HOCL'" and heteroaromatics including phenolI2 and
pyrlrole.13 Most studies focused on small molecules, and
studies on larger molecules such as the heteroaromatics used
restricted dynamics in two collective coordinates to propa-
gate the wave packet on the coupled surfaces.'”™"* In most
cases the theoretical results could be compared to detailed
experimental data, generating a detailed insight into the dis-
sociation processes of the studied molecules.

An additional appealing system is the methylamine
CH;NH, molecule, which is the simplest primary amine,
quite often appearing in organic and biologic building
blocks. It is believed that studying the topography of its
PESs and the dynamics may provide a better understanding
of ultraviolet (UV) photoinduced processes in molecules
containing amino moieties. Previous works by Kassab er
al.”® and Dunn and Morokuma'® presented one dimensional
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PESs of the N-H, C-H, and C-N dissociation channels.
Dunn and Morokuma'® showed that there is a finite potential

barrier of ~0.4 eV in the A state along the N-H dissociation
channel. Furthermore, their work also revealed single conical

intersection (ci) points between the A and the X states along
the N-H and C-N dissociation channels. Very recently we

have shown'’ that the A state includes a barrier along the

N-H dissociation coordinate and that the X and A states are
coupled by a line of ci, instead of a single point ¢, 1o-
cated in the HC—NH, plane. The existence of this line of ci
was proven by the study of singularities in the (angular)
nonadiabatic coupling terms and by finding the degeneracy
points formed by the two interacting adiabatic PESs.

These theoretical studies'®'” were triggered by previous
experimental work. In particular, Waschewsky et al."® re-
ported that excitation at 222 nm leads to N-H, C-N, and
C-H rupture or H, elimination. By measuring the photofrag-
ment kinetic energies under collisionless conditions, they de-
termined that C—N bond rupture proceeds on the excited state
surface, while N-H rupture occurs via a ci, resulting in
ground state products. Additional studies focused only on the
H and D channels resulting from the UV dissociation of me-
thylamine and its deuterated isotopologues.lg*23 Ashfold and
co-workers'”*” studied the photodissociation of four methy-
lamine isotopologues (CH3;NH,, CD3;NH,, CH;ND,, and
CD;ND,) at several wavelengths in the 203.0-236.2 nm
range using the high resolution H(D)-atom Rydberg tagging.
These studies'*? suggested a dominant role for the N—-H(D)
fission, where at least two dissociation pathways lead to
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FIG. 1. The equilibrium structure of methylamine with five atoms, namely,
carbon, nitrogen, two amine hydrogens, and a methyl hydrogen assumed to
form a fixed plane (the HC-NH, plane). The 6, and R, coordinates were
varied to form the PESs, which were then transformed to the x and y Car-
tesian coordinates.

H(D) atom fragments: The first corresponding to “‘dynami-
cal” (high) total kinetic energy release and the second to
“statistical” (slower) H atoms. Support to photodissociation
via tunneling followed by a radiationless transition to the
ground state was also obtained from the studies of vibra-
tionally excited molecules.”'

The experimental work by Kim and co-workers™ gave
further support to the theoretical ﬁnding16 that a barrier ex-
ists along the N-H channel. In this work (1+1) resonance
enhanced multiphoton ionization in the
41 500—44 000 cm™! region was used to ionize the CH;NH,
and CH3ND, molecules. They saw significant differences in
the linewidths of the two molecules, implying that the life-
times of the rovibrational levels on the first excited electronic

state A of CH;NH, were significantly shorter (by an order of
magnitude) than those of CH3;ND,. Since an exponential re-
lation to the mass was found, this difference between the two
molecules and the large H/D isotope effect were attributed to
the tunneling through the potential barrier along the N-H
channel.'® Very recently we have shown? that the dissocia-
tion probability of the hydrogen atoms released from methy-
lamine increases extensively by promoting the molecule to
excited vibrational states on the first bound electronic state.
By comparing the experimental data to an analytical model
and to dynamical calculations, we have shown that this be-
havior is consistent with a dissociation process dominated by
tunneling.

In this paper we focus on the time-dependent quantum
wave-packet dynamics study of methylamine and its deuter-
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ated isotopologue, methylamine-d, (CH;ND,), allowing to
establish the degree to which tunneling through a barrier in
the respective N-H and N-D dissociation channels plays a
role. We study the wave-packet propagation from different
initial conditions and the decay of the wave packets to reso-
nant vibrational states, as well as the time scales for these
processes.

Il. THEORETICAL FRAMEWORK

In what follows the triatomic amine group is assumed to
form a plane with one of the HC diatoms in the methyl group
(see Fig. 1). Two dimensional PESs for the ground 'A’ and
the first excited 'A” electronic states were calculated. The
two degrees of freedom chosen were the N-H stretch (R))
and the HNC bend (6,) which allow full description of the H
motion on the HC-NH, plane. The PESs were calculated
using the MOLPRO (Ref. 26) package with the multireference
configuration interaction (MRCI) method and the 6-31+G"
basis set. We used an active space including two valence
electrons distributed among five orbitals (three of them be-
longing to the A’ irreducible representation). The two-
dimensional diabatic PESs are presented in Fig. 2 in terms of
Cartesian coordinates (x,y)=[R; cos(m—6,),R; sin(7—6,)]
and with the origin located on the nitrogen atom (see Fig. 1).
At this point, it is important to point out that all the calcula-
tions presented below were performed with these diabatic
PESs.

The H motion in the HC—NH, plane was done by a two
dimensional direct dynamics calculation, carried out by a
code written in MATLAB 7.0 (Ref. 27) and based on a numeri-
cal algorithm introduced by Kosloff and co-workers.*

Briefly, in quantum mechanics the time evolution is gov-
erned by the time-dependent Schrodinger equation

i
Hy=ih—y (1)

where H is the Hamiltonian operator. In order to carry out
the numerical calculations of the system dynamics, the wave
function is discretized on the same grid points as the PES.

Next, solving H ¢ is performed in two parts, where the po-
tential part is evaluated simply by calculating the scalar
product Ui (U is the PES), and the kinetic part which is
somewhat more complicated, due to the fact that the kinetic
operator is nonlocal in a different manner. The nonlocaliza-
tion problem can be solved by using the Fourier method in
which the action of the kinetic energy operator is calculated

(a) (b)

y (au)
y (au)

FIG. 2. The two dimensional diabatic PESs in terms of
Cartesian coordinates (x,y)=[R; cos(7—#6,),R, sin(m
—6,)]. The origin of the coordinates is located at the
nitrogen atom (see Fig. 1). (a) The ground surface. (b)
The first excited electronic state surface.
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TABLE I. Energy eigenvalues of the seven lowest vibrational states on the
PES of the ground electronic state and their quantum number assignments.

CH,NH, CH,ND,

(em™) (ny,m,) (em™) (ny,m,)
2794 (0,0) 1964 (0,0)
4242 ,1) 2991 (0,1)
5672 (0,2) 4013 (0,2)
6507 (1,0) 4657 (1,0)
7081 0,3) 5027 (0,3)
7956 (1,1) 5735 (1,1)
8442 (0,4) 5962 (0,4)

in the momentum space. The discrete Fourier transform is
used in order to get the momentum-space-wave function,
then this wave function is multiplied by —%k*> and the in-
verse discrete Fourier transform is applied to return to con-
figuration space.

The general solution of the time-dependent Schrédinger
equation [Eq. (1)] is

Wt +di) = eIy ), @)

where the term ¢ /M4 is called the evolution operator. To

solve Eq. (2), the evolution operator is expanded in a series
of complex Chebychev polynomials,

N A

e H

e anqon(— i—dt>, (3)
n=o h

where ¢, are the complex Chebychev polynomials and a,, are
the expansion coefficients based on the Bessel functions of
the first kind (the ~ sign is due to the finite value of the
employed terms).

The use of the Fourier method to calculate the kinetic
energy implies periodic boundary conditions, which cause
spurious behavior that needs to be eliminated. Therefore, we
added a complex absorbing potential to the PESs in the range
R;=3-6 A to eliminate these boundary effects.**

The evolution operator was first used to propagate the
wave packet with imaginary time in order to generate the
vibrational eigenstates on the ground state diabatic PES. The
eigenstates were then used as the initial wave packets for the
propagation on the excited diabatic electronic state. The life-
times of the vibrational resonance states on the excited state
were evaluated from the imaginary part of the energy expec-
tation value® >’

E

r
=E.—i—, 4
res r 2 ( )
where E, and 7 are the energy and lifetime of the resonance,
respectively.

lll. RESULTS AND DISCUSSION

Figure 2 displays the two dimensional diabatic PESs in
terms of  Cartesian  coordinates  (x,y)=[R; cos(m
—6,),R, sin(7—0,)], where the coordinates’ origin is located
at the nitrogen atom (see Fig. 1). Inspection of Fig. 2 shows
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FIG. 3. Contour maps in the x-y space (see Fig. 2) presenting the probability
densities of the energy eigenvalues of the lowest vibrational states on the
ground PESs for methylamine and methylamine-d,. The notations (n;,n,)
relate to the quantum numbers of the N-H (N-D) stretch and the CNH
(CND) bend, respectively.
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FIG. 4. Contour maps in the x-y space (see Fig. 2) presenting the propaga-
tion of the wave packet from the (0,1) initial vibrational state. The wave
packet maintains the two node form. The CH;NH, molecule is resonating
with a time period of ~28 fs, while the CH;ND, with ~40 fs, taking
longer for that phenomenon to be notable.

a bound excited electronic state with a small potential barrier
of ~0.016 hartree followed by a crossing with the ground
electronic state. The excited PES after the barrier is essen-
tially a repulsive one.

Table I presents the energy eigenvalues of the lowest
vibrational states on the ground PES and their quantum num-
ber assignments. The probability densities of the correspond-

J. Chem. Phys. 131, 064302 (2009)

CH3NH2 CHSND2
T
4fs . 4fs
.
&
> 3
1 @
7
14 fs 14 fs
= 5
&
i
1
-
28 fs 28 fs
o 5
&
> 3
1
7 . . . ‘
42 fs . 42 fs
= 5
&
> 5 3
((-? - )
| G
=
56 fs 56 fs
= 5
&
P 3 |
1 o=
q :
70 fs 70 fs
& 5
g
o
| &

X (au) X (au)

FIG. 5. Contour maps in the x-y space (see Fig. 2) presenting the propaga-
tion of the wave packet from the (1,0) initial vibrational state of CH;NH,
and CH;3;ND,. The wave packet decays very quickly to a single node
formation.

ing states (i.e., the absolute values of the wave functions) are
shown in Fig. 3. The notations n; and n, relate to the quan-
tum numbers of the N-H (N-D) stretch and the CNH (CND)
bend, respectively. The fundamental frequencies for the N-H
and N-D stretches on the ground electronic states are 3712
and 2693 cm™!, where the corresponding experimental
values™ ™" [average of the NH, (ND,) symmetric and anti-
symmetric stretches] are 3392 and 2518 cm™!. The funda-
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mental frequencies for the CNH and CND bends are 1448
and 1027 cm™!, where the corresponding experimental
[averaging the NH, (ND,) scis and twist] are
1474 and 1027 cm™'. These calculated fundamental frequen-
cies match well with the experimental values and were there-
fore used as the initial vibrational states for wave-packet
propagation.

The time evolution of the wave packets from the (0,1)
and (1,0) initial states is shown in Figs. 4 and 5, respectively.
The figures show the part of the wave packet that remained
on the excited PES at the specified time, not including the
part that already dissociated. While the (0,1) state maintained
the two node form, the (1,0) state decayed very quickly to a
single node formation. Also visible in these figures is the fact
that the CH3NH, evolution is much faster than that of
CH;ND,. For the CH3;NH, molecule with the (0,1) initial
state (left column in Fig. 4), it is clear that the part of the
wave packet that remains in the potential well during propa-
gation is resonating. The resonance time period for CH;NH,
is ~28 fs (panels for 14, 42, and 70 fs and for 28 and 56 fs,
respectively, are similar). Similar situation occurs in the
CH;ND, with a resonance time of ~40 fs; however, it took
about 80 fs until the wave packet decayed enough so that the
resonance could be notable.

To obtain a better understanding of the single versus
double node resonances, the calculations were repeated while
keeping the wave packet normalized at all time. By doing so,
the system reaches a steady state in which continuous flux
(via tunneling) leads to dissociation while the part of the
wave packet that stays in the potential well reaches a reso-
nant state. The criteria for convergence to the steady state
can be obtained from two parameters. The first is simply the
convergence of the system energy. For the second, a new
variable is defined, O(¢)=|(y(t)| y(t—1))|, which is the over-
lap between two subsequent wave packets. The convergence
is reached as the overlap parameter approaches 1.

Figure 6 presents the time evolution of the energy and
the overlap parameters for the (0,0), (1,0), and (0,4) initial
states. Columns a and c present the energies of CH;NH, and

CH;ND,, respectively, while columns b and d show the
variation in the overlap parameters. It is clear, in all shown
cases, that the CH;NH, decayed much faster than the
CH;ND,. For instance, the (0,4) initial state reached conver-
gence within ~50 fs for CH;NH, and about three times
slower for the CH3;ND,. For the (0,0) and (1,0) states, the
differences in convergence times are even larger. These dif-
ferences are due to two reasons: The first is the mass differ-
ence between the H and D atoms, which causes the tunneling
process to be much slower for the latter, and the second is
that the CH3ND, initial vibrational states are lower in energy
by a factor of V2 (see Table I) due to differences in reduced
masses. Also notable in Fig. 6 is that the (0,4) state exhibits
the fastest decay (for both molecules) while the (0,0) is the
slowest one, indicating a faster decay for larger initial en-
ergy. This is reasonable since higher energy of the accessed
vibrational state on the excited PES leads to faster tunneling.
This finding is in line with our very recent™ results which
have shown increased hydrogen atom release as the methy-
lamine molecule was promoted to higher excited vibrational
states on the first bound electronic state. This behavior was
attributed to increased tunneling probability as higher excited
states were accessed.

It is interesting to note that after propagating the wave
packets for 400 fs (while keeping them normalized all the
time) all the different initial states decayed to single or
double node resonances. The (0,0) and (1,0) initial states
decayed to a single node resonance with energies of 2260
and 1669 cm™' for CH;NH, and CH;ND,, respectively. All
other initial states [(0,1), (0,2), (0,3), (1,1), and (0,4)] involv-
ing excitation of CNH and CND bends decayed to a double
node resonance with energies of 3390 and 2489 cm™!. The
lifetimes of these resonant states, obtained from the imagi-
nary part of the energy, were found to be 1.2 and 13.4 ps for
the single node resonances of CH;NH, and CH;ND,, respec-
tively, and much shorter for the double node resonances, i.e.,
0.2 and 3.0 ps. These calculated lifetimes show a similar
behavior as the experimental results of Kim and
co-workers.”* Their analysis of the spectral linewidths
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showed that the lifetime of CH;NH,(A) is 7~0.38 ps at the
origin band, compared to ~8.8 ps for CH;ND, (A), imply-
ing a ratio of ~23 between the two lifetimes compared to a
ratio of ~12 in our calculation.

The wave packets of all seven initial states following
400 fs propagation are shown in Fig. 7. It is clearly seen that
all initial states decayed to the same double nodes resonance
(with similar energy), except the (0,0) and (1,0) states which
both decayed to the same single node resonance.

IV. CONCLUSIONS

This work focused on the tunneling of the H and D at-
oms during bond fission of the N-H and N-D bonds in pho-
toexcited CH;NH, and CH;ND, molecules, respectively. Re-
sults corresponding to a two dimensional model, including
the N-H stretch (reaction coordinate) and the CNH bend,
were obtained for restricted motion of the H (D) atom on the
HC-NH, plane. The model is based on the solution of the
time-dependent Schrodinger equation obtained by a combi-
nation of the Fourier and the Chebychev methods.

The two dimensional PESs of the ground and first ex-
cited electronic states were calculated using the MRCI
method. Time-dependent quantum dynamics was used to
propagate the wave packets with imaginary time to calculate
the eigenvalues of the seven lowest vibrational states on the
ground electronic state and to assign them to the quantum
numbers of the N-H (N-D) stretches and the CNH (CND)
bends. The fundamental frequencies of the calculations agree
well with the experimental values. The calculated eigenval-
ues were used as initial states and allowed to propagate (in
time) on the excited state PES to study the tunneling process
and the decay to resonant vibrational states. Eventually, we
repeated the propagations, keeping the wave packets normal-
ized, to achieve conversion to a steady state.

The results showed faster tunneling and decay to reso-
nant states for CH;NH, than for CH;ND,, where the time
scale for tunneling was found to be dependent on the initial
vibrational state. States with higher energy resulted in faster
processes. Two resonant states were found on the excited
PES and their energies and lifetimes were calculated. It was
found that all the examined initial states eventually decayed
to one of these two states. The initial states (0,0) and (1,0) of
the CH;NH, molecule decayed to the lowest resonant state
with energy of 2260 cm™' and lifetime of 1.2 ps and the
corresponding CH;ND, states to the resonant state with en-
ergy of 1669 cm™! and 13.4 ps lifetime. On the other hand,
initial states involving the CNH (CND) bends [(0,1), (0,2),
(0,3), (1,1), and (0,4)] decayed to resonant states with higher
energy of 3390 cm™' and shorter lifetime of 0.2 ps for the
CH;NH, molecule and 2489 cm™' and 3.0 ps for the
CH;ND,.

The results obtained in the two dimensional direct dy-
namics calculations open a window to the understanding of
the tunneling process occurring during the N-H (N-D) dis-
sociation process, showing a strong dependence on the initial
vibrational states. However, this study neglected intramo-
lecular vibrational redistribution arising from anharmonic
coupling of the initially prepared mode with other vibrational
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FIG. 7. Contour maps in the x-y space (see Fig. 2) presenting the wave
packets (kept normalized during all time) following 400 fs propagation. All
the initial states decayed to the same double node resonance (with similar
energy), except the (0,0) and (1,0) states which both decayed to the same
single node resonance.
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degrees of freedom. Therefore, we believe it will be very
interesting to extend the present study to test this issue as
well as to higher dimensionality studies including more of
the possibly participating degrees of freedom.
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