Theor Chem Acc (2012) 131:1212
DOI 10.1007/s00214-012-1212-0

REGULAR ARTICLE

Wave-packet propagation study of the early-time non-adiabatic
dissociation dynamics of NH;Cl: Diabatic picture, effects
of isotope substitution and varying the initial vibration levels

Young Choon Park - Heesun An - Heechol Choi -
Yoon Sup Lee - Kyoung Koo Baeck

Received: 16 February 2012/ Accepted: 21 March 2012 /Published online: 4 April 2012

© Springer-Verlag 2012

Abstract Reduced two-dimensional (2D) diabatic
potential energy surfaces (PESs) of the two lowest elec-
tronic states of NH3Cl were constructed by using the adi-
abatic 2D PESs, and the early-time dissociation dynamics
of the charge-transferred excited electronic state of NH;Cl
(Ronen et al. in Phys Rev Lett 93:048301, 2004) were
investigated. In the diabatic representation, it was shown
that the dissociation path from H,NH"-CI™ to H,N + HCl
includes two different processes: the one-step dynamics of
diabatic proton transfer followed by electron adjustment,
and the two-step dynamics consisting of firstly electron
transfer from the other direction mediated (stimulated) by
proton movement to form the ground electronic state of
H,NH-CI and then secondly adiabatic H atom tunneling to
H,oN-HCI. In order to find a means of controlling the
branching ratio of the two paths toward the H,N + HCl
and H,NH + CI limits, the effects of varying the initial
vibration levels of the precursor anion NH;Cl™ and those
of isotope substitution (H,NDCI) were also studied. Only
the H,N + HCI limit was observed regardless of the initial
vibration level and isotope substitution. The overall fea-
tures of the dynamics are almost unchanged by deuterium
substitution (H,NDCI); only the timescale is increased, as
expected.
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1 Introduction

Proton transfer via an excited charge-transfer state has been
widely investigated during recent decades [1] because of its
important role in many chemical and biological systems. The
ammonia halogen complex (NH;3Cl) is one of the simplest
cases of a proton and charge—transfer molecule. Cheshnov-
sky and coworkers [2, 3] originated the study of the charge-
transfer state of neutral NH;Cl. They reported experimental
results showing that neutral NH;Cl dissociates through the
charge-transfer excited state, H,NH*—C1~, which is gener-
ated by the electron photo-detachment of its anion, NH3CI .
This process can be considered as one of the simplest proton-
coupled electron-transfer (PCET) phenomena, yet the
transfers of the electron and the proton occur in different
directions, which is sometimes called bidirectional PCET
[1]. The basic features of the experimental results were
explained with the theoretical results of Kaldor [4]; he
obtained stationary geometries and ionization potentials by
using coupled cluster theory. It was suggested that the main
features of the dynamics can be explained with the reduced
two-dimensional (2D) space defined by the N-H and H-Cl
collinear coordinates [5]. It is clear that the non-adiabatic
effect between the ground and excited electronic states of
neutral NH;ClI plays a crucial role in the early-time dynamics
of the dissociation process.

Ronen et al. [5] applied the quantum wave-packet
propagation method to the adiabatic 2D potential energy
surfaces (PESs) to uncover more details of the non-adia-
batic effect on the early-time (<14 fs) dynamics of the
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dissociation; the special emphasis of their study was the
inclusion of the second-order non-adiabatic coupling term
between the ground and the excited electronic states of
neutral NH;Cl. The early-time dynamics of NH;Cl has
been previously studied by Ronen et al. [5] and was
investigated again in the present study with three new goals
in mind that should provide additional insights into the
details of the ultra-fast dynamics of this molecule.

The first goal was to provide a diabatic picture that
provides increased physical intuition about the early-time
non-adiabatic dissociation dynamics. For this purpose, a
simple three-step diabatization procedure was developed
that can generate the diabatic PESs and the coupling term
between them by using just two adiabatic PESs; this pro-
cedure is described in Sect. 2.3. Although the theoretical
approach with adiabatic representation of Ronen et al. [5]
is more rigorous than the approach with diabatic repre-
sentation of the present study, the computational demands
of the kinetic coupling terms required by their approach are
not always practical for large polyatomic systems. How-
ever, all of the methods generating diabatic representation
are neither rigorous nor straightforward, especially for
polyatomic systems, and trials to find easier diabatization
methods and tests of their reliability are still an important
part of research in the field of theoretical molecular
dynamics. We found that the results obtained with our
diabatic representation are in good agreement with the
previous results of Ronen et al. [5], but that they also have
the advantage that the diabatic PESs provide a clearer
physical description of the early-time dynamics.

Our other two goals were to determine the effects on the
early-time dynamics of deuterium (D) substitution
(H,NDC1) and of changes in the vibration level of the initial
anion, NH3Cl1™. These two goals might contribute to possible
methods for the control of the ultra-fast dynamics, as
investigated in many recent studies including our own [6].

2 Details of the computations
2.1 Wave-packet propagation

The time-dependent Schrodinger equation in the 2D space
of the present study is defined as [7],

., 0 .
lhaX(QIaQZ»I) :HX(QMCIZJ)7 (1)

H=T(q1,92) +V(q1,92), (2)

where y is the wave-packet (the nuclear wave function) and
H is the Hamiltonian describing the system. The kinetic
operator (T) for an AB + C — A + BC type reaction can
be written in terms of the internal coordinates g, and g,
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which are the internal distances of AB and BC,

respectively [8].
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(3)

map = (MaMp)/(Ma + Mp) and mpc = (MgMc)/(Mp +
M¢) are defined in terms of M4, Mg, and M¢, which are the
masses of NH,, H, and Cl, respectively. The angle 0 is
fixed at 180°, which corresponds to a collinear reaction.
When only two electronic states are involved, as in the
dissociation dynamics of NH;Cl, the potential energy
V(q1, g») can be represented by the following two-dimen-
sional matrix composed of diabatic potential energies
because we are using diabatic representations [9] of elec-

tronic states.

Dia Vipia  Vi2pia
Va1, 42) = <V12,Dia V2. Dia ) )
The diagonal components, V;pi, and V,pi,, define the
diabatic PESs of the two electronic states, and the off-
diagonal term, V|, p;,, is the diabatic coupling (potential
coupling) between the two diabatic electronic states.

The time-propagation of a quantum mechanical wave-
packet is treated by solving the above time-dependent
Schrédinger equation by using either the split operator [10]
or the Chebyshev’s [11] method implemented in the
Wavepacket program [12], as discussed below.

2.2 Vibration wave-packets of the anion, NH;CI™

The previous study [5] examined the dynamics only for
initial wave-packets corresponding to the ground vibration
level of the anion NH3CI™. In order to study the effects of
varying the initial vibration levels of the anion, the first
requirement is the generation of wave-packets for different
vibration levels.

Weiser et al. [13] studied the stationary nuclear structure
and vibrational properties of NH;Cl™ and NH;3Cl by using
the MP2/Aug-cc-pVTZ method. The geometry and vibra-
tion properties obtained in our calculations with the
B3LYP/Aug-cc-pVTZ method are very similar to those of
Weiser et al. [13], as shown elsewhere.!

! Bond lengths and angles calculated by the B3LYP(MP2) method are
Rnu = 101.3(101.0) pm, ZHNH = 107.2°(107.0°) for NH3 (in Csv),
and RNH2 = 1016(1012) pm, RNH4 = 1030(1028) pm, RC1H4 =
239.8(229.0) pm, ZH,NH; = 105.5°(105.2°), ZH,NH, = 104.9°
(104.6°), ZCIH4N = 168.4°(171.4°) for NH3Cl™ (in Cg). The har-
monic frequencies of (in cm™ ') of NH5 are w, = 3,469(3,534),
w, = 1,025(1,027), w3 = 3,588(3,665), w4 = 1,664(1,669), and those
of NH;CI™ are w; = 3,488(3,555), w, = 3,270(3,317), w3 = 1,655
(1,656), w4 = 1,173(1,175), ws = 330(365), we = 140(168), w; =
3,550(3,629), wg = 1,690(1,699), w9 = 247(285). The MP2 results are
from Ref. [13].
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We constructed a two-dimensional (2D) potential
energy surface for NH;Cl™ by using the B3LYP/Aug-cc-
pVTZ method, implemented in the Gaussian 03 suite of
programs [14]. The 2D space is that used in a previous
study [5] and consists of 2,744 grid points corresponding to
56 and 49 values of Ry_y and Ry_cj, respectively. Rn_y
(the N-H distance between the N atom and the H atom
connected to the CI atom, as shown in Fig. 1a) varies from
0.25 to 3.00 A with 0.05 A spacing, and Ry_¢; varies from
0.70 to 3.10 A with the same spacing. The other geometric
parameters are frozen at the values of the equilibrium
molecular structure of NH3Cl™ (see footnote 1). This 2D
surface for the anion is the gray surface in Fig. 1b. The two
adiabatic 2D PESs of neutral NH;Cl obtained by Ronen
et al. [5] are also shown in Fig. 1b in red and blue for the
ground and excited states, respectively.

The vibration wave-packets of the anion in this 2D space
were generated by solving the Schrodinger equation, Egs.
(1) and (2), with Chebyshev’s imaginary-time-propagator
method [11] implemented in the Wavepacket package [12].
The eigenvalues of some low-lying vibration states in this
2D space are given and compared with other theoretical
values and some available experimental values [13, 15] in
Table 1. The vibration in the (0,1) mode corresponds to the
stretch of the weakly bound intermolecular H,NH-CI
bond, whereas that of the (1,0) mode is the N-H stretch of
the hydrogen connecting the nitrogen and chlorine atoms.
The harmonic frequencies (see footnote 1) calculated with

J_J—u-t.

(a)

(b) 1,——
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|
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NH:z + HCI

_— NH: + Cl

Fig. 1 a The equilibrium geometry of NH;Cl ™, and b the adiabatic
PESs of NH;C1™ (ground state: gray) and NH3Cl (ground state: red,
excited state: blue) with arbitrary energy spacing between the anion
and neutral PESs

Table 1 The vibration eigenvalues (in cmfl) of NH;Cl™ and
NH,DCI™

Method Vibration Value
B3LYP/Aug-cc-pVTZ* v (0,1) 134°
v (1,0) 3,139
MP2/Aug-cc-pVTZC v (0,1) 158°
v (1,0) 3,118°
Exp. v (1,0) 3,140 £ 10°
3,121 + 1¢
Chebyshev’s imaginary-time- v (0,1) 141
propagator method (NH3C17)* v (0.2) 277
v (1,0) 3,070
v (1,1) 3,223
v (1,2) 3,371
v (2,0) 5917
v (2,1) 6,087
v (2,2) 6,250
Chebyshev’s imaginary-time- v (0,1) 137
propagator method (NH,DCI™)" v (0,2) 269
v (1,0) 2,279
v (1,1 2,423
v (1,2) 2,563
v (2,0) 4,445
v (2,1) 4,600
v (2,2) 4,749

? This study

® Result of multiplying the harmonic frequency (see footnote 1)
obtained with the B3ALYP(MP2) method by 0.96 (0.94)

© Ref. [13]
4 Ref. [15]

the B3LYP(MP2) method are multiplied by a scale factor
of 0.96 (0.94) to partially include the anharmonic effect,
and the resulting values are in satisfactory agreement with
the corresponding experimental results [13, 15]. The
eigenvalues of the (0,1) and (1,0) modes, which were
determined with Chebyshev’s method and are shown in the
middle of Table 1, are also very close to the experimental
values, in spite of the fact that our values were obtained
with the restricted 2D space. The results for the isotope-
substituted system, H,NDCI, given in the lower part of
Table 1, show the changes in the eigenvalues due to the
isotope effect; that is, the values of the (0,1) and (1,0)
modes decrease from 141 and 3,070 to 137 and
2,279 cmfl, respectively, as expected.

The vibration wave-packets of some low-lying levels are
shown as the black contours in Fig. 2. The wave-packets
were calculated with the PES of the anion, yet they are
drawn on the contours of the diabatic PESs of the V; p,
(red, dotted) and V,p;, (blue, dotted) states of neutral
H,NHCI for convenience, particularly for the discussion of
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Fig. 2 Contour representations of the wave-packets of a H,NHCI™ and b H,NDCI™
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the dynamics of this system in Sect. 3. The crossing-lines
between the two diabatic electronic states are also shown in
each figure. Although the overall characteristics of the
vibration wave-packets of the deuterium-substituted system
(H,NDCI1") are almost the same as those of H,NHCI1 ™, the
wave-packets become a little more compact as a result of
the isotope substitution. When a wave-packet of the anion
is vertically excited to the V, p;, PES of neutral NH;ClI by
the photo-electron detachment, small changes in the spatial
distribution of the wave-packet and its relation to the
crossing-line can affect the details of the dissociation
dynamics; investigating this effect was one of the goals of
the current study, and it is discussed further in Sect. 3.

2.3 Diabatization of the adiabatic PESs
of neutral NH;Cl

In this subsection, we describe our three-step procedure for
generating diabatic PESs and the coupling term between
them from the adiabatic PESs of NH;CI.

Step 1: Initial diabatization is carried out by using the
simple formula suggested by Gonzalez and coworkers; [16]
this formula is applicable because the two electronic states
of neutral NH5Cl come close to each other along an almost
linear curve (for convenience, this line is referred to as the
‘crossing-line’ hereafter), as in the case studied by Gonz-
alez and coworkers. As mentioned by Ronen et al. [5], the
crossing-line corresponds approximately to the points
where the two bond lengths, Ry_y and Rc_y, differ by 0.6
A. The following equation of Gonzalez and coworkers [16]
is used to determine the mixing angle 7 in Step 1.

T Y
t =7+ tan"'(TD(q1,42)) ®)

D is the distance from the crossing-line to a target position
(g1, g2), and T" is an empirical parameter that is adjusted to
obtain smooth diabatic PESs. A unitary transformation
matrix U is defined for a selected I' value as follows:

U(CQSI —smr) (6)
sint

coS T
Then, the energies of the diabatic states (Vp;,) can be
obtained from the energies of the adiabatic states (Vagia) by
using the unitary transform matrix:

Vbia = U VagiaU (7)

The actual values of V| agia and V; agi, Were obtained from
the previous study [5].

To obtain a qualitative assessment of the diabatic PESs
resulting from Step 1, one-dimensional (1D) cuts of the 2D
PESs along the line perpendicular to the crossing-line are
shown in Fig. 3a for a few selected values of I'. (Note that
only a crossing-point on the crossing-line is shown in this

1D cut.) For regions of the PESs sufficiently far from the
crossing-line, the arc-tangent function, Eq. (5), does not
depend strongly on the value of I' and converges to a
similar value. Therefore, far from the crossing-line, the
resulting diabatic PESs are satisfactory for any reasonable
value of I'. For regions of the PESs near the crossing-line,
however, the situation becomes more complicated.

Figure 3a shows that the diabatization with I' = 10 (the
blue dotted lines) results in a too narrow range of diab-
atization and, as a result, noticeable swellings (wrinkles)
are present in the 2D PES near the crossing-line; the sud-
den curvature of the blue dotted lines of the 1D cut in
Fig. 3a implies the presence of wrinkles. On the other
hand, the diabatizations with I" larger than 30 (the red
dotted lines) result in diabatic PESs with the non-adiabatic
range too wide. According to our several trials, the optimal
I" value in this case seems to be around 20 (the black dotted
lines). However, the 2D diabatic PESs with I" = 20 still
have many small wrinkles scattered around the crossing-
line. We have carried out some preliminary time-propa-
gations with initial test wave-packets, which resulted in
obviously questionable behavior around such wrinkles. In
spite of our many attempts to make the range of the non-
adiabatic region reasonable and to remove such small
irregular wrinkles, diabatizations relying solely on simple
functions such as Eq. (5) do not seem satisfactory.

V&Pl T=10)
V;ﬁﬁ"ﬂ"-lﬂ)
VP! T =20)
Vo re20)
""" VSl (T=20)
...... V4P (Teg0) -

— va.i
V% [-20)
VNPl (T=20)

Y Sep2

Fig. 3 a One-dimensional (1D) cuts of the diabatic PESs generated
with various values of I" with Step 1, and b a comparison of 1D cuts
of the PESs obtained with Steps 1 and 2
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Step 2: Refinement of the initial diabatic PESs is carried
out by using a very simple criterion, that is, smoothness,
which is the most basic requirement of diabatic PESs [9].
To improve the smoothness of the PESs generated with
I' = 20 in Step 1, the numeric values of V| p;, and V; p;, of
the small wrinkles near the crossing-line are discarded and
generated again with a linear interpolation method. Typical
results of such a procedure are shown in Fig. 3b: the curves
of the 1D cut of the diabatic PESs obtained with Step 1 are
represented by black dotted lines, and the curves corre-
sponding to the PESs obtained with linear interpolation in
Step 2 are shown as red dashed lines. Note that the slight
swelling near the crossing-point in the initial 1D cut (black
dotted line) has been removed by the linear interpolation. It
is also noticeable that the crossing-point between the two
diabatic PESs has moved slightly outward as a result of this
refinement, as can be seen in Fig. 3b. The choice of the
swelling areas (i.e., the range of the wrinkle areas) and the
refinement of those areas with linear interpolation are
determined heuristically rather than rigorously, and some
arbitrariness is present. However, we found that this pro-
cedure is not much difficult or ambiguous and that the final
results of the wave-packet propagation discussed in Sect. 3
are not strongly dependent on the details of the fitting, at
least in the case of this system. However, it should be
mentioned that to apply linear interpolation directly to the
original adiabatic PESs, without passing through Step 1,
seems too arbitrary.

Step 3: The diabatic coupling term between the diabatic
PESs is generated as follows. Once we have determined the
energies of the diabatic PESs, i.e., V| pi, and V; pj, in Eq.
(4), by performing Steps 1 and 2, a new mixing angle 7’ is
defined by the following equation.

. 1 V1pia — V2,pia
7 =sin”! (1—”> 8
2 Viadi — Vaadi ®)
Then, the value of the potential coupling term, Vi, pj, in
Eq. (4), is calculated as follows.

Vizpia = (Vaadi — Viag) sint cos ¢/ 9)

The values of Vi, pi, at all grid points of the 2D space are
calculated with the above procedure. The two diabatic
PESs (Vi pia and V; pia) and the potential coupling (V12 pia)
between them are shown in Fig. 4.

2.4 Assessment of the diabatic PESs

In spite of the arbitrariness in the above diabatization
procedure, this method is computationally simple, and
understanding of the dynamics obtained through wave-
packet propagation can be simpler with the resulting dia-
batic PESs. In order to assess the reliability of our diabatic
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Fig. 4 Two diabatic PESs (upper) of NH3Cl and the potential
coupling between them (lower)
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Fig. 5 The change in population with the time of propagation of the
vo.0 wave-packet of H,NHCI ™. The solid lines are our results, and the
dotted lines are the results of Ronen et al. [5]

PESs, the results obtained with our diabatic approach (the
solid lines in Fig. 5) are compared with the results of the
study of Ronen et al. (the dotted lines in Fig. 5) [5]. For a
direct comparison, the populations of diabatic states
obtained in our calculations are projected onto the popu-
lations of adiabatic states by using the method included in
the Wavepacket program [12]. In addition to the basic
difference between their non-adiabatic approach and our
diabatic approach, there is also a slight difference between
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Fig. 6 Diabatic representations of the wave-packet dynamics after »
vertical excitation of H,NH:--Cl™ to the charge-transferred excited
state, H,NVH---Cl1™. The upper (blue) and lower (red) panels of each
pair show the V, p;, and Vi p;, PESs, respectively

the wave-packets. The initial wave-packet of Ronen et al.
was created by projecting the harmonic ground-state
vibrational function of the anion onto the N-H and H-CI
coordinates [5], whereas the vy, wave-packet generated in
Sect. 2.2 was used in the present study, which means that
intrinsic anharmonicity is included in our vy wave-packet.
Due to these small differences, our results do not match the
previous results perfectly. The comparison in Fig. 5 does
however show that the early-time dynamics are quite suc-
cessfully described by our diabatic approach, not only
qualitatively but also quantitatively, implying that the
diabatic PESs and potential coupling generated in the
present study are sufficiently reliable.

3 Results and discussion

3.1 Diabatic picture of the early-time dynamics

One of the main advantages of investigating dynamics with
diabatic PESs rather than adiabatic PESs is the clearer
physical picture. Some snapshots of the propagation of the
initial wave-packet corresponding to the v, vibration level
of the anion are shown in Fig. 6. The adiabatic represen-
tation corresponding to the first three pairs in Fig. 6 is
Fig. 3 of the previous paper [5]. The horizontal and the
vertical axes in the figure indicate the dissociation channels
toward HCl and Cl, respectively. In each snapshot, the
upper (blue) and lower (red) panels represent the V; ;, and
Vi pia PESs, respectively, and the wave-packet for each
state is represented by a contour of the same color as the
state. A negative imaginary potential (NIP) [17] of a
power-function form was placed at the horizontal and
vertical dashed lines in the figures to absorb the wave-
packet corresponding to the dissociating portion. The main
features of the early-time dissociation dynamics of
H,NHCI can be explained more easily with the 1D cut
shown in Fig. 7, where the horizontal coordinate corre-
sponds to the diagonal dashed line in the first pair (at O fs)
of Fig. 6. The details of the ultra-fast features of the bidi-
rectional proton—electron transfer [1] in the early-time
dynamics can be described as follows.

The position of the initially excited wave-packet in the
Franck—Condon region is indicated by I in Fig. 7, and the
main characteristics of the initially excited state at I cor-
respond to H,NH*—CI ™, as mentioned in previous studies
[2, 5]. According to the main concept behind the

%,
N |
oY MO —"

T
N,

ANy I——— I
\C 4

I I | .
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“ V2ia

.

\ LNH—Cl / “"\‘
N H;N—H'Cl ™

Fig. 7 The changes in the characteristics of the electronic states
during the early-time dynamics of H,NHCI. The horizontal coordi-
nate corresponds to the dashed line in the first pair (at O fs) of Fig. 6.
The FC position of the initially excited wave-packet is at I

diabatization, the characteristics of an electronic state are
conserved along the diabatic PES, and the nuclear wave-
packet propagating along the diabatic V, p;, PES maintains
the characteristics of the initial electronic state at position
I. As a result, the wave-packet propagated to position II
corresponds to H,N-H"Cl™, because the change in the
molecular geometry upon this propagation corresponds to
an increase in the N-H distance and a simultaneous
decrease in the H-Cl distance. This propagation can be
described as the movement of the proton (H") without
adjustment of the electronic distribution, that is, a diabatic
proton transfer. At position II, the wave-packet propagates
further along the same direction while the excess electron
charge on CI™ moves to H', and dissociation to the
H,N + HCI limit eventually occurs. Thus, this dynamics
can be characterized as diabatic proton transfer followed by
electron adjustment.

As the wave-packet originating from position I propa-
gates and bifurcates (the first bifurcation) at the crossing-
point between the two PESs, one part propagates in the
right-hand direction to position III along V; p;,. The steep
increase in V| p;, means that this part is actually trapped
near the crossing position, as can be deduced from the
almost fixed position of the center of the wave-packet on
Vi pia (red panels) at 6 and 9 fs in Fig. 6. The electronic
characteristics of position IV correspond to H,NH-CI, as
mentioned in previous studies [2, 5], and because position
IIT is connected to position IV by V; p;,, the electronic
character of the wave-packet leached (and trapped) at
position IIT corresponds to H,N-HCI, according to the
change in molecular geometry described above. This
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I — III process can be described as the approach of a
proton to CI™ and the simultaneous adjustment of the
excess electronic charge at Cl~ toward the approaching
proton; this dynamics can thus be characterized as the
attraction of an electron to the approaching proton. This
direction of propagation, however, is not dissociative, and
the wave-packet has to change its direction of propagation
due to the steep increase in V;p;, and then propagates
backward. The returning wave-packet can bifurcate again
(the second bifurcation) at the crossing-point toward
positions IV or V.

The wave-packet leached at position IV now has the
characteristics of H,NH-CI, and the movement III — IV
corresponds to the simultaneous movement of electron
along the proton, that is, the usual adiabatic dynamics. The
important and interesting point clarified by this diabatic
picture is that the dynamics from the charge-transferred
excited state, H,NH*—Cl~, to the ground H,NH-CI state
do not consist of a simple electron transfer from the anionic
part to the cationic part, even in this simple single-bonded
system. The electron transfer is mediated (or stimulated) by
the movement of the proton. The other part of the second
bifurcation propagates along the PES of V, p;, and arrives
at position V, but the III — V proportion is negligibly
small, as expected from the slopes of V| p;, and V;pj,.
Meanwhile, the center of the original wave-packet on V; p;,
(blue panels) has moved to position V, as shown by the
snapshots at 9, 12, and 15 fs in Fig. 6, because position
V corresponds to the stationary structure of V,p;,, as
shown in Fig. 7.

According to Ronen et al. [5], if the initial wave-packet
produced by the electron photo-detachment with low
energy (~4 eV) is placed not in the charge-transferred
excited state but in the ground electronic state of NH;Cl,
the wave-packet is trapped in the stationary structure of
the ground electronic state, and no dissociation to the
H,NH + Cl or H,N + HCI limit occurs. However, the
wave-packet at position IV that results from the movement
III — IV could have much larger kinetic energy than the
wave-packet initially prepared by the low-energy photon,
and so can propagate further to the H,NH + Cl limit.
However, according to our simulations, almost no part of
the wave-packet with this high kinetic energy propagates to
the H,NH + Cl limit, mainly due to the perpendicular
nature of the kinetic energy with respect to the dissociation
path. The snapshots at 21, 27, 33, and 39 fs in Fig. 6 show
that no part of the wave-packet on V,p;, (red panels)

propagates toward the H,NH + Cl limit (left-upper side).
Instead, the wave-packet on V| p;, smears out into the
H,N + HCI region (right-lower side) via a kind of tun-
neling effect, that is, an adiabatic tunneling of an H atom.
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According to our calculations with the G3 method [18], the
energy of the HoN + HCI limit is 13 kJ/mol higher than
that of the HoNH + Cl limit.> Moreover, the barrier to the
H,oNH + Cl limit (left-upper side) is much lower than that
to the H,N + HCl limit. Therefore, the perpendicular
nature (with respect to the reaction coordinate toward the
H,NH + Cl limit) of the kinetic energy of the wave-packet
at position I'V seems to be the main reason for the adiabatic
tunneling of an H atom toward the H,N + HCI limit. This
result could be an artifact caused by the restrictions of the
2D space used in this study, but it is worth to note that no
ClI product was observed in previous experiments [2, 3].

To summarize this diabatic picture of the dissociation
dynamics of the charge-transferred excited state of
H,NHCI, the path toward the H,N + HCI limit includes
two processes: single-step dynamics featuring ‘diabatic
proton transfer followed by electron adjustment,” and
two-step dynamics consisting of the formation of the
ground electronic state of H,NH—-CI via ‘electron transfer
from the other direction mediated (stimulated) by proton
movement’ followed by adiabatic H atom tunneling to
H,N-HCI. It may be an additional detailed aspect of the
wide range of proton-coupled electron-transfer (PCET)
phenomena [1].

3.2 Effects of varying the vibration level of NH3CI™

The changes in the total populations (population dynamics)
with the propagation time are shown in Fig. 8; the popu-
lation dynamics commencing with different vibration lev-
els of the anion are represented by different colors (black,
red, and blue for the 0, 1, and 2 levels, respectively, of the
internal N-H stretch mode) and different types of lines
(solid, dotted, and dashed for the 0, 1, and 2 levels,
respectively, of the H,NH-CI stretch mode). The decrease
in the total population below 1.0 is caused by the absorp-
tion of the wave-packet by the NIP placed at the horizontal
dashed lines in Fig. 6; it corresponds to the formation of
the HCI product.

Note the shift in the early-dissociation time; the early-
dissociation time is estimated here as the time when the
total population decreases below 0.9. The value 0.9 was
chosen partially because the lines of different types but
with the same color cross each other around that value.
When the vibration level of the internal H,N-H stretch
mode (lines with different colors) is excited from 0 — 1
and 1 — 2, the early-dissociation time is shortened by
approximately 3 and 1 fs, respectively. On the other hand,
the excitations in the vibration level of the H,NH-Cl
stretch mode (different types of lines) turn out to have

2 G3(0 K) energies are —459.990959(Cl), —56.507020(NHs),
—460.654664(HCI), and —55.848193 (NH,) Hartrees.
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Fig. 8 The changes in the total populations of H,NHCI (upper) and
H,NDCI (lower), depending on the initial vibration level, with the
wave-packet propagation time (in fs)

negligible effects on the early-dissociation time. There are
some marginal effects, that is, the higher the level of the
H,NH-CIl stretch mode, the slower the dissociation
dynamics beyond the early-dissociation time.

Although the changes in the populations after 15 fs were
generated in our study, we refrain from further detailed
discussions of these changes because the effects of the
other seven internal vibration modes of NH;Cl were not
included in the dynamics studied here. If the dimension-
ality of the system were increased, the timescale of the
dissociation dynamics would be shortened still further.

The initial purpose of our study of different initial
vibration levels was to determine the changes in the
branching ratio of the two dissociation paths toward the
H,NH + Cl and H,N + HCIl limits. According to our
study, however, almost no part of the wave-packet reaching
position IV of Fig. 7 dissociates to the H,NH + Cl limit,
as described above in Sect. 3.1. As a result, only the
H,N 4 HCI dissociation products are observed in our

@ Springer
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simulation, regardless of the initial vibration levels. The
extension to higher dimensionality seems to be indispens-
able for future theoretical studies aiming at finding a
method of controlling the branching ratio of the two
channels.

3.3 Effects of isotope substitution, H,NDCl

The effects of isotope substitution on the dissociation
dynamics were tested for H,NDCI by using the same dia-
batic PESs and coupling term of NH3Cl as shown in Fig. 4.
The completely substituted system, D,NDCI, might be
more relevant to actual experiments, but H,NDCI was
investigated in this study because the difference between
the isotope effects of H,NDCIl and ND;Cl is small, as is
expected from the marginal change in mass M, indicated
by Eq. (3). The overall shapes of the vibration wave-
packets of H,NDCI are almost the same as those of
H,NHCI, but their spatial extents in Fig. 3b are a little
more compact than those of NH;Cl™ in Fig. 3a. The
vibration energies of H,NDCI are noticeably smaller than
those of NH;Cl™, as shown in Table 1. The smaller
eigenvalues implies a smaller intrinsic kinetic energy of the
wave-packets, and much longer timescales (slower kinet-
ics) are anticipated.

The qualitative features of the population dynamics of
H,NDCI, shown in the lower panel of Fig. 8, are almost the
same as those of H,NHCI shown in the upper panel of
Fig. 8. The dependence of the dynamics on the vibration
levels of the initial wave-packet is also very similar to that
in the case of HoNHCI. The main difference is the time-
scale: the early-dissociation time is increased by a factor of
approximately one and a half by the isotope substitution.
This retardation of the dynamics is also reflected in the less
steep slope of the decrease in the total population, even
after the early-dissociation time.

4 Conclusion

A simple diabatization scheme, generating smooth diabatic
PESs and the potential coupling term between them by
using just two adiabatic PESs, is demonstrated and applied
to the charge-transfer excited state of the NH5Cl system.
The results of our study are in good agreement with those
of a previous study [5], which accounted for not only the
first- but also the second-order non-adiabatic coupling
terms, so future applications of the simple diabatization
method to other systems are promising, at least for those
systems that can be treated with a restricted two-dimen-
sional space.

By using this diabatic picture in this present study, it
was demonstrated that the dissociation toward the HCI

@ Springer

product from the charge-transferred excited state, H,NH"—
Cl™, includes two different processes: the one-step
dynamics of ‘diabatic proton transfer followed by electron
adjustment,” and the two-step dynamics consisting of the
formation of the ground electronic state of H,NH-CI by
‘electron transfer from the other direction mediated
(stimulated) by proton movement’ followed by adiabatic H
atom tunneling to H,N-HCI.

In order to find a method of controlling the branching
ratio of the dissociation paths toward the H,N + HCI and
H,oNH + Cl1 limits, we studied the effects of varying the
vibration levels of the anion H,NHCI ", which is the pre-
cursor of the excited electronic state of neutral H,NHCI
arising from electron photo-detachment, on the early-time
(<15 fs) dissociation dynamics. According to the present
study, however, no product of the H,NH + CI limit is
observed regardless of the initial vibration levels. The
extension of this approach to higher dimensionality is
highly desirable for future theoretical studies aiming at
controlling the branching ratio of the two channels. A
decrease of a few femtoseconds in the early-dissociation
time is observed upon the activation of one quantum of the
vibration level (of around 3,121-3,140 cm_l) of the
hydrogen vibration between the N and Cl atoms of
H,oNHCI™. On the other hand, the dynamics are slightly
slowed by the excitation of the vibration level corre-
sponding to the stretch of the weak intermolecular H,NH—
ClI bond, but the effects are negligible.

The effects of deuterium substitution of the active H
atom, H,NDCI1 ", were also studied. Although the effects of
varying the vibration levels on the early-time dynamics are
almost unaltered by the isotope substitution, the timescale
of the dynamics is slowed down by a factor of approxi-
mately one and a half.

We hope our current results will motivate further theo-
retical and experimental studies of the interesting NH;Cl
system, which is the first described case of a non-adiabatic
chemical reaction triggered by electron photo-detachment,
as advocated by an earlier study [5].
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