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Abstract

The photoinduced dynamics of pyrrole at the 'A;(mo*)— Sy and 'B(mwo*)- Sy conical intersections has been investigated by multi-mode
time-dependent quantum wave-packet calculations. Diabatic potential-energy surfaces have been constructed for both conical intersection using
accurate multi-reference ab initio electronic-structure calculations. In addition to the NH stretching coordinate, the three (four) symmetry-allowed
coupling modes of A, (B;) symmetry have been considered for the 'A;(wo*)— Sy (B1(wo*)— Sy) conical intersections. Wave-packet dynamics
calculations have been performed for three-dimensional models, taking account of the two dominant coupling modes of each conical intersection.
The electronic population-transfer processes at the conical intersections, the branching ratio for the dissociation to the ground and excited states
of the pyrrolyl radical, and their dependence on the initial preparation of the system have been investigated. It is shown that the excitation of
the NH stretching mode strongly enhances the photodissociation rate, while the excitation of the strongest coupling mode has a pronounced
effect on the branching ratio of the photodissociation process. Although the inclusion of the second (weaker) coupling mode has little effect
on the electronic population dynamics, it leads to interesting changes of the nodal pattern of the wave packet at the conical intersections.
The calculations provide insight into the effect of the multiple coupling modes on the process of direct photodissociation through a conical
intersection.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction of the electronic ground state, resulting in the 'As(wo*)— So

and !B (wo™*)— S conical intersections [4] (see Fig. 1). These

Ab initio calculations have revealed that the near-UV pho-
tolysis of pyrrole essentially involves the four lowest excited
singlet states, which are 'Ay(wa™), 'Bj(mwo™), 'Bo(mn*), and
YA (%) [1-5] (see Fig. 1). The ordering of the vertical exci-
tation energies of these four states has been quite controversial
[1-3]. The two 'mrm* states are responsible for the broad and
intense absorption band near 6 eV. The two lowest excited sin-
glet states are of ! o character. At the ground-state equilibrium
geometry, the o* orbital is essentially a 3s Rydberg orbital. Upon
stretching of the NH bond, the potential-energy (PE) functions
of the o™ states are repulsive. They intersect the PE function
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conical intersections provide a mechanism for ultrafast internal
conversion (that is, radiationless decay to the electronic ground
state), as well as hydrogen abstraction [4]. The latter process has
been confirmed by the experimental detection of fast hydrogen
atoms in the photodissociation of pyrrole [6-9].

The nonadiabatic photoinduced dynamics of pyrrole has been
investigated via time-dependent quantum wave-packet calcula-
tions on two-dimensional ab initio PE surfaces [10,11]. The NH
stretching mode has been considered as well as the dominant
coupling mode at the 'As(mo*)— Sg and 'B;(wa*)— So coni-
cal intersections, respectively [11]. The model calculations in
reduced dimensionality have revealed two key features: (1) the
time scale of the hydrogen abstraction is extremely sensitive
to the initial vibrational level of the NH stretching mode, and
(2) the branching ratio for photodissociation into the 21 and o
pyrrolyl radicals depends on the initial excitation of the cou-
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Fig. 1. Potential energy of the five lowest singlet electronic states, Sg, o™
(‘Ay), wo* (!By), wm* (!By) and ww* ('A) of pyrrole as functions of rny.

pling mode [11]. The conical intersections between the 'm*
and !wo* states have been characterized in Ref. [12].

Very recently, Ashfold and co-workers have applied high-
resolution photofragment translational spectroscopy at several
excitation wave lengths to pyrrole and several other heteroaro-
matic molecules [13—-16]. These experiments have revealed that
the pyrrolyl radical (as well as the corresponding radicals of
other heteroaromatics) is formed in remarkably limited subsets
of its available state density. Such mode-specific product for-
mation after photoexcitation of medium-size organic molecules
would have been considered, until recently, very unusual. Such
vibrational mode-specific photodissociation dynamics is now
recognized as a signature of ultrafast nonadiabatic dynamics via
conical intersections [16].

In the present work, we have extended the previous calcula-
tions [10,11] by investigating the effect of all symmetry-allowed
coupling modes [17] for each Imo*= So conical intersection
in pyrrole. We treat the two !ma*— So conical intersections
separately. We construct models of reduced dimensionality to
explore the quantum nonadiabatic dynamics at the individual
conical intersections. Multi-reference electronic-structure meth-
ods have been employed to characterize the coupling modes.
Few-dimensional PE surfaces have been constructed on the
basis of these ab initio data, following the strategy of previous
works [10,11]. The essential features of the ultrafast hydrogen-
abstraction dynamics of photoexcited pyrrole are explored,
employing standard quantum wave-packet (WP) propagation
methods.

2. Theory
2.1. Ab initio calculation of the adiabatic PE surfaces

In our calculations, we have used the augmented correlation-
consistent polarised-valence-double-zeta (aug-cc-pVDZ) basis
set [18]. To properly describe the Rydberg character of the ! wo™*
states in the Frank-Condon (FC) region, one additional diffuse
s function and one additional set of p functions were added
at the nitrogen atom, as well as two additional diffuse s and

two additional sets of diffuse p functions at the active hydrogen
atom. Their exponents were derived by dividing successively
the exponent of the most diffuse s and p functions in the aug-cc-
pVDZ basis by factor of 3.0.

The ground-state equilibrium geometry, the normal modes
and the harmonic vibrational frequencies of pyrrole have been
obtained with the second-order Mgller-Plesset (MP2) method
using the GAUSSIAN 98 package [19].

To characterise the 'A>— Sp and !Bj— Sg conical inter-
sections, we have performed two independent ab initio
complete-active-space self-consistent-field (CASSCF) calcula-
tions by averaging the CASSCF functional over the ' A, and S,
and the 'B; and S states, respectively. These calculations were
performed with the MOLPRO package [20].

For the calculation of the ' Ay— Sg conical intersection, the
active space consists of three 7 orbitals and two * orbitals, as
well as one occupied o orbital and the corresponding o™ orbital
of Rydberg character. This active space corresponds to a dis-
tribution of 8 electrons in 7 orbitals. For the calculation of the
IB,— Sy conical intersection, besides the orbitals included in
the ' Ap— S calculation, it was found to be necessary to include
two additional occupied orbitals of o character (8a;, 6b>), and
three additional virtual orbitals of o™* character (11a; — 124y,
7by) to obtain smooth PE surfaces in the region of the bar-
rier of the !B (wo™) surface, where the Lmwo™* state changes its
character from 3s towards H1s. Thus, the active space is com-
posed of 12 electrons in 12 orbitals. As pointed out in a recent
study by Celani and Werner [5], this active space yields the cor-
rect ordering of the low-lying valence and Rydberg states of
interest.

2.2. Analytic representation of the diabatic PE surfaces

The ab initio calculations yield the adiabatic PE surfaces.
The adiabatic representation is not convenient for the treatment
of the reaction dynamics due to the singularity of derivative
couplings at the conical intersection [21]. Thus, we introduce a
so-called quasi-diabatic electronic representation via a suitable
unitary transformation of the electronic states [21-23].

The diabatic-to-adiabatic transformation matrix U of the elec-
tronic wavefunctions is generally defined as

! = UoY, 1)

where ®2 and ®9 are two-dimensional vectors of adiabatic and
diabatic electronic wave functions, respectively. The adiabatic
PE matrix V2 is obtained from the diabatic PE matrix V¢ via

V* = uviut. )

The diagonal elements of the matrix V9 are the diabatic PEs
correlating with the So and one of the two '7a* states, respec-
tively. The off-diagonal element of V¢ represents the electronic
couplings between different diabatic states.

In the present rather transparent case of a single conical inter-
section, arising from the symmetry-allowed crossing of one of
the L o™ states and the S state, we can achieve the diabatization
via the ansatz of a2 x 2 diabatic PE matrix as an analytic func-
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tion of the nuclear coordinates. The parameters of the ansatz
are determined by a least-squares fit of the eigenvalues of the
PE matrix to the ab initio PE data. The details of the diabatic
models can be found in Appendix A.

2.3. Multi-mode Hamiltonian

The Hamiltonian for nuclear motion is expressed in the two-
state diabatic basis as

m=r(' %) (M M 3)
— Mo 1 Vor Vo |

where Ty is the nuclear kinetic-energy operator. Vi1 and Vo
describe the PE surfaces of the ground diabatic Sy state and the
diabatic o™ state, respectively.

The selection of the relevant modes of the reduced dimen-
sionality models can be performed with the help of symmetry
selection rules. Since pyrrole possesses Cpy symmetry, its 24
internal degrees of freedom correspond to nine Aj, three Aj,
eight B; and four B, vibrational modes:

I' =9Ta, +3Ia, + 81, +4I%,. @)

The NH stretching coordinate Ny of A; symmetry is the
reaction coordinate for the hydrogen abstraction reaction. For
the LA, So conical intersection, the coupling coordinates [17]
are the three normal coordinates of A, symmetry. For the 'Bj—
So conical intersection, the coupling coordinates are the four
normal coordinates of B; symmetry. These selection rules result
in models which include four or five degrees of freedom for the
LA, Sp or 1B, So conical intersections, respectively.

In this set of coordinates, the kinetic-energy operator takes
the following form:

n? 92 1 &

Tn= - O N L
NT e T 2202

&)

where w is the reduced mass corresponding to the motion of the
H atom relative to the ring part of pyrrole. r is defined as the dis-
tance between the H atom and the center of mass of the ring. O,
are dimensionless normal coordinates with corresponding fre-
quencies w.. Here the summation is over all symmetry-allowed
coupling modes.

In the present rather simplified model, all other internal coor-
dinates are kept frozen at their ground-state equilibrium values.
This means that we ignore the energy transfer between the
active modes and the many other vibrational modes. It should
be mentioned that we also ignore here the possible coupling
between the 1B (wo*) and ! Ay (wo™*) states via in-plane vibra-
tional modes of B, symmetry [24,25]. Moreover, we do not
consider the vibronic interaction of the !mo™ states with the
optically allowed !m* states via out-of-plane modes [12]. The
experimental results of Ashfold’s group have revealed that these
vibronic inducing modes are spectator modes, that is, their quan-
tum states do not change during the photodissociation process
[14,16].

2.4. Effective-mode Hamiltonian

The concept of effective tuning and coupling modes has been
discussed in previous works (see Refs. [17,26-28] and the ref-
erences therein). It has been shown that the effective mode is a
good approximation when the tuning (coupling) modes possess
similar frequencies [17,26,27].

In the case of a conical intersection with several coupling
modes with frequencies w, and coupling strength )., a single
mode, the so-called effective coupling mode, can be constructed
to represent the effects of all coupling modes. The coupling
strength A.gr and the frequency 2. of this effective coupling
mode are [17,26,27]

Aeff =, | Z?»% (6)

A
Qi =) A;ffwc, (7
C
he
Qeti = »_ o Qe ®)

c

This approximation reduces the dimensions of our models from
four (! Ap— Sy intersection) or five (!B - Sy intersection) to two:
the NH stretching mode and the effective coupling mode.

2.5. Preparation of the initial states, WP propagation and
population probabilities

The vibrational eigenstates of the adiabatic ground-state PE
surface are constructed within the time-independent framework,
by the diagonalization of the adiabatic ground-state Hamiltonian
in a finite-basis representation. The initial WPs are prepared by
vertical electronic excitation, that is, by placing a given vibra-
tional state of the electronic ground state into one of the !mo*
excited states. The photoinduced dynamics of pyrrole is treated
in the time-dependent picture by solving the time-dependent
Schrodinger equation for the nuclear motion on the coupled
surfaces in the diabatic representation. For the large-amplitude
NH stretching coordinate, we adopt the representation of the
WP on an equidistant grid. For the coupling modes, it is more
economical to employ an expansion of the WP in harmonic-
oscillator basis functions. The details of this mixed-grid-basis
representation (MGBR) are explained in Appendix B.

Adiabatic and diabatic electronic population probabilities
are defined as expectation values of the corresponding projec-
tion operators, |$)(¢?| or |¢9) (4], with the time-dependent
vibronic wave function [17]

P D) = (W8 (91 W(1)),
PR = (WG (B 1W(r)),

i=1,0, 9
i=1,0. (10)

For the present dissociative system, we use a special trick to
calculate the diabatic and adiabatic populations. The details can
be found in Appendix C.
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Table 1
Harmonic vibrational frequencies of the ground state of pyrrole obtained with
the MP2 methods

Mode Symmetry o (cm™1)
MP2 DFT

vy Ay 3672.8 3674.7
12 Al 3304.8 3262.2
V3 Ay 3283.2 3240.0
V4 Al 1494.7 1500.5
Vs Ay 1430.7 1417.1
123 Aj 1167.5 1173.8
V7 Ay 1096.0 1092.2
vg Aj 1035.9 1033.8
12) Ay 882.0 901.9
vio Ay 824.3 878.2
Vi1 Ay 664.9 686.9
vi2 Ay 608.8 631.0
Vi3 B> 3298.5 3256.3
Vi4 B> 32719 3228.7
vis B> 1544.9 1576.5
Vie B, 1480.7 1455.8
vi7 B> 1291.3 1309.0
vig B, 1156.7 1159.0
Vi9 B> 1056.0 1066.6
V20 B, 858.9 881.3
V21 B 792.6 830.9
v B; 716.2 727.8
23 B 637.1 641.0
V4 B 515.9 474.9

The frequencies obtained with the DFT method and the B3LYP functional (Ref.
[13]) are given for comparison.

3. Results and discussion
3.1. Ab initio results

The calculated equilibrium geometry of the ground state
of pyrrole is in good agreement with previous results
[1-3,5,29-31]. The normal modes, their symmetry labels and
the harmonic vibrational frequencies are given in Table 1 for
the convenience of the reader. The vibrational frequencies are in
good agreement with previous theoretical data (see Ref. [13] and
references therein). The atomic displacement vectors associated
with the normal modes of A, and B symmetry are shown in
Fig. 2.

For the !A,— Sy conical intersection, the vibronic coupling
constants A. of the three A, modes at the conical intersection
are given in Table 2. The mode vy is found to be the strongest
coupling mode with a dimensionless coupling parameter A /v =

Table 2

Harmonic vibrational frequencies w, ! Ay— S¢ coupling parameter A and dimen-
sionless coupling parameter A/w of three Ay modes at the ' A,— S conical
intersection

Mode w (eV) A (eV) Ao

vio 0.102 0.043 0.422
V] 0.083 0.111 1.337
vi2 0.075 0.035 0.467

As mode

10 21

V11 22

Fig. 2. Nuclear displacement vectors of the A, and B; normal modes of pyrrole.

1.34. The other two modes, v1g and v12, are rather weak coupling
modes, with dimensionless coupling parameters in the range
0.42 — 0.46, three times smaller than that of mode vq;.

For the 'Bj— Sy conical intersection, the coupling constants
of the four B; modes at the conical intersection are given
in Table 3. Among them, the strongest coupling mode is Vo4
with the dimensionless coupling parameter 5.53. This mode
possesses the lowest frequency and mainly represents the out-of-
plane motion of the H atom of the azine group (see Fig. 2). The
mode vy; is also a relevant coupling mode, with A/w ~ 0.8. It
corresponds to a combination of the out-of-plane motion of the
H atom of the azine group and similar motions of the H atoms
of the ring (see Fig. 2). The modes v, and v»3, representing the
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Table 3

Harmonic vibrational frequencies w, 'Bj— Sq coupling parameter A and dimen-
sionless coupling parameter A/w of the four B, modes at the ' B;— S¢ conical
intersection

Mode w (eV) A (V) Ao
)1 0.098 0.0 0.0
v 0.089 0.072 0.809
V23 0.079 0.0 0.0
Vo4 0.064 0.354 5.531

out-of-plane motions of the N atom or H atoms of the ring, are
essentially inactive (see Table 3).

3.2. YA>— Sy conical intersection

The coupling strength of vq; is much stronger than that of the
other two modes of A, symmetry. In the previous work, we have
taken just this coordinate into account as the coupling coordinate
to construct a two-dimensional (2D) model [11]. The coupling
modes v1g and v1; have similar coupling strengths at the conical
intersection and their coupling strengths are much weaker than
that of vy;. To investigate their effect on the dynamics of the
TA,— So conical intersection, we can add either of them to the
2D model to obtain a three-dimensional (3D) model. We have
performed WP calculations by adding either the mode vig or
v12. The results show that the influence of v, on the dynamics
is more prominent than that of v{o. Therefore, we discuss only
the results of the 3D model which includes the strong coupling
mode v1; and the weak coupling mode vy5.

3.2.1. Vibrational eigenstates of the electronic ground-state
surface

The lowest vibrational levels of the 3D electronic ground-
state surface of the ' Ar— So conical intersection model have
been calculated by diagonalization of the ground state Hamilto-
nian. We designate the occupation numbers of the NH stretching
mode, the strong coupling mode (vq1) and the weak coupling
mode (v12) as ny, ne,1 and nc 2, respectively. The fundamen-
tal frequencies of these three vibrations are 3405, 675 and
613 cm™!, respectively, in the 3D model, in acceptable agree-
ment with the experimental and full-dimensional harmonic
frequencies (see [31,32] and references therein).

3.2.2. Electronic population and WP dynamics

As discussed previously for the 2D model of the ! Ay— S coni-
cal intersection, the photodissociation rates are highly dependent
on the preparation of the initial state of the NH stretching mode.
When the NH stretching mode is prepared in its ground state
[(O, nc,1, ne2) initial condition], no fast dynamics takes place
due to the presence of a rather high barrier in the 'A; (wo™)
state (0.40 eV). The energies of the initial states are significantly
lower than this barrier. The WP is therefore trapped in the well of
the ' A, state. It can escape only by quantum tunnelling, which
happens on a rather long time-scale. In addition, the top of the
barrier on the 'Ay (wo™) surface is lower in energy than the
upper adiabatic dissociation limit (®o). The upper dissociation

channel is therefore closed and the WP dissociates towards the
lower limit (%r).

If we put one quantum of energy into the NH stretching
motion [(1, n. 1, n¢,2) initial condition], the adiabatic popula-
tion probabilities exhibit extensive population transfer within
20fs (see Fig. 3). In this case, the WP can overcome the barrier
in the ' A state and reach the conical intersection very quickly
due to the strongly repulsive character of the 'A, surface. At
the conical intersection, the WP splits and moves towards both
dissociation channels, 2 and 2o Since the top of the barrier in
the ' A, state is slightly lower than the upper (>o) dissociation
limit, only the high-energy part of the WP can dissociate towards
the upper dissociation limit directly. The low-energy part of the
WP (with an energy between the barrier of the ! A, state and the
upper dissociation limit), is reflected by the attractive upper adia-
batic potential and re-enters the conical intersection. This part of
the WP oscillates at the conical intersection, and finally dissoci-
ates to the ground state of the pyrrolyl radical. This explains
the decay of the diabatic population of the 'A, state in the
early stage of the reaction and the recovery of it in the later
stage. When two quanta of the NH stretching mode are initially
excited [(2, n¢ 1, nc,2) initial condition], we also observe very
fast decays of the P} populations (not shown here). However, the
enhancement of the decay time relative to n, = 1 is not signif-
icant. The recovery of the diabatic population Pg disappears in
this case.

For the above cases, all of the wave packet moves to the
two dissociation channels and the the total photodissociation
probability is unity in the present treatment. It is interesting to
notice that the branching ratio of the reaction is sensitive to the
preparation of the dominant coupling mode v11. The diabatic
population transfer at the conical intersection is enhanced by
the excitation of this mode (see Fig. 3). On the other hand, the
excitation of the weak coupling mode v1; has almost no effect on
the population dynamics (see Fig. 3). This result shows that the
nonadiabatic transition at the conical intersection is primarily
driven by the mode v;.

It is worthwhile to compare these results with our previous
calculations including only the strong coupling mode v;;. The
inclusion of the additional coupling mode v, has a minor effect
on the electronic population dynamics. This result confirms the
validity of the original 2D model for the ' Ay— Sy conical inter-
section [11].

3.2.3. Comparison of 2D and 3D WP dynamics

Although the 2D and 3D calculations predict a similar elec-
tronic population dynamics for the ! Ay— S conical intersection,
the comparison of details of the WP dynamics can provide
additional insight into the multi-mode dynamics at this conical
intersection. For the sake of illustration, we analyze the evolu-
tion of the WP for the initial preparation in the (1,0) vibrational
state in the 2D model and compare it with the WP dynamics for
the (1,0,0) initial preparation in the 3D model. The probability
densities of the 2D WP are displayed as the absolute squares
of the projection of the nuclear WP on the diabatic ' A, and S
states. For the 3D case, we define reduced probability densities
for two vibrational modes by integration of the absolute square
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Fig. 3. Time-dependent diabatic (dashed lines) and adiabatic (full lines) population probabilities of the I'A, and Sy states for the initial states (100) (a), (101) (b),

(110)(c), (111)(d), (120) (e).

of the nuclear WP over the third vibrational mode. The snapshots
are taken at 20 fs after the preparation of the excited state.

Fig. 4(a and b) shows the probability densities as functions
of r and Q11 for the diabatic 'A, and So states, respectively,
for the 2D model. The WP, which has been prepared in the
LA, state at r = Ofs, has arrived at the conical intersection at
20fs. The central part of the WP remains in the 1A2 state, while
the wing parts have preferentially been transferred to the Sg
state. Since the excitation of the coupling mode increases the
extension of the WP along Qjy, the WP for n.; > 0 tends to
follow the adiabatic surfaces rather than the diabatic surfaces.
This explains the influence of the excitation of the coupling
mode on the electronic population dynamics, which is clearly

seen in Fig. 3. When the WP is transferred to the diabatic Sg
state, a nodal line is created at Q11 = 0 by the 1A,— Sy conical
intersection (see Fig. 4(b)). This reflects the fact that the diabatic
coupling operator is an odd function of the coupling coordinate.

Fig. 4(c and d) shows the corresponding probability densities
for the 3D model, as functions of r and Q1. For the WP in the
excited state, there is no obvious difference between the 2D and
3D results (Fig. 4(a and ¢)), except that the 3D calculation yields
a somewhat broader distribution of the probability density along
the coupling coordinate. The snapshot of the WP in the ground
state (Fig. 4(b and d)), on the other hand, reveals a remarkable
difference between the 2D and 3D calculations. In the 3D cal-
culation, the reduced probability density at Q11 = 0 is not zero.



Z. Lan et al. / Journal of Photochemistry and Photobiology A: Chemistry 190 (2007) 177-189 183

4

(a)
2
O,_ D
-2
_4 n
3 4 > 6 7 8 9
1 (au)
4
(¢)
2
& 0
-2
-4
3 4 5 6 7 8 9
r (au)
4
(e)
2
o
o 0
=2
-4

r (au)

4

(b)
2
= 0
o
=2
_4 L
3 4 5 6 7 8 9
r (au)
4
(d)
2
& 0
-2
-4
3 4 5 6 7 8 9
r (au)
4
(f)
2
& 0
-2
-4
-4 -2 0 2 4

Qll

Fig. 4. Snapshots of the probability density as a function of the NH stretching mode and one of the coupling modes at 20 fs: (a) probability density as a function of
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obtained for the 3D model; (e) probability density as a function of r and Q12 in the diabatic Sy state obtained for the 3D model; (f) probability density as a function

of Q11 and Q17 in the diabatic Sy state obtained for the 3D model.

The inclusion of the weak coupling mode thus modifies the sym-
metry properties of the WP as a function of the strong coupling
mode.

In the adiabatic representation, the nonadiabatic coupling
vector, which induces the nonadiabatic transition, is parallel to
the direction of effective coupling mode displacement Q. [26]
(see Eq. (6)). In the diabatic representation, Q.ff, which is a lin-
ear combination of all Q., determines the population transfer
between the two surfaces. This means that the projection of the
WP on the effective coupling coordinate exhibits a node struc-
ture of the WP like in the 2D case. In the present example, Q1
is the strong coupling coordinate, while the coupling of Q13 is
rather weak. Qg therefore is quite close to Q11, but the small
contribution of Q 1, leads to a deviation of the orientation of Qeft

from Q1. This explains the blurring of the nodal structure of the
probability density in Fig. 4(d). As a complementary result, we
show in Fig. 4(e) the probability density in the diabatic ground
state as a function of r and Q1 (the weak coupling mode). The
density of Fig. 4(e) is totally different from that of Fig. 4(d) and
exhibits no node at all. Finally, Fig. 4(f) shows the probability
density in the diabatic ground state as a function of Q11 and
Q1. This figure exhibits the nodal line in the WP perpendicular
to the effective coupling mode.

3.3. 1B1— Sy conical intersection

Since the coupling strength of vo; and v3 is negligible, it
suffices to consider the strong coupling mode vy4 and the weak
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coupling mode v, resulting in a 3D model for the Ig,— So con-
ical intersection. Since our previous 2D calculations [11] were
based on a slightly different definition of the coupling mode, it
is not useful to compare the present 3D results with the earlier
2D results. We have repeated the 2D calculations, including the
NH stretching motion and the strong coupling mode v74.

3.3.1. Vibrational eigenstates of the electronic ground-state
surface

The lowest vibrational levels of the 3D electronic ground-
state surface of the 'Bo— Sy conical intersection model have
been calculated in the same way as for the 'A)— Sy model.
Again, n,n. 1 and n. > denote the occupation numbers of the NH

081

06

047

Probability

02r

0 50 100 150 200
Time (f5)

08 ==

(c) T
06t ]

Probability

047 4

stretching mode, the strongest coupling mode (v4) and the weak
coupling mode (v77), respectively. The fundamental frequencies
of these three vibrational motions are 3616, 471 and 623 cm™ !,
respectively, in the 3D model, in acceptable agreement with the
experimental and full-dimensional harmonic values (see [31,32]

and references therein).

3.3.2. Electronic population and WP dynamics

The decay rate of the population of the !mwo* state is again
strongly dependent on the initial excitation of the NH stretching
mode. Other than in the ! A»— Sy case, we observe two processes
with distinctly different time-scales when the NH stretching
mode is prepared in its ground state [(0, . 1, 1. 2) initial con-
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Fig. 5. Diabatic (dashed lines) and adiabatic (full lines) population probabilities of the 1B, and Sy states for the initial states (000) (a), (00 1) (b), (010) (c), (011)

(@), (020) (e).
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dition]. Both the diabatic and adiabatic pictures indicate a rapid
population transfer from the excited state to the ground state
during the early stage of the dynamics (about 15 fs), followed
by a slow and monotonic decay (see Fig. 5). This dynamics can
be understood as follows. The barrier in the NH-stretching PE
function is lower in the ! B (wo™) state than in the ' A (ro™) state
(see Fig. 1). The high-energy component of the WP in the 'B
state therefore can overcome the barrier and can reach the con-
ical intersection quickly, resulting in the fast initial decay. The
low-energy part, on the other hand, can reach the conical inter-
section only by quantum tunnelling, resulting in the subsequent
slow decay. When the NH stretching mode is initially excited,

here) initial conditions, the WP reaches the conical intersection
within 15 fs and the population transfer is essentially completed
after 25 fs. In these cases, the initial WP has sufficient energy to
overcome the barrier, reach the conical intersection and move
towards to the two dissociation limits directly.

Figs. 5 and 6 show the electronic dynamics of the 3D IB,-S)
conical-intersection model for various initial conditions. The ini-
tial vibrational state of the strong coupling mode (v24) has alarge
effect on the branching ration of the reaction (see Figs. 5 and 6).
Let us consider the (1, n.,1,0) initial condition as a typical exam-
ple. The excitation of the strong coupling mode enhances the
probability of the adiabatic pathway from 30% for n. 1 = 0 to

that is for the (1, n¢, 1, n¢2) (Fig. 6) and (2, n¢ 1, ne,2) (not shown almost 50% for n. | = 1. The branching ratio saturates at about
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70% for n.,1 = 2. The excitation of the weak coupling mode,
on the other hand, has a rather small effect on the population
dynamics. The probability of the adiabatic channel increases by
about 5% for the excitation of one quantum of v,.

As a result of the weak effect of vy on the nonadiabatic
transition at the conical intersection, the calculations based on
the 2D, 3D and effective-mode models provide rather similar
population dynamics. These results can can be analyzed in the
same manner as discussed above by considering the orientation
of Qegr. Therefore, we do not repeat the detailed discussion of
the probability densities here.

4. Conclusions

In order to understand the effect of additional vibrational
modes on the 7™ driven photochemistry of pyrrole, we have
investigated the nonadiabatic dynamics of the IB;— Sy and
'Ay— Sp coupled electronic states. For both of these conical
intersections, we have determined the coupling strengths of all
symmetry-allowed coupling modes. We have constructed 3D
models which include the reaction coordinate (the NH stretch-
ing motion), one strong coupling mode, as well as one weak
coupling mode.

The adiabatic PE surfaces have been computed with the
CASSCF method. The ultrafast dynamics of the 3D conical-
intersection models has been investigated using standard
time-dependent quantum WP propagation methods. We have
investigated the effects of the preparation of different initial
vibrational states on the nonadiabatic dynamics.

The timescale of the photochemistry of pyrrole is extremely
sensitive to the preparation of the initial state of the NH stretch-
ing mode. The excitation of the NH stretching mode strongly
enhances the rate of decay of the excited electronic state. This
acceleration of the nonradiative decay rate saturates at n; = 1.

The 3D calculations reveal that for both conical intersec-
tions the nonadiabatic dynamics is governed by the strongest
coupling mode to a good approximation. Although the weak
coupling mode leads to interesting changes of the nodal pattern
of the WP at the conical intersection, it has little effect on the
electronic population dynamics. This confirms that the previ-
ously developed two-mode models of the ' Ay— S and 'B- S
conical intersections are quite useful for the qualitative under-
standing of the mechanisms of the photoinduced dynamics of
pyrrole. Both of the 2D and 3D models predict that the excita-
tion of the strong coupling mode has a pronounced effect on the
branching ratio of the photodissociation products. It should be
therefore be possible to control the photodissociation dynamics
of pyrrole via the combination of IR and UV excitations, as has
been demonstrated for ammonia recently [33,34].

The extension of the theoretical description of the photodis-
sociation dynamics of pyrrole should include the 'B, (m*)
and 'A| (w7*) states, which are primarily populated when pyr-
role is excited with wavelengths shorter than 220 nm. A more
comprehensive description of the photodissociation process thus
involves five electronic states [Sq, ' Ay (wo™), !By (wa*), 1B,
(wr*), and 1A (ww*)] and several types of conical intersec-
tions, mw*—wo™* [12], wo™*— Sy [10,11], as well as wm*— Sp [35].

Although each of these conical intersections has been charac-
terized individually, a comprehensive picture of the dynamics
of the photodissociation process has yet to be developed. It is
known, for example, that the 2A2 and 2B1 electronic states of
the pyrrolyl radical are strongly coupled through a conical inter-
section [24,25] involving in-plane modes of B, symmetry. The
photodissociation via the upper (!B;) o™ state of pyrrole thus
occurs in competition with the 2B,- 2A, radiationless decay
process in the pyrrolyl fragment.

In the present few-dimensional models of pyrrole, the quan-
tum yield for photodissociation is unity, since the large excess
energy of the NH stretching mode cannot be absorbed by the
other degrees of freedom. In a full-dimensional description, the
system can be stabilized by rapid intramolecular energy transfer
from the active modes of the !mro*— S conical intersections to
the remaining normal modes, resulting in internal conversion
to the electronic ground state in competition with photodisso-
ciation. The quantum dynamical treatment of these processes
represents a challenge for future theoretical work.
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Appendix A. The diabatic models

In this appendix, we describe the extension of the previously
developed 2D models (NH stretching coordinate and one cou-
pling mode) by including all symmetry-allowed coupling modes
(three for the ' A»— S¢ conical intersection and four for the 'B;—
Sp conical intersection).

In the multi-mode models for the ! Ay—Sp and ' B;— S conical
intersections, the diabatic So PE surface is modelled by a Morse
function for the tuning coordinate rnyg and harmonic functions
of the coupling coordinates Q.

1 1 2
Vit = vii(rnp) + zcjiwﬁ )(rnm) 02, (A.1)
with
vii(rn) = DY[1 — exp(—ay(rvn — 1)1, (A.2)

where r| corresponds to the equilibrium NH distance of the
diabatic Sy state and D! is the dissociation energy.

The PE functions of the !mo™ states display a barrier along
the NH stretch coordinate. To describe this barrier, we employ
an avoided-crossing model, combining a Morse potential (va,
for the bound part) and a repulsive exponential potential (va, for
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the dissociation region). The diabatic potential functions of the
coupling modes are modelled by harmonic oscillator functions.
This results in the expression:

1
Vaa(rnm, Qc) = E(UZI(VNH) + v22(rNH))

—5\/[U21(”NH) — ()P +423,  + chiwg )(rnn) 02,

(A.3)
where
v21(rnm) = DH[1 — exp(—az1 (rnm — 1)1 + E3, (A4)
v (rNm) = A exp(—ax(rvi — r2)) + D%, (A.5)

and D§2 corresponds to the dissociation energy of the diabatic
I state.

The coupling element in the diabatic representation is approx-
imately by a linear function:

Vip = Z)\C(VNH)QC- (A.6)

The detailed procedure of obtaining the parameters in the
above equations via the fitting of adiabatic ab initio data has been
described in the previous papers [10,11]. Here we just outline
the basic idea. First, we put all Q. = 0 in this model and obtain
the parameters related to v11, v21 and vy, by a non-linear fitting
using the ab initio data of the 1D cut of the PE functions along
rnu. One-dimensional adiabatic PE curves are calculated for
each of the coupling modes for different NH distances. This
yields a)gl), wgz) and A, as functions of rny. Finally, we have
chosen appropriate analytic functions to fit the rNg dependence
of these parameters.

For the 'Ay— Sg conical intersection, Q11 is the strongest
coupling mode, while Q1o and Q1, are weak coupling modes.
It is found that the diabatic frequencies for all these modes do
not depend on rny.

We choose the following expression for the dependence of
the diabatic coupling strength 1. on rNg:

Aelram) = ~pmax [1 — tanh (Mﬂ + Ao (A7)
2 Bi2

Tables A.1 and A.2 give the values of the parameters of the

diabatic model defined by Eqgs. (A.1)-(A.7). The average devia-

tion between the fit and the ab initio data is 0.01 eV, reaching a

maximum of 0.05 eV in the region of the barrier in the ! o™ state.

Table A.1

Values of the parameters for vy, v2; and vy, for the LAs— S model

Vi Va2

V11 V21 V22

D! =4.979eV E} =4.805eV Ay =2.644eV

rp=1.927au D' =4.979eV D2 =3.956eV

a; = 1.137au ry1 = 1.882au rp =2.216au
ay = 1.293 au ayy = 1.325au

Ao = 1.248eV

187

Table A.2
Values of the parameters pertaining to the coupling modes for the ! A,— Sy model
w A
Qo
we = 0.1022eV A — 0,066 eV
od =0.1077eV dip = 4.364au
0@ =0.1155eV Bio = 1.478au
Xo =0au
On
w. = 0.0825eV AE% =0.237eV
oM =0.1096eV dip = 3.679au
0® =0.1096eV B2 = 1.369 au
A() =0au
Oz
w. = 0.0756eV A-linzax =0.151eV
o =0.0887eV dip = 2.643au
o? =0.0487 eV B12 = 0.980 au

Ao = 0.021767 au

Table A.3

Values of the parameters for vy1, va; and vy for the IB,— Sp model

V1| V22

V11 21 V22

DeI =5.117eV E(z) = 5.584¢eV Az =0.091eV

r1 = 1.959au D2' =8.070eV D2 =4.092eV

a; = 1.196 au ry1 = 1.922au ryp = 5.203 au
ap; = 0.822 au ay = 1.290 au

A = 1.669eV

For the !B;— Sy conical intersection, Qo4 is the strong cou-
pling mode and Q75 also couples these two states with medium
strength, while the coupling by Q21 and Q>3 is close to zero.
Thus it is reasonable to neglect Q»; and Q23 in this model. For
Q2 and Q14, the dependence of the diabatic coupling strength
on rny is described by Eq. (A.7). It is found that the diabatic
frequencies a)E,l) and a)gz) do not depend on rng for Q2. The
diabatic frequencies ng and w§2> of Qo4, on the other hand,
decrease with increasing NH coordinate. We have used the fol-
lowing function to represent the diabatic frequencies of Q4 as
functions of rNg:

. | —b
o (rnp) = Sai [1 — tanh (FNHCI)] +d;. (A.8)
1

Tables A.3 and A.4 give the values of all parameters of the
1B~ Sy model. Due to the very small contribution of vo; and
V23 to the diabatic coupling element, they are not included in the
tables. The average deviation between the fit and the ab initio
datais 0.015eV.

Appendix B. Preparations of the initial states

In the MGBR approach, the 3D WP is expressed as

[W(r) = /erXi,m,n(n H{r|(n|(m|(¢;1¥(®)). (B.1)

i,m,n
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Table A.4
Values of the parameters pertaining to the coupling modes for the ' B;— So model
® A
On
e w, = 0.0888 eV AE% =0.0738eV
o o =0.0650eV diz = 4.0728 au
o® 0@ =0.1260eV B2 = 0.0910 au
Xo=0.0au
Ou
W w. = 0.0640eV A% =0.4269eV
oV a; =0.0718eV dip = 4.8319au
by = 2.5805 au P12 =1.3225au
¢y = 1.4619au Xo=0.0au
d; =0.0753 au
o az = 0.0718eV
by = 2.5805 au
¢ = 1.4619au
dr = 0.0143 au

Here, the WP is given in the coordinate-space representation for
the NH stretching coordinate r. For the coupling modes, on the
other hand, the WP is expressed in basis functions, |n) and |m),
which represent sets of harmonic oscillator functions for the two
coupling modes. The |¢F) are diabatic or adiabatic electronic
states. In this representation, the time-dependent nuclear WP
on the ith diabatic or adiabatic electronic state as Xgm,n("’ t) or
X?,m,n(’? t), respectively.

To define the initial preparation of the system, we first
generate the vibrational eigenstates of the adiabatic electronic
ground-state PE surface V}'. The Hamiltonian for the electronic
ground state is

1 &
o
—2 902

R 92

ngound =T+ Vla = ﬂﬁ -

+ Vi(r, Qc, - . ).
(B.2)
After the separation of the Hamiltonian into three parts,

n? 92

Hground = H1 + Hy + H3, H; :—ﬂﬁ’

1 & )
H = ZE‘”C <_8Q2 + QC> :
c ¢

1
Hy = Vi(; Qe o) = D 500

C

(B.3)

it is straightforward to represent each of them with the help
of the discrete variable representation (DVR) and finite variable
representation (FBR). The kinetic operator H; of the r partis rep-
resented by the Colbert-Miller DVR [36], which is essentially the
Fourier basis. The matrix element of H> can be evaluated directly
with harmonic-oscillator basis functions. The residual Hamilto-
nian H3 only depends on the coordinates. Its matrix elements
also be evaluated efficiently with the FBR/DVR method.

The concept of the FBR/DVR method has been discussed
by many authors (see Ref. [37] for a review). Here, we adopt a
rather simple approach as follows [38]. In the coordinate space,

the DVR grid points for the coupling modes are calculated
by diagonalization of the coordinate operator Q in the given
harmonic-oscillator basis set

(n110clnz) = > (111Qc) Qe {Qelna).
Oc

(B.4)

The set of eigenvalues Q. of Q. provides the local grid points
and the corresponding eigenvectors (Q.|n;) define the transfor-
mation matrix between basis and grid. Labelling two coupling
modes as Q.1 and Q. 2, matrix elements of H3 can be evaluated
as:

(ri,n1, my|Hs|ra, na, ms)

= > (mlQe1)(milQe2) Hy(r1, Qet, Qe2){Qc.1In2)
Qc,l»Qc,Z

X (Qc,2|m2>8r1,r2~ (B.5)

For the r coordinate, we have employed 64 DVR points from
3.0 to 6.2 au. We have used 10 harmonic-oscillator basis func-
tions to represent the Hamiltonian for the two coupling modes.

For the kth vibrational state x(lai of the adiabatic ground elec-

tronic state |¢(la)), the total wavefunction ¥, in the adiabatic
representation can be written as

W) = x4 165).

The initial WP is prepared by vertical excitation of |Wy) to

(B.6)

the adiabatic excited state |¢§a)). Employing the unitary trans-
formation matrix U of Eq. (1), we obtain the initial nuclear
WP xD (r = 0) in the diabatic representation for the propaga-
tion. Because the WPs are expressed in the MGBR and the
transformation matrix U depends on the nuclear coordinates
(r, Qc.1, Qc.2), The FBR/DVR technique is employed to perform
this adiabatic-to-diabatic transformation.

Appendix C. Details of the WP propagation

The WPs are propagated in the MGBR (see Appendix B) on
the two coupled surfaces using the split-operator (SO) method
[39]. We employ the fast Fourier transform (FFT) method [40]
to evaluate the kinetic-energy operator of the r coordinate. We
use the same grid spacing here and extend our grid to 256 points,
from 3.0 to 15.8 au. Ten harmonic-oscillator basis functions are
employed for each of the coupling modes. The wave packets are
propagated for 200 fs for the ' B;— Sq and ' Ay— Sq conical inter-
sections, respectively, with a time step of 0.1 fs. All calculations
have been checked to guarantee converged results with respect
to grid size and time step.

The dissociation probability on the ith diabatic electronic
state is defined as the time-accumulated flux through a dividing
surface located at r = rgyx in the asymptotic region [21,41]

(d)
h ! d 8X (ra l)
FD t) = — Im ( ) y 1 BAULIT
@ /.L/t:O KX”"»"“ -

dr.

I=Tflux

(C.1)
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To avoid reflection at the grid boundary in the r direction, we
apply a damping function [41],
7 (Fmask + Armask — 1)

f(r) =sin | =

2 Armask

> Tmask <7 < Fmax
(C.2)

between rpasx = 13.5 au and rpax = 15.8 au to remove the dis-
sociative WP.

The diabatic electronic population probabilities are calcu-
lated as follows. Instead of using the large grid for the stretching
coordinate r, we put a surface at rp = 13.5 au in the asymptotic
region of the potential surface to measure the dissociation flux.
Then we define the diabatic electronic population probability as
the sum of the probability of the nuclear WP in the region of
[0, rp] and the flux penetrating the surface at rp:

D
d
Pl = /0 > 1o O dr + FP(0). (C.3)
n,m

To determine the adiabatic populations, we use a similar tech-
nique:

D
P = / S0 dr + FP . (C4)
0 n,m
The transformation between xfaﬁz o, ) and XEiZl,n(r’ 1) is again

evaluated using FBR/DVR methods.
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