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over the quantum yield of
a photodissociation reaction mediated by
nonadiabatic couplings

Ignacio R. Sola *a and Alberto Garćıa-Vela *b

Control of molecular reaction dynamics with laser pulses has been developed in the last decades. Among

the different magnitudes whose control has been actively pursued, the branching ratio between different

product channels constitutes the clearest signature of quantum control. In polyatomic molecules, the

dynamics in the excited state is quagmired by non-adiabatic couplings, which are not directly affected

by the laser, making control over the branching ratio a very demanding challenge. Here we present

a control scheme for the CH3I photodissociation in the A band, that modifies the quantum yield of the

two fragmentation channels of the process. The scheme relies on the optimized preparation of an initial

superposition of vibrational states in the ground potential, which further interfere upon the excitation

with a broad pump pulse. This interference can suppress any of the channels, regardless of its

dominance, and can be achieved over the whole spectral range of the A band. Furthermore, it can be

accomplished without strong fields or direct intervention during the dynamics in the excited states: the

whole control is predetermined from the outset. The present work thus opens the possibility of

extensive and universal control of the channel branching ratio in complex photodissociation processes.
Introduction

Quantum control of molecular reaction dynamics has been
actively pursued over the last decades.1–11 Among these reac-
tions, the near ultraviolet photolysis of CH3I in the rst
absorption band (the A band, ranging from 220 to 350 nm with
a maximum at about 260 nm) has been considered as a proto-
typical photodissociation reaction. The relatively small size of
this polyatomic molecule favors its study both experimentally
and theoretically. In addition, the presence of a conical inter-
section between the two main excited valence states produces
interesting nonadiabatic effects in the photodissociation
dynamics. The A band absorption spectrum of CH3I was
measured almost y years ago.12 Aer this pioneering work,
a variety of experimental techniques were applied to investigate
the CH3I photodissociation dynamics in the A band. This
process was the rst one investigated by ion imaging by Chan-
dler and Houston13 at 266 nm, later followed by velocity map
imaging (VMI) measurements by Eppink and Parker14,15 over
nearly the whole band (240–334 nm). Time-resolved studies
were pioneered by Zewail and coworkers,16 and then a series of
time-resolved VMI experiments were reported for different
regions of the A band.17–20 Photoelectron imaging experiments
ad Complutense de Madrid (and Unidad
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in the range 245.5–261.6 nm were also reported.21 The rst
theoretical study on the photolysis dynamics of CH3I in the A
band consisted of a two-dimensional wave packet model by
Shapiro and Bersohn.22 This model was later improved by Guo,23

by adding a third degree of freedom. Then, wave packet models
including four,20 ve,24 and the full nine25 dimensions of the
system were reported. Those models used either the six-
dimensional,26 or the full-dimensional,27 ab initio potential-
energy surfaces of CH3I calculated by Morokuma and
coworkers, further rened by Xie et al.28

Quantum control of molecular processes takes advantage of
the coherent properties of light. Several control schemes applying
both strong and weak laser elds have been proposed for
different molecular reactions.29–46 Rather surprisingly, control of
the prototypical photodissociation dynamics of CH3I has been
the subject of very few works. In fact, to the best of our knowledge
only two theoretical31,47 only one theoretical31 and two experi-
mental43,45 quantum control works on the CH3I photolysis in the
A band have been reported. The two excited states mainly
involved in the photodissociation, namely 3Q0 and

1Q1, are con-
nected by a conical intersection and give rise to two different
product channels forming CH3 + I*(2P1/2) and CH3 + I(2P3/2),
respectively. The branching ratio between these two channels
should in principle be susceptible to be controlled. However, with
the exception of ref. 31, 43 and 47, no attempts in this sense have
been reported.

In this work we suggest a quantum control scheme that aims
at modifying the branching ratio of the two product channels of
Chem. Sci., 2024, 15, 15255–15262 | 15255
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Fig. 1 Schematic picture of the CH3I photodissociation process in the
A band. The potential-energy curves along the C–I coordinate are
shown for the four electronic states, �X1A1,

3Q0,
1Q1, and

3Q1, involved in
the photodissociation of CH3I in the A band. The location of the
conical intersection between the 3Q0 and 1Q1 states is denoted by
a double cone. The two asymptotes correlating with the CH3 + I and
CH3 + I* fragments are separated by the iodine spin–orbit splitting,
VSO, indicated by the two black arrows. Laser excitation from the
ground to the excited states is schematically represented. The CH3I
fragmentation dynamics is indicated graphically by the green arrow,
including the bifurcation at the conical intersection of the wave packet
initially pumped.
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the CH3I photodissociation, CH3 + I*(2P1/2) and CH3 + I(2P3/2),
over the whole energy range of the A band. Recognizing the
crucial role of the initial coherences in the control of ultrafast
processes,48–51 our scheme reverses the order of the pulses in the
“orthodox” two-step approach. Instead of rst applying a strong
ultrashort pump pulse, which ignites the dynamics creating
a vibronic wave packet in the excited states, and then the control
pulse, guiding the dynamics by adjusting or modifying the
phases along the reaction coordinate, as necessary (where in
many practical implementations both pulses can be integrated
into a single pulse of complex structure), we rst apply a control
pulse that prepares the coherences in the ground electronic
state, and then use the ultrafast pump pulse to pump the proper
wave packet in the desired excited state. The method can be
seen as a generalization of one of the Brumer–Shapiro coherent
control scenarios,31 where we generate a superposition of
vibrational states using the geometrical optimization (GO)
procedure,52–56 optimizing variationally the superposition coef-
cients in order to maximize a given functional which in our
case is the desired branching ratio, either [I*]/([I*] + [I]) or [I]/
([I*] + [I]), over the different wavelengths of the A band. This
implies a different and more complex derivation of the optimal
equations, leading to non-linear eigenvalue equations, as
shown in the Methodology. The optimization procedure is
driven by the output of wave packet simulations on the CH3I
photodissociation dynamics, and by the interference between
the superposition coefficients. Since the control scheme applied
relies on interference, only a weak laser eld is required to
pump CH3I to the excited states, thus avoiding potential prob-
lems associated with intense elds. In this way, the control
scheme suggested allows to maximize the yield of any of the two
product channels at different wavelengths in the A band, with
respect to the natural yield obtained in the absence of control.
Methodology
The control scheme

Photodissociation of CH3I in the A band involves a dominant
parallel 3Q0 ) X�1A1 transition and two perpendicular transi-
tions, 1Q1 ) X�1A1 and 3Q1 ) X�1A1, of lower intensity. The
photodissociation process is schematically depicted in Fig. 1. The
1Q1 and 3Q1 states correlate asymptotically to the same frag-
ments, CH3 + I(2P3/2), while

3Q0 correlates to the CH3 + I*(2P1/2)
products. For simplicity, hereaer these two product channels
will be referred to as the I and I* channels, respectively. The
asymptote of 3Q0 is separated from that of 1Q1 and 3Q1 by the
iodine spin–orbit splitting, 0.943 eV.14 In addition, a conical
intersection (CI) connects the 3Q0 and

1Q1 states, so a wave packet
initially excited to any of these two states will bifurcate at the CI,
producing both CH3 + I and CH3 + I* fragments.

In the following, we describe briey the GO procedure on
which the control scheme applied in this work is based. The
cross section for the photodissociation of CH3I in the electronic
channel e (I or I*) can be written, in its time-dependent
formulation, as
15256 | Chem. Sci., 2024, 15, 15255–15262
se;n
v ðEÞ ¼ Cuke;n

v

2p

����
ðN
0

D
je
nðEÞ

��Ûðt; 0Þ��jg
v

E
eiEtdt

����
2

(1)

where je
n is the scattering wave function for channel e and

energy E, with all vibrational and rotational quantum numbers
of the fragments given collectively by n, Û(t,0) is the time
evolution operator, which depends on the pump pulse, 3(t), with
frequency u, and jg

v is the initial wave function, here assumed
to be in the v vibrational state of the CH3–I stretching mode.
kv

e,n gives the relative speed of the fragments, constrained by the
conservation of the total energy of the system, and C is
a constant factor. While eqn (1) provides a compact form of the
photodissociation cross section, a more detailed expression is
given below.

We can write the expression for the total cross section in
channel e in a very succinct way, as

se
vðEÞf

X
n

ke;n
v

D
FvðEÞ

���Ŝe;n

���FvðEÞ
E
; (2)

where Ŝe;n ¼ ��je
nðEÞihje

nðEÞ
�� is the projection operator over the

desired scattering state, and

jFvðEÞi ¼
ðN
0

Ûðt; 0Þ��jg
v

�
eiEtdt (3)

is the function containing all the dynamical information of the
photodissociation process. Dening the complex magnitude

Ae;nv ðEÞ ¼
ffiffiffiffiffiffiffi
ke;nv

p
hje

nðEÞ
��FvðEÞi, eqn (2) becomes

sevðEÞf
P
n
Ae;n*v Ae;nv . Now, if instead of a single eigenstate, the

initial state is a coherent superposition of N vibrational
© 2024 The Author(s). Published by the Royal Society of Chemistry
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eigenstates of the ground state potential jð0Þ ¼ PN
j
cjj

g
j , the

photodissociation cross section will be proportional to

seðEÞf
X
n

X
j

X
k

c*j ck

D
FjðEÞ

���Ŝe;n

���FkðEÞ
E

¼
X
n

X
j

X
k

c*j ckA
e;n*
j Ae;n

k ¼ cuSec (4)

where we dened the scattering matrix Se, with elements

Sejk ¼
P
n
F
��Se;n��Fi ¼ P

n
Ae;n�j Ae;nk , and the coefficients of the

superposition were arranged as a column vector c (or its
conjugate transpose row vector cT). As long as Se has non-
diagonal elements, se will exhibit interference patterns, such
that one can maximize the quantum yield over the desired
channel by optimizing the initial superposition state.

To do so, we dene a functional of the quantum yield on
channel I, cI = sI/sdis, where the total photodissociation cross
section is sdis = sI + sI*, and we calculate its gradient with
respect to cT (or c). Imposing constraints over the norm of the
initial wave function, cTc = 1, we obtain the nonlinear eigen-
value equation

1

sdis

�
SI � cISI � cISI*

�
c ¼ lc (5)

The maximum yield can be obtained from the eigenvector
with largest eigenvalue cop, which provides the optimal initial
superposition J(0), as

cI
op ¼

cuopS
Icop

cuopS
Icop þ cuopS

I*cop
(6)

Notice that J(0) is obtained in a completely different way
from the optimal superpositions that maximize absolute yields,
as found in previous derivations using the geometrical optimi-
zation.52,53,56 The same procedure can be followed to maximize
the quantum yield in channel I*.
Wave packet calculations

In the present dynamical simulations, methyl iodide is repre-
sented as a CXI pseudotriatomic molecule,23 where the pseu-
doatom X = H3 is located at the center-of-mass of the three H
atoms. In this model, three degrees of freedom represented by
the (R, r, q) Jacobi coordinates are included, where the dissocia-
tion coordinate R is the distance between I and the CH3 (or C–X)
center-of-mass, r is the C–X distance and it represents the
umbrella bend of the C–H3 group (n2), and q is the angle between
the vectors associated with R and r and it represents the X–C–I
bend (n6). The assumption of modeling the umbrella mode of the
C–H3 group in CH3I as a C–X stretching has been justied by
a number of theoretical works,18–20,22,23,28 which were successful in
reproducing most of the experimental data. In the simulations,
zero total angular momentum (J = 0) is assumed for the system.
© 2024 The Author(s). Published by the Royal Society of Chemistry
The Hamiltonian and the potential-energy surfaces (PES) have
been described in detail elsewhere.18,19 In summary, the �X1A1
ground state PES is represented as a sum of three potential
interactions in the RC–I (the C–I internuclear distance), r, and q

coordinates, respectively. The interaction potential in the RC–I
coordinate is taken from the two-dimensional (2D) ground-state
potential for CH3I, obtained by means of multireference spin–
orbit conguration interaction ab initio calculations.57 The
potential interactions in the r, and q coordinates are modeled by
harmonic oscillator functions. For the 3Q0 and 1Q1 excited elec-
tronic states and the nonadiabatic coupling between them, we
have used the ab initio surfaces reported by Xie et al.,28 which are
an improved version of the previous nine-dimensional surfaces of
Amatatsu et al.,27 where the remaining six coordinates are xed at
their equilibrium values. The 2D ab initio PES of Alekseyev et al.,58

was used for the 3Q1 excited state, modelling the q dependence of
the potential surface.19 The electric-dipole moment functions
coupling radiatively �X1A1 with the three excited electronic states
were also taken from the work of Alekseyev et al.58

The dynamical simulations solve the time-dependent Schrö-
dinger equation.18,19 Computational details on the basis set used
to represent the wave packet, on the calculation of the initial state,
and on the wave packet propagation have been given elsewhere.19

The initial states propagated consisted of the direct product 4v(R)
r(r, q), where r(r, q) is the ground vibrational state associated with
the r and q coordinates, and 4v(R) is the vibrational state associ-
ated with the R mode. Six different initial vibrational states 4v(R)
r(r, q) with v= 0–5 were propagated. The initial state amplitude is
pumped from X�1A1 to the three excited states by means of a laser
eld of the form 3(t) = A(t) cos(ut + f), where A(t) is a Gaussian
function, u is the photon frequency of the incident radiation, and
f = 0 for simplicity. Three different excitation wavelengths were
used, namely 316 nm (3.92 eV), 266 nm (4.66 eV), and 216 nm
(5.74 eV). Four different laser pulses were applied with pulse
durations of 5, 15, 30, and 60 fs (full width at half maximum,
FWHM). The intensity of the pulses ranges in the weak-eld
regime (of the order of 109 W cm−2). The intensity of the
different pulses was scaled with appropriate factors to ensure
a constant pulse area

Ð
dtj3(t)j2 in all the simulations. The wave

packet propagation was carried out for a total time tf= 300 fs, with
a time step of 0.1 fs. This propagation time ensures that all the
wave packet amplitude reaches the asymptotic region.

Partial photodissociation cross sections are computed along
time by projecting out the asymptotic wave packet onto the
corresponding fragment states, by means of the method of
Balint-Kurti et al.59,60

si;n;j
v ðEÞ ¼ Cuki;n;j

v

2p

����
ðtf
0

�
cðjÞ
n ðrÞPjðcosqÞ

��Ji;v

�
Rc; r; q; t

0��
eiEt

0
=ħdt

0
����
2

;

(7)

where C is a constant factor, u is the incident photon frequency
(corresponding to l= 316, 266 and 216 nm), i= 1–3 denotes the
three excited electronic states, v is the initial vibrational state in
the CH3–I stretch mode, Rc is a suitably large distance of the
dissociation coordinate R, E is the total energy of the system
Chem. Sci., 2024, 15, 15255–15262 | 15257
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Fig. 2 Theoretical absorption spectra of CH3I for the initial vibrational
states v = 0–5 of the CH3–I stretching mode. The absorption spectra
calculated for the 3Q0 (red thick solid line), 1Q1 (black dashed line), and
3Q1 (black short-dashed line) states are shown in the figure for the six
first vibrational states v = 0–5 of the CH3–I stretching mode. The sum
of the 1Q1 and

3Q1 spectra, that corresponds to the I fragment channel,
is also displayed (blue thick solid line). The three vertical lines mark the
energies corresponding to the excitation wavelengths of 316 nm
(3.92 eV; red line), 266 nm (4.66 eV; green line), and 216 nm (5.74 eV;
blue line).
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reached with each excitation wavelength, E = Ei + ħu (being Ei
the energy of the CH3I initial state), and kv

i,n,j is given by

kv
i,n,j = [2m(E − VSOdi1 − En,j)]

1/2, (8)

with VSO the spin–orbit splitting between the two lowest elec-
tronic states of iodine, and di1 the Kronecker delta. The eigen-
states of the CH3 fragment (the C–X pseudodiatomic molecule)
are represented by the product cn

(j)(r)Pj(cos q), where cn
(j)(r) are

the rovibrational states of C–X in the umbrella mode (with
associated rovibrational energies En,j) and Pj(cos q) are Legendre
polynomials. Ji,v(Rc, r, q, t0) is the wave packet in the excited
electronic state i at time t0. Eqn (7) is the expanded form of the
more compact eqn (1). In the same way, the expanded form of
Av

e,n(E) that appears in eqn (2) [or Aj
e,n(E) and Ak

e,n(E) that appear
in eqn (4)] is

Ai;n;j
v ðEÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Cuki;n;j

v

2p

r ðtf
0

D
cðjÞ
n ðrÞPjðcosqÞ

���Ji;v

�
Rc; r; q; t

0
	E

eiEt
0
=ħdt

0
:

(9)

In order to calculate Av
i,n,j(E), the energy range E of the band-

widths associated with the four pulses of 5, 15, 30, and 60 fs
applied are represented by a grid of 67 energy points, and the
initial superposition is optimized for each of these energies of
the grid.
Results and discussion
Photodissociation of CH3I in the absence of control

The photodissociation dynamics of CH3I in the A band has been
computed for six different initial vibrational states of the
ground electronic potential, corresponding to the v = 0–5
vibrations of the CH3–I stretching mode. From these simula-
tions, the corresponding Av

e,n(E) quantities are obtained (see the
Methodology section), and with them, the optimized quantum
yields of the I and I* channels are found bymeans of eqn (4)–(6).
Before discussing the results of the optimization, it is inter-
esting to analyze the absorption spectra calculated from a single
vibrational state v, i.e., in the absence of control, when the
photodissociation cross section is obtained with eqn (1) instead
of (4). Such spectra are displayed in Fig. 2 for the initial states
corresponding to v = 0–5. Each panel of Fig. 2 shows three
spectra corresponding to the 3Q0,

1Q1, and
3Q1 electronic states.

The spectra are calculated as the square of the Fourier trans-
form of the autocorrelation function of the time-dependent
wave packet evolving on each excited electronic state. We note
that the 3Q0 state contributes to the I* fragmentation channel,
while both the 1Q1 and

3Q1 states contribute to the I channel.
The three spectra associated with each v state reect the

nodal pattern of the corresponding vibrational wave function,
as expected from the reection principle in repulsive electronic
states.61 The absorption spectrum of CH3I was measured by
Gedanken and Rowe,12 and they found that the ratio between
the maximum of intensity of the sub-bands associated with the
3Q0,

1Q1, and
3Q1 states were 300 : 70 : 3, respectively. From the

spectra of Fig. 2, it is seen that, when using the best currently
available ab initio potential-energy surfaces, as done in the
15258 | Chem. Sci., 2024, 15, 15255–15262
present work, the intensity of the 1Q1 and 3Q1 sub-bands is
overestimated (and particularly that of 3Q1). The population of
the different v states is determined by a Boltzmann distribution
at the temperature at which CH3I is prepared in the photodis-
sociation experiment. At typical experimental temperatures,
most of the population of this distribution is at v= 0, and drops
very fast for v > 0. Thus the CH3I absorption spectrum in the A
band is essentially dominated by that corresponding to v = 0.
Indeed, this is why the spectra of the v = 0 panel of Fig. 2 are
quite similar to those measured by Gedanken and Rowe12

(leaving apart the differences in intensity of the 1Q1 and
3Q1 sub-

bands; see Fig. 4 of ref. 12).
Focusing on the v = 0 spectra of Fig. 2, we have chosen three

energy regions in order to illustrate the universality of our
approach. These three regions are denoted by the three vertical
lines displayed in the panels of Fig. 2. One energy region is
centered at 266 nm (4.66 eV), where the 3Q0 sub-band is clearly
the dominant one. A second region is around 216 nm (5.74 eV),
where the 1Q1 sub-band dominates. Finally, we consider a third
region around 316 nm (3.92 eV), at the tail of the spectra, where
the yields of the I and I* channels are similar.
Optimization of the quantum yield of the I fragment channel
at 266 nm

First, we maximize the yield of the I channel in the region
around 266 nm, where the I* channel dominates. For this
purpose, pulses of different duration, s= 5, 15, 30, and 60 fs, are
applied to induce the photodissociation from the optimized
initial wave functions formed as superpositions of the N lowest
vibrational excitations of the CH3–I stretching mode, where N
© 2024 The Author(s). Published by the Royal Society of Chemistry
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varies from 2 to 6. The vibrational quantum of energy of this
mode is E1 − E0 = 490.8 cm−1, where Ev is the energy of the v
vibrational state. In the 266 nm energy region, CH3I is mainly
excited to the 3Q0 state. Aer passing the conical intersection,
the molecule dissociates producing mostly CH3 + I* fragments.
Amuch smaller amount of CH3I + I products is formed (see the v
= 0 panel of Fig. 2) as a result of the dissociation in 1Q1 aer
a 1Q1 )

3Q0 transition at the conical intersection, added to the
fragmentation of the population initially excited to 1Q1 and

3Q1.
The results of maximizing the quantum yield of the I channel

at 266 nm are shown in Fig. 3. The energy range of the four
panels of Fig. 3 changes because it is related to the spectral
bandwidth of the different pulses. For the 5 fs pulse, its spectral
FWHM is 3536 cm−1, while for the 60 fs pulse, the bandwidth is
295 cm−1, twelve times smaller. The I channel cross sections
sIop ¼ cuopS

Icop, displayed in the panels for three of the optimal
initial superpositions, show the energy range covered by the
superpositions. For the ground state v= 0, labelled as N= 1, the
I channel quantum yield can be as small as 0.1. This result
should be taken as the reference value in order to assess the
degree of control achieved with the optimized initial superpo-
sitions. Interestingly, already with the N = 2 superposition
(including v= 0 and 1), the I channel yield increases typically up
to 0.7–0.9. And for N $ 3 the yield becomes 1 or nearly 1 in
practically all the relevant excitation energy range, which
implies maximizing the I yield by a factor as large as 9–10 with
respect to the N = 1 initial state. Therefore, by optimizing the
Fig. 3 Optimized quantum yields of the I fragment channel at 266 nm.
Quantum yields of the I channel obtained when the CH3I photodis-
sociation process starts from optimized initial superpositions of N
vibrational states in the CH3–I stretching mode, which are excited at
266 nm by laser pulses of different duration (full width at half
maximum) of (a) s = 5 fs, (b) s = 15 fs, (c) s = 30 fs, and (d) s = 60 fs.
Each panel shows the results for six different optimal initial superpo-
sitions, including the v = 0 (N = 1), v = 0, 1 (N = 2), v = 0–2 (N = 3), v =
0–3 (N= 4), v= 0–4 (N= 5), and v= 0–5 (N= 6) vibrational states. The
optimized photodissociation cross sections for channel I
sIop ¼ cuopS

Icop, are also displayed in each panel for three initial
superpositions, N = 1, 2, and 5 or N = 1, 2, and 3 (dashed lines). The
sIop cross section obtained For N = 3 with the 60 fs pulse is multiplied
by a factor of 30.

© 2024 The Author(s). Published by the Royal Society of Chemistry
initial superposition state, one can fully revert the fraction of
fragments in the ground state I, over that in the excited state I*.
Remarkably, throughout the spectral region encompassing the
pump pulse bandwidth, one can obtain quantum yields very
close to unity, using only the three lowest vibrational states,
regardless of the pump pulse duration. This degree of control is
probably only possible when the superposition state involves
excitations of the CH3–I stretching mode, which correlates with
the reaction coordinate.

For the control to be possible, different pathways must
connect the initial states with the same nal scattering state at
energy Enal= Ev + ħublue = Ev+1 + ħured, where ublue and ured are
blue-shied or red-shied components of the pump pulse.
Broadband pulses allow this interference between vibrational
states to happen naturally. Indeed, the energy difference
between v = 0 and v = 5 for the CH3–I stretching mode is
2472 cm−1, which can be covered by the bandwidth of the 5 and
15 fs pulses. Thus, pathways emerging from all these states can
interfere between themselves and contribute almost equally.
This is not the case for pulses of 60 fs (or even for 30 fs). The
bandwidth of a 60 fs pulse allows interference only between
energetically adjacent vibrational states. Moreover, at an energy
E = E0 + ħu, the amplitude of the eld that allows excitation
from E1, 3(u − uCH3–I), is only ∼0.05% of the peak amplitude,
3(u). Control over the quantum yield of a given channel is
achieved by almost suppressing the photodissociation in the
other channel from the different vibrational states. This is the
reason why, in controlling the yield, the value of the cross
section in the I channel is mostly conserved with respect to the
cross section obtained from the single v = 0 initial state, while
the cross section in the I* channel is almost suppressed when
using the shorter pulses (s = 5 and 15 fs). For these pulses, the
interference terms between the different vibrational states [see
eqn (4)] are strong, allowing to suppress the I* yield while still
conserving the intensity of sIop as N increases. The I yield is
maximized without reducing its cross section. For longer pul-
ses, and particularly for s = 60 fs, the smaller bandwidth leads
to remarkably fewer and weaker interference terms in eqn (4),
which are much smaller than the diagonal terms except at the
edges of the spectra for the different vibrational states (shown
in Fig. 2), where sv(E) is small. Hence, control over the yield can
only be achieved at the expense of reducing the cross section of
the I channel as N increases. That is, fewer molecules are
excited, but those excited produce almost exclusively I
fragments.
Optimization of the quantum yield of the I* and I fragment
channels at 316 and 216 nm

In Fig. 4 the performance of the control scheme is illustrated at
the two edges of the CH3I A band, in the regions around 316 and
216 nm, by applying a s = 5 fs pulse. For excitations around
316 nm, the yields of the I and I* channels are very low (see the v
= 0 panel of Fig. 2). The N = 1 (v = 0) yield of Fig. 4a and c show
that up to 3.9 eV the I yield is completely dominant over the I*
yield, but for larger excitation energies the situation is gradually
inverted. Thus, this energy region reects a similar situation for
Chem. Sci., 2024, 15, 15255–15262 | 15259
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Fig. 4 Optimized quantum yields of the I* and I fragment channels at
316 and 216 nm. Quantum yields of the I* and I channels obtained
when the CH3I photodissociation process starts from optimized initial
superpositions of N vibrational states in the CH3–I stretching mode,
which are excited at 316 nm (a) and (c) and at 216 nm (b) and (d) by
a laser pulse with a duration (full width at half maximum) of s = 5 fs.
Each panel shows the results for six different optimal initial superpo-
sitions, including the v = 0 (N = 1), v = 0, 1 (N = 2), v = 0–2 (N = 3), v =
0–3 (N= 4), v= 0–4 (N= 5), and v= 0–5 (N= 6) vibrational states. The
optimized photodissociation cross sections for channel I*
sI*op ¼ cuopS

I*cop, and I sIop ¼ cuopS
Icop, are also displayed in each panel

for three initial superpositions, N = 1, 2, and 3 (dashed lines). The sI*op
cross section obtained for N = 2 and 3 in panel (b) are multiplied by
a factor of 3 and 10, respectively.
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the two channels in the absence of control, namely the passage
of small yield to nearly unity or vice versa. When the control is
exerted by optimizing the initial state, it is found that a yield of
unity is achieved in practically all of the energy range for both
fragmentation channels. Interestingly, a yield of unity is already
obtained for most of the energies with the simplest and smallest
N= 2 (v= 0 and 1) superposition. Moreover, in the case of the I*
channel, the cross section sI*op increases for N = 2 and 3 with
respect to N = 1, as shown in Fig. 4a. Thus, the control scheme
can maximize the yield of both channels in the same energy
region, reverting situations of small (and nearly zero) yield to
achieve yields of 1.

In the region around 216 nm, the I channel is dominant, as
shown in the v = 0 panel of Fig. 2. This is reected in the very
high yield (typically >0.9) found for the single v = 0 initial state
in the absence of control in Fig. 4d. The corresponding yield of
the I* channel is typically <0.1, as shown in Fig. 4b. Clearly, no
much more optimization of the I channel yield can be achieved
by optimizing the initial superpositions, but still this yield is
remarkably maximized at energies <5.7 eV when the size of the
superposition is increased in Fig. 4d. The real maximization is
achieved for the I* channel yield, which varies from typically
less than 0.1 to nearly unity as N increases, as found in Fig. 4b.
However, the maximization of the I* channel yield is obtained
at the expense of reducing its absolute cross section, which
decreases rapidly as N increases. The reason behind this result
is similar to that governing the optimization with increasing N
15260 | Chem. Sci., 2024, 15, 15255–15262
with a 60 fs pulse. The large difference between the cross
sections of the I and I* channels at 216 nm (see the v = 0 panel
of Fig. 2), with the I* cross section being very small, causes the
terms of interference between the vibrational states to be small
enough to prevent the suppression of the I yield, except at the
edges of the spectra of the different v states, where the I* cross
section also decreases remarkably. Using a pulse with a peak
excitation energy around 5.3–5.4 eV (instead of the 5.74 eV
associated with 216 nm), where the difference between the I and
I* cross sections is not so large (as seen in the v = 0 spectra of
Fig. 2), would lead tomaximizing the I* yield up to unity without
reducing signicantly the I* cross section, resembling the
situation found in Fig. 3a. We chose, however, the extreme
situation for the I* channel at excitation energies around
216 nm in order to show that even in those unfavorable
conditions our control scheme can maximize the yield of
a channel with a very low intensity.
Experimental implementations

In the following, we discuss two possible experimental imple-
mentations. The scheme essentially consists of two steps: (a)
preparation of the optimized initial superposition, and (b)
excitation of the prepared superposition to the excited elec-
tronic states with a weak short visible-ultraviolet (VUV) laser
pulse. Since the second step can be performed routinely
nowadays,18,20 we will focus on the rst step.

The most direct method to prepare the superposition of vibra-
tional states uses infrared (IR) lasers. In the case of the CH3–I
stretching mode, the carrier frequency must be near 500 cm−1.
Because the energy separation between the six lowest vibrational
states is much larger than the pulse carrier frequency (∼2500 cm−1

between v = 0 and v = 5), single-photon excitation of all the states
by a broadband IR pulse is not possible. In addition, a weak eld
would not provide enough amplitude in the excited vibrational
states to allow for an effective interference between them. Thus,
a strong IR pulse will be needed to reach the upper states by
multiphoton absorption. The duration of the pulse should be
chosen to overcome the anharmonicity of the vibrational spectrum,
which is just∼24 cm−1 in our case, for which a 19.6 mmpicosecond
pulse could be used. The optimization can be achieved by pulse
shaping, applying an adaptive feedback genetic algorithm.5,8,11,32

Indeed, the strategy is to generate the optimal combination of
(complex) amplitudes in the different vibrational states of the
initial superposition, such that these amplitudes interfere in the
proper way to produce the desired nal quantum yield. Such
amplitudes can be prepared by using an IR pulse able to excite all
the vibrational states of the superposition, properly shaped by the
iterative adaptive feedback genetic algorithm to generate the
required optimal combination. Although most acousto-optic
modulators operate in the near IR,62 some new techniques have
been reported that can be used for pulses with wavelengths up to
20 mm as in our case.63 Alternatively, free-electron laser facilities
could be used to generate the required elds.64,65

This scheme can be substantially simplied when the initial
superposition involves only two vibrational states, which can
already improve the initial yield by more than 500% for most
© 2024 The Author(s). Published by the Royal Society of Chemistry
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energies, as shown in Fig. 3 and 4. Then the optimized super-
position can be prepared by just controlling two parameters: the
intensity of the IR pulse, that accounts for the relative pop-
ulations in the superposition, and the time-delay between the IR
pulse and the VUV pulse, which allows to x the relative phase
between the coefficients of the superposition at the time the
wave packet is pumped to the excited state. No pulse shaper is
then needed. The simplicity of this experimental scheme
should endorse the possibility of its practical implementation.

Finally, a superposition of vibrational states can also be
prepared by stimulated Raman using two ultrashort pul-
ses.29,66,67 In this case, the dynamics follows through a pump–
dump–pump process, where the second pump can be identical
to the rst one. The rst excursion in the excited dissociative
states is used to displace the wave packet from the Franck–
Condon region, creating the initial superposition, which can be
further optimized using pulse shapers and genetic algorithms
in the usual manner. The second excursion leads to
fragmentation.

Conclusions

In summary, a robust control scheme to modify extensively the
quantum yields of the different channels of a molecular
nonadiabatic photodissociation process is proposed. The
scheme relies on preparing and optimizing an initial coherent
superposition of vibrational states of the molecule in the
ground electronic state, which is pumped to the excited states
by a simple weak ultrashort (fs), Gaussian-type laser pulse.
Interference between the amplitudes of the optimized super-
position is what allows maximization of the yields of the
different fragmentation channels. The control scheme is
applied to the CH3I photodissociation in the A band, where it is
shown that the scheme canmaximize up to unity the yield of the
two fragmentation channels of the process over the whole
spectral range of the band. We show that the coherences
encoded in the initial state are enough to guide the dynamics in
this polyatomic molecule, under the presence of strong non-
adiabatic (uncontrolled) couplings, such that absolute control
over the quantum yield of any of the two fragmentation chan-
nels can be achieved. The control mechanism is based on
destructive interference over the quantum pathways that lead to
the undesired fragment. But using ultrashort pulses, we
demonstrate that the high branching ratios are not achieved at
the expense of small absolute photodissociation cross sections.
Experimental implementations of the control scheme are sug-
gested, some of them being simple enough as to guarantee its
development in practice. The magnitude of the control effects
found in this work is large enough as to be easily demonstrated
experimentally. The proposed scheme is envisioned as general
and universal in its application to molecular photodissociation
processes.
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