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Abstract
Theory and simulation of laser control of single and double proton transfer reactions in hydrogen-bonded molecular

systems are reviewed. Different approaches to the construction of potential energy surfaces are introduced as a means to

design simple models for unraveling basic mechanistic principles of laser control. Obtaining the control laser field is the

central task and various methods such as optimal control theory are outlined. Applications are presented for the infrared

laser-driven single proton transfer in models of thioacetylacetone and acetylacetone as well as for the double proton

transfer in porphycene derivatives.
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1. Introduction

Single and multiple hydrogen bonds (HBs) and rela-
ted proton or H atom transfer are of fundamental impor-
tance in Chemistry and Biology.1,2 Therefore, it is not sur-
prising that the development of the field of laser control
from theoretical model simulations in the 1980s to a ver-
satile tool for manipulating chemical reaction dynamics
(for an overview see, e.g., Ref. 3) has also triggered ef-
forts to achieve control of proton or H atom dynamics in
HBs.4,5 Besides being of importance for potential applica-
tions, HBs pose some fundamental challenges due to the
strongly anharmonic6 and multidimensional quantum cha-
racter of their dynamics.7 In fact since existing strategies
for laser control of HBs often operate in the infrared (IR)
domain, they share difficulties with conventional simula-
tions of IR spectral line shapes.8 The first proposal for IR
laser control of an intra-molecular proton transfer (PT)
reaction has been made for a two-dimensional (2D) model
of a malonaldehyde derivative9, adapting the pump-dump
scheme developed for other isomerization reactions 
(see, e.g., Ref. 10). Subsequently, optimal control theory

(OCT) has been applied to PT discovering the so-called
“hydrogen subway” mechanism, which operates by driven
proton tunneling.11 This mechanism has been explored
further to include dissipation effects,12–15 and to clarify its
spectroscopic observation.16,17 Moreover, the implications
of the sub-cycle nature of the control pulses have been in-
vestigated.18,19 There have also been a few other reports on
laser control of PT, i.e. exploring the role of pure depha-
sing,20 applying local control theory,21 and demonstrating
quantum computer operations using double minimum po-
tentials.22 Recently, there has been some interesting dis-
cussion of PT control in enzymes, where the laser excita-
tion is designed such as to enhance tunneling.23

Double hydrogen bonds and related double proton
or H atom transfer (DPT) reactions, although representing
the simplest case of multi-HB dynamics, already provide
a wealth of new phenomena as compared to single HBs
due to the possibility of correlated particle dynamics. Ha-
ving two protons there are in principle two possible mec-
hanisms for DPT as sketched in Figure 1. Either both pro-
tons move concertedly (synchronous) passing a highly
symmetric transition state (usually a second order saddle
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point) or they move step-wise (asynchronous) through
transition states of lower symmetry and passing an inter-
mediate local minimum on the potential energy surface
(PES). Despite the simplicity of this classification, an ex-
perimental elucidation of the mechanism for specific sys-
tems appears to be quite challenging as is illustrated by
the controversial discussion of the excited state DPT in
the dimer formed by 7-azaindole, a DNA base pair mimic-
king complex.24–30 An important issue in this respect is the
time scale and type of vibrational motions of the whole
molecule, which are coupled to the DPT reaction. In parti-
cular under thermal conditions this requires a “softening”
of the strict symmetry criterion for assignment of a con-
certed mechanism. Related studies employing classical
trajectories can be found for the formic acid dimer in Ref.
31 and for porphycene in Ref. 32. A recent quantum dyna-
mical simulation on a 2D model for porphine gave still
another perspective on this issue:33 Upon excitation of the
ground state wave packet, describing the DPT coordina-
tes, above the barrier for concerted DPT, the mechanism
might change from concerted to step-wise as a consequen-
ce of the wave packet reflection on the repulsive wall of
the product range of the PES.

In the electronic ground state the situation is even
more complicated due to the fact that DPT is not easily
triggered in common spectroscopic experiments. Therefo-
re, the mechanism of DPT is commonly inferred from line
splittings in absorption spectra34,35 or thermal rate con-
stants. However, a decision based on rate constants is of-
ten not that clear-cut36 and it may depend on the experi-
mental conditions such as temperature.37

Similar to single HB systems, the DPT dynamics
will be coupled to vibrational motions of the molecular
scaffold.7 There is ample evidence that vibrational motion
can have a promoting (see, e.g., porphycene in Refs. 32,
34 and 35) or inhibiting effect (see, e.g., formic acid dimer
in Refs. 38–41) on DPT. Viewed from a dynamical pers-
pective, correlated motion, which compresses and ex-

pands the two HBs in-phase is likely to trigger concerted
DPT, whereas an anti-correlated out-of-phase dynamics
will be favorable for step-wise transfer (see Figure 1). In
passing we note that the methods of multidimensional IR
spectroscopy are capable of unraveling this dynamics for
systems as complex as nucleic acid base pairs in solu-
tion.42 Still another perspective on the behavior of DPT
systems is provided by NMR spectroscopy. Limbach and
coworkers, by combining NMR chemical shift data and
quantum mechanical calculations of nuclear ground state
probability distributions, showed that a connection bet-
ween H/D isotope effects and the mechanism of DPT can
be established.43,44 Specifically, the interplay of anharmo-
nic couplings and mass-dependent zero-point energy has
an effect on the geometry that can be explored to find the
degree of cooperativity of the two HBs in the vicinity of
the global minima on the PES, however, without having at
hand a conclusion on the transfer mechanism.

Laser control of DPT reactions have not attracted
much attention so far. There are several reports, which
share the assumption that the transfer mechanism was fi-
xed a priori. For instance, Nishikawa et al. considered
control of stepwise DPT in an asymmetrically substituted
tetraflouro-porphyrin model using the stimulated Raman
adiabatic passage (STIRAP) method.45 Assuming a step-
wise transfer, the description has been reduced to two in-
dependent one-dimensional potentials obtained from in-
trinsic reaction coordinate calculations. It was shown that
STIRAP could achieve population inversion related to
stepwise DPT on a time scale of some tens of picose-
conds. 

Shapiro and coworker have investigated DPT in the
context of DNA radiation damage and repair for a dinuc-
leotide model.46 They developed a 2D PES for DPT com-
prising a linear reaction coordinate for the concerted DPT
supplemented by an out-of-plane squeezing type vibratio-
nal mode. Employing coherently controlled adiabatic pas-
sage, detection and repair of DPT related mutation has

Figure 1. Left panel: Concerted vs. step-wise DPT via a second order saddle point and a stable intermediate, respectively. Right panel: Correlated

dynamics compresses and expands both HBs in-phase, whereas in anti-correlated dynamics this motion is out-of-phase.
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been demonstrated. Thanopulos et al. have discussed the
implications of DPT control for single molecule charge
transfer.47 Considering a thio-functionalized porphyrin de-
rivative attached to four gold electrodes it was found from
molecular orbital analysis that the different trans forms es-
sentially provide orthogonal pathways for electron transfer.
Laser controlled switching was discussed in a step-wise
model comprising two bond coordinates for the first step
and a single linear reaction coordinate for the second one.
An overview of this work can be found in Ref. 48. 

Recently, we have investigated laser control of DPT
in a 2D model comprising both, concerted and step-wise
pathways.49,50 Different control strategies have been found
to successfully switch between the two trans forms of mo-
dels mimicking porphycene derivatives. In contrast to si-
tuations being relevant for ground state kinetics and in si-
milarity to the study of Manz and coworkers,33 we have
found that laser-driven DPT carries the system far away
from the equilibrium and minimum energy pathways,
such that the distinction between concerted and step-wise
transfer becomes difficult, if not meaningless.

This paper reviews the state of affairs concerning the
laser control of single and double proton transfer reactions.
It is organized as follows: In Section 2 theoretical models
for the description of these reactions will be introduced
and some remarks on the numerical solution of the time-
dependent Schrödinger equation will be given. Section 3 is
devoted to a brief review on methods for laser pulse de-
sign. Application for PT and DPT control are given in Sec-
tion 4 and some final remarks follow in Section 5.

2. Model Hamiltonian 
and Equations of Motion

2. 1. Single Proton Transfer

A simple 2D model of the intra-molecular PT in thioa-
cetylacetone has been put forward in Ref. 12. (Note that in
the present context, no distinction between electronic spe-
cies is made and the term PT is used throughout although
some of the reactions could be classified at H atom transfer.)
Although it cannot fully account for the complexity of the
actual reaction, it allows uncovering some key aspects of la-
ser-driven PT. The Hamiltonian has all-Cartesian character
and is formulated in terms of a PT reaction coordinate x
(mass mx) and an orthogonal normal mode coordinate Q
(mass mQ) mimicking the effect of the heavy atom rearran-
gement of the molecular scaffold upon PT due to anharmo-
nic couplings. Thus the Hamiltonian takes the form

formula. 
(1)

For the double minimum potential along the x coor-
dinate one can start with two shifted harmonic diabatic

potentials !!!!!!!!!!!!!!!!!!!!!!!! (i = 1,2 corresponding to
reactant and product configuration), which are coupled by
means of a Gaussian coupling function K(x) = kcexp{–(x –
xc)

2}. Diagonalizing this two state problem, the PES for
the PT coordinate follows from the lower root as

Formula (2)

The heavy atom coordinate is incorporated using a
locally harmonic potential of the form

formula.
(3)

For the case of thioacetylacetone the index i = 1 and
2 refers to the enol and enethiol form, respectively. The
asymmetry of this PES can be taken into account through
the coupling function f(x) = ax2 + bx3 in Equation (3). In
an analogous way the dipole moment operator μ(x,Q) can
be fitted to incorporate the changes of the dipole moment
from 4.27 D in the enol form to 3.65D in the enethiol
form. This enables expressing the interaction of the mole-
cule with a laser field E(t) in the semiclassical form (assu-
ming that dipole moment and field are parallel)

formula . (4)

The resulting PES is shown in Figure 2. It has been
obtained by fitting MP2/6-31+G(d,p) data computed for
the two minima and the transition state in Ref. 12. Figure
2 also contains some of the lowest eigenfunctions of H0

which have been obtained by solving the time-indepen-
dent Schrödinger equation

formula (5)

using the Fourier Grid Hamiltonian (FGH) method.51 The
two lowest eigenfunctions φ0 and φ1 correspond to the
enol and enethiol form of thioacetylacetone. The next sta-
te φ2 is the fundamental excitation of the heavy atom mo-
de in the enol form. Finally, we show φ8 which is energe-
tically above the reaction barrier and delocalized along the
PT coordinate. From Figure 2 it is apparent that the laser-
driven PT from the enol to the enethiol minimum corres-
ponds to the population inversion between the ground sta-
te φ0 and the first excited state φ1. Note, that the splitting
of the lowest doublet in our model system is 176 cm–1.
This is in accord with the well-known rapid inter-conver-
sion of the enol and enethiol tautomeric forms.52 

The simple model discussed so far, while illustrative
has severe drawbacks. It is well know that PT is a truly
multidimensional reaction involving collective large am-
plitude motions.7 Hence methods capable of constructing
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more accurate PES need to be considered.53,54 One ap-
proach, which retains the simplicity of laser control wit-
hin the H-bonding moiety by describing the PT reaction in
non-orthogonal internal coordinates has been put forward
in Refs. 55–57. We shall describe the approach using the
example of acetylacetone (2,4 dioxopentane), a prototype
system for intramolecular HBs.58 The PES is constructed
in terms of three large amplitude coordinates, ρ1 = r1 + r2,
ρ3 = r1 – r2, and ρ3 = θ, where r1 is the distance between
the hydrogen and the donor oxygen, r2 is the distance
from the hydrogen to the acceptor oxygen atom, and θ is
the OHO angle. In terms of (ρ1, ρ2, ρ3) the molecular Ha-
miltonian reads

formula ,
(6)

where the kinetic energy matrix elements Grs are given by

formula
(7)

and {xi} denotes the set of 3N Cartesian coordinates. In
other words, within this approach the kinetic energy ma-

trix G accounts for the coupling of the H-bonding frag-
ment to the remaining molecular coordinates. 

2. 2. Double Proton Transfer

In the following we will outline a simple yet insight-
ful model for a DPT Hamiltonian, which originally had
been proposed by Smedarchina and coworkers (see,
e.g.,59,60 and for a review Ref. 61). Its physical meaning
can be appreciated by starting from a linear arrangement
of two HBs (cf. Figure 1), where the motion of each H is
described by a single coordinate pointing along the res-
pective HB. Calling these single PT coordinates x1 and x2

two quartic potentials for the individual HBs are combi-
ned with a bilinear coupling term to give

formula. (8)

Here, x0 is half the transfer distance for a single H
atom and U0 is the respective transfer barrier provided that
the coupling strength parameter g is zero and the other H
atom is fixed at x0. Since DPT is usually discussed in
terms of concerted and stepwise transfer, this potential is
more conveniently expressed by using the symmetric and
asymmetric transfer coordinates xs = (x1 + x2)/2 and xa =
(x1 – x2)/2, respectively. This gives the potential (neglec-
ting constant terms)

(9)

This equation defines a 2D PES having two minima
along the xs coordinate if xa is zero and vice versa. The mi-
nima along xs correspond to the two trans configurations
separated by a second order transitions state at (0,0), whe-
reas the two minima along xa are the cis configurations
connected via the same second order transition state. Furt-
hermore, there are four first order transition states separa-
ting trans and cis minima. The locations and energies of
these stationary points are given by simple analytical ex-
pressions.60

The PES discussed so far describes symmetric mole-
cules only. Recently, we have proposed a generalization to
the case of asymmetric DPT systems. Two types of asym-
metry can be introduced into the model Hamiltonian, that
is, a detuning with respect to the trans and the cis configu-
rations. Labeling the respective detuning parameters as
αtrans and αcis, asymmetry is modeled by the potential

formula .
(10)

Figure 2. The 2D PES for PT (actually H-atom transfer, cf. Ref.

12) in thioacetylacetone is shown together with the density plots of

vibrational eigenstates: φ0, φ1, and φ8. The more stable enol confi-

guration corresponds to the left-hand side minimum. The parame-

ters of the potential are: x0,1 = –0.38 Å, x0,2 = 0.64 Å, Δ1 = 0, Δ2 =

0.0975 eV, kc = 4.24 eV, xc =0.152 Å, k1 = 5.95 mdyne/Å, k2 = 4.31

mdyne/Å eV, a = 1.5 Å–1, b = –0.96 Å–2.
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An example for an asymmetric 2D model PES des-
cribing DPT is shown in Figure 3. Taking everything to-
gether the total 2D DPT Hamiltonian is given by (mH is
the H mass)

formula . (11)

This model Hamiltonian can be used for the simula-
tion of laser control of DPT as well. To this end it has to
be supplemented by a molecule-laser field coupling term,

which is usually taken in dipole approximation with
μ(xs,xa) being the dipole operator. For the sake of simpli-
city one can assume that the permanent dipole moment
depends only linearly on the coordinates, i.e.,

formula. (12)

Here the derivatives of the dipole moment with res-
pect to xs/xa are introduced as μs/μa. Further, as before (cf.
Equation (4)) it is assumed that the dipole moment vector
is aligned with the polarization direction of the linearly
polarized field. In the special case of symmetric DPT sys-
tems like porphycene the dipole moment will change
along the asymmetric coordinate only. 

2. 3. Time-Dependent Schrödinger Equation

In the following we will briefly sketch the solution
of the time-dependent Schrödinger equation for a PT or
DPT system driven by some control laser field. For sim-
plicity we consider the case of two coordinates, q1 and q2.
In this case the equation to be solved reads

formula. 
(13)

A powerful method for the numerical solution is the
multi-configuration time-dependent Hartree (MCTDH)
approach62,63 as implemented in the Heidelberg program
package.64 Here, the 2D wave function is expanded in a ti-
me-dependent basis of single particle functions {ϕj}
(SPFs) according to

formula .
(14)

The numerical saving as compared to the standard
stationary basis set expansion results from the fact that the
time-dependent basis is capable of adapting to the moving
wave packet, thus giving a rather compact representation
of the latter. This makes the required numbers of SPFs n1

and n2 smaller than for a static basis. The SPFs themselves
are expanded into a so-called primitive basis {χi} within a
truncated N-dimensional Hilbert space

formula.
(15)

For numerical convenience one typically chooses a
pseudospectral representation in terms of localized func-
tions such as provided, for instance, by the discrete va-
riable representation (DVR) method (for an overview, see
Ref. 65).

In passing we note that the 2D Schrödinger Equa-
tion (13) could, of course, also be solved by the standard
method, i.e. employing a stationary basis for the field-

Figure 3. PES describing DPT in an asymmetric system according

to Equations (9) and (10). The lower panel contains the definitions

of concerted (shaded) and step-wise (in between dashed lines ex-

cept in the shaded area) regions of the PES. Parameters: U0 = 2000

cm–1, x0 = 1.0 a0, g = 0.2, αtrans = 0.005, and αcis = 0.0. (contours in

panel b from 0.05 to 0.9 in steps of 0.05 in units of the second order

transition state energy 4428 cm–1).
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free case obtained, e.g. using the FGH method. The full
advantage of the MCTDH approach comes to its right
only for real multidimensional quantum problems (for a
recent compilation of examples including PT, see Ref.
66). 

3. Strategies for Laser Control

The external laser field is usually given by

formula (16)

with amplitude E0, envelope s(t), carrier frequency ω, and
carrier envelope phase (CEP)ϕ. In the following the field
will be assumed to be polarized along the dominant com-
ponent of the molecular dipole moment. 

For the laser-driven dynamics a certain target state is
defined, which should be reached from the initial ground
state within a certain time T by choosing an appropriate
laser field. Here, one can resort, for instance, to predefi-
ned parameterized laser fields. A common example would
be pulse sequences composed of Gaussian or sin2-shaped
pulses.5,50 The optimization of the pulse parameters may
be guided by the so-called π-pulse condition, where the
system is driven through a number of quasi two-level sys-
tem transitions from the initial to the final state. For a re-
sonant laser pulse of duration T the condition

formula
(17)

leads to a complete population inversion in a two level
system if μ0 is the dipole matrix element.67 In a multilevel
system, however, due to coupling between the vibrational
levels the above condition provides only an initial guess
for a laser pulse whose parameters need to be re-optimi-
zed using some search algorithm. 

Laser pulses that are less biased towards a specific
predefined form (and hence a guessed reaction path) and
more adapted to the nuclear dynamics can be obtained
from OCT. In its simplest version a functional J is defi-
ned, which is maximized at a final time T. Given an opera-
tor O describing the target state, e.g., a projection operator
onto a certain eigenstate of H0, i.e. O = |φtar〉〈φtar|, this
functional reads 68,69 

formula (18)

where α is the so-called penalty factor weighting the con-
straint on the field strength, s(t) is some smooth shape
function, and the function Φ(t) takes the role of a Lagran-

gian multiplier. Variational optimization leads to a set of
equations, which give the optimized field by means of an
iterative procedure. 

formula.
(19)

We note that in deriving Equation (19) terms propor-
tional to δ(E(t))2, useful when dealing with complex tar-
gets, have been neglected.70 In passing we note that the
iterative optimization of the field has been implemented
within the MCTDH program package by Brown and co-
workers71 and therefore can be performed for multidimen-
sional PES.

A characterization of the pulse, i.e. its temporal be-
havior and spectral content can be obtained by calculation
of the so-called XFROG trace71

formula,
(20)

where G(t) is some gate function.
Next we focus on the laser-matter interaction in the

ultrashort pulse domain, i.e., in the regime where the du-
ration of the pulse is comparable to the oscillation period
of the carrier light (see Figure 7). Under such conditions
the assumption of a laser pulse consisting of a time-de-
pendent envelope and a carrier wave of frequency ω is not
valid anymore. Specifically, one needs to enforce the ze-
ro-net-force condition18,19

formula,
(21)

which ensures that the laser field is the solution of the
Maxwell equation in the propagation region. The simplest
way to account for the zero-net-force condition is to for-
mulate the problem in terms of the vector potential 

formula 
(22)

and to obtain the electric field as its time derivative

(23)

The first term corresponds to the “traditional” radia-
tion pulse having a bell-shaped envelope function, s(t), a
monochromatic carrier wave of frequency ω, and a CEP
ϕ. The second term, containing the time derivative of the
pulse envelope is negligible for many-cycle pulses, but be-
comes important in the sub-one-cycle pulse limit as
shown in Figure 4. 
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Figure 4. An ultrashort pulse with nc = 1/3 and CEP ϕ = 0. The to-

tal electric field of the pulse (black) is compared with its two com-

ponents: the “traditional” pulse consisting of an envelope and cosi-

ne carrier field (gray) and the time derivative of the pulse envelope

with a sine carrier field (red, thin).

Following Brabec and Krausz the time-dependent
envelope function s(t) = sech(t/α) is used, which is cente-
red at t = 0 with α1/2 = α ln(2 + √

—
3) being the half-width of

the pulse at half-maximum (HWHM).72 An ultrafast pulse
can be characterized by the number of carrier wave oscil-
lations, contained within the pulse width, nc, measured at
half the maximum α1/2 = ncT = nc/ω. In Figure 4 we dis-
play the time variation of the total electric field of an ul-
trashort, nc = 1/3 pulses with CEP ϕ = 0 (cosine-pulse) to-
gether with the two field components specified by Equa-
tion (23). One notices that the inclusion of the envelope
function derivative results in an effective increase of the
pulse frequency by 18

formula (24)

with mc = nc/ in(2 + √
—
3). This effective increase of the pul-

se frequency is a key feature for the laser control of PT
transfer in the ultrashort pulse domain.19 

The zero-net-force condition can be straightfor-
wardly incorporated in the framework of OCT by introdu-
cing a penalty factor, λ, that weights the magnitude of the
direct-current (DC) component, Equation (21). The opti-
mal field, Equation (19), is modified according to19

Formula (25)

4. Results and Discussion

4. 1. Single Proton Transfer
In the following some examples of laser controlled

single PT will be discussed, which serve as an illustration

of the concepts introduced in Sections 2.1 and 3. As a mo-
del the enol to enethiol tautomerization in thioacetylaceto-
ne will be considered (cf. PES and eigenstates in Figure
2). Since in thermal equilibrium both tautomers are popu-
lated, we chose a thermal population of the eigenstates of
the unperturbed Hamiltonian H0, the so-called zero-order
states, as our initial condition. In the π-pulse scheme the
population inversion between the ground and first excited
state can be obtained either by employing a third state that
is coupled via a large transition dipole moment to both the
initial and the final state in a pump-dump fashion or by di-
rect transition between the initial and target state. In the
latter case one takes advantage of the fact that the barrier
for electronic ground state isomerization in thioacetylace-
tone is low and the dipole matrix element between the lo-
west vibrational states μ10 is nonzero. 

Figure 5 displays the results of applying a φ0 → φ8

→ φ1 pump-dump like pulse sequence.12 The two pulses
have been optimized by means of a simple searching algo-
rithm starting from two overlapping π-pulses. The popula-
tion dynamics of all involved zero-order states indicates
that the intermediate state gets considerably populated du-
ring the interaction time, and it is not completely depopu-
lated at the end of the pulse sequence. The resulting iso-
merization yield is approximately 85%.12

Figure 5. Upper panel: The laser field optimized for the pump-

dump approach to laser controlled PT in the PES shown in Figure

2. Lower panel: population dynamics of these three states (for mo-

re details, see Ref. 12).

Tuning the pulse frequency into resonance with the
φ0 → φ1 transition and following the π -pulse criteria for a
pulse with a Gaussian envelope one finds that the laser
pulse shown in Figure 6, having a duration of 1300 fs, in-
duces an almost complete population switch in the sys-
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tem.16 The direct resonance approach has considerable ad-
vantages with respect to the pump-dump approach: 

Figure 6. The laser field that is tuned in resonance with the φ0 → φ1

excitation (upper panel) and the population dynamics of the two lo-

west eigenstates (lower panel) of a model for the tautomerization in

thioacetylcetone (for more details, see Ref. 16).

it has a simple form, it requires a lower intensity of the la-
ser field, and it does not involve the population of vibra-
tionally excited states, which will be subject to faster vi-
brational energy relaxation.

Turning to OCT and imposing a high penalty for the
field, i.e., allowing for moderate field intensities only, a
completely different control mechanism is obtained. One
of the resulting laser pulses is shown in Figure 7. It achie-
ves a complete control over the system dynamics with a
yield of 99%. Yet, the dominant frequency component of
the pulse of ω = 88 cm–1 is lower than the energy differen-
ce between the initial and final states which is ω10= 176
cm–1.

The population inversion is achieved by a combined
effect of tunneling and direct φ0 → φ1 excitation. On the
basis of the OCT result and mechanistic studies in the
dressed molecular state representation, it becomes appa-
rent that one could design a multitude of low-frequency
pulses capable of achieving population inversion. In the
extreme case the population inversion in a double well po-
tential can be driven by a rectangular pulse consisting of
switch-on – tunneling – switch-off periods11 or by a half
cycle-pulse as the one shown in Ref. 13.

The above results clearly indicate that laser control
of intra-molecular PT can be obtained by following diffe-
rent mechanisms, from a π-pulse scheme employing a
pump-dump mechanism or a direct resonant transition to
laser induced tunneling. However, a detailed analysis
points to a certain sensibility of the isomerization yield
with respect to the pulse characteristics. To elaborate furt-
her on this issue one can investigate the dependence of the
target state population on the field intensity, frequency
and phase of the driving pulses.73 The results are shown in
Figure 8. The laser field amplitude varies in a uniform
way between –0.025 ≤ E0 ≤ 0.025 Eh/ea0 with an incre-
ment of ΔE0 = 0.5 mEh/ea0 and the frequency varies bet-
ween 0 ≤ ω ≤ 245.8 cm–1 with an increment of Δω = 0.8
cm–1. Note that negative E0 values correspond effectively
to a CEP of ϕ = π. The duration of the laser pulses having
a Gaussian envelope has been fixed to 1300 fs. For subpi-
cosecond pulse durations appreciable population transfer
occurs only via laser driven tunneling. However, the range
of parameters for which efficient population transfer is ac-
hieved (P1 ≥ 0.8) is restricted due to the fact that for non-
optimal pulses the dressed eigenstates get close to each ot-
her for a period shorter than the required tunneling time.
From Figure 8 it is apparent that the reaction yield is lar-
ger than P1 = 0.8 for a range of parameters satisfying only
approximately the resonant π-pulse condition. In the off-
resonance areas, efficient control is restricted to narrow
parameter ranges. 

Moreover, in the low-frequency areas a pronounced
phase sensibility can be inferred from the difference in the
target state probability between positive (right) and nega-
tive (left) field intensities corresponding to an effective
change of the CEP from ϕ = 0 to ϕ = π. For example two
areas of control with reaction yields higher than P1 = 0.8
appear for E0 = –10 mEh/ea0, ω = 105 cm–1 and for E0 =
–20 mEh/ea0 and ω = 127 cm–1 while no appreciable con-
trol has been achieved in the corresponding ϕ = 0 areas. In

Figure 7. Upper panel: The laser field generated by OCT with a

high penalty factor (α = 30) for the model of Figure 2. The main

frequency component of the pulse (ω = 88 cm–1) is lower than the

energy difference between the initial and target state. Lower panel:

The population dynamics is shown for the four lowest vibrational

eigenstates during the isomerization reaction (for more details see

Ref. 12).
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the tunneling region the amplitude of the tunneling pulse
E0 can be calculated as E0 = ω10/(μ00–μ11). Hence, in order
to compensate for a negative value of μ00–μ11 the tunneling
field has a negative amplitude or equivalently a CEP pha-
se of ϕ = π. Phase sensitivity arises also from the comple-
xity of the laser driven dynamics involving multiple popu-
lation transfer between the initial and target state occur-
ring at high field intensities. Moreover, during the excita-
tion a large number of states get populated giving rise to
the pronounced phase sensitivity.73

Let us now consider the control of the PT (H-atom
transfer) in acetylacetone. The 3D PES spanned by inter-
nal, non-orthogonal coordinates has been introduced in
Sec. 2, Equation (6). As in the case of thioacetylacetone,
the laser control of the population transfer from the
ground state φ0 to the first excited state φ1 corresponds to
switching from the reactant to the product well. The two
lowest levels are split by ω10 = 116 cm–1, the third and
fourth states are split by ω32 = 182 cm–1, while the energy
difference between the second and third state is ω21 = 222
cm–1 cm–1. Inspection of the dipole moment matrix ele-
ments reveals strong coupling between the adjacent doub-
lets that may influence the selectivity of the laser driven
transition. Figure 9 displays several high efficiency laser
pulses with time durations between 450 and 1050 fs.19 In
this simulation the penalty for the DC component was set
to λ = 0.1. It is apparent that all pulses have an absolute
phase of ϕ = π/2. We note that these sine-type pulses were
obtained irrespectively of whether cosine- or sine-pulses
were used as initial guess. The pulses appear to be a su-
perposition of two pulses: a longer one with ϕ = π/2, and a
shorter one centered at around the minimum of the second
lobe

The mechanism of the pulse action can be under-
stood by analyzing the population dynamics of the invol-
ved zero-order states.19 Figure 10 compares the action of a

simple 750 fs pulse with sine-phase, and a frequency shif-
ted to 72.9 cm–1 to account for its nc = 1/3 pulse duration
with respect to the optimal pulse of the same duration, and
a composed (hand-made) pulse simulating the OCT pulse.
The optimal pulse achieves a target state population of P1

= 0.98, while the monochromatic pulse achieves a target
state population of P1 = 0.89 with the remaining popula-
tion mostly located in state φ2 with P2 = 0.09. Although
both pulses have comparable P2 populations at t = 450 fs,
at the end of the OCT pulse the major part of population is
successfully driven to the target state. The following com-
posed pulse uncovers the mechanism of the OCT pulse. It
contains an nc = 1/3 pulse with E0 = 0.37 mEh/(ea0) and ω
= 76 cm–1 that matches well the first lobe of the optimal
control pulse. At the maximum of the φ2 state population

Figure 8. Target state population at the end of a 1300 fs Gaussian

pulse excitation for the model of Figure 2. The variation of the final

population is shown as a function of the electric field strength and

the pulse frequency. The CEP are ϕ = 0 and ϕ = π.

Figure 9. The variation of the electric field for several optimal con-

trol theory pulses obtained from Equation (25) for a model of

acetylacetone. Pulse duration range from 500 to 1100 fs in steps of

100 fs. (for more details, see Ref. 19).

Figure 10. Upper panel: Three control pulses with sech-type enve-

lope and duration of 750 fs for a model of acetylacetone: OCT pul-

se (black), monochromatic π-pulse with nc = 1/3 (red, thin), and

composed pulse (gray) obtained as a superposition of two nc = 1/3

pulses with E0,1 = 0.37 mEh/ea0 , ω1 = 76 cm–1 , and E0,2 = 0.25, ω1 =

149 cm–1. The center of the second pulse is at 450 fs. Lower panel:

Time-dependent population of the target state φ1 and the back-

ground state φ2 (for more details, see Ref. 19). 



420 Acta Chim. Slov. 2011, 58, 411–424

Do{li} et al.:  Laser Control of Single and Double Proton Transfer Reactions

at approximately 450 fs, a second nc = 1/3 pulse with CEP
ϕ = π/2 and frequency of ω = 149 cm–1 is centered. The se-
cond pulse is effectively in resonance with the  φ1 → φ2

transition at 222 cm–1, but the frequency has been correc-
ted to compensate for its ultrashort duration according to
Equation (24). The amplitude of the second pulse has
been adjusted numerically. From the population dynamics
shown in Figure 10 it is apparent that the role of the se-
cond sub-pulse is to correct the population leaking to the
φ2 state.

Finally, these mechanisms for driven PT can be pla-
ced in the broader context of laser control. The mecha-
nism uncovered by OCT has a strong similarity with the
control strategy proposed by Etinski et al. in which a su-
perposition of pulses efficiently removes leaking to a
strongly coupled background state.74 In turn this is a va-
riant of the counter-diabatic approach of Demirplack and
Rice based on the analysis of the background state popu-
lation.75 Thus, the proposed π-pulse superposition mecha-
nism can be viewed as a counterpart of these strategies in
the ultrashort pulse domain.

4. 2. Double Proton Transfer
In the following we will illustrate laser control of

DPT for the generic model, Equation (11), adapted to the
case of a small detuning between the trans minima and no
detuning between the cis minima (cf. Ref. 49). Further, it
has been assumed that the dipole moment changes only
along the asymmetric coordinate (μa = 1.0 e). In passing
we note that in particular porphycene derivatives offer a
tunability of the energetics of the PES over a wide range
(see, e.g., Ref. 76). The 2D PES is given in Figure 3 (for
parameters, see figure caption) and the initial state in Fi-
gure 11. Due to the small detuning it is mostly localized in
the reactant’s trans minimum.

The obtained MCTDH DPT dynamics can be analy-
zed by inspecting snapshots of the 2D probability distri-
bution. Alternatively, projections onto certain eigenstates
can be performed to yield their time-dependent popula-
tion. Within the MCTDH approach eigenstates can be ob-
tained using the so-called improved relaxation method.77

The optimized laser field is given in Figure 12a. It is
capable of transferring 81% of the initial reactant popula-

Figure 11. Laser-driven wave packet dynamics (|Ψ(xs,xa,t)|
2) of the model system shown in Figure 3. The two-dimensional wave function has been

represented in both directions with a 64 point harmonic oscillator DVR on the interval [–2.5.2.5]a0 and using 20 SPFs per coordinate. The t = 0 fs

snapshot gives the initial state obtained by imaginary time-propagation. The final state at t = 1000 fs has a 81% overlap with the target state which

is localized in the higher energetic trans minima. Intermediate snapshots have been selected to emphasize the transfer mechanism.
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tion (P0) to the product trans potential well. The respecti-
ve eigenstate, which is mostly localized in that region, has
been used as the target state (first excited state of the mo-
del Hamiltonian). The population dynamics of the initial
and target states are shown in Figure 12c. Inspection of
the snapshots taken from the wave packet dynamics (Fi-
gure 11) allows drawing the following conclusions. As a
consequence of the coordinate dependence of the dipole
moment, initially the system is excited along the xa coor-
dinate within the more stable trans potential well. With in-
creasing strength the field drives the wave packet out of
the trans well causing a delocalization. During most of the
time evolution this delocalized wave packet covers most
of the accessible configuration space of the system. Star-
ting in the second half of the pulse, however, the field trig-
gers a focusing of the wave packet into the product well
region where it is finally localized.

The behavior of the wave packet is reflected in the
population dynamics in Figure 12c, which can be under-
stood in connection with the XFROG trace shown in Figu-
re 12b. The latter reveals a pulse train, with partially over-
lapping sub-pulses having different frequencies. The first
sub-pulse essentially depopulates the ground state by
50%. This depopulation is continued by the second sub-
pulse, which is, however, red-shifted to facilitate efficient
climbing to the next higher state. The latter is of mixed
character, having contributions from local xa and xs excita-
tions, being energetically in between the barrier for con-
certed and step-wise transfer (for details, cf. Ref. 49). The
following sub-pulses populate even states being above the
barrier for concerted transfer. At the same time, pulse-in-
duced dumping of population into the product well starts
to set in. It should be noted, that all sub-pulses have a
broad spectrum, being essentially able to excite and de-
excite several transitions simultaneously.

Since the mechanism of DPT is commonly classi-
fied as being either concerted (synchronous) or step-wise
(asynchronous), a measure is needed to quantify the path-
way on the basis of the time-dependent wave packet. In
Ref. 49 it has been suggested to define certain ranges of
the PES using step-like operators and take their expecta-
tion value as giving the probability for the respective me-
chanism. Figure 3b contains the definition of these ranges,
which have, of course, a certain arbitrariness. For in-
stance, one might call DPT as being concerted if the wave
packet passes through a narrow range having the width of
the ground state distribution (shaded area in Figure 3b).
Wave packets going through the remaining range marked
by the dashed lines are counted as a contribution to step-
wise transfer. As a note in caution we emphasize that this
does not imply the existence of a stable intermediate in the
sense of traditional kinetics.

Looking at the wave packet dynamics in Figure 11
one would argue that a traditional classification in terms
of concerted and step-wise DPT is not meaningful in the
present case. Employing the measure introduced in Ref.

49 we notice from Figure 12d that most of the wave pac-
ket goes through the regions defined as step-wise, alt-
hough the concerted pathway cannot be neglected, despite
the rather narrow range for its definition (cf. Figure 3b).

Finally, we would like to comment on an interesting
side effect provided by the tool for controlling DPT reac-

Figure 12. Results from an OCT calculation employing 224 itera-

tions towards the goal to populate within T = 1000 fs the first exci-

ted state of the model Hamiltonian (α = 1.5), which is localized in

the product well. For the guess field which initiates the iterative op-

timization a sin-shaped envelope has been chosen together with a

frequency of 1194 cm–1, which corresponds to the fundamental ex-

citation of the asymmetric vibration and E0 = 0.95 mEh/ea0. (a) op-

timized laser field, (b) XFROG trace (Equation (20)) with contours

at 1.8–5.8 a.u. in steps of 0.4 a.u., (c) population dynamics of initial

(P0) and target (P1) state, (c) probability that wave packet is either

in the synchronous or asynchronous transfer region (cf. Figure 3).
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tions. Switching the positions of the two protons in the
electronic ground state comes along with a change of the
direction of the vector of the electronic transition dipole
moment as shown exemplarily for a porphycene derivati-
ve in Figure 13.50

In order to appreciate this fact one has to recall that
porphyrin-derivatives are used as chromophoric building
blocks for molecular wires, which transport electronic ex-
citation energy.79 According to Förster theory the rate for
excitation energy transfer between two chromophores de-
pends on the relative orientation between their transition
dipole moments.80 For this reason controlling DPT has
been suggested to be a means for designing a laser-trigge-
red ultrafast switch built into an energy transfer molecular
device.50

5. Conclusions

We have reviewed concepts, strategies, and methods
for controlling proton or H-atom motion along single and
double hydrogen bonds in the electronic ground state. A-
chieving control over proton transfer reactions is not only
important from the conceptual point of view, but also as a
platform for many applications. In spite of its relevance,
the control of proton transfer reactions in the electronic
ground state has yet to be reported experimentally. Our
goal has been to identify the main obstacles to the control
of proton transfer and to provide robust control strategies
capable of achieving high reaction yields in complex mo-
lecular systems. Presently, this has been achieved by focu-
sing on simple model systems. However, proton transfer is
an intrinsically multidimensional chemical reaction in
which quantum phenomena such as tunneling and zero
point energy strongly influence the outcome. Hence, the
control of proton motion requires having at hand adequate
quantum chemical tools as well as the development of
theoretical and computational methods of multidimensio-
nal quantum dynamics and laser control. We have outlined
some strategies to go beyond simple low-dimensional mo-

dels such as the MCTDH approach.
We have reviewed the ground state intra-molecular

proton transfer in a two-dimensional model potential tai-
lored to thioacetylacetone. It has been shown that the re-
quirement of reducing the pulse intensity leads to a chan-
ge in the underlying dynamics, i.e., from an above-barrier
pump-dump type reaction to laser driven tunneling. Mo-
reover, we have demonstrated that the outcome of the pro-
ton transfer reaction strongly depends on the carrier enve-
lope phase of the driving pulse and that the experimental
control of the phase of the laser pulses in the far IR region
is a prerequisite for achieving efficient control. It can be
anticipated that the tunneling mechanism of laser driven
proton transfer remains unchanged when going from sim-
ple two-dimensional systems to coupled multidimensio-
nal system, and from simple analytical designed pulses to
pulses generated by optimal control theory. The relative
simplicity of the laser pulses that emerged from these stu-
dies indicate that it is possible to effectively confine the
dynamics in a portion of the potential energy surface of
reduced dimensionality, and in this way to diminish the
competition with energy redistribution processes. Alt-
hough these studies have focused on rather simple sys-
tems in the gas phase they provide an impetus for the con-
trol of PT in complex biomolecular systems interacting
with different environments. 

Further, we have shown that tailored laser fields ob-
tained by optimal control theory can drive double proton
transfer reactions with high efficiency. By using a two-di-
mensional potential that simultaneously allows for the
concerted and step-wise double proton transfer, we have
demonstrated that in laser-driven reactions the traditional
distinction between synchronous and asynchronous pro-
ton transfer is removed. Thus, laser control is not only
used to achieve a desired target state, but also as an analy-
tical tool for investigating the ultrafast pathways of doub-
le proton transfer reactions. Finally, controlling double
proton transfer may have an unexpected relevance for
electronic transfer processes as has been demonstrated for
the example of electronic excitation energy transfer in
molecular photonic wires.
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Povzetek
V ~lanku je prikazan pregled teorije in simulacije lasersko nadzorovane reakcije prenosa enega ali dveh protonov v

molekulskih sistemih z vodikovo vezjo. Vpeljava razli~nih pristopov za formiranje ploskve potencialne energije

omogo~a oblikovanje enostavnih modelov, s pomo~jo katerih spoznavamo osnovne mehanisti~ne principe laserskega

nadzora. Dolo~anje polja kontrolnega laserja je osnovna naloga in opisanih je ve~ metod, med njimi teorija nad-

zorovanega optimiranja. Uporaba je prikazana na primeru enoprotonskega prenosa s pomo~jo infrarde~ega laserja v

modelih tioacetilacetona in acetilacetona, pa tudi na primeru prenosa dveh protonov v derivatih porficena.


