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Abstract Time dependent quantum dynamics and optimal
control theory are used for selective vibrational excitation
of the N6-H (amino N-H) bond in free adenine and in the
adenine-thymine (A-T) base pair. For the N6-H bond in free
adenine we have used a one dimensional model while for
the hydrogen bond, N6-H(A)...O4(T), present in the A-T
base pair, a two mathematical dimensional model is
employed. The conjugate gradient method is used for the
optimization of the field dependent cost functional. Optimal
laser fields are obtained for selective population transfer in
both the model systems, which give virtually 100%
excitation probability to preselected vibrational levels. The
effect of the optimized laser field on the other hydrogen
bond, N1(A)...H-N3(T), present in A-T base pair is also
investigated.
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Introduction

Controlling dynamics at the atomic level is a primary goal
of chemists. Optimal control theory (OCT) [1-17] has
emerged as a comprehensive tool for designing laser pulses
to achieve prescribed dynamical goals. The objective of the
theory is to find laser fields which will transform the
nuclear wavefunction (or density matrix) of a system from
an initial state to a desired final state by using time-
dependent quantum mechanical propagation in combination
with an optimization algorithm. Control of biological
molecules using OCT is quite difficult because of their
inherently complex dynamical properties. The development
of laser pulse shaping techniques has opened the way to
achieving this goal [18-21].

The role of hydrogen bonds in determining the three-
dimensional structures of biomolecules like proteins and
nucleic acids is well established. Vibrational analysis of
hydrogen bonded systems provides information about the
nature of the local interactions as well as the dynamics and
coupling of nuclear motion [22]. Studies on the control of
vibrational quantum dynamics of hydrogen bonded sites in
these biomolecules using optimally designed laser pulses
will provide greater insights into their dynamical behavior.
Ohmura et al. [23] demonstrated the use of lasers to control
photodissociation of ternary aniline cluster cations consist-
ing of aniline, water and an aromatic molecule (benzene or
pyrrole). They utilized the strong interaction between N-H
stretching vibration and adjacent hydrogen bond for control
of photodissociation. Villani et al. [24-26] considered the
time-dependent interaction among the DNA base pairs and
performed laser control studies on hydrogen transfer in
adenine-thymine and guanine-cytosine base pairs.

We have used OCT to design infrared laser pulses for
selective vibrational excitation of the N6-H bond present in
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two different molecular environments. One in the free
adenine molecule and the second in the hydrogen bonded
state N6-H(A)...O4(T) present in A-T base pair. We are
interested in finding the difference in the nature of the laser
fields needed to excite N-H stretching when the molecule is
in its free state and when it is involved in hydrogen bonding.
For the free N6-H(A) system present in adenine, we have
used a one dimensional model while for N-H in its hydrogen
bonded state, i.e., N6-H(A)...O4(T), a two mathematical
dimensional model is employed. Density functional theory is
used to obtain the potential energy and dipole moment plots
for both the systems. Optimized laser fields are realized
which give virtually 100% excitation probability to prese-
lected vibrational levels. In this work we are presenting our
results for the following vibrational excitations:

1) N6-H in adenine molecule (Free state):

a) v=0tov=1

b) v=1to v=2

c¢) v=0tov=2

2) N6-H in hydrogen bonded state (N6-H(A)...04(T)) in
A-T base pair:

a) v=0tov=12 (corresponds to one node in N6-H(A) mode)

b) v=12 to v=33 (corresponds to two nodes in N6-H(A)
mode)

¢) v=12 to v=37 (corresponds to one node in H(A)...O4
(T) and two nodes in N6-H(A) mode).

In the transition v=12 to v=37 we are looking for a laser
field which will displace the inter-base hydrogen so that it
moves closer to the oxygen of thymine. The paper is
organized as follows: In Electronic structure calculations and
models, we present the details of electronic structure
calculations and the description of the simple control
models. In Optimal control theory, the optimal control
formulation is described in detail. Optimization method

Fig. 1 (a) Optimized geometry of A-T base pair at RIMP2/aug-cc-
pVTZ level (numbers shown are the same as standard numbering used
for nucleobases.); (b) Two dimensional representation of triatomic N6-
H(A)...O4(T) ( circled in (a)), where R = distance of O4 from center of
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describes the conjugate gradient method, used for optimiza-
tion of the cost functional constructed in Optimal control
theory. In Results and discussion, the numerical results
obtained by OCT are presented and discussed, while
concluding remarks are given in Conclusions.

Theory and method
Electronic structure calculations and models

For our studies we have considered the hydrogen bond
between amino N6-H of adenine and oxygen (O4) of
thymine in A-T base pair. We have modeled the hydrogen
bonded system using two dimensional Jacobi coordinate
representation as shown in Fig. 1(b).

In order to construct the potential energy and dipole
moment surfaces for this model we have used the structures
optimized at RI-MP2 (resolution of identity) method with
aug-cc-pVTZ basis set of atomic orbitals from an earlier
study by Sponer et al. [27]. Density functional theory with
the popular B3LYP hybrid exchange-correlation functional
is used to obtain the potential energy and dipole moment
surfaces shown in Fig. 2. For oxygen, nitrogen and carbon
we have used the 6-31G** basis set while the aug-cc-pvdz
basis was used for the hydrogen atom.

Similarly for the amino N6-H bond present in free
adenine we have used a one dimensional model shown in
Fig. 1(c). The potential energy and dipole moment curves
for amino N6-H bond of adenine are calculated by varying
the N6-H bond distance keeping the rest of the molecule
fixed at the same level of theory and using the same basis
sets. All the ab initio electronic structure calculations are
performed using the Gaussian03 suite [28] of quantum
chemical programs.

(b)

r

(c)

mass of N6-H(A) and r = bond length of N6-H bond; (c) One
dimensional representation of diatomic amino N6-H in free adenine,
where r = bond length of N6-H bond
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Fig. 2 Variation in potential energy and x-component (x, ) of dipole moment with change in the bond lengths of O4(T)...H(A) and N6-H(A)

bonds, obtained using DFT

Optimal control theory

The time evolution of the molecular wavefunction |y(¢)) is
governed by the time-dependent Schrodinger equation
(atomic units used throughout the paper, h=1)

’g"/’(’” = Ay () = [Ho + (0] Iy (1), (1)

where Hy is the system Hamiltonian and H,(¢) is the
interaction Hamiltonian, respectively. The interaction Ham-
iltonian H,(¢) for the system under the influence of an
external field, e(¢), within dipole approximation, can be
defined as

Hy(1) = (1) (2)

where 1 is the dipole moment operator.

In the OCT formalism, we construct a field dependent
functional. This functional contains our objective term
which is the overlap of the field propagated initial wave-
function with target wavefunction, a penalty term for the
fluence which restricts the undesirable physical processes
during the controlled evolution of the molecule and the
dynamical constraint that the time-dependent Schrodinger
equation be obeyed at all time. The overall grand cost
functional to be optimized takes the following shape:

T
Jle(t)] = ’<‘/’i(T)‘¢f>|2_O'O/O [e(t)]*dt —2 Re (3)

UOT <xf(t) %+iﬁ(€(t))|l//,-(t)>dt}

here, e(t) is the electric-field strength as a function of time;
(1) is the initial wavefunction propagated to time T under
the action of the optimal laser field e(t); ¢y is the target state
to be reached at the final time T; « is a constant positive
weighting parameter that specifies the weight of the fluence
term in the functional; and x #(¢) is a Lagrange multiplier

introduced to assure satisfaction of the time-dependent
Schrddinger equation.

Varying the grand functional (Eq. (3)) with respect to the
wavefunction, v, (¢), the Lagrange multiplier, X 4(), and the
electric field, e(f), leads to the following set of nonlinear
pulse design equations for selective vibrational excitation :

250 By, i) =0, @
P 0, D =gl )
aolt) = (10575 Awi0) ) ©

The nature of these coupled differential equations
demands that they be solved iteratively. In order to
maximize the cost functional we calculate the derivative
of the functional with respect to a variation of the electric
field at time t and use the conjugate-gradient method. The
method is explained in more detail in the next section.

Optimization method

In order to find the optimal laser field for a specific
vibrational excitation by maximizing the cost functional
subjected to Egs. 4 and 5, we employed the conjugate
gradient method [8—10]. We define the laser field e(¢) as
having two parts: a Gaussian envelope function s(¢), which
is practically zero at t=0 and at t = T and a part €y(f) which
will be optimized to achieve the desired objective, i.c.,

e(t) = s(t)eo(r) (7)
—(=1/2°

here, s(¢) =e @#° , which is preserved throughout the

optimization to ensure smooth switch on and off of the

electric field.
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The gradient of J with respect to small variation in ¢, at
time ¢ after kK number of iterations in the optimization cycle

is written as
'//i(t)> :

(3)

The molecular wave function, w;(f), and the Lagrange
multiplier, x /(f), are propagated in time using the second
order split-operator method [29, 30]. A line search along
the Polak-Ribiere-Polyak search direction is now per-
formed. The search direction is defined using the gradients
given in Eq. 8:

aJk
gk(t) = 858(0 =

—2s(t) |:a0€k(t) — Im<X./(I) de* (1)

>k () (85(n) — ¢ (1) e

k(N — ok(+.
Tl =g+ > (1) g (0)

(4)
)

where k=2, 3, .., and d'() = g'(t). To prevent the
algorithm from sampling e(f) values outside of the
predefined electric-field amplitude range during the line
search, the direction d*(7) is projected. The projected search
direction is Fourier transformed to obtain a function of
frequency, and this function is filtered using a 20th-order
Butterworth bandpass filter in order to restrict the frequency
components of the electric field within a specified range.
The updated electric-field is expressed as

(1) = (1) + as(0)d) (1), (10)

where A is determined by the line search.

Results and discussion

We discuss the results obtained using optimal control
formalism described above for the model systems con-
structed for free adenine and A-T base pair. For all the
transitions we have propagated the system using laser pulse
of length 40,000 #/E),, which was discretized into 16384
points. The weight for the penalty term («y) is fixed as 0.1
in all the calculations.

Vibrational control of N6-H in free adenine
(one dimensional model)

For the one dimensional model we have designed the laser
pulses for three vibrational excitations. The first transition
is the fundamental transition from the ground vibrational
state to the first excited vibrational state (v=0 to v=1). The
second transition is an excitation from the first excited
vibrational state to the second excited vibrational state (v=1
to v=2) and third transition is an excitation from the ground
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vibrational state to the second excited vibrational state (v=0
to v=2). The Fourier grid Hamiltonian method (FGHM)
[31] is employed to calculate the vibrational spectrum for
the one dimensional N6-H system.

a) Transition v=0 to v=1: For this fundamental transition
the initial guess field is chosen as: €(£)=0.0012 sin

(w0,18)s(f) where o ; is tgansition frequency from v=0
—(t=T/2

to v=1 and s(¢) = eﬁ. The optimized electric field
is shown in plot al and its corresponding frequency
components are shown in plot a2 of Fig 3. Plot a2
shows a major peak around 3547 cm . Plot a3 shows
the population variation with time of the various states
involved during the transition. It shows that the
population in initial state v=0 decreases with time
while that of target state v=1 increases. There is some
population transfer to higher vibrational state v=2 also,
but in the end of pulse whole of the population is
transferred to v=1. The convergence behavior of the
cost functional, J, and the transition probability,
|y, (T )‘q)f) ?_ versus the number of iteration steps is
shown in plot a4. The convergence of the algorithm is
found to be very fast. After only a few iteration steps,
the final cost functional is more than 97% of its
maximum value. It is seen that the transition probability
reaches nearly 100%.

b) Transition v=1 to v=2: Initial guess field chosen for
the optimization is ¢(f)=0.001 sin(w, ,)s(f) where o, »
is the transition frequency from v=1 to v=2 and s(t) is
the same as for the above transition. The plot bl shows
the optimized field and its amplitude, which is less
than the amplitude of the optimized field for transition
v=0 to v=1. The power spectra of optimized field (plot
b2 of Fig. 3) shows that the major frequency peak is
around 3386 cm '. The populations of the field
propagated initial state, target state and other vibra-
tional states with time are shown in plot b3 of Fig. 3.
The plot b4 of the cost functional and transition
probability against number of iterations shows that,
after only a few iterations, both have reached values of
more than 98% of their maximum values.

¢) Transition v=0 to v=2: For this transition the initial
guess field is chosen as: e(r) = 0.005 sin(“427)s(7)

where % is half of the transition frequency from v=0

to v=2 and s(t) is the same as for the above transition.

The optimized field and its corresponding frequency

spectra are shown in plots ¢l and c2 of Fig. 3. The

shape of the field shows that there are a number of
subpulses, which is confirmed by its frequency plot c2.

It shows two major frequency components in the field,

one corresponds to the transition frequency from v=0 to

v=1 while other corresponds to transition frequency
from v=1 to v=2. The mechanism of population transfer
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Fig. 3 Results for transitions v=0 to v=1, v=1 to v=2 and v=0 to
v=2 for free adenine: (al, bl, c1) optimized laser field, (a2, b2, c2) its
frequency distribution, (a3, b3, c3) populations of different states as a

can be described from plot ¢3 which shows the
population variation in various vibrational states with
time involved during the transition. This plot shows that
first the population is transferred from v=0 to v=1 and
then in the middle of the pulse population starts
transferring from v=1 to higher vibrational states. At
the end of the pulse whole of the population is in target
state v=2. The involvement of intermediate states in
population transfer indicates complex dynamical behav-
ior of the system. Variation of cost functional and
transition probability with number of iterations is plotted
in plot c4.

Vibrational control of amino N6-H(A)...O4(T)
in A-T (two dimensional model)

As discussed in Theory and method, for these studies we
are considering N6-H(A)...O4(T) hydrogen bond present in

number of iterations

number of iterations

function of time and (a4, b4, c4) convergence behavior of the
transition probability and the cost functional, J, with number of
iterative steps involved in the optimization

the adenine-thymine base pair. The Fourier Grid Hamiltonian
method (FGHM) is employed to create a direct product basis
for the variational calculation of the triatomic wave functions
of the N6-H(A)...O4(T) system. Some of the wavefunctions
obtained after bound state analysis are plotted in Fig. 4. For
the time propagation, we used 64 grid points for both R and
r coordinates. In order to investigate the difference in the
nature of fields for amino N6-H in free adenine and in
hydrogen bonded state we considered three transitions. The
first transition is from the ground vibrational state to the
vibrational state corresponding to N6-H stretching (v=0to v=
12). The second transition is between the first excited N6-H
stretching vibrational mode and the second excited mode (v=
12 to v=33). In the last transition we considered v=12 to be
our initial state and v=37 to be the target state.

a) Transition v=0 to v=12: The initial guess field
employed is e(t)=0.00043 sin(wy j2f)s(f) where o 2
is the transition frequency from v=0 to v=12 and s(t) is
the same as for the earlier case. The plot al in Fig. 5
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Fig. 4 Wavefunctions for the control system N6-H(A)...O4(T) of the A-T base pair obtained after bound state calculations using FGHM

b)

shows the optimized field for the transition. The
maximum amplitude of the field is 0.000423 e% The
corresponding frequency analysis in plot a2 of Fig. 5
shows a major peak around 3162 cm ™. This frequency
is less than the frequency of corresponding mode in
free adenine amino bond. Because of elongation of N6-
H bond in the hydrogen bonded system (N6-H(A)...O4
(T)), the force constant of this bond has decreased as
compared to free adenine amino bond. Moreover, the
maximum amplitude of the field in the hydrogen
bonded system N6-H(A)...O4(T) is less as compared
to free amino bond because of larger transition dipole
moment value. The smooth population transfer from
v=0to v=12 is shown in plot a3. As the time increases
the population in v=0 state decreases while that in v=
12 state increases. The convergence behavior of the
cost functional, J, and the transition probability,
}<y/i(T )|¢f>’2 versus the number of iteration steps is
shown in plot a4. After only a few iteration steps, the
cost functional and the transition probability has
attained a value of more than 99% of its maximum.

Transition v=12 to v=33: From the plots of the
wavefunctions we found that v=33 state corresponds
to no nodes in the coordinate R and two nodes in the r
coordinate (higher state in N6-H vibrational mode). So,
we selected this to be our target state. In this transition
our aim is to design laser pulse which will excite the
system from v=12 state to v=33 state. The initial trial
field is set as: €()=0.0004 sin(w,» 337)s(f) where w;, 33
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is transition frequency from v=12 to v=33 and s(t) is
the envelope factor same as before. The optimized field
having maximum amplitude 0.0002555—’; for the
transition is shown in plot bl of Fig. 5. The frequency
analysis of the field shows that the major peak is
around 2936 cm '. The populations of the field
propagated initial state (v=12) and of the target state
(v=33) are shown in plot b3 of Fig. 5. Plot b4 shows
that the cost functional and the transition probability
reach more than 99% of their maximum values after
only a few iterations.

Transition v=12 to v=37: We examine this transition
because we are interested in transferring the population
into a vibrational state in which the inter-base hydrogen
of N6-H group present in adenine is closer to the
oxygen of thymine. Plots of wavefuntions in Fig. 4
show that v=37 state corresponds to one node in the
space of coordinate R and two nodes in r space. The
initial guess field is set as: €()=0.0015 sin(w;, 37¢)s(?)
where ;37 is the transition frequency from v=12 to
v=37 and s(t) is the same as before. The shape of the
optimized field shown in plot cl is quite complex, as
can also be seen from its corresponding frequency plot
2. Along with a major peak at 3270 cm ' some low
frequency peaks also appear in the frequency spectrum.
The time variation (plot c3) of population shows that
with time, population in the v=12 state decreases while
that in the v=37 state increases. Moreover, some low
vibrational states also get populated during the excita-
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Fig. 6 Population analysis of vibrational states of N1(A)...H-N3(T) control system (another hydrogen bond) using optimized fields obtained for
the control system N6-H(A)...O4(T)

@ Springer



630

J Mol Model (2009) 15:623-631

tion but at the end of the pulse all of the population gets
transferred to the v=37 state. The variation of the cost
functional and transition probability with number of
iterations is plotted in plot c4.

Effect of laser pulse on the other hydrogen bond
(N1(4)...H-N3(T))

The optimized laser field designed for vibrational excitation
of N6-H(A)...O4(T) may alter the population in the
vibrational states of the other hydrogen bond also. In order
to examine this effect, we propagated the eigenstates of N1
(A)...H-N3(T) using the optimized laser pulse for excitation
of the N6-H(A)...O4(T) hydrogen bond. We used a Jacobi
coordinate representation for N1(A)...H-N3(T) as used for
N6-H(A)...O4(T). After constructing the potential energy
and dipole moment surfaces for N1(A)...H-N3(T) at the
same level of theory, we employed Fourier Grid Hamilto-
nian method to calculate the bound states for N1(A)...H-N3
(T). The wavefunction analysis for N1(A)...H-N3(T) shows
that the v=9 state corresponds to one node in N3-H mode
and v=21 corresponds to two nodes in N3-H mode, while
having no nodes in the NI(A)..H mode. In order to
examine the effect of the earlier optimized laser field (for
N6-H(A)...O4(T) bond) on population of vibrational states
of N1(A)...H-N3(T), we try to transfer population from v=0
to v=9 in NI(A)...H-N3(T) using the optimized field for
corresponding transition v=0 to v=12 in N6-H(A)...04(T);
and from v=9 to v=21 in NI1(A)..H-N3(T) using the
optimized field for transition v=12 to v=33 in N6-H(A)...
O4(T). The variation of population of various states with
time is shown in plots al and a2 in Fig. 6 for v=0 to v=9. It
shows that during the pulse some population is transferred
from v=0 to higher states in N1(A)...H-N3(T), but the
amount transferred is less then 0.004 which is almost
negligible at the end of the pulse duration. Similar behavior
is also observed if we used optimized field of transition v=
12 to v=33 (in N6-H(A)...O4(T) ) for transition v=9 to v=
21 (in NI1(A)...H-N3(T)) shown in plots bl and b2 of
Fig. 6. This shows that the optimized field for one of the
hydrogen bond has negligible effect on the other hydrogen
bond.

Conclusions

We have used optimal control theory to design laser
pulses for controlling the nuclear motion in the amino
bond present in free adenine and in the hydrogen bonded
state in the adenine-thymine base pair. We modeled free
adenine using a one dimensional N6-H model, while for
the hydrogen bonded state N6-H(A)...O4(T) a two
dimensional model is employed. We have discussed our
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results for several vibrational excitations in both the
models. We also examined vibrational transitions in
which the interbase hydrogen is closer to the oxygen of
thymine. The peak amplitude of the fields are within
reasonable and experimentally realizable bounds. More-
over, the maximum amplitudes of the optimized fields
for N6-H(A)...O4(T) (hydrogen bonded state) are less
than in the free adenine (N6-H) because of their large
transition dipole moment value as compared to free
adenine. The effect of the optimized laser fields for
excitation of the N6-H(A)...O4(T) hydrogen bond on N1
(A)..H-N3(T) is also investigated. The time variation of
the population analysis of eigenfunctions of the N1(A)...
H-N3(T) bond shows negligible population transfer into
these vibrational states by the field optimized for
excitation of the N6-H(A)...O4(T) hydrogen bond. Ap-
plication of OCT on more refined models of this system
is under investigation.
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