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Molecular alignment in a liquid induced by a nonresonant laser field:
Molecular dynamics simulation
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~Received 11 November 2003; accepted 20 February 2004!

We carried out molecular dynamics~MD! simulations for a dilute aqueous solution of pyrimidine in
order to investigate the mechanisms of field-induced molecular alignment in a liquid phase. An
anisotopically polarizable molecule can be aligned in a liquid phase by the interaction with a
nonresonant intense laser field. We derived the effective forces induced by a nonresonant field on the
basis of the concept of the average of the total potential over one optical cycle. The results of MD
simulations show that a pyrimidine molecule is aligned in an aqueous solution by a linearly
polarized field of light intensityI;1013 W/cm2 and wavelengthl5800 nm. The temporal behavior
of field-induced alignment is adequately reproduced by the solution of the Fokker–Planck equation
for a model system in which environmental fluctuations are represented by Gaussian white noise.
From this analysis, we have revealed that the time required for alignment in a liquid phase is in the
order of the reciprocals of rotational diffusion coefficients of a solute molecule. The degree of
alignment is determined by the anisotropy of the polarizability of a molecule, light intensity, and
temperature. We also discuss differences between the mechanisms of optical alignment in a gas
phase and a liquid phase. ©2004 American Institute of Physics.@DOI: 10.1063/1.1704631#

I. INTRODUCTION

Controlling the degrees of freedom of atoms and mol-
ecules is one of the main subjects of modern physics and
chemistry. Laser light is now routinely used to cool, manipu-
late, and trap atoms.1 The recent development of ultrashort,
intense lasers has also provided new possibilities for control-
ling materials. It is known that intense laser fields induce
exotic photochemical reactions or structural deformations of
molecules such as bond stretching and bending.2,3 Attempts
have recently been made to control unimolecular reactions
by optically tailored, intense-field laser pulses~of light inten-
sity of ;1014 W/cm2).4,5

A molecule has an additional degree of freedom to con-
trol, namely, the spatial orientation of a molecule. Control-
ling the spatial alignment or orientation of molecules is rec-
ognized as an important manipulation in studies on chemical
reaction and its control. There are several methods for con-
trolling the alignment or orientation of molecules. Complete
alignment means that molecules are arranged parallel to each
other or parallel~or perpendicular! to the polarization direc-
tion of an applied field, and complete orientation means that
molecules are all headed in a particular direction. A tech-
nique using a strong dc electric field has been applied to the
control of the orientation of polar molecules, i.e., arranging
polar molecules in a ‘‘head vs tail’’ orientation.6,7 However,
the static field technique cannot be use for aligning a nonpo-
lar molecule because the anisotropic polarization energy of a
nonpolar molecule induced by even a strong static field
(;108 V/m) does not create a sufficiently deep potential
well to cause hindered molecular rotation.~Obviously, a
static field cannot orient nonpolar molecules.!

To extend the control of alignment to a much broader
class of molecules, Friedrich and Herschbach have proposed
using a linearly polarized laser field to align nonpolar
molecules.8 If the polarizability of a molecule is anisotropic
and the applied laser field is nonresonant with any electronic
and vibrational transitions, the interaction of the laser electric
field with the induced dipole moment of the molecule can
render a deep anisotropic potential well leading to molecular
alignment. Their proposal indicates an important new direc-
tion in molecular science because many techniques for laser-
induced manipulation of molecules such as spatial
trapping8–10 and focusing,11 in addition to alignment, were
invented by the use of a strong nonresonant laser field.

The first verification of laser-induced alignment was
given by Kim and Felker12,13 in Raman spectroscopic studies
of naphthalene trimers exposed to moderately strong laser
fields ~of light intensity ofI;1010 W/cm2). To align neutral
molecules to a great extent, strong nonresonant nanosecond
Nd:YAG laser pulses (I;1012 W/cm2 andl;1064 nm) are
used.14 The corresponding electric field strength for this light
intensity is as large as 2.73109 V/m. The general applica-
bility of the scheme has been demonstrated for I2 , ICl, CS2 ,
CH3I, and C6H5I molecules. The strongest degree of align-
ment observed for I2 is ^cos2 u&50.81, whereu is the angle
between the field polarization direction and molecular axis.
Transient alignment of molecules has also been achieved by
using intense femtosecond pulses.15 Recent experiments car-
ried out by Larsenet al.16 have demonstrated that an intense,
elliptically polarized, nonresonant laser field can align planar
molecules with the plane fixed in space, a finding that pro-
vides additional possibilities for controlling molecules. Vil-
leneuveet al. have also performed an interesting experiment
in which the bond of Cl2 is broken by rotating the directiona!Electronic mail: kono@mcl.chem.tohoku.ac.jp
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of the field polarization, i.e., by the centrifugal force
generated.17

All of the experiments described above have been car-
ried out in gas phases, and the mechanisms have been
clarified.8 On the other hand, most of the interesting photo-
induced reactions are conducted in liquid phases. When irra-
diated by linearly polarized light, cigarlike-shaped photo-
chromic molecules undergo photoisomerization cycles~e.g.,
trans→cis→trans photoisomerization of azo derivatives!
and tend to line up in a direction perpendicular to the polar-
ization direction of the excitation~Weigert effect!.18 This
photoinduced anisotropy~PIA! has been observed in viscous
liquids and polymers containing an azo derivative.19 Three
different processes participate in PIA: angular hole burning
~AHB!, angular redistribution~AR!, and rotational diffusion
~RD!.20

In PIA, the molecules excited with polarized light align
in a direction perpendicular to the polarization, but the dipole
moments of the molecules are not oriented to one direction
~i.e., they are centrosymmetric!. Creation of noncentrosym-
metry can be induced in a polymer, even below its glass
transition temperature, by photoassisted poling~PAP!, i.e.,
by the application of a dc electric field in addition to a pump-
ing optical pulse.21 The random and isotropic feature of an-
gular redistribution in PIA is broken by the torque exerted by
the dc field on the molecules. Another way to induce non-
centrosymmetry is all-optical poling~AOP!.22 A coherent su-
perposition with the appropriate phase difference of two op-
tical waves, one at frequencyv and another at 2v, yields a
noncentrosymmetric resultant field by combination of the
two electric fieldsEv andE2v . It has also been reported that
this poling method is applicable to molecules that absorb
neitherv nor 2v.23

To describe the fundamental mechanisms of PIA and
PAP, Dumont has incorporated the effects of AHB and AR
into the rotational diffusion equation for a dye molecule.24

Although it is very laborious to go beyond this kind of phe-
nomenological effective model for PIA and PAP, micro-
scopic dynamics of molecules in liquids interacting with la-
ser fields must be investigated. In this study, as the first step,
the alignment dynamics of a solute molecule~and solvent
molecules! in an aqueous solution interacting with a non-
resonant laser field was investigated by molecular dynamics
~MD! simulation. In contrast to alignment in a gas phase,
little is known about liquid-phase molecular dynamics in a
nonresonant laser field. Results of studies on the dynamics of
field-induced alignment in a liquid phase will be very useful
for establishing methods to control of chemical reactions or
photophysical processes in a liquid phase.25

MD simulations describing the effects of an externally
applied electric field on a molecular liquid were initiated by
Evans in a series of publications.26–29 Taking into account
the permanent molecular dipole moment~an unpolarizable
molecular model!, he discussed the dispersion of the induced
orientation anisotropy in a liquid sample caused by a CO2

laser field.28 MD simulation has also been used to study the
time-dependent response of ionic liquids to an alternating
field ~wavelengthl,1 mm).30,31 In the study of electrical
conductivity of an electrolyte, it is sufficient to consider only

the interaction between the applied electric field and the for-
mal charges of ions in the molten salt as the main interaction
with the field.

In order to discuss molecular alignment in a liquid, it is
definitely necessary to employ polarizable models. Since the
anisotropic polarization energy of a molecule exerts torque
on the molecule, it is essential to deal with the anisotropy of
molecular polarizability as precisely as possible. There are
some methods for calculating the polarization energy in a
MD simulation. The most frequently used method is based
on decomposition of molecular polarizabilities into atomic
polarizabilities or construction of molecular polarizabilities
from ~model! isotropic atomic polarizabilities.32–34Although
most of the methods assign different values of the atomic
polarizability to atoms that have different molecular
environments,35 the effective atomic polarizabilities were
uniquely determined.36 The polarizabilities of groups or sites
in a molecule can be constructed from the effective atomic
polarizabilities. This approach using atomic polarizabilities
is relatively easy to implement in MD simulation,34 but cau-
tion must be exercised as to how well the methods describe
polarizabilities in the condensed phase where distances be-
tween highly polar and/or ionic groups are on the order of
bonding distances.37

Fluctuating charge models have also been employed to
take account of polarization effects. In the fluctuating charge
models,38,39 the ~atomic! sites of point charges are fixed in a
molecular frame but the charges are instantaneously varied in
magnitude according to the strength and direction of the total
electric field on the charge site. The adjustable parameters
involved are determined so that the degree of molecular po-
larizability in the condensed phase is reflected. Robinson
et al. have investigated effects of an intense laser field on
liquid water by using MD simulations and a SPC-FP water
model, which is constructed by introducing a fluctuating
charge model in the simple point charge~SPC! water
model.40 They have reported that under the influence of the
strong external torque, both the liquid structure and the in-
tramolecular geometry are distorted.

Berne et al. have also developed a fluctuating charge
model in which the point charges on atomic sites are allowed
to vary in response to the environment so that electronega-
tivity equalization is satisfied, and applied it to water using
the simple point charge~SPC! and the four-point transferable
intermolecular potential~TIP4P!.41,42 Using the new fluctu-
ating charge~FQ! force models, English and MacElroy per-
formed molecular dynamics simulations of water in the pres-
ence of external electromagnetic fields to investigate
molecular mobility and hydrogen bonding patterns in the mi-
crowave to far-infrared frequency range.43 The electric field
strength applied ranges from;53108 V/m to ;3
3109 V/m ~up to light intensity of I;1012 W/cm2). Al-
though the results indicate the potential ability of fluctuating
charge force models, the range of application is limited. The
polarizable force field based on the FQ model has been so far
developed mainly for water,41,42 although Berneet al. have
presented a general procedure to construct a FQ model that
reproduces both the intramolecular energetics and the many-
body polarization response ofab initio quantum mechanics
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and parametrized a polarizable force field for polyalanine
from the FQ model.44

MD simulation has also been used to study orientational
and collision-induced light scattering~LS! in liquids. In the
MD study of LS, the molecular polarizability is used to
evaluate the collective polarizability of which the relaxation
describes LS spectra. The intermolecular dipole-induced di-
pole ~DID! interactions are evaluated as interactions between
molecular centers~the center–center DID model!; that is, the
polarizability is treated as concentrated in the center of mass
of the molecule. This method of evaluation is expected to be
valid in the case of small molecules or in the case where an
intense uniform electric field is applied to a liquid sample. In
most of the MD studies of LS,45–47the collective polarizabil-
ity is approximated by an expression based on first-order
perturbation theory~which is a second-order expression with
respect to molecular polarizabilities!.48 The relative impor-
tance of higher-order DID interactions has been investigated
by Ladaniet al.49–52The MD simulations have shown that at
liquid densities, effects of higher-order DID interaction are
very important for highly polarizable fluids such as CS2, but
much less significant for relatively weakly polarizable ones
such as O2 and N2. In the calculation of the collective po-
larizability, the trajectories are solely determined by the
atom–atom Lennard-Jones potentials~1 Coulomb poten-
tials! and the forces originating from the induced dipoles are
not included. The advantage of using molecular polarizabil-
ities is that molecular polarizabilities can be calculated byab
initio molecular orbital methods and the values experimen-
tally determined in the gas phase are mostly available.

Our mission here is not to develop the ultimate method
for molecular dynamics in a liquid interacting with intense
laser fields, but rather to assess, in a computationally trac-
table way, the degree of field-induced molecular alignment in
a liquid. Therefore, to investigate optical alignment in a liq-
uid phase, in this study, we adopt a simple model in which
the molecular polarizabilities are placed at the center of mass
of the molecule as in the center–center DID interaction
model.

The structure of this paper is as follows: In Sec. II, a MD
method for calculating the effects of interactions between
molecules and nonresonant laser fields is presented. We cal-
culate the field-induced forces for molecular rotation, and
explain the mechanism of optical alignment. The results of
MD simulations for a pyrimidine aqueous solution interact-
ing with a nonresonant intense laser field (l5800 nm) are
given in Sec. III. The results of analysis based on the
Fokker–Planck equation are also presented to clarify the
mechanism of optical alignment of pyrimidine in an aqueous
solution.

II. THEORY

A. Effects of an external laser field

To investigate the alignment dynamics of molecules in-
teracting with a nonresonant intense laser field in a liquid
phase, we consider polarization energies as well as the
Lennard-Jones and Coulomb interactions. In the case of in-
teraction with a nonresonant laser field, the spatial homoge-

neity of the applied field is much larger than the sizes of
molecules. The polarization induced by a uniform laser elec-
tric field ~field-induced dipole moment! can be reproduced
by using molecular polarizabilities. In the following, outlin-
ing the general framework of the theoretical treatment, we
describe the procedure for calculating the dominant torque
caused by the interaction between a nonresonant laser field
and the anisotropic polarization of a molecule.

To discuss alignment dynamics, it is sufficient to treat a
molecule as a rigid body. Therefore, we fix the structures of
molecules. Then, the Lennard-Jones potential energyULJ and
the Coulomb potential energyUCoulombof a system are given
by

ULJ5(
k. l

4eklH S skl

r kl
atomD 12

2S skl

r kl
atomD 6J , ~1!

and

UCoulomb5(
k. l

1

4p«0

qkql

r kl
atom. ~2!

where r kl
atom is the distance between atoml and atomk, qk

andql are atomic charges,e0 is the vacuum permittivity, and
ekl and skl are constants for the potential depth and range.
Only atomsk and l that belong to different molecules are
counted in Eqs.~1! and ~2!.

As mentioned above, the polarization energies caused by
a laser field must be added to the sum of Eqs.~1! and~2!. We
here examine polarization effects due to a nonresonant laser
field. The total polarization energyUpol

add(t) in the dipole ap-
proximation can be expressed by quantities assigned to
molecules,32

Upol
add~ t !52

1

2 (
i

mi•~Eext~ t !1Ei
o!, ~3!

whereEext(t) is the applied laser electric field at timet, Ei
o is

the local electric field on thei th molecule due to the perma-
nent charges of other molecules, andmi is the total induced
dipole moment vector of moleculei. ~Note that the indexesi
belong to molecules, not to atoms.! Here, we define a dipole
field tensorT i j expressed as

T i j 5
1

4p«0
S 3r i j r i j

r i j
5 2

1

r i j
3 I D , ~4!

with

r i j r i j 5S Xi j
2 Xi j Xi j Xi j Zi j

Xi j Yi j Yi j
2 Yi j Zi j

Xi j Zi j Yi j Zi j Zi j
2
D , ~5!

wherer i j is the vector from the center of mass of moleculej
to that of moleculei, I is the identity matrix, andXi j , Yi j ,
andZi j are the Cartesian components ofr i j . Using the dipole
field tensorT i j , we can writemi as

mi5ai S Eext~ t !1Ei
o1(

j Þ i
T i j mj D , ~6!

whereai is the polarizability tensor of moleculei. Here, we
refer to the first termaiEext(t) as the field-induced dipole
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moment and refer to the second termaiEi
o as the charge-

induced dipole moment. The electric fields and the quantities
ai andmi are defined in a space-fixed coordinate system.

As we discussed later, in an intense laser field, the dipole
field ( j Þ iT i j mj is much smaller thanEext(t)1Ei

o . Therefore,
resorting to perturbation theory as in Refs. 45–47, we ap-
proximate Eq.~6! as

mi.ai H Eext~ t !1Ei
o1(

j Þ i
T i j aj~Eext~ t !1Ej

o! J . ~7!

We thus can express Eq.~3! as

Upol
add.Upol~ t !

52
1

2 (
i

ai H Eext~ t !1Ei
o1(

j Þ i
T i j aj~Eext~ t !

1Ej
o!J •~Eext~ t !1Ei

o!. ~8!

Since the period of a nonresonant laser field of;800
nm, 2p/vL , wherevL is the field frequency, is&3 fs, the
molecules can be assumed to freeze over an optical cycle.
Then, we can replaceUpol(t) by the average ofUpol(t) over
one optical cycle~cycle average!,

^Upol~ t !&cycle52
1

2 (
i

^Eext~ t !•ai•Eext~ t !&cycle

2
1

2 (
i

K S (
j Þ i

T i j ajEext~ t ! D •ai•Eext~ t !L
cycle

2
1

2 (
i

Ei
o
•ai•Ei

o

2
1

2 (
i

S (
j Þ i

T i j ajEj
oD •ai•Ei

o , ~9!

where^A(t)&cycle[* t2p/vL

t1p/vLA(t8)dt8. We have used the con-

dition that the nuclei of molecules do not move during an
optical cycle. Then, the correlation betweenEi

o and Eext(t)
do not exist, for instance,

^Ei
o
•ai•Eext~ t !&cycle5Ei

o
•ai•^Eext~ t !&cycle50. ~10!

The last term in Eq.~9! corresponds to the first-order
correction in the calculation of collective polarizability.45–47

The last two terms in Eq.~9! originating from the interaction
associated with the electric field due to the permanent
charges and the resultant charge-induced dipoles exist even
in the absence of an external fieldEext(t). We assume that
the effects of interactions of this type are already included in
the molecular models adopted in our MD simulations. Con-
sidering the fact that the value of the permanent dipole of the
TIP4P water model we employ, 2.18 D, is larger than the
experimentally observed value in a molecular beam of water
~1.85 D!, this assumption is reasonable. Therefore, using the
first term in Eq.~9!, we define the effective polarization en-
ergy of the zeroth-order approximation,Upol

eff,0th(t), as below,

Upol
eff,0th~ t !52

1

2 (
i

Eext~ t !•ai•Eext~ t !

52
1

2 (
i

mi ,ext•Eext~ t !, ~11!

where mi ,ext is the field-induced dipole moment of thei th
molecule, i.e.,ai•Eext(t). Similarly, we define the polariza-
tion of the first-order approximation for the sum of the first
two terms in Eq.~9!,

Upol
eff,1st~ t !52

1

2 (
i

mi ,ext•S Eext~ t !1(
j Þ i

T i j ajEext~ t ! D .

~12!

Thus, the total potential energy of the system can be ex-
pressed by the sum of the three terms

U total5ULJ1UCoulomb1Upol
eff , ~13!

whereUpol
eff is eitherUpol

eff,0th(t) or Upol
eff,1st(t). In Sec. III, we

will discuss the difference between these two effective polar-
ization energies.

We next derive a formula to calculate the forces due to
the effective polarization energy of Eq.~12! in a rigid body
model. Because the laser field is spatially uniform, it gener-
ates no translational forces on molecules through polariza-
tion energy. Therefore, we consider only the rotational forces
~torque! here. A transformation between a space-fixed coor-
dinate system and a body-fixed coordinate system can be
expressed as53

mi ,ext5A i
Tm̃i ,ext ~14!

where A i is the orthogonal matrix for transformation, the
superscriptT denotes a transposed matrix, andm̃i ,ext is the
field-induced dipole moment in the body-fixed coordinate
system. Using this expression, we can express the torque
about a body-fixedx axis of themth molecule as follows:

Fm,pol
Vx 5

]

]Vx
H 1

2
mm,ext•S Eext~ t !1 (

j Þm
Tm jajEext~ t ! D J

5
1

2 H Eext
T ~ t !

]Am
T

]Vx
ãmAm

3S Eext~ t !1 (
j Þm

Tm jajEext~ t ! D
1Eext

T ~ t !Am
T ãm

]Am

]Vx

3S Eext~ t !1 (
j Þm

Tm jajEext~ t ! D J , ~15!

whereVx is a rotation angle about the body-fixedx axis and
ãm is the polarizability tensor of themth molecule in the
body-fixed coordinate system. In the case of the zeroth-order
approximation of Eq.~11!, the torque is given by setting
Tm j50 in Eq. ~15!. The torques forces about other axes are
described similarly. Thus, what is necessary for MD simula-
tion in the presence of a nonresonant laser field is only to
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incorporate the effective polarization energy of Eq.~11! @or
Eq. ~12!# and the torques of the form of Eq.~15! into the
conventional MD algorithm.53

If the polarizability tensorãm is isotropic, we can ex-
press the polarizability as

ãm5am
o I , ~16!

wheream
o is a scalar. Using this polarizability, the torque is

expressed as

Fm,pol
Vx 5

1

2
Eext

T ~ t !am
o S ]Am

T

]Vx
Am1Am

T ]Am

]Vx
D

3S Eext~ t !1 (
j Þm

Tm jajEext~ t ! D 50. ~17!

Here we have used

]Am
T

]Vx
Am1Am

T ]Am

]Vx
50, ~18!

because the matrixAm is orthogonal (Am
T Am5I ). In conclu-

sion, an isotropic polarizability tensor causes no torque, as
expected.

B. Mechanism of optical alignment

The interaction between a nonresonant, linearly polar-
ized laser field and the field-induced dipole moment of a
molecule creates a potential minimum with respect to the
molecular orientation, forcing them to librate over a limited
angular range along the polarization axis of the field instead
of rotating freely with random spatial orientations. To ex-
plain the origin of alignment, in this subsection, we neglect
the interactions between field-induced dipole moments.
Then, the interaction energy between the applied laser field
and a molecule is expressed as

Vext~ t !52mper•Eext~ t !2 1
2Eext~ t !•a•Eext~ t !, ~19!

wheremper is the permanent dipole moment of the molecule.
We assume that the applied laser electric fieldEext at

time t takes the form

Eext~ t !5êZE0 sin~vLt !, ~20!

where the polarization directionêZ is the unit vector along
the space-fixedZ axis,E0 is the field strength, andvL is the
field frequency. If the electric field is nonresonant with any
electronic transitions and oscillates at optical frequenciesvL

~e.g., near-infrared light!, Vext(t) can be replaced by the
time-averaged one over a short optical cycle: then, the inter-
action between the field and the permanent dipole moment,
2mper•Eext(t), vanishes.54 Since the cycle-average of
$Eext(t)%

2 is E0
2/2,54 only the interaction between the field

and the polarization remains. We finally obtain the simple
polarization energy of a molecule,Upol

o , for the cycle-
average ofVext(t),

Upol
o 52 1

4E0
2~axx sin2 c sin2 u1ayy cos2 c sin2 u

1azzcos2 u!, ~21!

wherec andu are Euler angles,55 and the axesx, y, andz are
chosen to be the principal axes of the polarizability tensor of

the molecule~see, for instance, Fig. 1!. Here,axx , ayy , and
azz are the polarizabilities in the body-fixed coordinate sys-
tem. If there is no anisotropy in polarizabilities,Upol

o is iso-
tropic: no alignment occurs.

To show an example for alignment, let us suppose a
simple case in which the molecule is linear. In this simple
case,axx5ayy5a' , azz5a i and c50°, and we obtain
from Eq. ~21!,

Upol
lincar52 1

4E0
2$~a i2a'!cos2 u1a'%. ~22!

For a molecule witha i.a' , this equation shows potential
minima aroundu50° andu5180°. This will align the mol-
ecule parallel to the space-fixed polarization directionZ.

C. Details of the MD simulation

As a first step to demonstrate optical alignment in a liq-
uid phase, we carried out MD simulations for a dilute aque-
ous solution of pyrimidine. A molecule that has large aniso-
tropic polarizability is favorable for optical alignment. For
example, large molecules such as dye molecules generally
have large anisotropic polarizability. However, reliable MD
parameters in the total potential energy are not available for
such molecules. Moreover, it is time-consuming to run a MD
simulation for sophisticatedly modeled large molecules and
it is difficult to analyze the results. For these reasons, we
selected an intermediate-sized molecule, a pyrimidine mol-
ecule, for which the MD parameters in a rigid body model
have been determined.56

We carried out simulations of 255 TIP4P water
molecules57,58 and one pyrimidine molecule.56 ~One water
molecule in an ensemble of 256 water molecules with a den-
sity of 1.00 g/cm3 is replaced by a pyrimidine molecule.! The
atomic charges and other parameters used in the simulations
are summarized in Table I. The Lennard-Jones coefficients of
pyrimidine aresk53.11815, 3.29632, and 2.74397 Å for
nitrogen, carbon, and hydrogen, respectively, whileek

50.16, 0.12, and 0.01 kcal/mol, respectively. In addition, we
used the combination rules for Eq.~1!,

FIG. 1. Structure of a pyrimidine molecule and definitions of the molecular
axes. Thez axis is perpendicular to thex–y plane.
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ekl5Aeke l , skl5
sk1s l

2
. ~23!

The components of the molecular polarizability of a water
molecule are axx51.286 Å3, ayy51.626 Å3, and azz

51.495 Å3,59 where thex axis is along the dipole moment of
a water molecule and the water molecule is in thex–y plane.
Those of a pyrimidine molecule areaxx58.58 Å3, ayy

510.10 Å3, andazz55.21 Å3.60

The simulations were carried out in anNVT ensemble.
The wavelength of the applied electric field in Eq.~20!, l
52pc/vL , was assumed to be 800 nm of Ti:Sapphire laser,
which is out of the absorption bands of pyrimidine and water
molecules. In the case of the interaction with a 800 nm pi-
cosecond pulse (I;1013 W/cm2), the temperature of water
does not increase. To reflect this fact, we used a Nose´–
Hoover chain thermostat53 to keep the temperature of water
constant around its desired value~298 K!. The Nose´–Hoover
chain thermostat was set not to interact with the pyrimidine
molecule so that the dynamics of the solute molecule is not
directly influenced by the thermostat. The hierarchy of the
Nosé–Hoover chain thermostat was threefold. In a Nose´–
Hoover thermostat, the temperature of the system is
feedback-controlled by coupling it to one additional degree
of freedom,s, which acts like an external reservoir. The heat
bath s is characterized by its masslike parameterQ which
determines how quickly the system is thermostatted. The re-
sponse of a thermostat is controlled by the relaxation time
which is defined ast25Q/2K0 , whereK0 is the value of the
kinetic energy corresponding to the required value of the
temperature.61 We sett550 fs for the first thermostat. Pa-
rameters of the second and third thermostats were tuned
similarly so that the temperature of water does not increase
during the interaction of a 800 nm picosecond pulse.

The equations of motion for the rigid-body model were
solved numerically using the Gear predictor–corrector algo-
rithm with a time step of 0.2 fs.53 Periodic boundary condi-
tions were used.~The length of a side of the basic cube cell
is about 19 Å.! A cutoff sphere of radius of 15 Å was used
for evaluating the Lennard-Jones potential energy. The Cou-
lomb potentials were calculated by using the Ewald
method.53 In addition, we neglected the interaction between
the field and the permanent dipole moments~or charges!, as
justified in Sec. II. For calculation of the polarization energy

of Eq. ~11!, we do not need potential cutoff because the
zeroth-order approximation method considers only polariza-
tion interactions between an external electric field and each
molecule. For the first-order approximation method of Eq.
~12!, we introduced a spherical cutoff of 15Å, as in the treat-
ment of the first-order DID interactions.45–47 Although
straightforward spherical truncation of the long range
dipole–dipole interactions may in general cause even quali-
tative errors, the estimation of Eq.~12! by the use of a
spherical cutoff is justified in the presence of an intense laser
field as discussed in Sec. III A.

Initial configurations were prepared as follows. To begin
with, we performed a MD run in the case where no external
field is applied. After the system reached equilibrium, 40
initial configurations were generated at temporally well sepa-
rated intervals. We definedt5210 ps as the time when each
initial configuration was realized. The electric field was ap-
plied aftert50 ps in each simulation. We performed 40 MD
runs for different initial conditions att5210 ps, and aver-
aged the quantities obtained.

III. RESULTS AND DISCUSSION

A. Simulation results of optical alignment

To determine the spatial orientation of a pyrimidine mol-
ecule,x is defined as the angle between the polarization di-
rection of the electric field~Z! and the principal axis having
the largest polarizability in a pyrimidine molecule~y axis in
Fig. 1!. The values of cosx561 mean completely aligned
states.

Two trajectories of cosx in the case of E051.5
31010 V/m (light intensity53.031013 W/cm2) are shown
in Fig. 2. Individual trajectories in 40 MD runs seem differ-
ent from each other because of the difference in the initial
conditions, some trajectories showing complete alignment
and some not. In Fig. 2~a!, a tendency toward alignment is
observed aftert50 ps. The value of cosx indicates 0.8–1.0
after t515 ps; the alignment is nearly complete. In contrast,
Fig. 2~b! shows that the value of cosx fluctuates between
20.5 and 0.4 aftert50 ps; there is little tendency toward
alignment. Large leaps in cosx observed in Figs. 2~a! and
2~b! indicate that water molecules collide with the pyrimi-
dine molecule with large momenta. The stochastically gener-
ated large torque on the pyrimidine molecule can change the
fate of alignment dynamics.

Because the ensemble average of cosx for different ini-
tial conditions is zero, the degree of alignment for a molecule
should be quantified by the expectation value of cos2 x,
^cos2 x&. An isotropic distribution of the molecular axis
shows ^cos2 x&51/3, whereas a perfectly alignment gives
^cos2 x&51. The ensemble averages of 40 MD runs are
shown in Fig. 3. The solid and dotted lines represent the
results of the zeroth-order approximation method and of the
first-order approximation method, respectively. Since the ap-
plied electric field is absent beforet50 ps in these simula-
tions, the state of pyrimidine beforet50 ps is isotropic. Fig-
ure 3 shows ^cos2 x&.1/3 before t50 ps. Unlike the
trajectories of individual MD runs~Fig. 2!, the averagetra-
jectory of 40 MD runs shows a clear tendency toward align-

TABLE I. Values of atomic coordinates with respect to the center of mass of
a pyrimidine molecule and the magnitudes of the associated point chargesq
in units of e. The molecule and axis system are sketched in Fig. 1.

Center x ~Å! y ~Å! z ~Å! Chargesq

C1 1.2802 0 0 0.8613
N2 0.6886 1.2023 0 20.9006
C3 20.6513 1.1864 0 0.7944
C4 21.3812 0 0 20.9997
C5 20.6513 21.1864 0 0.7944
N6 0.6886 21.2023 0 20.9006
H7 2.3792 0 0 0.0197
H8 21.1548 2.1629 0 0.0208
H9 22.4802 0 0 0.2895
H10 21.1548 22.1629 0 0.0208
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ment. On the other hand, water molecules were not aligned
in the range of light intensity under consideration.

The first-order approximation method of Eq.~12! con-
tains the interactions between field-induced dipoles, in addi-
tion to the zeroth-order term of Eq.~11!. However, Fig. 3
only shows a little difference between the zeroth-order and
first-order approximation methods. This suggests that the
zeroth-order and first-order approximation methods do not
give a substantial difference to the results of MD simulations
in the presence of an intense laser field.

To justify the truncation in Eq.~7!, we estimated the
electric field on a molecule due to the field-induced dipoles
of the surrounding molecules,Esur5( j Þ iT i j aj . In a region
of the field strength of our simulations (E0;1010 V/m), the
ratio Esur/Eext(t) was not more than 10%. In the case where
the field-induced dipoles of molecules are not large enough
to align molecules, the molecules are almost randomly ori-
ented around a molecule:Esur is much weaker thanEext(t).
In the case of perfect alignment, the field-induced dipoles are
parallel to one another:Esur is again relatively weak. The
relation of Esur!Eext(t) is consistent with the findings that
the zeroth-order and first-order approximations do not give
any significant differences as shown in Fig. 3. SinceEsur

!Eext(t), we also presume that the first-order correction
term and the effect of higher-order DID interactions are rela-
tively small even if the spherical cutoff for the interaction
between the field-induced dipoles is removed by using the
Ewald summation technique.62

B. Analysis based on the Fokker–Planck equation

In this section we present the results of theoretical analy-
sis based on stochastic equations. Figure 2 shows an impor-
tant feature. The value of cosx of a pyrimidine molecule
fluctuates rapidly and frequently both in Figs. 2~a! and 2~b!,
indicating that water molecules collide frequently with the
pyrimidine molecule. The collisions allow us to neglect in-
ertial effects of the pyrimidine molecule. For this reason, we
can describe the rotational motion of the pyrimidine mol-
ecule as a Brownian motion under a potential. In this condi-
tion, for a linear molecule, we obtain a Langevin equation,

I
dv

dt
52

]Upol
lincar

]u
2Igv1j~ t !, ~24!

where I is the moment of inertia,Upol
linear is the polarization

energy defined in Eq.~22!; v is the angular velocity,g is the
friction constant, andj(t) is the noise representing all of the
stochastic effects.

If j(t) is Gaussian white noise,j(t) has the following
properties:

^j~ t !&50, ~25!

^j~ t !j~ t8!&52kBTgId~ t2t8!, ~26!

where ^•& expresses the time average,T is the temperature
~298 K!, kB is the Boltzmann constant, andd(t) is the Dirac
delta function. In the case of Gaussian white noise, a
Fokker–Planck equation is derived from the Langevin equa-
tion. Additionally, we can expand this discussion to three-
dimensional~3D! cases in which the polarization energy is
expressed by Eq.~21!. The 3D Fokker–Planck equation for
the orientational probability,f (f,u,c,t), in the Euler angle
representation is known to be given by63,64

FIG. 2. Two typical trajectories of cosx selected from 40 MD runs for a dilute aqueous solution of pyrimidine. Here,x is the angle between the field
polarization directionZ and the molecular axis of pyrimidine having the largest polarizability. The strength of the applied laser electric field isE051.5
31010 V/m in both cases. The electric field for alignment is turned on att50 ps. Panel~a! shows that a pyrimidine molecule was forced to be aligned.
However,~b! shows little tendency toward alignment. The value of cosx occasionally jumps within a period that is shorter than 1 ps.

FIG. 3. Ensemble averages^cos2 x& of pyrimidine in water. The solid and
dotted lines represent the results of the zeroth-order approximation method
of Eq. ~11! and those of the first-order approximation method of Eq.~12!,
respectively.E051.531010 V/m in both MD simulations.
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]

]c S f
1

kBT

]Upol
o

]c D 1
]
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]u D J ,

~27!

where the inertial effects are neglected~the Smoluchowski
limit !, andDi is the rotational diffusion coefficients~where
i 5x, y, andz!:

Di5
kBT

gI i
. ~28!

We assumed that the relationDx5Dy51/2Dz approximately
holds because of the shape of a pyrimidine molecule.

We solved Eq.~27! for the condition of initial probabil-
ity density being isotropic. The solution of Eq.~27! gives the
time-dependent value for the degree of alignment. Figure 4
shows^cos2 x& of MD simulations using the zeroth-order ap-
proximation method at two different field intensities and the

corresponding results obtained from the Fokker–Planck
equation. The rotational diffusion coefficients used in Eq.
~27! were determined so that the average of cos2 x obtained
from the Fokker–Planck equation adequately reproduced the
results of MD simulations, as shown below.

Figure 5 shows the degrees of deviation between MD
results and the corresponding results obtained by using the
Fokker–Planck equation as a function of the rotational dif-
fusion coefficientDx . The degree of deviation,s, is defined
as

s5A1

N (
i

N

$^cos2 xMD~ t i !&2^cos2 xFP~ t i !&%, ~29!

whereN is the number of data points in a time domain (t i

50 – 30 ps in Fig. 4!, ^cos2 xMD(t i)& is the average value for
MD simulations, and^cos2 xFP(t i)& is the value for the
Fokker–Planck equation. The minima in Figs. 5~a! and 5~b!
for different light intensities agree well with each other. The
order of the rotational diffusion coefficients determined from
the locations of the minima (;1010 s21) is reasonable as
molecular rotational diffusion coefficients.65 This indicates
that the temporal scale of molecular alignment in our MD
simulations is valid.

Here we comment on the intensity of the laser fields
used in the simulations. The analysis in this subsection al-
lows us to consider molecular alignment in a liquid phase by
using the simple model described by the Fokker–Planck
equation. The solution of the Fokker–Planck equation~27! at
the steady state limit gives the probability density in compli-
ance with a Boltzmann distribution. We can write an expec-
tation value of the degree of alignment^cos2 x& in a steady
state as

^cos2 x&

5
*0

pdu*0
2pdc~sinu sinc!2 sinu exp$2Upol

o /~kBT!%

1*0
pdu*0

2pdc sinu exp$2Upol
o /~kBT!%

.

~30!

As indicated in Fig. 4, the steady state value of^cos2 x&
calculated from Eq.~30! is 0.684 atE051.531010 V/m and
it is 0.455 atE050.831010 V/m. This equation could be

FIG. 4. Degree of alignment,̂cos2 x&, in MD simulations and theoretical
analyses based on the Fokker–Planck equation. The solid and dotted lines
represent the results of MD simulations atE051.531010 V/m and 0.8
31010 V/m, respectively. The smooth dashed lines are the corresponding
solutions of the Fokker–Planck equation. The rotational diffusion coefficient
used isDx52.7531010 s21.

FIG. 5. Degrees of deviations between the results of MD simulations and those of Fokker-Planck theoretical analyses as a function of the rotational diffusion
coefficientDx : ~a! Strength of the applied laser electric fieldE050.831010 V/m; ~b! E051.531010 V/m.
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used for estimating the degree of alignment simply. It is
known that molecules are rapidly ionized at intensityI
*1014 W/cm2 (E0*2.731010 V/m). However, we predict
from Eq. ~30! that alignment effects would emerge at lower
laser intensity ofI;1012 W/cm2 in a liquid phase of mol-
ecules having anisotropic polarizabilities over 100 Å3.

C. Differences between the mechanisms of optical
alignment in a liquid phase and a gas phase

We begin with explaining the mechanism of optical
alignment in a gas phase.8,14 A molecule in a nonresonant
optical field experiences an effective anisotropic potential of
which the minimum exists in the polarization direction of the
field. The eigenstates for quantized molecular rotation in the
presence of an electric field are called pendular states. The
wave function of a low pendular state is localized near the
potential minimum. If the electric field is turned on adiabati-
cally, i.e., in a time scale much longer than the rotational
period 2p/B, a field-free rotational state,uJ̃M &, is correlated
with a pendular state labeled by the quantum numbersJ̃ and
M. As the field intensity increases gradually in a pulse, the
rotational state changes adiabatically from a field-free isotro-
pic state to an anisotropic pendular state: by using a pulse
that has a duration longer than the rotational period, it is
possible to adiabatically align molecules in a gas phase. For
instance, an iodine molecule, I2 , has a rotational period
2p/B;1 ns~whereB50.037 cm21). Thus, I2 is aligned by
nanosecondYAG laser pulses ofI;1012 W/cm2. In this
range of intensities, ionization hardly occurs.

As in a gas phase, a laser field creates an effective an-
isotropic potential for alignment in a liquid phase. However,
in a liquid phase, collisions between molecules occur more
or less continuously. Unlike in a gas phase, stochastic rota-
tional torque is also generated by collisions with solvent
molecules. Therefore, the time scale needed for alignment in
a liquid phase is different from that in a gas phase. In the
case of adiabatic alignment in a gas phase, the time scale
required is longer than the rotational period.8,14 On the other
hand, in a liquid phase, the rotational diffusion under the
anisotropic potential causes alignment. The time required for
alignment is thus in the order of the time scale of rotational
diffusion, i.e., the reciprocals of rotational diffusion coeffi-
cients. For instance, the time required for alignment of a
pyrimidine molecule is over 300 ps in a gas phase, whereas it
is about only;10 ps in a liquid phase as shown in Fig. 4.

IV. CONCLUSIONS

In this paper, we performed MD simulations of field-
induced molecular alignment in a dilute aqueous solution of
pyrimidine. We formulated in a systematic way the effective
forces induced by a nonresonant laser field on the basis of
the concept of ‘‘optical cycle average.’’ According to the
results of the MD simulations, a pyrimidine molecule is
aligned in a field ofI;1013 W/cm2 andl5800 nm. Analy-
sis of the results of simulations led to the conclusion that
temporal behavior of field-induced alignment in a liquid
phase is adequately reproduced by the solution of the
Fokker–Planck equation for a rotational model system in

which environmental fluctuations are represented by Gauss-
ian white noise. The results of this analysis revealed that the
time required for alignment in a liquid phase is in the order
of the reciprocals of rotational diffusion coefficients. The
time scale for alignment is thus nearly independent of field
intensity. In addition, it was confirmed that the degree of
alignment at the steady state limit is determined by a Boltz-
mann distribution. Thus, the anisotropy of the polarizability
of a molecule, light intensity, and temperature determine the
degree of alignment at the steady state limit, as shown in Eq.
~30!. While the steady state value of the alignment of a solute
molecule is independent of the solvent, the time required for
reaching the steady state depends on the solvent.

In this study, we focused on the interaction of an aque-
ous solution with a nonresonant laser field. To discuss micro-
scopic dynamics of molecules in a liquid interacting with
electronically resonant fields, excitation processes and sub-
sequent dynamical processes such ascis–trans isomerization
must be included in the MD simulation. The dynamical fea-
tures of this kind of isomerization in a viscous matrix such as
a polymer should be investigated in a future study.
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