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Molecujar dynamics of liquid water in a circularly polarized external field
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has been subjected to an external circularly

arize ﬁddoffomeandthedfeuonthemohmhrdymmenhamdthmghnmd

ng-fram »-cross correlation functions (ccf ’s) using molecular dynamics

mputer mﬁddsymmetrylsmchntomkepossiﬂethemcemm

of the ccf s which disappear at field off equilibrium. The

hbonto:yﬁamecd’ *s involve simultancously the rotational and translational motion of the
siielecule and are not describable with contemporary theories of “rotational” or “translational”
diffusion. The simulation shows laboratory frame birefringence in the orientational and
sotational velocity autocorrelation functions (acf’s) in the y (or z) and x axes for a field
applied in the x axis. This birefringence is linked to the appearance of ccf elements induced by
thearwhtlypdarmedﬁdd,u\dmexpamnlmmtwouldmndemdnea

v information on the time dependence of these ccf ’s.

I. INTRODUCTION

The computer simulation of molecular dynamics in the
liquid state of water’° is extended in this work to include
the effect of a circularly polarized external electric field ap-
plied to the sample in the x axis of the laboratory frame. The
field induces a corkscrew motion in each water molecule and
can be applied experimentally, cither with a rotating electric
ficld, or with the electric field component of a laser field at
various frequencics in the clectromagnetic spectrum. The
first theoretical study of a rotating electric field applied to a
molecular liquid was carried out by Born,'' and the first
experimental study by Lertes.'? Born interpreted the effect
with the Debye theory of dielectric relaxation,’ and related
to the Debye relaxation time. The Born theory was later
greatly extended by Dahler' using hydrodynamic theory of
structured fluid media.'* With the computer facilities avail-
able to contemporary investigators the phenomenon first de-
scribed by Born can be studied by simulation on the single
molecule level. The approach used in this paper is to con-
struct time correlation functions at field-on equilibrium and
to study the symmetry of correlation functions of the type

C, (1) = (A(DB”(0)) 1)
in thelaboratory frame, and in the moving frame of reference
defined by the three principal moments of inertia of the wa-
ter molecule. This allows us to interpret the effect of the
circularly polarized electric field in terms of symmetry pat-
terns on the fandamental single molecule level. With enocugh
computer power these symmetry patterns could be related to
the essentially hydrodynamic theory of Dahler and a corre-
spondence established with the molecular dynamics as inter-
preted through correlation functions of Eq. (1).

*) Permanent address: Department of Physics, University College of Swan-
sca, Siagleton Park, Swansea SA2 8PP, Wales (UK) and Visiting Aca-
demic, Dept. of Microelectronics & Electrical Engineering, Trinity Col-
lege, Dublin 2, Republic of Ireland.
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. COMPUTER SIMULATION METHODS

A standard constant volume computer simulation algo-
rithm (TETRA)"* was modified to include the effect of a
right circular polarized electric field of the type

E, =0 E,=E,cosot; E,=E,sinof @

on the net molecular dipole moment . The interaction
between fiedd and dipole moment was assumed to generate
the torgque

for each molecule in the ensemble. The net effect on the
mean internal energy was to increase this form — 35.2 kI/
mol at field-off equilibrium to — 21.0 kJ/mol at field-on
steps of 0.5 £s each. The torgque, Eq. (3), was coded into
TETRA at the point where the net torque on each molecule
was cvaluated from the atom-atom intermolecular forces.
The resultant torque on each molecule was therefore a sum
of internal and external terms. The algorithm then proceeds
to compute dynamical quantities such as the molecular an-
gular velocity, linear velocity, orientation, rotational veloc-
ity, and 50 on using the standard methods of computer simu-
lation."* The temperature of the sample was kept near the
input level by temperature rescaling, which effectively re-
moved the extra deterministic contribution to the rotational
and translational temperature introduced by the externally
applied torque (3). This method is similar to that used else-
where in the literature to simulate the effect of a uniaxial
clectric field applied in the z axis of the laboratory
mli—m

The intermolecular potential was a five by five site-site
type with Lennard-Jones atom—atom terms for the hydrogen
of positive charges on the hydrogens and negative charges
near the lone pair sites. The potential parameters (in stan-
dard notation) were
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e/k(0-0) =584 K; 0(0-0)=28A;
AEH) =21.1K; o(H-H) =225A;
o= —gp = —0231e] .

After equilibration the auto- and cross-correlation fanctions
were evaluated over 6000 time steps of 0.5 fs each recorded
mmmmmm«rmm

The circularly polarized clectric field induces birefrin-
gence in the oricntationa] autocorrelntion function (acf) as
illustrated in Fig. 1. This is the correlation function (cf) of
the dipole unit vector normalized in the'x, p, and 2 diroctions:

(s, (), (0))

O =iy
The phenomenon illustrated in Fig. 1 is in the class of bire-
fringence phenomena typified by the Kerr and Faraday ef-
fects,?' but has not been reported for a circularly polarized
field of the Eq. (2). Figure 1 also suggests that birefringence
would also be induced by a circularly polarized electromag-
netic field, and this would be akin to the Buckingham ef-
fect.Z The birefringence effect of Fig. 1 is observable experi-
mentally, and its full interpretation requires consideration of
the simuitaneouns rotation and translation of a diffusing
asymmetric top such as water. Thlslspoaihlemlymth

ﬂlnsuatedmthnspapabyrddmcetowfswlnchmob-
tainable by simulation but which diffusion theory cannot
describe. The z and y components of the orientational acf
have a different time dependence in the laboratory frame
which we ascribe to artifact or residual noise due to small
sample size. This may be reflected furthermore in the small
negative intercept at =0 in Fig. 2. The orientational acf
components are more noisy than the equivalents in the other
ccf s observed in this work.
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FIG. 1. The diagtmal vienswis-of the oticatationad vorrelation tenyor C, (1).
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FIG. 2. (5,2) snd (2,p) clements of oricntational correlation tensor C, (7).

Figure 2 is an example of laboratory frame ccf clements
of this type, for the off diagonal (y,z) and (z.y) clcments of
the orientational ccf tensor C,. At ficld-off equilibrium these
elements should vanish, and any analytical theory of bire-
fringence of the type illustrated in Fig. 1 would have to de-
scribe the symmetrical time dependence of the off-diagonal
clements of Fig. 2. The other off-diagonal clements of C, are
much smaller in amplitude, so that the complete symmetry
effect of the R circularly polarized electric ficld is
- 01

0
+ Jewn
¥ h

+ ] »

- + Jeamn
whue&wumchnmtwnhamallmlmedm-
plitude and the + or — signs indicate that the off-diagonal

c](t) =

+ ®» o4 0

» %4 © 04

clements exist and are antisymmetric in time dependence.

Figure 3 shows that the birefringence also appears in the
rotational velocity correlation tensor
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FIG. 3. Dingoual clements of C,(#).

0.18

J. Chem. Phys., Vol. 87, No. 10, 15 November 1987

Downloaded 30 Aua 2007 to 144.124.16.28. Redistribution subiect to AIP license or copvriaht. see htto:/licn.aip.oralicn/copvriaht.isp



and2.

(i, (0a,(0))
ma—mmzylz ’

x@gcebnd’rmmm*ﬂrfarmﬁmdspectrmnothmd
water, providing an optical birefringence in addition to the
diglectric birefringence of Fig. 1, and another experimental
method of investigation. The rotational velocity correlation
tensor is dominated in the offi-diagonil élements by the (y,2)
and (z,y) components which are antisymmetric (Fig. 4).
The (x,z) and (z,x) clements are also antisymmetric but of
guishable from noise. The symmetry effect of the ficld is
therefore as follows:

[+ 0 O]
CGH=j0 + 0
L 0 0 + Jxpo
5 —]
-5 + +
L + - + Yz

In contrast, as shown in Fig. 5, there is no laboratory frame
anisotropy in the center of mass velocity acf’s so that the
corkscrew effect of the applied electric field does not affect
the isotropy of the laboratory frame diagonal elements of the

tensor:
) (,(1)v;(0))
SO =gy

The (y,2) and (2y) oﬂ'—dngonaldunmtsofthnstensorm
the laboratory frame are again antisymmetric in time depen-
dence, but barely rise above the background noise. The other
four off-diagonal elements are indistinguishable from noise.
The overall effect of the right circularly polarized field is
therefore

+
CGn={0
0
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FIG. 4. (yz) and (2,5) clements of C;{1).
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FIG. 5. Diagonal clements of C, ().
The diagonal elements of the angular velocity correlation

tensor
_ A (0)2;(0))
Cz(t) ( 3)llz(;lz)llz
are evidently anisotropic, although smaller than that in &-
ther the orientational or rotational velocity correlation ten-
sor. However, the (y.z) and (z,y) off-diagonal clements are
much greater in amplitude than the other four off-diagonal
terms. The (x,z) and (2,x) elements are finite in time depen-
dence but disappear in the background noise after 0.06 ps.
The (y,x) and (x,y) elements are symmetric, but of much
lower amplitude. The overall symmetry effect of the right

arwhrlypohnzedﬁddnsthemfore
[+ O 0]
Ci()=|0 + 0
0 0 + Jxon
[+ + 4]
-l- + +
- - + lxon

'l‘hemmtemmvehmbetwemrotauomlandmmof
mass translational molecular diffusion has been demonstrat-
ed recently in terms of the molecular noninertial accelera-
tions and is evidenced in Figs. 6 and 7 for the ccf of the

clo
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FIG. 6. Diagona) elements of C,{1).

J. Chemn. Phys., Vol. 87, No. 10, 15 November 1987

Downloaded 30 Aua 2007 to 144.124.16.28. Redistribution subiect to AIP license or conyriaht. see http://ficn.ain.oralicn/copvriaht.isn



-

" ‘Evans, Lie, and Clementi: Water in a polarized field . 6D43

0.06 0.1 0.14 0.18
t (in psec)

FIG. 7. (y,2) and (z,p) clements of C,(1).

Corioli terati
d.. ([v(1) Xe(1));[v(0) X (0) ;)
~ ([7(0) X (0) Y ([%(0) xe(0) 1) "2

whose diagonal (acf) elements are clearly isotropic in the
laboratory frame of reference. Again the (»,z) and (z,p) ele-
ments are dominant in the off-diagonal terms and antisym-
metric (Fig. 7). ’l‘hcothﬂ'fouroﬂ'-dlaganlelunentsm
indistinguishable from noisc. The overall effect of the field
ontheCmollsaccelaahonmansthueforc

G =

(xn2)
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[

Jxnn
Themcmtdxswvay”"’ofcdsdnectmthehbonwry
frame has emphasized the interrelation between rotational
tries. Figure 8 illustrates the isotropy of the diagonal ele-
ments of the correlation tensor
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FIG. 8. Diagonal ciements of C(1).

G ([v(5) X ()], [F(0) Xa(0)],)

™ T (WO X (0 1) ([F(0) xa(0) 1)) 72
in the Iaboratory frame of reference. Here F is the net force
on the molecule. In this case the six off-diagonal clements
vanish in the noise of the simulation, so that the overall effect
of the field is

Ce() =

J(xnx)

o;a».;. oo+

%4+ > ©4 0O
+ % 4 ©0

J(=zryx)

lneontrastthcnghtarcuhﬂypohnzedlasetﬁddnﬂ'ects
the symmetry of the ccf matrix

(1),
(Iv(1) X&(0)],[T,(0) Xv(0)],)

T (VO Xa O ([T, (O XV (O )7
as shown in Figs. 9 and 10. In this case the (y,z) and (z,y)
off-diagonal clements exist above the noise, and are antisym-
metric (Fig. 10) in time dependence. The overall effect of
thcarcuhrlypohnzedhserﬁeldlsthﬂefmz
0]
0
+J(x.n)
5]
+
- + Jaxon
The importance of the noninertial®*~>* velocitics and acce-
lerations in the molecular dynamics of liquid water is iflus-
trated in Fig. 11 by reference to the tensor oof of r)XX e in the
Iaboratory frame (xp,z). Here r is the position vector of the
molecular center of mass and e is the molecular angular
velocity. The cross product is a linear velocity generated
through the fact that the motion of the molecule is “noniner-
tial,” dynamically speaking, with respect to the laboratory
frame of reference, and vice versa. The diagonal elements of
the tensor

G =

+ » o4+ 0

» %4 ©0 4

L.
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FIG. 9. Diagonal clcments of C,(#).
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FIG. 10. (y,z) and (2,y) clements of C,(1).

awm {Ir() X (1)), [r(0) X @(0)],)
= = r (@) X (O 1) "X [£(0) X0 (0) )2

are slightly anisotropic in the Isboratory frame (Fig. 11),
and the off-diagonal clements (p,z) and (z,y) are antisym-
metric [Fig. 11(b)]. The other two pairs of off-diagonal
clements are symmetric in time dependence, but are much
smaller in amplitede. The overall effect of the R polarized
field is therefore
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FIG. 11. (o) Disganal clements of C;(1); (b) off-diagons! clements (y,z)
and (zp) of Gy(1).
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f+ o o]
Gn=\|0 + 0
L0 0 +J(w)
y —W
-{I— 4+ +
L— — +loen

Switching to the moving frame (1,2,3) defined by the three
principal moments of inertia 1, 2, and 3 provides a consider-
able amount of supplementary information about the molec-
ular dynamics and also about the specific effect of the R
polarized aser field on these dynamics.

In Fig. 12 the moving frame anisotropy in the diagonal
elements of the ccf tensor

(o, (D, (0))
B =y iay

are illustrated. The anisotropy in the moving frame elements
of the molecular center of mass velacity is similarly made
more pronounced by the frame transformation, which also
‘affects the time dependence of the three elements of the
Coriolis accelerstion.

The ccf between the molecular center of mass velocity
and the molecular angular velocity in the moving frame of
reference is iflustrated in Fig. 13. The two nonvanishing
terms are the (3,2) and (2,3) elements, which are slightly
distorted by the right circularly polarized laser field in that
the (2,3) clement cuts the y axis below the zero level, and the
maximum value reached by the function is less than the 0.15
reached in field-free water. The (3,2) element is more oscil-
latory than in field-free water and reaches a deeper negative
minimum.
in the analysis of molecular diffusion in the liquid state leads
to new ccf’s for water at ficld-on equilibrium, in that the
field seems to induce a different time dependesice in each of
the three elements of the ccf matrix

A (D = (Iv(n) X ea(1));2,(0))

([v(0) X @(0) 1) 2 () 2

LA St A0 SN AN R At L LA LA

FIG. 12. Diagonal elements of the moving frame angolar velocity temsor
Gn).
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FIG. 13. (ﬂ)-l(ﬁ)dmnd'thmvmg&-nem
Cf, (1) 135 = (v, (D, (0))/{0]) 2 {a7)""* .

and induces oscillations in two of the elements of the ccf
matrix:

([r(0) Xe&(2)],7,(0))
{[r(0) X (0) 12)/2(A)/2~

The overall effect of the right circularly polarized field on
moving frame C,(1), C (1), and C;, (1) ccf s is

Ch(Dn=

+ 0 o + & .3
)] + 0 -1 & + & .
0 0 Flupn L& & +Joow

.., there is no change of symmetry in the moving frame, in
contrast to the results in the Iaboratory frame described al-
ready. In the moving frame the elements that exist for 2> 0
do so both in the presence and the absence of the field.

The complete set of cross-correlation functions illustrat-
ed in these figures may be used to characterize in detail the
cffect of the R polarized field (2) on the molecular dynamics
of water. These results pose a challenge to the theory of mo-
lecular diffusion and may be used to supplement at a funda-
mental level the essentially hydrodynamic approach used by
Born, and later by Dahler, to explain the effect of a rotating
electric field on a sample of molecular liquid. With sufficient
computer power it may soon be possible to explain with com-
puter simulation observable experimental consequences of
treating a molecular liquid with a circularly polarized or
rotating clectric field. An example is the ability of a simple
rotating electric field to impose a macroscopic torque on a
sample of liquid suspended from a torsion wire in a thin
walled glass vessel. The present simiilation is sn attempt to
explore this effect using the torgue imposed on each mole-
cule in the water sample.
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