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By the use of classical atomistic molecular dynamics simulations, we demonstrate that paracetamol mol-
ecules exist in a highly ordered phase in the presence of a glycogen substrate at 317 K whereas the paracetamol
fluid exists in an isotropic phase in the absence of the glycogen substrate at the same temperature. This result
further validates the studies made on polysaccharide regarding its abilities to promote nucleation of paraceta-
mol via liquid preordering. As little is known regarding liquid ordering induced by a polymeric substrate, we
seek to explore the ordering mechanism from an energy perspective. This is accomplished using conformation
mappings. Our analysis shows that the conformation space accessible to the paracetamol molecule at 317 K in
the vicinity of glycogen is smaller than the one in the absence of glycogen. An investigation on the orientation
of the dipole moments of the glycogen monomers and paracetamol molecules were carried out as well. From
the investigations, we show that dipolar interactions play an important role in the ordering process. These
studies bear significance to the understanding of the ordering process as well as the promotion and effective
control of the nucleation rate.
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I. INTRODUCTION

Nucleation is a kinetic process in which embryos over-
come a nucleation barrierDG* to reach a critical radiusrc
and develop as crystals at a positive thermodynamics driving
force Dm /kT, where Dm, is the difference between the
chemical potentials of the solute molecules in the fluid phase
and the solid phase,k is the Boltzmann constant, andT is
temperaturef1g. The effective promotion or inhibition of
nucleation is important in many important technologies such
as epitaxial growth, nanoparticle self-assembly, and macro-
molecular crystallization. One method to promote nucleation
is to either lower the nucleation barrier or facilitate the kink
kinetics in terms of inducing the preordering of fluid mol-
ecules at the interface with the use of substrates. As both
effects normally occur simultaneously, the verification of the
second effect is not easy. However, it is possible to remove
the first effect, known as the interfacial nucleation barrier
lowering effect by choosing a substrate withR8=Rs/ rc!1,
whereRs refers to the radius of the substrate. Certain poly-
mers such as polysaccharide can be regarded as substrate of
this type. Recent studiesf2g have shown that polysaccharide
strands are able to reduce the orientational and conforma-
tional free energy barrier for the kink incorporation of parac-
etamol molecules by inducing a certain degree of preorder-
ing.

The determination of a cheap and effective polymeric
substrate that promotes the nucleation of anesthetic mol-
ecules can translate into cost reduction for the pharmaceuti-
cal industry which relies on supersaturation and batch cool-
ing techniques for the crystallization of crude paracetamol.
Better control of the nucleation process can be achieved us-
ing a polymeric substrate. However, little is known regarding
the preordering process at the molecular level. As a result, it
is necessary to investigate how complex anesthetic mol-
ecules such as paracetamol can adopt the required orientation
and conformation required by the crystal structure in the
presence of a substrate withR8!1, in this particular case,

polysaccharide. An identification of the mechanism for the
ordering process will serve to advance our understanding of
nucleation control. Molecular dynamicssMDd simulation is a
suitable choice for such an investigation. In this paper, we
seek to understand the mechanism of preordering by a poly-
meric substrate through the use of molecular dynamics and
conformational mappings. Based on the computational stud-
ies, we have also constructed a model that will allow us to
determine the orientation of anesthetic molecules in the pres-
ence of polysaccharides.

II. METHODS

A. Force field

We chose the consistent valence forcefieldf3g sCVFFd for
the evaluation of the potential energy function and atom typ-
ing due to its applicability in handling a wide range of or-
ganic systems. Atomic charges for the various atoms of gly-
cogen and paracetamol are presented in Table I.

B. Initial structures

The choice of polysaccharide is arbitrary. We constructed
an all-atom model of glycogen oligomer comprising of five
monomers to represent the polysaccharide substrate. The
structures of paracetamol and glycogensFig. 1d were gener-
ated using InsightII software. Each paracetamol molecule
consists of 20 atoms and the glycogen oligomer consists of
108 atoms.

As we expect significant ordering within a short distance
from the glycogen strand, five paracetamol molecules were
placed near the polysaccharidesatomic coordinates are not
given in this paperd. The low density of paracetamol mol-
ecules provides us a better means of isolating the ordering
mechanism due to the polysaccharide substrate. In other
words, the correlation between neighboring paracetamol
molecules can be reduced significantly. Furthermore, as we
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shall see later, the presence of polysaccharide induces the
ordered phase of paracetamol molecules despite the fact that
low density favors the isotropic phase. Both thecis andtrans
conformers swith respect to the phenylene and methyl
groupsd of the paracetamol molecules were includedf4g. Sol-
vation effects are modeled explicitly by adding water mol-
ecules. In total, 2030 water molecules were added. To avoid
edge effects and the influence of image polysaccharides on
the ordering of paracetamol molecules, a 40340340 Å unit
cell with periodic boundary conditions imposed was used to
contain the paracetamol molecules, glycogen and water mol-
ecules. In all, there are 6298 atoms. The system is then op-
timized using Discover with the cell size constrained. Figure
2 shows the result of energy minimization.

A smaller system comprising of only paracetamol mol-
ecules and water molecules was constructed in the same way.
The two systems are identical in all respect except that one
contains a glycogen molecule and the other does not. The
purpose is to study the ordering of paracetamol, if any, in the
absence of a glycogen substrate at room temperature.

C. Simulations

For energy minimization and the subsequent dynamical
simulation, nonbond interactions are calculated using a
group-based summation method with a cutoff of 15.5 Å.

Spline width and buffer width are set at 1.0 and 0.5 Å, re-
spectively. No constraint on the bonds was applied. The time
step is 1 fs.

To allow for faster equilibration, the temperatureT for the
system was raised to 600 K before reducing it to 317 K. This
is shown in Fig. 3 withT=2Ek/3NkB. Temperature is kept
constant using the direct velocity-scaling scheme:

TABLE I. Partial charges of selected atoms.

Glycogen
atom ID Partial charge

Paracetamol
atom ID Partial charge

C1 0.200 C1 −0.100

C2 −0.070 C2 −0.100

C3 −0.070 C3 0.030

C4 −0.070 C4 −0.100

C5 0.050 C5 −0.100

C6 −0.170 C6 0.100

O −0.300 C8 0.380

O1 −0.300 C10 −0.300

O2 −0.380 N8 −0.390

O3 −0.380 O7 −0.380

O6 −0.380 O11 −0.380

FIG. 1. Chemical structure of glycogen and paracetamolshydro-
gen atoms are omitted from these diagramsd. Discussions in later
sections will adopt the labels used in this figure.

FIG. 2. Paracetamol and glycogen conformations after energy
minimization. 1, 2, 4–6: Paracetamol molecules. 3: Glycogen.

FIG. 3. Energy values are given in kcal/mol. Initial temperature
is 600 K. Final temperature is 317 K.
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svnew/voldd=ÎsTtarget/Tsystemd. Velocity is updated every 100
time steps. The deviation from the canonical ensemble is
small in this case and simulations carried out using other
temperature control schemes produced the same results es-
sentially. Direct velocity scaling is thus chosen because of its
simplicity. Pressure and cell volume were kept constant as
well. Molecular dynamics simulation was performed for
465 ps. The first 255 ps were considered as equilibration and
not used to calculate any quantities. This amount of time is
sufficient for the convergence of the quantities that we are
interested in, such as energysFig. 3d. Coordinates were
stored to disk every 100 fs. Only data from the final 210 ps
were used for analysis. A separate simulation of the smaller
system comprising of only paracetamol and water molecules
was carried out using the same procedures.

All simulations were performed with the Discover module
in InsightII on a SGI Origin 2000 supercomputer. Visualiza-
tion was carried on a SGI Octane. The jobs were run at the
Supercomputing and Visualization Unit, NUS, Singapore.
Each integration step takes 3.398 s. Analysis programs are
written in FORTRAN.

D. Conformational mapping

Conformational mapping is a simple yet powerful method
that is used to study alternative minima and conformations
f5g. As it consumes less computational time than molecular
dynamics, it is also a suitable method for elucidating the
ordering mechanism. Unlike most conformational mappings,
the energies mapped out in this case are nonbonded rather
than the bonded ones such as torsional energies. This favors
the use of rigid rotation which does not involve subjecting
the molecules to certain constraints and reminimizing the
energy.

Given the numerous degrees of freedom possessed by the
paracetamol molecule, it is impossible to map out and visu-
alize the entire conformation space. Nonetheless, it is well
known that the rotation about the principal axis which give
the largest or the smallest moment of inertia is stablef6g.
This allows us to identify the orientational variables that play
a significant role in the ordering process. These rotation axes
sFig. 4d are defined to bef=RC3−RC6 and c=sRC1−RC6d
3 sRC5−RC6d with rotation centersRC3+RC6d /2. Rx in this
case denotes coordinates of atomx. Computations of energy
were carried out with each increment ofsf ,cd of a paraceta-

mol molecule in the presence ofsad glycogen andsbd another
paracetamol molecule. The energy evaluated in the confor-
mation maps is the nonbonding potential comprising of the
van der Waals interaction and the electrostatic interaction
defined by CVFFs950d f7–14g.

III. RESULTS AND DISCUSSIONS

A. Order parameter

The ordering of paracetamol molecules can be character-
ized by an order parameter of typef15–17g:

s= 1
2s3kcos2 ul − 1d. s1d

u is the angle between predefined molecular axes of the gly-
cogen chain and paracetamol molecule.k l denotes an en-
semble average which involves averaging over all paraceta-
mol molecules and over a time interval of 210 pss42
consecutive data points, 5 ps apartd. Time averaging helps to
suppress fast noisef18g. Equations1d is a natural extension
of the order parameter defined in the original Maier-Saupe
molecular modelf19g of the nematic phase. In this model,
the dispersion force between anisotropic molecules is pro-
portional to −s 3

2 cos2 u12− 1
2

d whereu12 is the angle between
the directions of the long axes of the two molecules. Using
the mean field approximation, one can define the order pa-
rameter to bes=k 3

2 cos2 u1− 1
2
l where u1 is now the angle

between the long axis of one molecule and a preferred axis in
space. With this approximation, the average potential each
molecule feels becomes proportional to −s 3

2 cos2 u1− 1
2

ds. In

FIG. 5. Variables involved in the computation of the various
order parameters. Three order parameters are required to fully char-
acterize the orientation of the molecule.ni is the normal to the plane
is defined byC1, C3, andC4 atoms of the glycogen ring.

FIG. 4. The initial sf=0,c=0d positions of paracetamol mol-
ecules insleftd the presence of glycogen andsrightd presence of
another paracetamol molecule.

MOLECULAR DYNAMICS SIMULATION OF… PHYSICAL REVIEW E 71, 051604s2005d

051604-3



the presence of glycogen, the preferred axis is thus defined
with respect to the molecular axes of the glycogen chain. We
also distinguish between instantaneous order parameter and
the time averaged order parameter; the instantaneous order
parameter involves only the averaging of all paracetamol
molecules without time averaging. It gives the order of a
system of paracetamol molecules at a particular instant in

time. For perfect parallel or perpendicular alignment,s=1 or
−0.5, respectively. For random orientation,s=0.

Three order parameters based on different molecular axes
have been selected to fully characterize the ordering of
paracetamol since each parameter represents ordering in a
certain direction. Alternative choices of molecular axes may
be chosen but they do not alter the overall picture of the

FIG. 6. Time series of order parameters andh. The definitions of the order parameters stated here are given in Eqs.s2d–s6d. For perfect
parallel or perpendicular alignment,s=1 or −0.5, respectively. For random orientation,s=0.
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ordering process. The order parameters to be computed for a
system comprising ofN paracetamol molecules are as fol-
lows:

s1 =
3

2HF 1

N
o
i=1

N F t · sA i 3 Bid
ut uuA i 3 Biu

G2G − 1J , s2d

s2 =
3

2HS 1

N
o
i=1

N

ft̂ · Ĉig2D − 1J , s3d

s3 =
3

2
SH 1

N
o
i=1

N Fn · sA i 3 Bid
unuuA i 3 Biu

G2J − 1D , s4d

where n / unu=s1/Kdok=1
K sni / uniud. ni is the normal of the

plane defined by a sugar ring in the polysaccharide. As be-
fore, A i =RC2−RC6, Bi =RC4−RC6 and Ci =RC3−RC6. t is
defined to be the vector pointing fromC4 atom of the gly-
cogen monomer at one end to theC1 atom of the glycogen
monomer at the other end. Figure 5 provides a visual repre-
sentation of these vectors.

In the absence of glycogen, thez axis is taken to be the
axis of preferred orientationm̂:

FIG. 7. Snapshots of MD simulationsfrom top to bottom: 255, 280, 320, 345, 380, 410 psd. Water molecules are not shown in these shots.
The coordinate axes are reorientated in each snapshot to give a better view of the ordering process.
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s1,z =
3

2HF 1

N
o
i=1

N F m̂ · sA i 3 Bid
uA i 3 Biu

G2G − 1J , s5d

s2,z =
3

2HF 1

N
o
i=1

N

sm̂ · Ĉid2G − 1J . s6d

In Fig. 6, we observe that the instantaneous order param-
eters fluctuate rapidly with time. The time averaged order
parameters for the paracetamol-glycogen system are as fol-
lows: s1=−0.165±0.183, s2=−0.141±0.196, s3
=0.361±0.194. On the other hand, the time averaged values
for the paracetamol system iss1,z=−0.061±0.227 ands2,z
=−0.042±0.223. The error indicated here is the standard de-
viation. We note that the absolute values ofs1,z ands2,z are
one order of magnitude smaller than their respective standard
deviations. This implies that at 317 K, the paracetamol mol-
ecules gain sufficient energy to assume all possible orienta-
tions, especially at low density, and the fluid becomes isotro-
pic f20g. On the other hand, the finite but significants1, s2,
ands3 implies that the paracetamol fluid undergoes a transi-
tion to a more ordered phase in the presence of glycogen at
the same temperature of 317 K. This is especially interesting
since we are dealing with a single polymeric strand of gly-
cogen which provides only a small surface for any interfacial
effect.

Since the intermolecular potential is proportional to
−s 3

2 cos2 u12− 1
2

d, it is of interest to observe how
h=−k 3

2 cos2 u12− 1
2
l varies in the absence/presence of glyco-

gen. The results are also presented in Fig. 6. The time aver-
agedh increases by more than three times in the presence of
the glycogen substrate. In other words, the tendency for
paracetamol molecules to have parallel orientation of their
long axesCi increases with the introduction of the polysac-
charide substrate. There is competition between minimiza-
tion of the anisotropic intermolecular interactionsby having
parallel orientation of the paracetamol molecules’ long axesd
and randomness at high temperatures. The introduction of a
polysaccharide substrate minimizes the anisotropic interac-
tion without altering the temperature of the system.

Figure 7 gives a visual account of the ordering process.
Some observations may be made at this point. There is a
tendency for the phenyl rings of paracetamol molecules to
align themselves with the sugar rings of the glycogen strand
while the chain tails point away from the polysaccharide
strand. The snapshots also show that the paracetamol mol-
ecules do not steer away from the glycogen strand. This im-
plies that the presence of glycogen induces an attractive po-
tential well which traps the paracetamol molecules in it. This
is an important step in the ordering process especially at
higher temperatures. One reason why ordering is not ob-
served in the control paracetamol system is the absence of
such an attractive potential. From our MD simulations, we
note that the mutual attraction between the paracetamol mol-
ecules is not able to bind them close to each other. At high
temperatures and low density, the molecules are able to ac-
quire enough kinetic energy to drift about with much free-
dom, thus allowing them to adopt nearly all possible orien-
tations.

B. Conformational analysis

Conformation mapping results are shown in Figs.
8sad–8scd. The contour maps in Figs. 8sad and 8sbd share
certain similarity: both show sterically repulsive barriers in
the regions 100°ùfù50° and 250°ùfù300°. There are
essentially four regions in the conformation space that are
accessible to the paracetamol molecule atT=300 K based on
its average kinetic energy of 30 kT or 17.87 kcal/mol. These
regions lie within the contour lines marked by 1.8, or
63.09 kcal/mol. As expected, thesf ,cd conformation space
accessible to the paracetamol molecule in the presence of
glycogen is more restricted. Such restricted accessibility re-
sults in a nonrandom distribution of the orientation of the
paracetamol molecule, which contributes to the observed
values in the order parameter. On the other hand, there exists,
for instance, no restriction in the value ofc that the parac-
etamol molecule can sample in the presence of another
paracetamol molecule at 317 K. This results in a random
distribution of Ci’s that gives rise toks2l=0 for the control
model.

The contour maps shown in Figs. 8sad–8scd are not suffi-
cient. The restriction inf for the paracetamol-paracetamol
system may seemingly imply a finite order parameter. How-
ever, as mentioned previously, the mutual attraction between
paracetamol molecules are much weaker and this implies
that the repulsion experienced can be reduced significantly
when the paracetamol molecules are spaced further apart as a
result of thermal excitation. Therefore, conclusions can only
be made after extensive conformation mappings and, in cer-
tain occasions, comparisons with MD results. A series of
such conformation mapssnot published hered have been
done and the observations from all the conformation maps
fincluding Figs. 8sad–8scdg can be summarized as follows:

s1d The paracetamol molecule prefers to lie above and
below the sugar rings of the glycogen strand instead of the
sides.

s2d The flat aromatic ring of the paracetamol molecule
prefers to stack parallel to the sugar ring.

s3d The phenylene rings are attractive while the flexible
chain tails of the paracetamol molecules are repulsive. The
repulsion between the chain tails of two paracetamol mol-
ecules is weak and insignificant at high temperatures.

The strong attraction between the phenylene and sugar
rings therefore plays an important role in the ordering
mechanism. Here, we draw parallels from the studies made
on highly ordered columnar phases. The columns are formed
due to an attraction between the flat aromatic cores of the
disklike molecules while the fluidity of the phase is deter-
mined by the long flexible chains attached to the coref21g.

The fluctuations of the instantaneous order parameters in
Fig. 6 can also be related to the energy fluctuation which is
proportional toÎs2kT2Cvd where Cv can be expressed as
fk/2 with f being the number of degrees of freedom. This
follows from the fact that the distribution in energy is a
Gaussian distribution centered aboutkEsf ,cdl with a width
equal toÎs2kT2Cvd ssee Ref.f22gd. Consequently, if the num-
ber of molecules N is increased, the ratio
kEsf ,cdl / Îs2kT2Cvd~1/ ÎN will decrease and the observed
fluctuation should decrease correspondingly.
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C. Dipole-induced orientational ordering

Paracetamol molecules, like any anesthetic molecules,
possess a permanent electric dipolef23g. The geometric ar-
rangement and forcefields of the polysaccharide substrate
cause a certain degree of ordering of the paracetamol mol-
ecules. Moreover, the contour map in Fig. 8sad reveals a
certain degree of periodicity in energy with regard to the
variables chosen. This leads us to postulate that dipole-dipole
interactions play a dominant role in the ordering process. In
other words, we assume that dipole interaction is the domi-
nant term in the multipole expansion that takes into account
the geometric arrangement of the polymeric substrate as well
as the periodicity in potential energy. This is in contrast to
the understanding that orientational ordering of molecules

within liquid-crystal phases mainly arises from size and
shape dependent anisotropic short-range interactionsf24–26g
and to a lesser extent from anisotropic long-range interac-
tions that involve molecular dipoles, quadrupoles, and polar-
izabilities f27,28g. The idea of using dipole-dipole interac-
tion has often been used in theoretical treatment of
spontaneous long-range orientational order of the nematic
phase in the form of a molecular field method. Born pro-
posed a molecular field theory of the nematic state by treat-
ing the medium as an assembly of permanent electric di-
poles. As in the Maier-Saupe theory, each molecule is
assumed to be in an averaging orienting field due to its en-
vironmentf29g, in this case, the dipole field created by the
polysaccharide substrate. The dipole fields due to the other

FIG. 8. sad Conformation map for the glycogen-paracetamol systemssee Fig. 3d Energy valuessin kcal/mold are represented by a
logarithmic scale which is truncated at 3.0. Contour lines shown here are in increments of 0.2.sbd Conformation map for the paracetamol-
paracetamol systemssee Fig. 3d Energy valuessin kcal/mold are shown on a linear scalefas compared to Fig. 7sbdg which is truncated at
−50 kcal/mol. Contour lines shown here are in increments of 5 kcal/mol.scd a different range of energies. Higher energiesskcal/mold are
represented by lighter colors.
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paracetamol molecules can be neglected when the density of
paracetamol molecules is very low.

The dipole orientational energy between a glycogen
strand and paracetamol molecule can be written as

U = − m ·H 1

4p«0r
3f3sp · r̂ dr̂ − pgJ , s7d

wherem=sm sinu cosf ,m sinu sinf ,m cosud is the dipole
vector of a paracetamol molecule andp=spx,py,pzd is the
dipole vector of glycogen.

We ignore any thermal effects in the following calcula-
tions. This is justified by the fact that thermal fluctuation can
be neglected when averaged over an extended period of time.
Furthermore, we are interested primarily in the short-range
orientational behavior of paracetamol. Within this range,
thermal effects can be neglected to a good approximation
sinceuUu.kT. We also choose to neglect the dipole interac-
tions between neighboring paracetamol molecules.

Based on these assumptions, we may calculate the direc-
tion of the dipole vector of the paracetamol molecule and
compare it with simulation results. The derived dipole vector
will also indicate the orientation of paracetamol. By setting
]U /]u and]U /]f to be zero, we have

tanf =
Dy

Dx
,

tanu =
Dx cosf + Dy sinf

Dz
s8d

whereDi =pi −3sp ·r̂ dr̂ i, i =x,y,z.
From the saved MD trajectory files, we compute the di-

pole vectors of a single paracetamol moleculeslabeled 6 in
Fig. 2d and the glycogen strand every 5 ps, starting from 255
up to 465 ps. The computation is carried out using the for-
mula

da = 4.802QminsQCOC
+ − QCOC

− d, s9d

where 4.802 is the factor necessary to convert the value to
debyes,Qmin is the smaller absolute value of the total posi-
tive charge and the total negative charge andda can refer to

either pa or ma·a=x,y or z. The center of positive/negative
charge is defined as

QCOC
± = o

j=1

N

sqjr jad/o
j=1

N

qj . s10d

The summations in Eq.s10d run over all positives1d or
negatives2d charges as appropriate,j is used to denote atom
j and r ja refers to either thex, y, or z component of the
coordinates of chargej .

Figure 9 shows the comparison between the dipole vec-
tors calculated using Eq.s8d and the dipole vectors obtained
from the MD simulation. The agreement between the pre-
dicted components and the MD results are slightly better
when the distance between the dipole origins is smaller. This
is to be expected based on our previous assumptions. At
shorter distances, we can neglect thermal fluctuations to a
good approximation.

The effect of thermal fluctuation can be reduced by taking
their time averaged values. This is shown in Table II. The
calculated vector components are within one standard devia-
tion of the MD values. The calculatedy and z components

FIG. 9. Time series of dipole vector components. The black bold
lines denote the dipole components calculated using Eq.s8d
whereas the dashed lines refer to the dipole components calculated
from the MD simulations based on Eq.s9d.

TABLE II. Comparison between theory and simulation.

Average value based
on MD simulation

Average value
based on Eq.s8d

Standard deviation of
component as given by

MD simulation

x component
of

N=21 1.31 0.22 1.69

paracetamol N=43 1.25 0.55 1.78

Dipole vectorsDd
y component N=21 2.53 2.69 2.21

sDd N=43 2.35 2.08 2.30

z component N=21 1.39 1.81 2.02

sDd N=43 1.74 2.00 1.83
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agree well with their respective MD values. Nevertheless, the
x component deviates from the MD value significantly. In-
creasing the number of sample pointsN will reduce the ef-
fects of fluctuation and give a better time averaged estimate
with a smaller standard error. This is also shown in Table II
where the predictedx component agrees better with the cor-
responding MD value whenN is increased to 43sreadings
are taken every 5 psd from 21 sreadings are taken every
10 psd. However, the percentage difference between the pre-
dictedx-component value and the corresponding MD result
remains significants56.0%d. The percentage difference of the
predictedy andz-component values and the MD results lies
in the range of 10%–15%. To account for this discrepancy,
one should take a further look at the assumptions stated at
the beginning. First of all, while it is true that the overall
density of paracetamol molecules is low, the local density is
high. As a result, one has to take into account the interaction
of neighboring paracetamol molecules using molecular field
approximation. Second, the dipole vector of a paracetamol
molecule is sensitive to relative positions of certain groups of
atoms such as the hydroxyl, carbonyl, and the terminal me-
thyl groups. Large and rapid motions of these groups at room
temperature will alter the direction of the vector even though
the entire molecule may not be moving much. To remove this
source of discrepancy, one can repeat the simulation by ap-
plying structural constraints on the molecules. Last but not
least, Eq.s8d represents mechanical equilibrium whereas the
average we are considering is thermal equilibrium. The dis-

crepancy due to this is small compared to the above-
mentioned factors.

As a side note, the thermal contributions to the paraceta-
mol dipole orientation can be included by evaluating the fol-
lowing integrals:

kmxl =

E
0

2p E
0

p

m sin2 u cosf exps− U/kTddudf

E
0

2p E
0

p

exps− U/kTdsinududf

,

kmyl =

E
0

2p E
0

p

m sin2 u sinf exps− U/kTddudf

E
0

2p E
0

p

exps− U/kTdsinududf

,

kmzl =

E
0

2p E
0

p

m sinu cosu exps− U/kTddudf

E
0

2p E
0

p

exps− U/kTdsinududf

, s11d

with U given by Eq.s7d. This treatment is essentially based
on the canonical ensemble ofN weakly interacting particles,
in this case, paracetamol molecules. We have also assumed
that the radial distance between the dipole vectors is constant

FIG. 10. Radial distribution functionsgOO andgHO of water in the presence/absence of the glycogen substrate at 317 K.

MOLECULAR DYNAMICS SIMULATION OF… PHYSICAL REVIEW E 71, 051604s2005d

051604-9



to simplify the integrals. Nevertheless, the analytical solu-
tions to the integrals are extremely difficult to obtain. One
can certainly seek a numerical solution to the Eq.s11d, but
this is beyond the scope of our present discussion.

D. Role of solvent in the preordering process

Understanding the role of water solvent in a preordering
process such as this can begin with the analysis of the OO
and HO radial distribution functionsgOO and gHO in the
absence/presence of the glycogen substrate are shown in Fig.
10. The calculatedgHO remains nearly identical when glyco-
gen is introduced into the paracetamol-water system. On the
other hand, the height of the first peak ofgOO decreases in
the presence of glycogen, indicating weaker structure of liq-
uid water. The solvent is also more structured in the vicinity
of the glycogen substratesFig. 11d. How this affects the or-
dering of paracetamol molecules is not fully understood and
remains a topic of further investigation.

IV. CONCLUDING REMARKS

The investigations carried out in this paper can be gener-
alized to a much larger class of anesthetics and polysaccha-
rides since one can also expect a strong attraction between

the aromatic cores of the anesthetic molecules and the sugar
rings of the polysaccharides.

The polysaccharide used in the experiments carried out by
Liu is not a single strand that we modeled here. It is a poly-
mer matrix whose exact structure has not been fully compre-
hendedf30,31g. We choose to work with a single strand so as
to better elucidate the interactions between the polymer sub-
strate and the paracetamol molecules. The use of a polymer
matrix in the simulation will unnecessarily complicate the
analysis. This is also one of the reasons why we choose to
work with a small number of paracetamol molecules. How-
ever, in light of the fact that dipolar interactions play an
important role in the ordering process, we can modify the
model prescribed by Eq.s8d to include the effects of a
polysaccharide matrix by treating it as a dipole array so that
Di =oa=1

N pi,a−3oa=1
N sp ·r̂ dar̂ i,a. N is the number of polysac-

charide strands in the matrix and each strand represents one
dipole. Similarly, as the number of paracetamol molecules
increase, neighbor correlations become significant.

The significance of the dipole orientation effect as dem-
onstrated in this paper dictates the type of polymeric sub-
strate that can be used to initiate the preordering process. The
dipole moments of each monomer must try to align them-
selves vectorially to give the maximal dipole moment pos-
sible. A large substrate dipole moment will result in a highly
ordered phase. In the case of anesthetic molecules, another
criterion the substrate must have is the disklike surface. The
disks are natural sites for ordering of anesthetic molecules
since the ordering is partly driven by the attractive aromatic
cores. Polysaccharides fit the above-mentioned criteria.
Nonetheless, an important application of ordering using a
substrate lies in the crystallization of complex molecules. To
be incorporated into the crystal structure, fluid molecules at
the kink sites of the embryos must adopt a required orienta-
tion and conformation and not just any orientation. Conse-
quently, the direction of the dipole vector of the polymeric
substrate becomes a very crucial criterion. It can either lead
to an easier incorporation of growth units into the crystal
structure at kink sites or increased difficulty of rearrange-
ment to the crystalline order, thereby increasing the confor-
mational and orientational free energy. A precursor to the
selection of a suitable substrate will therefore involve accu-
rate calculations of the dipole vector of the polymer and
anesthetic molecules.
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