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In this work we study the spreading dynamics of tiny liquid droplets on solid surfaces in the case where the
ends of the molecules feel different interactions with respect to the surface. We consider a simple model of
dimers and short chainlike molecules that cannot form chemical bonds with the surface. We use constant
temperature molecular dynamics techniques to examine in detail the microscopic structure of the time-
dependent precursor film. We find that in some cases it can exhibit a high degree of local order that can persist
even for flexible chains. Our model also reproduces the experimentally observed early- and late-time spreading
regimes where the radius of the film grows}t0.5. The ratios of the associated transport coefficients are in good
overall agreement with experiments. Our density profiles are also in good qualitative agreement with measure-
ments on the spreading of molecules on hydrophobic surfaces.

PACS number~s!: 68.10.Gw, 61.20.Ja, 05.70.Ln

I. INTRODUCTION

Since the pioneering spreading experiments of tiny liquid
droplets on surfaces by Heslot, Fraysse, and Cazabat@1#,
there has been increasing interest in phenomena occurring at
microscopic length scales during spreading. The experiments
of Refs.@1–4# reveal that both the molecular structure of the
liquid and the type of substrate used influence density pro-
files of the droplets. For example, thickness profiles of tet-
rakis ~2-ethylexoxy!-silane and polydimethylsiloxane
~PDMS! droplets on a silicon wafer exhibit strikingly differ-
ent shapes under spreading@1#. Tetrakis exhibits clearly ob-
servable dynamical layering, while the spreading of PDMS
proceeds by a quickly evolving precursor layer of one mo-
lecular thickness. Furthermore, the experiments of Valignat
et al. @5# and Cazabatet al. @6# address the important role of
surface grafting, and asymmetrical surface interactions in
particular, on the spreading dynamics. For example, in Ref.
@6# the density profiles for trisiloxane polyoxyethylene drop-
lets spreading on a hydrophilic surface resemble a ‘‘sand-
pile,’’ whereas the same liquid forms a very compact bilayer
on a hydrophobic surface.

Despite drastic differences in the density profiles, an in-
teresting feature in the experiments of Refs.@1–3,5# is that
the time dependence of the radius of the precursor film
r (t) follows ‘‘diffusive’’ behavior r (t);t0.5 for all times
measured. Moreover, the experiments of Valignatet al. @5#
report two distinct ‘‘diffusive’’ regimes comprising a rapid
early-time region followed by a considerably slower late-
time one. Typical estimates for the ratio between the corre-
sponding early-time and late-time transport coefficients are
of the order of 100. The emergence of the early-time regime
can most simply be explained by assuming that the flux onto
the surface is constant, i.e.,dNp(t)/dt5const, whereNp(t)
is the number of molecules in the effectively two-
dimensional~2D! precursor film@7#. From this it follows that
r (t);ANp(t);t0.5. The late-time behavior is due to cross-
over towards 2D diffusion that takes over in the submono-
layer regime@4,8#.

Motivated by these experimental discoveries a number of
theoretical models have been proposed. However, progress
has been rather moderate. Analytic theories to date deal with
dynamical layering only@9,10#. Abrahamet al. @9# consid-
ered a solid-on-solid model of a layered droplet in rectangu-
lar geometry. The width of the precursor film was found to
evolve linearly in time, implying that the effective flux of the
liquid into the precursor film is indeed constant in time. de
Gennes and Cazabat@10# considered a model in which the
layers have already formed. This model gives simple rela-
tions for the time dependence of the radii of the layers. In
particular, for a completely layered droplet, the precursor
film develops approximately ‘‘diffusively’’ in time@11#.
However, both models treat the liquid as structureless and
therefore cannot be applied to studying the effects of mo-
lecular structure or details of interactions on the spreading
dynamics.

For both coarse-grained and more microscopic models, a
number of computer simulations have been performed@12–
19# to study the dynamics of spreading. In particular, using
molecular dynamics~MD! simulations it was concluded in
Ref. @16# that both the chainlike nature of the molecules and
the chain-surface interactions can significantly influence the
structure of the precursor layer. Using a cylindrical droplet
geometry, Refs.@14,16# reported an ‘‘almost linear’’ early-
time regime for the widthw(t) of their precursor film~again
indicating a constant flux!, followed by a late-time diffusive
region. Most recently, thet0.5 behavior was observed in an-
other MD simulation@19#. Qualitatively, the two time re-
gimes have been seen in Monte Carlo simulations too
@15,17#.

In the present work, our aim is to employ MD simulation
techniques to study a particularly interesting aspect of drop-
let spreading, namely, the case where the fluid molecules can
feel asymmetric interactions with respect to the surface. We
will concentrate mostly on the microscopic structure of the
precursor film, its time dependence, and the quantitative
evaluation of the associated transport coefficients. Our work
is motivated by recent experiments on such systems@5,6#, as
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well as the practical importance of the molecular structure of
thin layers. In particular, a common way of controlling the
surface energetics of a solid substrate is to use grafted mol-
ecules that adsorb on it, sometimes forming chemical bonds
and brushed layers@20#. Such surfaces have important appli-
cations in, e.g., coating and lubrication. Another interesting
class of systems comprises amphiphilic molecules such as
detergents where a strong asymmetry of interactions causes
layered structures to form@21#. Spreading dynamics of such
molecules is then of particular interest in trying to under-
stand how these layers form, and how well ordered they are.

The outline of this paper is as follows. First, we introduce
the model in detail. Then we present results for the spreading
dynamics of molecules consisting of two, four, and eight
units with an asymmetry of interaction with respect to the
underlying surface. Our results reveal that in some cases the
emerging precursor layer may exhibit a high degree of local
order that persists even for the longer chains. This is re-
flected in the corresponding density profiles, some of which
bear a close resemblance to the experimental ones@6#. We
also examine the time dependence of the radius of the pre-
cursor layer, and find the two different ‘‘diffusive’’ regimes
in agreement with previous studies@14,16# and experiments
@5#. We furthermore evaluate the corresponding transport co-
efficients and find that their ratio is in good qualitative agree-
ment with the experiments. Finally, we discuss briefly the
influence of the choice of thermostat in our model. A brief
account for the results for dimers has been given previously
in Ref. @22#.

II. MODEL

A. Interactions

Our MD model is analogous to the one introduced in
Refs. @14,16#. The n-mer molecules consist ofn Lennard-
Jones~LJ! particles. Within the chain, the LJ interaction be-
tween them is purely repulsive, i.e., of the form
VLJ
intra(r )54e f(s f /r )

12 to prevent spatial overlap. The poten-
tial parameters ares f52.3 Å for the width ande f50.1703
eV for the depth, respectively. Additionally, the particles are
interconnected by a very rigid but orientationally isotropic
harmonic oscillator pair potentialVc5

1
2k(r2r 0)

2, where
k510000e f /s f

2 and r 0521/6s f so that the chains do not
stretch easily . There is also an angle-dependent potential
Vu5eu(cosu11) for n.2. For our studies we examine two
cases, namely,eu510e f ~rather stiff chains! and eu50
~completely flexible chains!. There is no torsion-dependent
potential within a chain since we consider linear chains.

Interchain interactions are modeled by the following pair-
wise LJ interaction betweenn LJ monomers:

VLJ~r !54e fF S s f

r D 122S s f

r D 6G . ~1!

The substrate on the other hand is modeled by a flat con-
tinuum LJ material; it is thought to be homogeneous and its
unit volumeV 5 1. The total substrate interaction is ob-
tained by integrating the LJ potential over the half space
z<0 with the result

Vi~z!52
A

z3
1
B

z9
, ~2!

where

A5~2p/3!rse is i
6 , B5~4p/45!rse is i

12, ~3!

and wherers denotes the number density of particles com-
prising the substrate. Different chain-surface interaction pa-
rameters employed in this study are presented in Table I and
shown in Fig. 1.

The asymmetrical nature of the chain-surface interactions
comes about through the choice of a different set of surface
interaction parameters for the grafted end as compared to the
other monomer units along the chain. The ‘‘grafted’’ end
interaction is set toVI in every case studied in this work,
whereas for dimers we employVII ~ordinary case! andVIII
~shifted case!, for tetramersVIV ~ordinary case! and VV
~shifted case!, and for octamersVIV . These potentials have
been constructed in such a way that in theordinary case
individual chains tend to lieparallel to the surface while in
the shifted cases they lieperpendicularto it. It should be
noted that the chains in our model are not allowed to form
chemical bonds with the surface.

B. Choice of physical units

The physical units are determined by the Hamaker con-
stantAH of the substrate and by the number density of sub-

FIG. 1. Schematic illustration of the different surface potentials
used in this study. The ‘‘grafted’’ end always has potentialVI .

TABLE I. Surface interaction parameters and their symbols
used in this study.

Surface interaction parameters

e i s i Symbol
1.0e f 5.0s f VI

0.06e f 5.0s f VII

0.02e f 7.3s f VIII

0.006e f 5.0s f VIV

0.01e f 8.0s f VV
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strate atoms. In our units, we have fixedrs51.0Å23. The
Hamaker constantAH of the substrate fixes the effective
bond lengthbl . This can be seen as follows: the Hamaker
constant between two materials is defined by

AH54p2esss
6rsr f , ~4!

where r f denotes the number density of molecules in the
fluid @21#. We have fixed AH through the choice
es52.8310220 J andss51.2531029 m and requiring that
it is realistic, i.e.,AH;10218J @21#. This fixes the number
density of the fluid to ber f;1024 m23. On the other hand,
r f;bl

23 and hence the effective bond length
bl;1028 m5100Å. This justifies the use of a flat, con-
tinuum substrate in our model studies.

For an LJ system there is a typical time scale, which is
fixed by the choice ofe f , s f , and the massm. In our bare
units, the mass of a monomer ismb563.5 amu,e f50.1703
eV ands f52.3Å. The combination that yields a quantity
with the dimension of time is tc5A(mbs f

2)/e f
5Amb /e fs f , which in our bare units is'5310213 s. In our
simulation algorithm, we have chosen the time step to be
0.01tc . To obtain physical units we use the bond length
bl'100 Å, which scaless f , and set the physical mass of our
effective monomers to be a realistic value ofm5105amu.
Using these values to scaletc gives the time step in physical
units to bet r.u.57.7310213 s ~r.u. denotes reduced units!.

C. Choice of thermostat

The dynamics of the system with a Nose´-Hoover ~NH!
thermostat is described by the usual equations of motion
@16#:

drW i
dt

5
pW i
mi

, ~5!

dpW i
dt

52¹W iV2hpW i , ~6!

and

dh

dt
5F(

i

pi
2

mi
2NfkTsG YNfkTst

2, ~7!

whereNf is the number of degrees freedom,kTs the tem-
perature for the thermostat,h(t) a time-dependent friction
coefficient, andt52.0310214 s is a relaxation time. If we
were to study the equilibrium properties of our model, we
note that this choice oft would remove any uncanonical
temperature fluctuations due to a hidden Toda demon@23#.
The equations of motion are solved using a modified velocity
Verlet algorithm~see, e.g., Ref.@24#!. The simulations are
performed at temperaturekTs50.8e f , which is well above
the triple point of an LJ fluid@16#. At the end of this work,
we will also briefly discuss the influence of choosing a local
thermostat based on Langevin dynamics to our results.

D. Construction of the initial configuration

We use the cylindrical geometry of Refs.@14,16# and con-
struct an initial ridge-shaped droplet with periodic boundary
conditions along the direction of the ridge, which is denoted
by y. The length of the cylinder is'10bl for dimers,
'16bl for tetramers, and'38bl for octamers. Spreading
takes place in thex direction, which lies perpendicular to the
ridge. This choice of geometry is for computational conve-
nience, and translating our results to the true 3D case is
straightforward.

Constructing a proper initial configuration is complicated
by long relaxation times of the chainlike molecules. To over-
come this, in the beginning the locations of the end groups of
then-mers are chosen randomly. Then the chains are formed
in such a way that they are bent 90 ° at each joint, while their
directions are random. The initially rather sparse system is
compressed to find the minimum of the internal energy. Then
the droplet is allowed to equilibrate in the following way: the
temperature of the system is set to 0.1kTs , where
kTs50.8e f denotes the actual simulation temperature. Then
the temperature is raised to 1.5kTs by continuously adjust-
ing the temperature of the thermostat. All this time the sys-
tem is allowed to evolve without the surface interaction. Af-
ter this the temperature is lowered tokTs in the same way;
this should result in a configuration that is closer to the actual
equilibrium configuration than the initial with. We have
qualitatively confirmed this by estimating the corresponding
free energy differences@24#. The time scales used in con-
structing the initial configuration are comparable to the ac-
tual spreading simulation. After the system has been equili-
brated, the substrate potential is ‘‘switched on’’ and
spreading can take place.

E. Quantities calculated

One of the main advantages of the MD method is that the
spreading dynamics can be followed in real time, and de-
tailed data on the configurations are available. To this end,
we have calculated the following quantities:

~i! The width of the precursor filmw(t) is a measure of
the average horizontal extent of the droplet in thex direction.
In our geometry the spreading takes place in thex direction
only and hence simple geometrical arguments give
w(t)'Np(t)/(rL), whereNp(t) is the number of particles
in the precursor film,r denotes the average number of par-
ticles per unit area in it, andL denotes the length of the
droplet along they axis. To convert this to the spherically
symmetric 3D case we assume that the flux of particles to the
precursor film}ta, wherea'1. This immediately implies
thatw(t)'Ata for a compact layer. It follows then that for
our geometry

Np~ t !'ArLta. ~8!

On the other hand, the radius of the precursor film of a fully
spherical droplet that spreads radially is given by

r ~ t !'ANp~ t !/~rp!. ~9!

Combining Eqs.~8! and ~9! we obtain
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r ~ t !'AArLta/~rp!

5AAL/pta/2

[ADet
a/2, ~10!

where the associated early-time ‘‘diffusion’’~transport! co-
efficient is defined byDe5LA/p.

~ii ! The density profile is of particular interest because it
can be measured directly in the experiments. In our model it
is defined as the average number of particles in a box of size
DxDy taken at any fixedy.

~iii ! The pair correlation function characterizes the degree
of order in the system. It is defined as the following configu-
ration average@24#:

g~r ,t !5~N/V!22K (
i

(
jÞ i

d~rW i
c.m.!d~rW j

c.m.2rW !L ,
~11!

whereN denotes the number of molecules in the system of
volumeV and rW i

c.m. is the position of the center of mass of
the i th molecule. In particular, we have calculatedg(r ,t)
within the effectively 2D precursor film, whereN[Np(t)
andV[Ap(t), the latter denoting the time-dependent area of
the precursor film. It should be noted that since the system is
not translationally invariant in thex direction, g(r ) starts
deviating from its asymptotic values for larger , for which
g(r )→1 whenr→`.

~iv! The distribution of orientations for neighboring
chainsdo is defined as follows: to every chaini a vector
RW i is assigned asRW i5rW i1nl2rW i . HererW i denotes the position
of the grafted end of the chaini , andrW i1nl denotes the posi-
tion of the other end of the chain. The normalized distribu-
tion is defined as follows:

do~u,t !5
No~u,t !

(u50°
180° No~u,t !

, ~12!

whereNo(u,t) denotes the number of pairs of chains ori-
ented at an angleu relative to each other at timet. Only
those pairs of chains whose centers of mass lie within a
sphere of radius 2.5s f are considered. This quantity indicates
the spatial orientational correlations of neighboring chains.
This method is accurate when we use rigid chains, but in the
case of flexible ones it gives only an approximate picture of
the degree of orientational correlations between neighboring
chains.

~v! Distribution of bond anglesdb is a time-dependent
quantity that keeps track of bond angles at given times. The
bond angle is defined the angle between consecutive bonds
in a molecule and it is calculated by taking the dot product of
the associated bond vectors. Bond vector is defined as the
vector between consecutive monomers in the chain. Distri-
bution of bond anglesdb is defined as the following normal-
ized histogram:

db~u,t !5
Nb~u,t !

(u50°
180° Nb~u,t !

, ~13!

whereNb(u,t) denotes the number of bond angles with angle
u at time t. It is calculated for the initial configuration and
for a configuration taken at late stages of spreading. It is used
in analyzing whether completely flexible chains become ef-
fectively stiffer in the course of spreading or not. This ten-
dency would be revealed by a distribution profile peaked
sharply aroundu'0°. This quantity is calculated for tetram-
ers and octamers only.

III. RESULTS

First we consider short, rigid molecules with two mono-
mer units. These are calleddimers, and we will present re-
sults for two different sets of surface interaction parameters.
Then we consider longer flexible chains, and we present re-
sults for chains with four monomer units~tetramers! and
with eight units~octamers!.

A. Dimers

In this section we present complete results for short and
rigid molecules~see Ref.@22# for a brief summary!. We have
studied two different cases, namely, one in which the equi-
librium orientation of an individual chain is parallel to the
surface~the ordinary case! and the other in which the mol-
ecules prefer to lie perpendicular to the surface~the shifted
case!. The shifted case can be considered to be an effective
model for rigid molecules with one end hydrophobic and the
other hydrophilic relative to the surface@6#. The grafted end
interacts with the surface with potentialVI while in the ordi-
nary case the other end hasVII and in the shifted caseVIII .

1. The ordinary case

Figures 2~a! and 2~b! show a sequence of snapshots from
a typical evolution of the droplet forN51525 ordinary
dimers during spreading as seen along the axis of the ridge.
The holes in the initial configuration are due to density fluc-
tuations. The initial configuration is characterized by a dis-
ordered and liquidlike structure. This is revealed by the pair
correlation function and the distribution of orientations for
neighboring dimers for this geometry.

After switching on the surface attraction it can be seen
that the dimers in the middle of the droplet that have not yet
come into contact with the surface are mainly oriented per-
pendicular to the surface with the grafted end pointing down-
wards due to stronger surface attraction. The molecules that
are on the surface, on the other hand, behave quite differ-
ently. It can be seen that the precursor film is very disordered
except very close to the edges of the droplet. This is due to
the high density of dimers near the center of the droplet,
which effectively prevents them from attaining their equilib-
rium orientations relative to the surface. At the edges of the
droplet the dimers have enough room to lie flat on the sur-
face. The final configurational stage is a thinning monolayer
of molecules lying flat on the surface and exhibiting diffu-
sive motion.

To quantify these observations we have calculated the
pair correlation function of the center of mass of the mol-
ecules within the precursor film. This case shown in Fig. 3
reveals that there is only weak short-range order characteris-
tic of liquids. In order to characterize the degree of long-
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range orientational correlations we have calculated the dis-
tribution of orientations for neighboring dimers at a late
stage of spreading. It reveals that the overall orientational
correlation between well-separated dimers is weak. This
again is consistent with conclusions made above about the
structural order within the droplet.

Figure 4 shows the evolution of the density profile of the
droplet taken at three different time steps. It can be seen that
the profiles are fairly smooth and rounded; the peaks are due
to dimers that have not yet come into contact with the sur-
face. At later times a step develops at the edge of the film
where dimers tend to lie flat on the surface.

Figure 5 shows the dependence of the horizontal width of
the precursor filmw(t) on time for a typical simulation run
for N51525. Qualitatively, the data look similar to that of
Refs. @14,16# with two regimes visible. We have analyzed
the data as follows. First we assume that

w~ t !5HA~ t2t1!
a1w0 for t1,t,t2

B~ t2t2!
b1w08 for t.t2 ,

~14!

FIG. 2. ~a! Initial configuration for the ordinary case of
N51525 dimers. The grafted end is represented by a large filled
circle. ~b! Same system taken att530 000 r.u.

FIG. 3. Pair correlation function within the precursor film at
t580 000 r.u. Note the disordered and liquidlike structure of the
film.

FIG. 4. Density profiles for the case of ordinary dimers. The
late-time shoulders are due to the dimers that lie flat on the surface.
These and all the other density profiles have been smoothed to
remove noise.

FIG. 5. The width of the precursor filmw(t) for the ordinary
dimer case. It can be characterized by an ‘‘almost linear’’ regime
that crosses over to a ‘‘diffusive’’ one.
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in which t1 and t2 denote crossover times,w0 andw08 are
constants, anda is the exponent for the first andb for the
second regime. From the data one expects to find two differ-
ent power law regimes. A standard trick is to estimate the
initial transient timet1 and then plot ln@w(t)2w0# versus
lnt. When trying to obtainb in a similar manner, the diffi-
culty lies in the fact that the estimation oft2 , which denotes
crossover towards final 2D diffusion, is not as straightfor-
ward as fort1 . A linear least-squares fit for the first regime
givesw(t);t0.860.1. The same procedure is then applied to
the other regime. The slope of the least-squares linear fit for
the second ‘‘diffusive’’ regime givesw(t);t0.560.1.

These two exponents obtained from the data are consis-
tent with the results of Refs.@14,16#. They found a crossover
for the width of the precursor filmw(t) from ‘‘almost lin-
ear’’ (;t0.9) to ‘‘diffusive’’ ( ;t0.5) behavior. When we
translate this to the 3D situation, we recover the two ‘‘diffu-
sive’’ regions with different effective transport coefficients
in accord with experiments@1–3,15#. Using our result
a'0.8 and extractingA we find that the early-time diffusion
coefficientDe'5.431026 m2/s. For the late-time ‘‘diffu-
sion’’ coefficient we findD l '1.231026 m2/s and thus
De /D l '5. These values are somewhat larger than the mea-
sured ones that are in the range (0.422.0)310212 m2/s @5#.
Also, typical experimental ratios are of the order of
10021000. The difference is not surprising since in our units
T'1600 K, and there are no surface diffusion barriers. Cor-
rugation of the surface would most likely tend to lower the
late-time ‘‘diffusion’’ coefficient thereby making the ratio
larger. We note that extrapolating our values ofD to room
temperatures gives about 10215 m2/s, in reasonable agree-
ment with experiments.

The fact thatw is a function of both timet and the num-
ber of dimersN suggests that there might exist a scaling
form for w(t,N) as suggested in Ref.@16#, which is of the
following form:

w~ t !5txF~ t/Ny!. ~15!

However, for the present case we find no such scaling for the
range of times and system sizes studied. This is in part be-
cause for our relatively small systems, crossover to diffusive
behavior is very sharp and thus the data do not collapse.

2. Shifted case

For the shifted case, Figs. 6~a! and 6~b! show a typical
evolution of the droplet forN51525 shifted dimers during
spreading. Initial configuration is identical to that of the or-
dinary case. Again, the dimers that have not yet come into
contact with the surface behave in a manner similar to the
ordinary case. The molecules in the middle of the droplet are
mainly oriented perpendicular to the surface. A striking dif-
ference between the ordinary and the shifted case is the de-
velopment of a compact precursor layer that appears very
well ordered at all stages of spreading. Figure 7 shows the
pair correlation function within the precursor film for the
shifted case taken att580 000 r.u. Clear peaks can be ob-
served corresponding up to about fourth or fifth nearest
neighbor dimers. The precursor layer in this case indicates a
high degree of local ordering even at these elevated tempera-
tures.

We have also calculated the distribution of orientations
for neighboring dimers for the shifted case. The overall
shape of the profile, which is shown in Fig. 8 corresponding
to late stages of spreading, reflects the properties discussed
above. A clear peak can be seen indicating orientation of
nearby dimers in a preferred~vertical! direction. In this case
the orientational correlation of the dimers extends through
the entire precursor layer.

FIG. 6. ~a! Initial configuration for the shifted case of
N51525 dimers.~b! Same system taken att530 000 r.u.

FIG. 7. Pair correlation function within the precursor film at
t580 000 r.u. Clear peaks can be observed corresponding up to
fourth or fifth nearest neighbor, indicating that the film displays a
high degree of local order.
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Figure 9~a! shows typical density profiles of dimers taken
at three different times. Whereas in the ordinary case a step
developed at the edges of the droplet, in the shifted case the
edge of the precursor film always remains very sharp and
well defined. It is interesting to compare the calculated den-
sity profiles with the experimental ones shown in Fig. 9~b!
for triloxane polyoxyethylene molecules spreading on silica
bearing a dense grafted layer of trimethyls@6#. In this case
grafting results in a hydrophobic surface. The triloxane poly-
oxyethylene is a hammer-shaped molecule that has a hydro-
phobic~the trisiloxane head! and a hydrophilic~polyoxyeth-
ylene tail! part. The attraction of the hydrophobic group to
the surface and the repulsion between the hydrophilic part
and the surface forces the molecules to lie perpendicular to
the surface. Despite the enormous difference in the horizon-
tal scales, the simulated and experimental profiles are in
good qualitative agreement.

Figure 10 shows the dependence ofw(t) for the shifted
case. Again a crossover form ‘‘almost linear’’ to ‘‘diffusive’’
behavior can be seen. The crossover appears to be somewhat
sharper in this case. With the smallest system size studied the
spreading stops completely due to finite-size effects. With
larger systems the spreading continues in a diffusive manner.
We have analyzed the data forw(t) in the same way as
before, and find that within the ‘‘almost linear’’ regime
w(t);t0.860.1 and in the ‘‘diffusive’’ regime
w(t);t0.460.1. We again convert these results into the 3D
case and recover the two diffusive regions. We estimate that
De'5.431026 m2/s, andD l '1.131027 m2/s, which give
De /D l '50, in good agreement with experiments@5#.

The reason forD l being about an order of magnitude
smaller than in the ordinary case can be understood from
simple energetic arguments. The activation energy for diffu-
sion in the shifted case is larger due to the high degree or
local ordering. We have estimated the activation energies
Ea for diffusion for the two cases by calculating the average
energy due to neighbors of a dimer located within two bond
lengths from the edges of the droplet. In the ordinary case we
find Ea'0.9 eV and in the shifted caseEa8'1.2 eV. If we

make the assumption thatD l follows the Arrhenius form
D l }e2Ea /kT, we can estimate that

e2Ea /kT

e2Ea8/kT
' 10. ~16!

This is fully consistent with results extracted from the width
of the precursor film.

In the case of shifted dimers we again checked the scaling
form of Eq.~16!, but did not find a good data collapse for the
present times and system sizes studied.

B. Tetramers

For chains consisting of four monomers we have studied
three different cases, namely, two ordinary cases~rather stiff
and completely flexible tetramers! and a completely flexible
shifted case. The surface potential for the grafted end is set to
beVI and for the ordinary cases we employ the surface po-
tential VIV . In the shifted case the surface potential of the
other end is set toVV , whereas the monomers in the middle
of the chain do not have any interactions with the surface.

1. Rather stiff tetramers

Rather stiff tetramers are characterized by a fairly strong
angle-dependent potential between consecutive bonds in a
chain, namely,Vu5eu(cosu11), whereeu510e f . Figures

FIG. 8. Distribution of orientationsdo for the shifted dimer case
taken att580 000 r.u. Orientations of dimers are correlated over
the whole system.

FIG. 9. ~a! Density profiles for the shifted dimer case.~b! Ex-
perimental density profiles for triloxane polyoxyethylene molecules
~hydrophobic head with a hydrophilic tail! spreading on silica bear-
ing a dense grafted layer of trimethyls@6#. The profiles are strik-
ingly similar.

53 5117DYNAMICS OF THE SPREADING OF CHAINLIKE MOLECULES . . .



11~a! and 11~b!, show the evolution of a droplet for
N5785 in a typical simulation run. The chains appear to be
initially fairly straight and the calculation of the distribution
bond angles confirms this observation. The apparent holes in
the droplet are due to thermal fluctuations. The calculation of
distribution of orientations for neighboring chains also sup-
ports the conclusion that the structure of the initial configu-
ration is disordered and liquidlike.

Qualitatively, the results are similar to the case of ordi-
nary dimers. The chains in the middle of the droplet are
oriented approximately perpendicular to it, the grafted end
being closest to the surface. Closer to the edges, the chains
tend to attain a more horizontal orientation. The center of the
droplet appears to have a very complicated structure. This is
due to the finite flexibility of chains, as calculation of the
bond angle distribution reveals that the chains are bent
slightly more than in the initial configuration.

We have also calculated the pair correlation function
within the precursor layer corresponding to late stages of
spreading. The structure of the precursor film in this case is
disordered and liquidlike. At very late stages the neighboring
chains tend to orient themselves in the same direction. This
is revealed by calculating the distribution of orientations.
The final stages of spreading correspond to a diffusively
thinning monolayer where the chains prefer to be relatively
straight.

The density profiles of Fig. 12 are characterized by a
rounded overall shape with a peak corresponding to the
chains that are not yet in the precursor film. This is consis-
tent with the observations made from the configurations of
Fig. 11. Figure 13 showsw(t) for three different system
sizes. A noteworthy feature is that the crossover towards
late-time diffusive behavior is not as clear as in the case of

dimers. For the largest system size we find that
w(t);t0.860.1 within the initial ‘‘almost linear’’ regime, but
our data for this system size does not extend far enough to
capture the second ‘‘diffusive’’ regime. For the smallest sys-
tem sizeN5505 we find that in the ‘‘almost linear’’ regime
w(t);t0.860.1 and in the ‘‘diffusive’’ regime
w(t);t0.560.1. From these data we estimate that
De'5.031026 m2/s andD l '7.031027 m2/s, which give
De /D l '7.

For the present case, we also find a good data collapse
using the scaling form of Eq.~16!, with x50.9 andy50.9.

FIG. 10.w(t) for the shifted dimer case. It can be characterized
by an ‘‘almost linear’’ regime, which crosses over to a ‘‘diffusive’’
one. The late-time ‘‘diffusion’’ coefficient is roughly one order of
magnitude smaller than for the ordinary case.

FIG. 11. ~a! The initial configuration forN5785 rather stiff
tetramers.~b! Same system taken att580 000 r.u. Notice the com-
plicated and disordered structure of the precursor film due to the
flexibility of the chains.

FIG. 12. Density profiles for rather stiff tetramers taken at three
different times. The profiles are fairly smooth and rounded.
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Figure 14 shows the scaling functionF(z);const for
z!1, andF(z);z1/22x for z@1 @16#.

2. Completely flexible tetramers

The results for completely flexible tetramers are very
similar to the results for rather stiff ones. However, in this
case the density profiles in Fig. 15 appear to be somewhat
flattened at late stages as compared to the rather stiff case.
This is evidently due to the greater flexibility of the chains.
The width of the precursor film forN5505 tetramers gives
w(t);t0.960.1 in the ‘‘almost linear’’ regime, and
w(t);t0.560.1 in the ‘‘diffusive’’ regime. We find
De'4.531026 m2/s andD l '2.631027 m2/s, which give
De /D l '20. Scaling of Eq.~16! is again obeyed, with
x50.9 andy50.9.

3. Completely flexible tetramers—shifted case

For the shifted tetramer case, the grafted end has the usual
surface potentialVI whereas the other end had potentialVV
for which the equilibrium distance from the surface extends
about three bond lengths further away. We thus expect the
results to be similar to those for the shifted dimers, with
possible differences arising from the greater configurational
entropy of the chainlike molecules. Here we mostly concen-
trate on the morphology of the droplets during spreading.

Figures 16~a! and 16~b! show the evolution of the droplet
for N51010. It can be seen that the evolution is strikingly
different from the ordinary case. As in the case of shifted

dimers, the precursor films appear to be very compact and
well ordered. We have calculated the pair correlation func-
tion within the precursor film, which is shown in Fig. 17.
Clear peaks corresponding up to about fourth or fifth nearest
neighbor chains are clearly present, which is an indication of
a high degree of local ordering. If one compares the pair
correlation functions between shifted dimers and tetramers, it
can be seen that for tetramers the peaks appear to be some-
what broadened. This is evidently due to the chainlike struc-
ture of the tetramers. Thus, with the present choice of inter-

FIG. 13.w(t) for rather stiff tetramers with three different sys-
tem sizes.

FIG. 14. Scaled data forw(t) for the three different system sizes
with x50.9 andy50.9.

FIG. 15. Density profiles for completely flexible tetramers taken
at three different times. The profiles are somewhat flatter as com-
pared to the rather stiff case due to the flexibility of the chains.

FIG. 16. ~a! Initial configuration for the shifted case of
N51010 completely flexible tetramers.~b! Same system taken at
t580 000 r.u. Notice the appearance of a compact precursor film
with sharp edges.
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actions the influence of chain flexibility is rather small even
at high temperatures.

We have also followed the time evolution of the density
profile of the droplet. This is shown in Fig. 18. The profile
develops from a fairly sharply peaked one towards a smooth
but compact form. These profiles again confirm the observa-
tions made from the snapshots. We have estimated the effec-
tive diffusion barriers at late times and find that
Ea8'2.9 eV compared to'1.2 eV for the shifted dimer
case. This can be understood on the basis that within a well-
ordered layer, the number of neighbors for tetramers should
be roughly more than twice the corresponding number for
dimers.

C. Octamers

The results for chains built up of eight monomers~octam-
ers! are presented in this section. We have studied two dif-
ferent systems, namely, one in which the chains are rather
stiff and another in which the chains are completely flexible.
The grafted end has the usual surface potentialVI whereas
the other monomers haveVIV . It should be pointed out that
due to CPU time constraints out system sizes are relatively
small.

1. Rather stiff octamers

The initial configuration for a droplet of rather stiff oc-
tamers (eu510e f) of sizeN5488 is shown in Fig. 19~a!. It

is characterized by a fairly complex structure. The tendency
of the chains to be relatively straight is clearly visible. Fig.
19~b! shows a typical evolution of the droplet. The structure
in the middle of the precursor film is very complex. Chains
at the edges of the droplet again tend to lie parallel to the
surface. We have calculated different time-dependent quan-
tities such as the pair correlation function within the precur-
sor film taken at late stages of spreading. From the shape of
the function we can immediately conclude that the precursor
film is disordered and liquidlike. The directions of neighbor-
ing chains are fairly strongly correlated, however. Calcula-
tion of the distribution of bond angles reveals that the chains
tend to remain fairly straight through the whole spreading
process.

A set of typical density profiles are shown in Fig. 20. It
can be seen that at later times they become rather smooth and
rounded. For the width of the precursor film we find that
initially w(t);t0.960.1 with De'1.731025 m2/s. For the
late-time behavior, we find thatw(t);t0.560.1 and
D l '4.331026 m2/s. For the ratio we thus find
De /D l '4. As far as the scaling is concerned, we were not
able to collapse the data for different system sizes for the
present case.

2. Completely flexible octamers

The results forN5488 completely flexible octamers are
very similar to results for the rather stiff ones. Again the
precursor film is disordered and a crossover from ‘‘almost

FIG. 17. Pair correlation function within the precursor film at
t580 000 r.u. Clear peaks can be observed corresponding up to
fourth or fifth nearest neighbors, indicating that the film displays a
high degree of local order.

FIG. 18. Density profiles for the shifted case of completely flex-
ible tetramers taken at three different times.

FIG. 19. ~a! Initial configuration for the case ofN5488 rather
stiff octamers.~b! Same system taken att580 000 r.u. The struc-
ture of the precursor film is again disordered and liquidlike.
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linear’’ @w(t);t0.860.1# towards ‘‘diffusive’’
@w(t);t0.560.1# behavior for w(t) is recovered, with
De'3.731025 m2/s and D l '1.7731026 m2/s, which
yieldDe /D l '20. The density profiles shown in Fig. 21 bear
a close resemblance to the ones for rather stiff octamers, the
late-time profiles being somewhat less rounded in this case.

D. The influence of Langevin dynamics

We have also implemented Brownian dynamics into our
computer code, the motivation being to study the influence
of a local thermostat for the present case. Recently, the NH
thermostat has been claimed to be physically unsuitable for
microscopic studies of droplet spreading@19#, despite the
fact that for a small system out of equilibrium, there is no
unique ‘‘best’’ choice. We note that since we have a smooth
surface, coupling to an auxiliary thermostat must be used
here.

To check our results, we have performed additional simu-
lations forN5555 shifted dimers@7#. We have employed
two different values for the friction coefficienth, namely,
h15331014 s21 andh250.331014 s21. We have set our
bare time step to 0.01310214 s. Forh1 we recover the two
different regimes for w(t) with w(t);t1.060.1 and
w(t);t0.560.1. We can again extract the associated ‘‘diffu-
sion’’ coefficients with the result thatDe'531026 m2/s

and D l '1.531027 m2/s for the early- and late-time re-
gimes, respectively. For the ratio we thus findDe /D l '30.
Calculation of the pair correlation function within the precur-
sor film again reveals that the layer has a high degree of local
order.

For h2 we also recover the two regimes with
w(t);t0.960.1 and w(t);t0.460.1. For this particular case
De'831025 m2/s andD l '4.031027 m2/s for the early-
and late-time regimes, respectively. For the ratio we obtain
De /D l '200. Reducing the friction would further increase
this ratio since the late-time regime is dominated by effective
diffusion barriers that are independent ofh.

Based on our additional results we can conclude that
qualitatively and quantitatively our results and conclusions
are unaffected by the choice of the thermostat. The main
effect of the local thermostat with respect to the NH thermo-
stat is a slightly smoother crossover towards the late-time
regime.

IV. CONCLUSIONS AND DISCUSSION

In this work we have studied a simple model of dynamics
of spreading for rigid and flexible molecules that interact
asymmetrically with respect to a solid surface. We have stud-
ied two different cases. In the ordinary case, the end poten-
tials are of different strength, but the equilibrium position of
the molecules on the surface is horizontal. In the shifted case,
however, the other end of the molecule has an equilibrium
distance that is compatible with the length of the chain; i.e.,
the equilibrium position is vertical with respect to the sur-
face. The latter case in particular can be considered as an
effective model for the case of hydrophobic and hydrophilic
surface interactions@6#.

One of our main results is that the microscopic structure
in the precursor film drastically depends on the nature of the
asymmetrical interactions. For the shifted case, there is a
high degree of local order present, which makes the density
profile of the droplet unusually sharp and flat. This result is
in good qualitative agreement with a recent experiment on a
physically similar system@6#. Moreover, our model recovers
the overallt0.5 time dependence of the radius of the precursor
film, and we have been able to quantitatively estimate the
associated transport coefficients. Typical ratios of the early-
time coefficientsDe to the late-time onesD l are in very
good agreement with the experiments. Furthermore, our
model demonstrates how this ratio increases with increasing
local order in the precursor film, in cases where the late-time
diffusion is controlled by energy barriers arising from neigh-
boring molecules.

Recently, the choice of the global NH thermostat used
here and in Refs.@14,16# has been criticized by De Coninck
et al. @19# on the basis of the argument that in an inhomoge-
neous system a global thermostat is not physically justified.
However, due to our smooth surface the heat must dissipate
by other means than coupling to substrate atoms held at con-
stant temperature, as was done in Ref.@19#. Moreover, it is a
well known fact that there is no unique way of controlling
the instantaneous temperature of a nonequilibrium system.
We have performed our simulations mainly with the NH
thermostat, but test runs with Brownian dynamics reveal that

FIG. 20. Density profiles for the case of rather stiff octamers
taken at three different times. The profiles are fairly smooth and
rounded.

FIG. 21. Density profiles for the case of completely flexible
octamers taken at three different times. The profiles are somewhat
flatter than in the case of rather stiff octamers.
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the same qualitative and quantitative behavior persists.
Moreover, the results of Ref.@16# as well as those of the
present work compare very well with the simulations of De
Conincket al. @19#, once differences in the geometries~cy-
lindrical versus spherical! are properly accounted for. De
Conincket al. found that for the largest droplets the number
of atoms in the first~i.e., the precursor! layer was well de-
scribed byN(t);t0.8560.05 and the corresponding radius by
R2(t);t0.8260.06 @19#. On the other hand, in our geometry
w(t);N(t);t0.960.1 for the ‘‘almost linear’’ regime. The
flux of particles into the precursor layer is the same in the
two independent studies and therefore the results are equiva-
lent. The fact that the slower late-time ‘‘diffusive’’ regime
was not reported in Ref.@19# is probably due to insufficient
simulation times, since their system sizes were rather large.

Thus both the qualitative and quantitative features of the
spreading phenomenon are fairly insensitive to the choice of
thermostat as well as the geometry.

To summarize, we hope to have further demonstrated in
this work that the spreading phenomenon at microscopic
length scales is a very complicated process. It seems highly
unlikely that the properties of all the different cases studied
here and in other works could be obtained from a more gen-
eral framework. On the other hand, there are many features
of spreading, such as the time dependence of the precursor
radius, that are rather insensitive to the details of interac-
tions, or molecular structure of the liquid. This work calls for
more systematic and controlled experimental as well as theo-
retical work in order to further classify the properties of tiny
liquid droplets spreading on a solid surface.
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