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Spreading dynamics of polymer nanodroplets in cylindrical geometries
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The spreading of one- and two-component polymer nanodroplets is studied using molecular dynamics
simulation in a cylindrical geometry. The droplets consist of polymer chains of length 10, 40, and 100
monomers per chain described by the bead-spring model spreading on a flat surface with a surface-coupled
Langevin thermostat. Each droplet contain850 000 monomers. The dynamics of the individual components
of each droplet is analyzed and compared to the dynamics of single-component droplets for the spreading rates
of the precursor foot and bulk droplet, the time evolution of the contact angle, and the velocity distribution
inside the droplet. We derive spreading models for the cylindrical geometry analogous to the kinetic and
hydrodynamic models previously developed for the spherical geometry, and show that hydrodynamic behavior
is observed at earlier times for the cylindrical geometry. The contact radius is predicted to sdaje-a¥°
from the kinetic model and(t) ~t%7 for the hydrodynamic model in the cylindrical geometry.
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I. INTRODUCTION ear in the instantaneous contact radius, while the hydrody-
Practical applications of the spreading of a liquid on a"@mic dissipation term has a logarithmic dependence on the

solid are prevalent in the lubrication, coatings, and printingnStantaneous contact radif#3,24. We show here that for
industries, to name a few. Knowledge of the rates of spread: cylindrical geometry, the hydrodyna_m|c d|s_S|pat|0n term is
ing and equilibrium configurations of these systems is cruci inearly dependent on the contact radius, which suggests that

for improving their performance. Extensive experimental,l ydrodynamic flow could contribute to the dissipation at ear-

. : ier times for a cylindrical geometry than for the spherical
theoretical, and computational work has been undertaken t; eometry. Our simulations show that this is indeed the case
better understand the interaction between a liquid and soli e also éhow that the(t) ~ t/1° scaling of Tanner's spread- '
in contact. Most frequently, the liquids studied are oligomerqng law and ther(t)~tY7 prediction of molecular-kinetic
or polymers in order to remove the influence of evaporatioqheory for spherical droplets beconmét)~tY7 and r(t)
and condensation on the droplet spreading dynamics.

e EUPE dina drool b~t1’5, respectively, in the cylindrical geometry.
The total energy dissipation in a spreading droplet can be 'gyen though many of the liquids used in surface wetting

represented as a sum of three different components: one du@jications are mixtures or suspensions, most of the re-
to the hydrodynamic flow in the bulk of the droplet, one duegearch has focused on single-component liquids. Some ex-
to the viscous dissipation in the precursor foot, and one dugerimental[21-24 and theoretica[25,26 work has been
to the adsorption and desorption of molecules to the soligjone on binary droplets focusing mainly on the equilibrium
surface in the vicinity of the contact lin]. Experimental  behavior. Simulations of binary droplets containing from
measurement$2,3] of microscopic droplets compare well 4 000 [27-30 to 25 000 [31] monomers have been per-
with the hydrodynamic model of droplet spreadif@-7],  formed, but larger system sizes are needed to adequately
indicating that hydrodynamic energy dissipation is an impor-model the spreading dynamics.
tant feature of droplet spreading. To date, however, simula- In this paper, we present molecular dynamig) simu-
tions [8—16 of spherical droplets have been unable to ap-ations of coarse-grained models of one- and two-component
proach the droplet size and time duration required forpolymer droplets for chain lengtk=10, 40, and 100. These
hydrodynamic flow to be relevant. chain lengths are chosen since they have a very low vapor
Although simulations of spreading droplets typically con- pressure and the droplet spreading is not influenced by va-
sider a three-dimensional spreading hemisphere, there apsrization and condensation. We analyze the dynamics of the
computational advantages for considering a two-dimensionalomponents of each droplet and compare the spreading rates
hemicylinder[17,18. The symmetry along the cylinder axis of two-component droplets to their single-component ana-
allows periodic boundary conditions to be applied in onelogs. We derive the equations for the rate of change of con-
direction, and a larger droplet radingan be simulated with tact angle and radius for the cylindrical geometry based on
fewer atoms since the droplet volume scalesrasn the  kinetic [32—-34 and hydrodynamic model8,4,35, and we
cylindrical geometry instead of for the spherical geometry. use these models to extract physical parameters for each
With larger droplet sizes, this enables us to simulate morgystem.
viscous systems by including polymer chains of lenfjth The paper is organized as follows. Section Il describes the
=100 in droplet spreading simulations. details of the molecular dynamics simulations and the appli-
It has been claimed that hydrodynamic dissipation iscation of the Langevin thermostat to the monomers near the
dominant for small contact angles and nonhydrodynamic dissubstrate. It also describes the methods used to analyze the
sipation is dominant for relatively large contact and&9]. simulation results. Section Il presents the droplet spreading
This is reinforced by the fact that for spherical droplets,models for the cylindrical geometry. Section IV compares
spreading models have a kinetic dissipation term that is linthe spreading behavior of monodispersed droplets in the
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spherical and cylindrical geometry, droplets of differentare large enough to avoid the equilibrium contact angle de-
chain lengths, and binary mixtures. The velocity distributionspendence on droplet size observed for smaller system sizes
of both homogeneous and binary droplets are analyzed if8].

Sec. V and conclusions are presented in Sec. VI. The substrate is modeled as a flat surface with interactions
between the surface and the monomers in the droplet at a
distancez from the surface modeled using the integrated LJ
potential with the cutoff set ta,;=2.2 o It was found previ-

A. Potentials and thermostat ously[8] that with the proper choice of thermostat, the simu-

Molecuar cynaicahID)simuiatios ar pertormed us. 12191 U510 8l srface exnbit e same befaur 2 2
ing a coarse-grained model for the polymer chains in which ; 9 P

> . ciency.
the polymer is represented by spherical beads of mass : . i
attached by springs. We use a truncated Lennard-Jadgs We apply the Langevin thermostat using the same ap

potential to describe the interaction between the monomeré’.roaCh as in our earlier papg8] to provuje a realistic rep-
The LJ potential is given by resentation of the transfer of energy in the droplet. The

Langevin thermostat simulates a heat bath by adding Gauss-
Rg)ﬂ (U)G} ian white-noise and friction terms to the equation of motion
- -|= r<rg
U(R =

Il. SIMULATION DETAILS

=

r r
0 r>re,

@) mi; = — AU; —myyri + Wi(t), (2

wherem, is the mass of monomey vy, is the friction param-
wheree ando are the LJ units of energy and length and theeter for the Langevin thermostatAb; is the force acting on
cutoff is set tor,=2.5 o. The monomer-monomer interaction monomeri due to the potentials defined above, aNgt) is
¢ is used as the reference and all monomers have the saraeGaussian white-noise term. Coupling all of the monomers
diametero. Although in this paper for the binary mixtures to the Langevin thermostat would have the unphysical effect
we vary only the chain length, in future work we will vary of screening the hydrodynamic interactions in the droplet
the relative interaction strength. For bonded monomers, wand not damping the monomers near the surface stronger
apply an additional potential where each bond is describethan those in the bulk. To overcome this, we use a Langevin
by the finite extensible nonlinear elasiEENE) potential  coupling term with a damping rate that decreases exponen-
[36] with k=30¢ andRy=1.50. tially away from the substrat¢37]. We choose the form
Droplets composed of polymer chains of length N=10,y, (2=} explc—2), wherey] is the surface Langevin cou-
40, 100, or 10/40 and 10/100 mixtures of equal mole fracpling. We generally use values gf=10.07* and 3.071
tion of monomers are generated by equilibrating a melt ofor ¢,=2.0¢ and 3.0¢, respectively, based on earlier work
the polymer containing 500 000 monomersPat 0 between  [8] matching the diffusion constant of the precursor foot for
two parallel plates in the direction with periodic boundary  flat and atomistic substrates. The larg@rcorresponds to an
conditions in the other two directions. The distance betweemtomistic substrate with larger corrugation and hence larger
the plated,=90 o. For the cylindrical geometry, the width dissipation and slower diffusion near the substrate.
of the simulation cell in the direction is chosen to be wide The equations of motion are integrated using a velocity-
enough such that there are no interactions between a chalrlet algorithm. We use a time step at=0.017, where
and its periodic image. The larger the width, the better the;=g(m/¢)Y2 The simulations are performed at a tempera-
statistical averaging of contact angle and radius measur@gre T=¢/kg using theLAMMPS code[38]. Most of the simu-
ments of the droplets. We found that bdtj=40 and 60c  |ations were run on 64 to 100 processors of Sandia’s ICC
give results with reasonable uncertainty in these measur@nte| Xeon cluster. One million steps for a wetting drop of
ments. For the spherical droplet, the dimensibgsL,. The 350 000 monomers takes 24 to 86 h on 64 processors de-
cylindrical droplets were constructed by removing all chainspending on the radius of the droplet.
with centers outside of a hemicylinder of radig=80 o in
the xz plane andL,=40 o, which resulted in droplets con-
taining ~350 000 monomers. FaR,=50 ¢ and L,=60 o, . .
the droplets contained-200 000 monomers. Hemispherical ~ For all of the simulations presented here, we extract the
droplets were constructed in a similar manner, with initialinstantaneous contact radit$) and contact anglé(t) every
radii ~48 o, resulting in a droplet also of200 000 mono- 400 . The contact radius is calculated by defining a one-
mers. The droplets were then placed above a substrate whiglimensional radial distribution functiog(r)=p(r)/p, based
initially has an interaction strength chosen so that the drople@n every monomer within 1.5 of the surface, wherpg(r) is
equilibrates with a contact angle near 90°. This is necessarpe local density at a distancefrom the center of mass of
since the method of construction of the drop leaves soméhe droplet and is the integral ofp(r) over the entire sur-
segments extending into the vapor phase. These danglirfgce. The contact radius is defined as the distarmewhich
chain segments quickly coalesce with the droplet after a(r)=0.98. The same calculation is used to obtain the droplet
short equilibration run. Hemispheres and hemicylinders wereadius for ten slices of the droplet at incremental heights
chosen over spheres and cylinders to avoid the substantialery 1.5¢0 from the surface. Fitting a line to the resulting
simulation time required for the isotropic droplet to transi- points gives the instantaneous contact angle. For simulations
tion to a cap geometry8]. All of the droplets studied here that exhibit a precursor foot, the monomers within &.5f

B. Analysis details
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FIG. 2. Surface tension of binary blends$ 40 polymers with
N=5 polymers(c) and N=10 polymers(CJ) as a function of the
bulk mole fractionx,q of monomers orN=40 chains.

FIG. 1. Molecular weight dependence of the liquid/vapor sur-
face tension folf =¢/kg. The solid line is a fit to the experimentally
observed\™23 dependence.

the surface are ignored in the contact angle calculation. .bU|k pressurd?zo W|thout tail correctlons[S]. We do not
include the tail corrections to the pressure in order to match

Fitting the spreading models to the contact angle and co he system of the spreading droplet. These simulations are
tact radius data requires knowledge of both the surface ten- y P 9 pet.

sion and viscosity. The surface tension is obtained by simuf UP o 84 000r. The autocorrelation function of each off-
iagonal component of the stress tensor is calculated using

lating the polymer melt in a slab geometry so that there ar : . .

two surfaces perpendicular to thelirection. ForN=40 and h? Numerlqal ReC|pesout|ne,CORR;L [42]. The gut.ocorre—

all blends. the melt contains 200 000 monomers and eac tion functions are averaged to improve statistical uncer-
surface has a cross-sectional area of 4880For shorter 'I?IEPe/.IThe results fory and » are also summarized in
chain lengths, the melts contain 100 000 monomers and eac The viscosity of each blend is obtained in the same man-

surface has a cross-sectional area of 2580after the sys- er as the pure components. The surface tension and viscos-
tem equilibrates, the surface tension is calculated from th P omp . :
for each blend is given in Table II. The surface tensions of

parallel and perpendicular components of the pressure tens e mixtures are closer to that of the shorter chains since they

via [39] dominate the liquid/vapor interface in the equilibrated sys-
L L, tem. However, the viscosity of the mixture is more strongly
Y= zf [p.(2) - p(2)]dz (3)  influenced by the longer chains.
0
The driving force for the spontaneous spreading of a droplet [ll. CYLINDRICAL GEOMETRY DROPLET
is the difference in surface tension at each interface. Since SPREADING MODELS

the liquid/vapor surface tensiopis dependent on the chain . o
length, the spreading rate is as well. Figure 1 shows a plot of The droplet is modeled as a cylindrical cap as shown by
y for droplets of several chain lengths obtained from MDthe hatched region in Fig. 3. Here, the droplet volume is
simulation. The data fit the experimentalj$0] observed defined as the cap of heightand width 2 of the cylinder
N2 molecular weight dependence very well and provide ay\nth radiusR and lengthL. The cap height can be expressed
means to both extrapolate values pffor large molecular N terms of the contact angl®, as
weights and estimate the change in spreading rate for differ-
ent chain lengths. _ 1-cod6)
To determine the composition dependence of the surface sin(6)
tension of the binary droplets, we equilibrate blendsNof i o )
=40 with N=5 and withN=10 at three blend compositions USing the definition for the area of a circular segmeAi,
as shown in Fig. 2, anN=100 withN=10 at a composition =3R*(26-sin 2, the radius of the cap can be written in
X100=0.5. This allows us to compare the cases where there irms of ¢ and differentiated to give
a large(5/40 systemor a moderate differencgl0/40 sys-
tem) in the surface tension of the pure components. Note that dr _ < A >1/2< sin® 6 )d_ﬁ

(4)

the surface tension shown in Fig. 2 is not a simple mean-field dt \ #- sin # cos 6 #—-sin 6 cosd/ dt’

(i.e., lineay function of the monomer fraction, as the fully (5)

equilibrated surface composition consists of almost fully

shorter chains. The free energy is determined by integrating the surface
The viscosity is calculated from the equilibrium fluctua- tensions of the liquid/vapor, solid/vapor, and solid/liquid in-

tions of the off-diagonal components of the stress tefgjr  terfaces over the areas of each interface. For the cylindrical

obtained from polymer melt simulations &t e/kg with the  cap geometry shown in Fig. 3, this is given by
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TABLE |I. Bulk properties of bead-spring chains obtained from MD simulation and model fit parametels=#diks, P=0. The
Lennard-Jones units are given in parenthesis.

Kinetic Hydro Combined
N ewle) KT p0d  Aeldd  pmito)  Lmito)  ale)  Lmite)  alo)  Xhn Myao  Xeomb
10 2.0 10.0 0.869 0.84+0.02 11.1+x0.4 72.2 30.3 124 190 .0014  .0049 .0012
10 3.0 3.0 0.869 0.84+0.02 11.1+04 37.4 60.4 63.2 147 .0029 .0045 .0012
40 2.0 10.0 0.886 0.94+0.02 41.7x1.4 141 58.2 339 181 .0008 .0066 .0011
40 3.0 3.0 0.886 0.94+0.02 41.7+1.4 59.9 73.6 160 140 .0037 .011 .0018
100 2.0 10.0 0.892 0.96+£0.02 132+2 180 41.2 155 51.8 .0015 .0009 .0009
100 3.0 3.0 0.892 0.96+£0.02 132+2 82.4 70.7 417 124 .0057 .013 .0019
100 2.0 3.0 0.892 0.96+£0.02 132+2 105 65.0 678 155 .0012 .016 .0022
100 3.0 10.0 0.892 0.96+£0.02 132+2 167 61.2 126 77.3 .0057 .0005 .0004
rt contact line to first order is obtained from E®) as
Friop=2rL(ys.=ysv +29L | dx 1
0 . 2 0 0,
/ r(t)=—7<—. - ) (10
(ah’(x,t))z}l2 ©) Lo \sin @ sin 6,
+ - 1
2 where the friction coefficienfy=AnksT/K\. Here, An is

wherey, ysy; and ys, are the liquid/ivapor, solid/ivapor, and the density qf sites on thle _soliq surface. Combining Egs.
solid/liquid surface tensions, respectively. The height of the®—(10), we find that the dissipation term due to the surface

cylindrical cap in terms of the cap dimensions is given by Kkinetics is .
T, = {F(H2L/2. (11)

2ai -1/2
h’(x,t):r_(—t){1—<xsmz2 0) —cosa} (7 |
sin ro The hydrodynamic dissipation term for the spreading
Combining Eqgs(6) and(7) and differentiating gives droplet is obtained by solving the equations of motion and
continuity. For the spherical droplet, Seaver and BEg
daliVls (i __% ) (g  found that approximating the spherical cap as a cylindrical
ar(t) sing singy/’ disk of the same volume gave results that differed from the

rigorous derivation by Co¥4] only by insignificant numeri-

Using the sFandard r_ne_chaljical des;_cription of dissipativ% | factors. We apply the same approximation here, treating
system dynamics, the dissipation function can be representq e hydrodynamics of the cylinder as identical to that of a

as rectangular box as shown in Fig. 4. Following de Ruijer
AT{r(®):r(t)}  IFE{r(®)} al. [3], we set the velocity of the upper part of the leading
i arm (9  edge to the droplet spreading velocity,[x=r(t),z=h’]
=r(t). With this boundary condition, the velocity profile is
whereT is the dissipation functiofil,43], which we consider simply
to be_.t composed of_ a kinetic_corppor]él'rﬁ, e_md a hydrody- vy(X2) = z (1), (12)
namic componenTs,,. The kinetic dissipation term, due to h'(x,t)

molecular adsorption near the contact line, follows the ki-The hydrodynamic dissipatioB,, is defined as

netic model introduced by Eyring and co-workg8?2] and )

applied to spreading of a spherical droplet by Blake and TS = ”f dv(&w) (13)
Haynes[33,34. In the kinetic model, the liquid molecules ” v iz )

jump between surface sites separated by a distaneith a

frequencyK. For the spreading cylinder, the velocity of the Combining Eqs(12) and(13) and integrating gives

TABLE Il. Bulk properties and model fit parameters for binary droplets. The Lennard-Jones units are given in parentheses.

Kinetic Hydro Combined
N enle) WY ped  Helo®)  pmite)  Lmito)  ale)  Lo(M/te)  alo)  Xen  Xeyaro  Xeomb
10/40 2.0 10.0 0.8800 0.885+0.02 34.8+1.4 109 58.9 259 178 0.0009 0.0059 0.0006
10/40 3.0 3.0 0.8800 0.885+0.02 34.8+1.4 45,5 73.9 168 160 0.0027 0.015 0.0024
10/100 3.0 3.0 0.8830 0.90+0.02 67.2+2.4 52.8 75.7 158 127 0.0061 0.015 0.0023
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L I o do [ 6-sin6@cosh\¥?
N > at = A cos
b
4 . N—-=
h _ sirt g )‘1 sin 6 sin 6,
7 0-sinfcosd/ &  2x(r(t) -a)sire
. 2  r(t)(6—sin 0 cosb)
(19
R This can be compared to the analogous expressions for a
spherical droplef2,3]
... y(cosfy—cosb)
FIG. 3. Diagram of the cylindrical cap. r(t) = rit))’ (20
fo+ 67l¢[9(t)]|n(?>
T =Ly ()(r(t) -a)/h, (14)
w d_t9__(l>1/3(2—3 cos@+ cos #)*3
where the parametexr has the same meaning as in R&i; dt  \3v (1 - cos6)?
it is a minimum radius cutoff applied to avoid the singularity o — 0
in the velocity at thez axis. Note that the logarithmic depen- (coSs 6~ c0s ) (21)

dence ofT2,, onr(t) for the case of a spreading sph§g f(_t) '
- - Lo+ 67 6(1)]In
becomes a linear dependence for the case of a spreading a
cylinder. Since the rectangular box and the cylindrical ca
have the same volume, we can rewrite Et{) in terms of
the cylinder dimensions

Fll'he kinetic model is obtained by setting=0 in Egs.
(18—«21), and the hydrodynamic model is obtained by set-
ting {,=0. For the kinetic model, the asymptotic solutions of

sir? 6(r(t) — a) 15 Egs.(18) and(19) give

T, = 2Lyi()?

r(t)(f—sinfcosb)’ Byt 25
. o o) ~ (2A)1’5<—> : (22)
For the spherical geometry, the hydrodynamic dissipation 640
term has been derived previousi3j
5,}/‘: 1/5
T, = 6mr(t) pd(6(1)i (H)2n[r (t)/al, (16) r(t) ~ 2(2A)2’5<§> : (23
w 0
where ¢(6(t)) is defined as as compared ta@(t) ~t=37 andr(t) ~t~7 for the spherical
geometry. Similarly, the asymptotic solutions for the hydro-
[1+cosé(t)]sin A(t) dynamic model give
$(0(0)) = . an ¢ g
[1-cosH(t)][2 + cosat)] 79\ 27
. o : o(t) ~ (2A)1’7(— (24)
We construct a combined kinetic and hydrodynamic 487 '
model in a manner analogous to de Ruigerl. by combin-
ing Egs.(8)«11) and(15) 7yt \ V7
rit) ~ 2(2A)3’7(—> : (25
F(t)= ’ ( b _ % ) (18) 487
b, 290(® - a)si’ 9 \sing sinfy/’ as compared ta(t) ~t~310 andr(t) ~ t~2 for the spherical
2 r(t)(@—sin O cos6) geometry.

Rewriting this in terms of the contact angheusing Eq.(5)
gives IV. RESULTS

A. Comparison to spherical geometry

For wetting droplets, the spreading is characterized by the
formation of a precursor foot of monolayer thickness that
advances ahead of the bulk of the droplet. The bulk region of

: : the droplet follows the precursor foot at a slower spreading
[ 1 rate. This is demonstrated in Fig. 5, where the contact radius
: I of the foot and bulk regions is plotted as a function of time
for both the cylindrical and spherical geometries. These
FIG. 4. Rectangular representation of the cylindrical cap.  droplets contain 20 000 chains Nf=10 with a substrate in-
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FIG. 5. Radius of the precursor foot for the cylindrigablid FIG. 7. Equilibrium contact angle as a function of surface inter-
line) and spherica{dashed linggeometries and of the bulk droplet action strength for polymer droplets composed NE10(c), N
for the cylindrical(dotted ling and spherica{dash-dotted linege-  =40(0J), andN=100(<) monomers per polymer.

ometries. Both cylindrical and spherical droplets consist of 20 000
polymers of lengthN=10. The substrate interaction strength

=20 is in the fully wetting regime foN=10, y°=10.0 " Fits to the kinetic, hydrodynamic, and combined models
=2. =10,9,=10.071,

are performed by taking initial guess values for the indepen-
: _ PRI : dent parameters and integrating the expressiomfdt de-

=2. hich he full ) . o )
teraction strengtiy,,=2.0¢, which is in the fully wetting fined in Egs.(19) and(21) for the cylindrical and spherical

regime forN=10. For the otherwise identical systems, thed | velv. As th d in th letel
radii of both regions of the cylindrical droplet increase faster roplets, respectively. As these data are in the completely

than those for the spherical droplet. This is a consequence gxfetting reg_ime, the_ equilibrium contact angle is fixedggt
=0°. The integration uses the fourth-order Runge-Kutta

the droplet spreading in one dimension in the cylindrical”
geometry and two dimensions in the spherical geometry. TthethOd to generate a set of dafigy(t). The parameters are

precursor foot grows diffusively(t) ~t, in both cases. We varied using the downhill simplex meth¢d2] until the dif-

return to further discussion of the time dependence®fin ference bef(wee'n' the model and simulation dagc(!)
Sec. |V C. - 0(t)|/6(t), is minimized. The error reported for each model

Figure 6 shows the time dependence of the contact angl§ calculated as

for the same system. For the contact angle, the cylindrical N _ 2

. . ; z_i |acalc(t) 0(t)|
and spherical geometries show a comparable spreading rate. X°= /\/’2 T
i=1

Since the droplet volume scalesrdsn the spherical geom-
where N is the number of data points in each set of data.

etry andr? in the cylindrical geometry, we favor the cylin-
%rtlga\l,l\,i?ﬁ ?ﬁ; e;g/n:ré ?nrljjrirbteor z;m#ézﬁgrsgresctlvely larger drop- For the data shown in Fig. 6, the hydrodynamic model
' provides a more accurate, though still only approximate, fit
to the data in the cylindrical geometry. The hydrodynamic
cutoff a=38.1 ¢ for the spherical geometry and 25s3for
the cylindrical geometry, indicating stronger hydrodynamic
dissipation in the cylindrical geometry. For comparison, the
friction coefficients obtained from the kinetic modé)

: (26)

80,

[=2)
(=
T D

0 (degrees)
'S
=)

[\
(=]
T

I =56.3m/ 7o for the spherical geometry and 56w o for
804 the cylindrical geometry are in excellent agreement.

- 60F

P

&b 40 B. Chain length dependence

= 20k The equilibrium contact angles for nonwetting droplets

L0 . . . . . ] are plotted as a function of the surface interaction strength in

0 10000 20000 30000 40000 Fig. 7. The variation of the surface tension with chain length,

i shown in Fig. 1, causes a shift in the wetting transition in

FIG. 6. (a) Fit of the kinetic(solid line), hydrodynamic(dotted terms of the surface interaction strength. The cont_act angles
line), and combineddashed lingmodels to the contact angle data for theN=10 andN=40 droplets are taken from earlier work
for the cylindrical geometry obtained from MD simulatié. (py  [8] on spherical droplets. The droplets are large enough to
Model fits for the equivalent droplet in the spherical geometry. Both€liminate any equilibrium contact angle dependence on the
cylindrical and spherical droplets consist of 20 000 polymers ofdroplet size[8]. Contact angles for thBl=100 droplets are
lengthN=10. The substrate interaction strengtj=2.0¢ is in the ~ from simulations containing 355 000 total monomers. Al-
fully wetting regime forN=10, y{=10.07% though the chain length dependence is weak for smgalihe
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FIG. 8. (a) Fit of the kinetic(solid line), hydrodynamiadotted
line), and combineddashed ling models to the contact angle data
for the cylindrical geometry obtained from MD simulation fidr
=10(), N=40J), and N=100¢) droplets for &,=2.0e, ¥
=10.07% (b) Same as above with,=3.0¢, ¥} =3.0 7 L. For clar-
ity, the N=10 andN=40 data sets have been shifted upward 60°
30°, respectively.

FIG. 9. Fit of the kinetic(solid line), hydrodynamic(dotted
line), and combineddashed ling models to the contact angle data
for the cylindrical geometry obtained from MD simulation fiir
=100 with ,=2.0e, %=10.07%(), &,=2.0¢, ¥ =3.07Y0),
andew=.3.08, 7?,_:10.07_1(A), and ¢,=3.0¢, yﬁ=3.07_1(0). For
clarity, the first three data sets have been shifted upward by 60°,
40°, and 20°, respectively.

wetting transition is shifted to highes,, for larger chain

lengths due to the increase in the liquid vapor surface tenthree models. As seen from Fig. 8, the best fit to the hydro-
sion. The transition occurs neaf,~1.75¢ for N=10 drop-  dynamic model is for the system with the highest viscosity,
lets and increases to abotff=2.25¢ for N=100 droplets. N=100. To explore this point in greater detail, we ran two
Hence, results shown fo,=3.0¢ are in the completely additional systems,e,=2.0e with y/=3.071 and e,
wetting regime for all chain lengths, while those fef;, ~ =3.0& with 4{=10.07"1, for N=100. The comparison of the
=2.0¢ are in the completely wetting regime only fdi=10 fits of the three models to all of tfé=100 systems is shown
and N=40. From Fig. 7, the equilibrium contact angle for in Fig. 9. Only for the droplets with the strongest surface
N=100,s,=2.0¢ is ,=26°. The equilibrium contact angle dissipation,y’=10.07"%, does the hydrodynamic model fit
extracted from the kinetic model fit for this droplet & the data very well. The hydrodynamic model fit is very poor
=28°. For droplets in the completely wetting regime, thefor 4$=3.0 7 * regardless of the equilibrium contact angle.
models are fit using an equilibrium contact angle fixed atThe strong surface dissipation slows the surface adsorption
6,=0°. rate allowing the hydrodynamic behavior to develop in the

The fits to the simulation data for various chain lengthspulk region of the droplet. On an atomic substrate, this is
for &,,=2.0 & andy{=10.0 7 ! are shown in Fig. &). Figure equivalent to increasing the surface corrugation. The com-
8(b) shows results foe,,=3.0¢ and(;=3.0 7. The fitting  bined model gives fitting parameters that are comparable to
parameters ang? values for all of these droplets are listed in both the kinetic and hydrodynamic models only for the two
Table 1. Overall, the combined model produces the best fitgéases where hydrodynamics is important. It should be men-
to the data, primarily due to the fact that it has two fitting tioned that the parameters obtained from the combined
parameters while the other two models each have one. Th@odel are more sensitive to the input parameters for\the
kinetic model also fits the data quite well in most cases=100, y;=10.0 7! systems. For these two systems, a 10%
which suggests that the combined model overspecifies thenange in the viscosity results in a 60% changéand a
droplet spreading behavior for these cases. This is reinforcetb% change ina for the combined model. For the other
by the fact that the parameters extracted from the combinegystems, a 10% change in the viscosity results in a 7%
model do not correspond well with the physical system. Inchange inZ, and a 1% change ia on average. The kinetic
most cases, the hydrodynamic cutaffobtained from the model fits the data better fer,=2.0¢ thane,=3.0¢, pre-
combined model is larger than the droplet radius and thgumably because the driving force is smaller since the initial
friction coefficient is larger than that obtained from the ki- droplet is closer to its final equilibrium contact angle. How-
netic model. Previously8], the single-chain diffusion con- ever, unlike the combined model, the friction coefficients for
stant was obtained from simulations of polymer melts andhese two droplets are consistent with those for the other
the friction coefficient was extracted using the Rouse modefiroplets, so we consider the fit parameters to be accurate.
via D=kgT/mNZg. As for the spherical droplets, the friction
coefficient {, obtained from the kinetic model was consis-
tently larger thargy for all cases.

Although the hydrodynamic model performs better for the  For binary droplets, the behavior is complicated by the
cylindrical geometry than for the spherical geometry, andnterdiffusion of the two components. As the droplet spreads,
gives values fora that are less than the droplet radius inthe component with the smaller surface tension gradually
every case, it still provides the poorest fit to the data of theliffuses to the droplet surface. This is evident in the profiles

C. Binary droplets
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FIG. 11. Spreading rate aB) the precursor foot an¢b) bulk
droplet radius for a 352 000 monomer mixture ME10 andN
=100 polymergcurves shifted upwajcand a mixture oN=10 and
N=40 polymerglower curve$ compared to homogeneous polymer
droplets of the same size. The curves correspord=+d0 (dashed
line), N=40 orN=100(dotted ling, and the 10/40 or 10/100 mix-
ture (solid line). &,=3.0¢, 1/ =3.0 7L

length N=8 and N=16 where no significant chain length
effects are observed.

For the 10/100 mixture, both components are in the com-

FIG. 10. (Color onling Snapshots of the spreading binary drop- pletely Wetting_ regime a#,=3.0¢. H_ere, the contact radius
let containirgg 352 OOOemonOFr)ners of a mixF;ure Nf:glo an)(;N P of the bulk region follows the behavior Qf tHNB= 100 droplet
=40 polymers. The images are taken from time0 (top), t  More closely than th&l=10 droplet. This indicates that the
=40 0007 (middle), andt=80 000+ (bottom). Monomers fromN  SPreading of the bulk region of the droplet is limited by the
=10 chains are shown in red and monomers filom40 chains are  diffusion rate of the larger component. The spreading rate of
shown in blues,=2.0¢, ¥ =10.07% the foot is nearly equal to the average spreading rate of the
two pure components, and the precursor foot composition is
about 50% short chain monomers, the same as in the bulk.
As found for the 10/40 blend; there is no measurable segre-
gation for the more energetic surface. The case where one
£,=2.0¢. Here, the precursor foot pulls ahead of the bulkcomponent wets the surface and the other does not will be

region as the droplet spontaneously wets the surface. Theéxammed In more detf.i'l in a future paper where_ we also
composition of the precursor foot shows a slight enrichmen?‘tUdy the .effect of varying,, for two components with the
of the N=10 chains, ranging from 59% to 63% in the three same chain length. . .
frames shown. Foe,,=3.0 £, no segregation in the precursor The three spreading models are fit to the contact angle
foot is observed. This can be understood in terms of th&at@ for a blend oN=10 andN=40 ponr_n(_ars and for a
relative distance from the wetting transition for each of the lend ofN;lO andN=100 p(_)lyme_rs. The fitting parameters
components. As shown in Fig. Ri=40 is quite close to the and assoc_late_d EIrors are given in Table Il. In every ca)se_,
wetting transition fore,=2.0s and has a significantly from the kinetic model is between that of thg correspondmg
slower spreading rate thak=10. However, fors,=3.0s, pure component systems. The hydrodynamlc model gives a
bothN=40 andN=10 are far from the wetting transition and value fora that agrees very well with the pure component
both have fast spreading rates. system of the larger cham_ length. The 10/100 r_mxture is f!t
Figure 11 shows the dynamics of the contact radius of thénu_Ch hetter by the pombmed mode] than by e|the_r the ki-
precursor foot and the bulk droplet for an equal monomef€C O hydrodynaml_c models, possibly dpe to a mixture of
mole fraction mixture of polymers of chain length=10 and slow and fast dynamics from the two chain lengths.
40 as well as a mixture dfi=10 and 100 for,=3.0¢ and
¥, =3.0 7. Also shown are the contact radius dynamics for
the corresponding single-component droplets. In general, the
spreading rate of the blend falls between that of the two pure To analyze the droplet spreading dynamics in greater de-
droplets. For either the foot or the bulk, it does not appeatail, we consider the velocity distribution inside the droplet
that the dynamics of the blend is being dominated by eitheand along the precursor foot. The velocity at a given position
the N=10 or N=40 polymers in the 10/40 mixture. Similar in the droplet is obtained by generating a histogram of the
results are found foe,,=2.0e and 4/=10.07"1. This is in  instantaneous velocities of the monomers. To eliminate the
agreement with earlier simulatiofid1,34 of blends of chain  random fluctuations of the atomic velocities, we average 500

of the binary droplet shown in Fig. 10. The droplet, com-
posed of an initial equimolar mixture of monomers belong-
ing to chains of lengtiN=10 andN=40, is on a surface with

V. VELOCITY DISTRIBUTION
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70 - . - . y T in monomer positions at 20 000and 40 000r. This more
60'_ clearly demonstrates the slight differences in spreading be-
I havior for the two chain lengths. Figure 13 shows that the
50k shorter chains move more rapidly than the longer chains, but
r generally exhibit the same behavior. The shorter chains that
40 are buried in the droplet near the substrate show a strong
ﬁ30'_ tendency to move away from the substrate, whereas the
I Lo longer chains show no such tendency even though the shorter
20+ Y chains are farther from the nonwetting transition than the
- jf: longer chains. This is possibly due to the ability of the
10F f"/“ shorter chains to diffuse a detectable amount during the
0-“““"““"'*"ﬁéﬁé&s‘*‘ k 20 0007 time period, while the longer chains are consider-
0 50 ably slower. Figure 13 also indicates that the radial compo-

nent of the velocity increases as the distance from the center

FIG. 12. Instantaneous velocity distribution of a homogeneou®f the droplet increases. A more detailed analysis of the

droplet after 6000, N=40, £,=3.0¢, °=3.0 7L, source material of the precursor foot shows that the radial
distance traveled by a polymer depends mostly on the initial

such histograms over a period of B0After generating the radial position of the polymer and not on how near it is to the

averaged histogram’ bins Containing less than 50 monomeﬁgoplet surface. AIthough the highest velocities are found at

are manua”y removed. Otherwise, these near]y empty binwe droplet surface, this does not have much influence on the

would create the illusion of more flow at the surface than iscomposition of the precursor foot.

actually present.

The instantaneous velocity of a homogeneous droplet
composed oN=40 polymers is shown in Fig. 12. The region
near the edge of the droplet has the highest velocity, while Using molecular dynamics simulation, we study the
the monomers at the center of the droplet and near the sulgPreading dynamics of one-and two-component polymer
strate but not near the edge are almost stationary. This is i@roplets. We apply a cylindrical geometry and demonstrate
Sharp contrast to previous|y pub“shed Ve|ocity fields Ofthat the same qualitative Spreading behavior is observed as in
spreading droplet®9,10], which show most of the monomers & spherical geometry. We derive spreading models for the
in the droplet moving at the same speed. In these previougylindrical geometry based on hydrodynamic and kinetic dis-
cases, the droplets started as equilibrated spheres placed jg#tation mechanisms, and show that hydrodynamic effects
above the substrate, having a contact angle of 180°. This h&¢come relevant at shorter time scales in the cylindrical ge-
been shown to significantly alter the spreading dynamics ofmetry. We also show that thet) ~t/1% scaling from the
the droplet even well after it adopts a hemispherical shapBydrodynamic model and thet) ~t'/” scaling from the ki-

[8], since the transition from a sphere to a hemisphere imnetic model for spherical droplets becom&)~t’ and
parts a significant amount of momentum. By starting withr(t) ~ '/, respectively, in the cylindrical geometry.

the droplet equilibrated at a contact angle of less than 90°, Fitting the models to the spreading data of homogeneous
we are able to focus on the dynamics induced by the surfacgroplets shows that the best fit is obtained using a combina-
tension driving force and not by the momentum gained bytion of the kinetic and hydrodynamic dissipation mecha-
the droplet coming into contact with the surface. nisms, although the parameters extracted from the fit do not

The velocity distribution of each component of an agree well with the physical parameters of the system. The
equimolar blend oN=10 andN=100 polymers is shown in hydrodynamic model fit the data well only for the slowest
Fig. 13. Instead of averaging the instantaneous velocity ovespreading and highest viscositii=100 case studied, indi-

a short period, the velocity is calculated from the differencecating that the kinetic dissipation mechanism may be domi-
nating any hydrodynamic effects for the other cases. By in-

VI. CONCLUSIONS

60r @ T N T ' T creasing the strength of the surface dissipation, we are able
a0k to slow the droplet spreading rate enough for w100 for
Sl L W hydrodynamic dissipation to be significant. _ _
| TR :;}:'.;:;m;:m:,::?‘}"j‘?}* Compared to homogengous droplets,.the sprea_dmg of bi-
Lo ®) : | : & e nary droplets is characterized by the difference in surface
40'_ tension, viscosity, and interaction strength between the two
components and with the substrate. In the binary droplet at
20 equilibrium, the fraction of shorter chains, which have a
0(; lower surface tension, is higher at the droplet surface. How-

ever, the interdiffusion rate is much slower than the spread-
ing rate for the droplets presented here. As a result, no en-

FIG. 13.(a) Velocity distribution ofN=10 polymers in a 10/100 richment of the lower surface tension component is observed
binary droplet after 20 008. (b) Velocity distribution of N=100  either at the droplet surface or in the precursor foot when
polymers in the same droplet,=3.0¢, 1/ =3.0 7 L. both components wet the surface. In the case that the differ-

x/c
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ence in viscosity between the two components is large, théhe interior of the droplet is almost stationary. For a droplet
spreading rate of the bulk region is limited by the spreadingcomposed of an equimolar mixture of short-chain and long-
rate of the more viscous component. Otherwise, the spreadhain polymers, we find that the shorter chains move more
ing rate is roughly equal to the average rate of the two comrapidly than the longer ones near the surface of the droplet.
ponents. The single binary system for which the combined:rom the droplet surface, they move downward to the pre-
model performed noticeably better than either the kinetic oyrsor foot and then outward along the substrate.
hydrodynamic models was the mixture of chain lengths Future work will include studying the effects of the inter-

=10 andN=100, possibly due to the combination of fast 4¢tion strength between the two components and the effects
dynamics fromN=10 chains and slow dynamics froid of patterned surfaces.

=100 chains.

By starting with droplets that have a contact angle
=90° and not with spherical dropl_ets f'ibove the substrat_e,_ we ACKNOWLEDGMENTS
are able to focus on the dynamics induced by the driving
forces of droplet spreading and not by the momentum gained Sandia is a multiprogram laboratory operated by Sandia
by coming into contact with the substrate. The instantaneou€orporation, a Lockheed Martin Company, for the United
velocity distribution of the spreading droplet shows thatStates Department of Energy’s National Nuclear Security
spreading occurs by the motion of the droplet surface whileAdministration under Contract No. DE-AC04-94AL85000.
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