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ABSTRACT We discuss the precursor film profiles expected to be encountered during the spreading of 
large N polymer melts. We introduce a new control parameter: the ratio f of bulk to substrate monomer 
mobility. As a function off, a variety of shapes are encountered. For f = 1, the "sliding" profile of Bro- 
chard and de Gennes is recovered. With increasing f the macroscopic "foot" predicted by Brochard and de 
Gennes diminishes in height and eventually vanishes. For large f, the precursor is found to spread by a 
new mechanism: reptation instead of hydrodynamic flow. The new precursor profile is characterized by a 
shoulder or step with a height on the order of the radius of gyration of the polymers. 

I. Introduction 

The macroscopic properties of drops of low-viscosity 
fluids spreading over dry and smooth substrates are well 
understood.' The drop has the shape of a hemispheri- 
cal cap whose radius increases with time and whose con- 
tact angle 0 with the substrate decreases with time (Fig- 
ure 1). The spreading velocity U of the drop is deter- 
mined by a competition between the capillary pressure, 
favoring spreading, and viscous losses. This competi- 
tion is expressed in Hoffman's law: U c: (y/7)03, with 7 
the viscosity and y the surface tension. Importantly, this 
spreading velocity is not dependent on the difference in 
surface energy of a wet and a dry surface. A measure of 
that difference is the spreading pressure S, defined by 

(1) 

with ysv and ys, respectively the energy per unit area of 
the dry and the wet substrate. Of course, a positive value 
for S (wetting) is a necessary condition for spreading. 
For negative S (nonwetting), the contact angle is fixed 
by Young's law' y cos (e) = ysv - ysl. 

It has been known since the days of Hardy that ahead 
of the macroscopic drop there exists a microscopically 
thin precursor film. This precursor film is due to the 
film-thickening "disjoining" pressure exerted by van der 
Waals forces between substrate and film. The driving 
force for the spreading is the combined effect of gradi- 
ents in the capillary pressure and the disjoining pres- 
sure. The height profile { ( x )  of the precursor film was 
predicted, by Joanny and de Gennes'" (JG), to be pro- 
portional to l/x, with x a coordinate along the substrate 
and perpendicular to the contact line (see Figure 1). The 
precursor film starts when the thickness of the droplet 
has fallen below a height a,/O, with a, = (A/6ay)l/' a 

s = YS" - 7 8 1 -  Y 

microscopic length ( A  is the Hamaker constant). Naively, 
we should have expected the drop to spread until its height 
has been reduced to that of a monolayer. JG predicted 
instead that due do the disjoining pressure, there should 
be a minimum height e = a,(y/S)l/', such that { cannot 
drop below e .  

The spreading properties of drops of polymer melts 
are of particular intererest for technical applications (lub- 
rification, paints, etc.). Because they are nonvolatile and 
because of their slow spreading velocities, large N poly- 
mer melts (with N the degree of polymerization) would 
be expected to provide us with a test case for the JG 
theory of precursor films. However, already the macro- 
scopic spreading properties of polymer melt droplets offer 
unexpected features: the spreading velocity sometimes 
exceeds Hoffman's law4 and deviations from the macro- 
scopic drop shape have been n ~ t e d . ~ ? ~  

Recently, polarized reflection microsco y by Ausserre 

ylsiloxane) (PDMS) melts, spreading over smooth silica 
surfaces, confirmed Hoffman's law. Detailed ellipsome- 
try measurements by Leger et  al.8v9 showed that the drop 
thins out to a limiting thickness that is in fair agreement 
with the predicted value of e. They did find a precursor 
film, but the measured profile was in clear disagreement 
with the calculated profiles." 

Brochard and de Gennesll (BG) noted that we indeed 
should expect the precursor profiles of polymer melt drop- 
lets to be unusual. Because large N polymers are entan- 
gled with each other, polymer melts will resist shear flow. 
A precursor film spreading under a pressure gradient nor- 
mally can only do so by shear flow because the flow veloc- 
ity at the substrate is assumed zero. For large N melts, 
this is an unlikely scenario. One would rather expectI2 
a thin melt film subjected to a pressure gradient to slip 
and slide over the substrate. If k is the friction coeffi- 

et a1.7 of drop profiles of large N (104-10 B ) poly(dimeth- 
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iments. In particular, reduction in mobility of polymers 
close to the substrate will be argued to be an essential 
effect in understanding polymer melt precursor films. 

Assume a melt is flowing over a substrate. A polymer 
with some of its monomers in contact with the substrate 
(“attachment sites”) could be severely slowed down if the 
substrate can trap monomers over shorter or longer times, 
for instance due to hydrogen bonding. There then would 
be little or no hydrodynamic flow in the melt in a layer 
with a thickness of the order of the radius of gyration R, 
(”dead layer”). 

PDMS melts flowing between mica plates separated 
by a distance less than R, indeed have been found to 
have a considerably enhanced viscosity,13 providing evi- 
dence for the existence of a dead layer. In addition, the 
melt exerted a repulsive force on the plates with a range 
on the order of Rg.I4 We should not expect the macro- 
scopic laws of fluid dynamics to remain valid for melts 
at  distances less then R, away from an attractive wall. 
We can think of R, as the characteristic microscopic length 
scale of the problem. For large N ,  R is on the order of 
100 A, which is comparable to the keight of a typical 
precursor film, and we need a different description for 
this “microscopic” range. 

The aim of the paper is to compute the precursor pro- 
file of large N polymer melts for precursor film heights 
less then or comparable to R . In section 11, we will for- 
mulate the “two-fluid” mode? and calculate the profile. 
In section 111, we conclude with a discussion of the non- 
equilibrium effects that are expected to pose the most 
serious restrictions on the validity range of the proposed 
model. 
11. Two-Fluid Model 

For film heights [ >> R,, macroscopic hydrodynamics 
can be assumed to be valid. As f becomes comparable 
to R,, more and more polymers will have one or more 
monomers in contact with the substrate and these poly- 
mers could be considerably slowed down, as argued in 
the introduction. A small remaining fraction of poly- 
mers will, however, have no attachments. They are still 
relatively mobile and can be expected to give an anom- 
alously large contribution to the mass transport. 

The transport mechanisms of these two separate spe- 
cies will be different. Polymers with attachments are 
mutually entangled and transport, if possible a t  all, pre- 
sumably occurs by the slip mechanism of BG. The entan- 
gled polymers slide as a collective entity with relatively 
little shear. On the other hand, transport of the remain- 
ing polymers, with no attachments, cannot be by hydro- 
dynamic flow. The attached polymers form a porous 
medium through which the mobile polymers must man- 
age to sneak. We will assume the reptation model as the 
transport mechanism for mobile polymers. There are thus 
two very different possible modes of transport, which in 
the language of electrical circuits, are in paralel. 

One may compare this situation with superfluid 4He 
where mass transport is due to a combination of normal 
viscous flow and zero viscosity superflow. By analogy 
with 4He, we will use a two-fluid model and write the 
flow velocity U as the sum of a reptation and a slippage 
contribution: 

(4) 
Here, n is the fraction of polymers with no attach- 

ments while U, and Us are respectively the flow veloci- 
ties of the polymers without and with attachment sites, 
averaged over the height of the precursor. To deter- 
mine U, and Us, we note that the mobile polymers are 

u = nu, + (1 - n)V, 

\ 

Foot Precursor 

\ DROP 

Figure 1. (a) Droplet profile for the case f << P I 2 / N e .  The 
precursor profile has a “foot” of height b. The height of the 
foot is reduced by a factor l / f  com ared with the BG theor , 
(b) Droplet profile for the case d2/iVe << f << (N/BN,)33.  
The “step” at the beginning of the precursor has a height on 
the order of R,. Transport in the step is by reptation. Trans- 
port in the more remote part of the precursor is by slip. 

cient of this slipping film, then the spreading velocity 
would be 

kU = - [ ( x )  dP/dx (2) 
with P the pressure (and ( ( x )  the film height). For small 
[, we can neglect the capillary pressure and identify P 
with the disjoining pressure for the nonretarded van der 
Waals interaction II = A/6x?.  The solution of eq 2 is 

[ ( x )  = ( A / [ ~ U X ] ) ’ / ~  (3) 
Note the different dependence on x compared to the JG 
theory. The precursor profile is of course time depen- 
dent; eq 3 is the profile in a frame moving with the spread- 
ing velocity. 

The friction coefficient k of a melt with a smooth sub- 
strate should not depend on the length of the polymers 
because entanglement plays no role in the slippage. If 
there is no reduction in the monomer mobility near the 
surface (see section 111, one expects k to be of order q,,,,/ 
a ,  with qmono the viscosity of indiuidual monomers (i.e., 
of a melt with N = 1) and a the monomer length. 

BG predicted that in between the macroscopic drop 
and the precursor film, there should be a big “foot” in 
the profile (Figure la). This foot is required because the 
spreading drop must build up a pressure head to push 
the slipping precursor over the substrate. The foot should 
have a height b of order (q/qmono)a, with q the viscosity 
of the melt. For N = lo3, this height is of order 10 pm 
and should easily be visible by ellipsometry. No such 
foot was seen by Leger et al. (and neither did the mea- 
sured profile obey eq 3) although, as mentioned, other 
experiments had noted deviations from the hemispheri- 
cal-cap shape. 

In view of the discrepancies between different experi- 
ments and between experiment and theory, it is reason- 
able to assume that an important control parameter for 
polymer melt precursors has been overlooked. The basic 
premise of this paper is that the discrepancies must arise 
from differences in the substrates used in different exper- 
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reptating through a porous medium, sliding with veloc- 
ity Us under a pressure gradient. We will use Darcy’s 
Law for transport in a porous medium in a frame mov- 
ing with a velocity Us 

(5) 
with K the “permeability”. 

This permeability is on the order of Na3p/ (1  - n) ,  with 
p the polymer mobility in a bulk melt. This may be seen 
by noting that Nu3 is the volume per polymer, so Nu3 
dII/dx is the average force per polymer. The average 
flow velocity U, - Us is the product of the mobility and 
the average force. The factor (1 - n)-’ is included because 
the frictional force on the mobile chains should be pro- 
portional to the density 1 - n of the porous medium; it 
is only valid for n small compared to one. 

The mobility p of a re tating polymer in a melt15 is 

ity and Ne the entanglement distance (=loo). The result- 
ing expression for the permeability is 

K = (Ne/N)a3pmono/(1 - n)  (6) 
The force 3rep = n dII/dx per unit volume on the mobile 
chains is, from eq 5 

(U,  - Us) = -K dn/dx  

on the order of pmOnJe/ ZJ with pmono the monomer mobil- 
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the BG theory. We must, however, assign a different value 
to the friction coefficient k. In the BG theory, k was 
related to the bulk monomer viscosity qmono by k = smono/ 
a (or equivalently to the bulk monomer mobility pmono 
by l/a2pmono). The reduced mobility of polymers near 
the substrate will, however, produce an additional drag 
on the melt and thus an enhanced friction coefficient. 

We will lump the substrate-specific effects into the 
dimensionless ratio f = pmOno/pLa of the monomer mobil- 
ities in bulk (pmono) and on the surface (ps) .  Both mobil- 
ities are thermally activated and f could vary over many 
orders of magnitude. If the substrate does not impair 
the monomer mobility, then f = 1 and the BG theory 
should be valid. If, on the other hand, there is hydro- 
gen bonding of the polymer to the substrate, then we 
expect f >> 1. We will consider f as a phenomenological 
parameter whose value must be determined experimen- 
tally. 

Replacing p by ps in k gives the new estimate 

k = f q m o n o / a  (11) 

b i= f’(T/qmono)a (12) 

This also means that the height of the foot is reduced: 

The profile { ( x )  still obeys eq 3 in this regime. It  fol- 
lows from eq 3 that {grows as we reduce x (Le., approach 
the macroscopic drop). With increasing {, a({) also grows. 
The two terms in eq 9 become comparable when {reaches 
a crossover height fc0  such that n(Cc0)K = Cco/K or 

Cc0 = R,[ln (fNe/flJ2)]-’/2 (13) 
The validity range of the slip regime is then { < lc0. I f f  
is small compared to h@/’/N,, then Cc0 exceeds R,. Recall 
that the two-fluid model is only valid if {is less than R,. 
Thus, i f f  << h@/’/N,, then we are always in the slip 
regime. For small values of f the BG theory is recov- 
ered. I f f  >> h@/’/N,, then only the thin, remote part of 
the precursor obeys BG. There is no foot in this case 
because lc0 acts as a cutoff. 

(B) Reptation Regime (R, < t < tco). We now assume 
n to be small but finite. First write eq 9 in the form 

u = -a3(Ne/N)~mono[n(C) + (C/a)(N/fNe)l X 

dl/dx (14) 
by using eq 6 and 11 and the expression for the disjoin- 
ing pressure. Because n( {) increases exponentially fast 
with {, we can neglect the second term practically imme- 
diately when { > Cc0. The reptation term “shorts” the 
slip term. The differential equation for {, neglecting slip, 
is 

U = -(const)a3A(N,/N)~mono(Rg/ s“) X 

e~p[-(R,/t)~(*~/8)1 d{/dx (15) 
which has the solution 

3rep = -nK-’(U, - Us) (7) 
The entangled, slipping polymers feel two friction forces: 

a friction force due to the substrate, given by eq 2, and 
a friction force due to the mobile polymers, which by 
Newton’s third law, is equal but opposite to Tjrrep. If gBLiP 
is the frictional force per unit volume on the slipping 
polymers, equal to (1 - n)  dII/dx, then 

TSlip = -k Us/ { - 3 rep (8) 
We can now solve eq 4 ,7 ,  and 8. Eliminating U, and Us 
gives 

(9) 
Returning to the analogy with electrical circuits, eq 9 sthtes 
that for parallel transport we must add the “conductivi- 
ties” nK and {/k to get the total conductivity. 

To compute the fraction n of mobile polymers, we will 
use the assumption that the precursor is an ideal melt. 
Polymers in an equilibrium melt perform Gaussian ran- 
dom walks so in the bulk of the sample R, is on the order 
of aN112. If the spreading is sufficiently rapid, then the 
precursor film may not be an ideal melt as will be dis- 
cussed later. 

Assuming now that a polymer performs a Gaussian ran- 
dom walk, the polymer will touch the substrate roughly 
every N monomer distances, with f = UJV ‘ /~ .  Let p be 
the probability that after N monomers the polymer has 
not touched the substrate. This probability will be some 
finite number independent of N. The probability ‘P for 
a polymer not to touch the substrate after N monomers 
is then of order pN” so ‘P = exp[-(R,/{)’I In @)I]. The 
fraction n of mobile polymers should be on the order of 
P. Using the theory of random walks, it is possible to 
show that the actual answer is 

n(t)  = (const)(R,/t) e~p[-(R,/t)~(7r~/8)1 (10) 
if { << R,. 

We now have in eq 9 a differntial equation for the pro- 
file. We will first consider the regime of small {. 

(A) Slip Regime (t < tco). For { << R,, n({) is negli- 
gible and we can neglect the first term in eq 9. This 
reduces eq 9 to eq 2 so we are back in the slip regime of 

U = -(nK + ({/k)) dII/dx 

with y a numerical constant. The integration constant 
x o  is fixed by demanding that we join the precursor to 
the macroscopic drop a t  x = 0 with ((0) = R, so 

It  follows from eq 16 that { ( x )  has a sharp step or shoul- 
der a t  x o  where it drops to zero. The reptation profile 
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eq 16 thus persists only over a finite distance xo away 
the macroscopic drop. Of course, the profile does not 
really fall to zero at  xo; once { drops below Cc0 the profile 
crosses over to the slip regime. 

If we use Hoffman's law in eq 17 with q = l/ap, then 

xo = a ( A / y 2 ~ ~ ) ( N ' / ~ 8 ~ ) - '  (18) 
For N = lo4 and 8 = 0.1, xo  is on the order of 10 A, which 
is neglible. As the droplet spreads and 8 reduces to, say, 
0 = 0.01, xo is on the order of lo4 A, which should be 
quite visible by ellipsometry. The two-fluid model is thus 
only relevant for small contact angles. 
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ber of the slipping film is then 

Using once more Hoffman's law for V ,  eq 12 for b, and 
D = U-raf/b{ (20) 

D(C) = (ra2/kr)8%/C)f2N,3/P ( 2 1 )  

9 = 9 , , , , ~ / N e 2  gives 

The condition for the precursor film to be in equilib- 
rium for small C is thus f << (N/8Ne)3/2 (with { = a). If 
this condition is not satisfied, then the thinner part of 
the precursor will be out of equilibrium. The crossover 
height Cne below which the film is out of equilibrium is 
defined as D(lne) = 1 or 

lne = a ( ~ a ' / k r ) 8 ~ ? N ? / P  (22) 
We can now make a list of the different regimes as a 

f = pmonolps spreading mechanism 
f << iV'I2/Ne slip regime 

N"I2/Ne << f << (N/8N,J3I2 reptation + slip 
f >> (N/8Ne)312 non-Newtonian regime 

It would be very interesting to give a satisfactory descrip- 
tion of spreading in the nonequilibrium regime. Besides 
the effects already mentioned, we note that for large f 
and large D the top part of the precursor could spill over 
the bottom part. In that case, the polymers on the bot- 
tom could form a "coat" on top of the substrate. This 
may even restore the { = 1/x behavior. One may spec- 
ulate that such a coat would have a thickness on the order 
of Cne. However, because so many new phenomena are 
expected for D >> 1, we will not attempt a quantitative 
description. 

In summary, we have found that for the spreading of 
polymer melts on smooth substrates, there is a new con- 
trol parameter, f ,  which is crucial for determining the 
precursor profile. The substrate thus affects the film pro- 
file not only through the spreading pressure S but also 
through the surface monomer mobility, which is propor- 
tional to f ' .  For large f ,  the profile consists of a repta- 
tion regime joined to a slip regime by a step. For small 
f ,  the BG slip profile holds throughout. 

There appear to be no published values for f. The exper- 
iments of Leger et al. show that for PDMS on silica, f 
must exceed lo4, otherwise they should have observed a 
foot. One could in principle measure f with fluorescent 
tracer techniques. The predicted reduction in surface 
monomer mobility of PDMS on silica by at  least 4 orders 
of magnitude should be an easily visible effect. In addi- 
tion, information on "non-Newtonian" precursors would 
be very interesting. The existence of a coat could also 
be investigated by tracer fluorescent techniques. 
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ABSTRACT We simulated polymer chains in 8 solvent by a random walk model and calculated the trans- 
lational friction coefficients and the hydrodynamic radii of these chains by solving the hydrodynamic equa- 
tions numerically. Thus the preaveraging approximation in the Kirkwood-Riseman theory is avoided. More 
than 25 polymer chains of size 900 segments were calculated. The average ratio (R,/R,) for long chains 
approaches 0.87 and the averaged (Rh-*)-* vs root-mean-square averaged R, approaches 0.79; thus they 
agree well with the measurement. 

The hydrodynamic behavior of polymer chains is an 
important subject in macromolecule science and has been 
studied extensively. By considering the hydrodynamic 
interactions between segments, Kirkwood and Riseman' 
have calculated the intrinsic viscosity and the transla- 
tional diffusion coefficient of polymer chains. Their the- 
ory has shown that the scaling exponent @ of the trans- 
lational friction coefficient (and hence the hydrody- 
namic radius Rh) vs the molecular weight of polymer N 
(Rh - No) decreases from 1 to 0.5 describing the transi- 
tion from free-draining to nondraining limit. Thus the 
ratio of the hydrodynamic radius vs the radius of gyra- 
tion approaches a constant for large polymers. Efforts 
have been made to improve the original K-R theory by 
considering the flexibility of the chains and improving 
or avoiding the preaveraging appr~ximat ion .~-~  On the 
other hand, the rapid development in light scattering tech- 
niques has furnished highly accurate measurement of the 
translational friction coefficient,' and the result indi- 
cated that the Kirkwood-Riseman theory' and Zimm's 
theory' underestimated the ratio between the hydrody- 
namic radius and the radius of gyration. Zimm's Monte 
Carlo calculation has indicated that by avoiding the preav- 
erage approximation the extrapolated value from numer- 

'To whom correspondence should be addressed a t  the Univer- 
sity of Texas. 

ical calculations did raise this ratio ~ignificantly.~ Since 
Zimm's result is extrapolated from calculations that were 
limited to 50 segments, it is essential to extend the cal- 
culation to polymers of large sizes. In this paper we numer- 
ically solved the hydrodynamic interactions between chain 
segments and calculated the translation friction coeffi- 
cient and the hydrodynamic radius. By directly solving 
the hydrodynamic equations, we avoided the preaverag- 
ing approximation used in the K-R theory and some other 
theories, and thus the fluctuations are considered. Our 
work is in the same line as Zimm's Monte Carlo study of 
the hydrodynamic property of polymer  chain^.^ The major 
differences are that we used a different model to gener- 
ate the configurations of the chains and we extended the 
calculation to larger chains of 900 segments as compared 
to 50 segments calculated by Zimm. The other differ- 
ence is that we have used a modified Oseen tensor. As 
in Zimm's Monte Carlo calculation our model also 
neglected the flexibility of the chains and the internal 
friction proposed by Fixman." 

We generate random walks in a three-dimensional lat- 
tice, and the monomers are modeled by spherical beads 
at each lattice point where the walker passes. The walk 
is allowed to cross itself or to take an immediate back 
step, though only one bead is located on each crossing 
point. The diameter of the bead is chosen to be the lat- 
tice constant. This simple model retains the essential 
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