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Diffusive two-dimensional spreading of a polymer 
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We have measured the thickness profiles of  ultrasmall (picoliter volume) droplets of polyd~mcthvls~loxane during thelr 
spreading on a silver surface at centra! thicknesses below one monolayer. The resulting prufile shapes can he approximated well by 
shperical caps, and the diffusion dynamics are q u ~ t e  difterent from those expected for mintlike particles. Thc cxpcrimental data 
are in remarkable agreement with Monte Carln simulations or a spreading two-dirnenr~onal polymer lattice-gas, which are 
performed using the bond fluctuation method. 

The fundamental physical concepts involved in 
the spreading of liquids on solid surfaccs have 
been a topic of increasing interest in the past 
years. Following a detailed theoretical analysis by 
de Gennes [I], there have been a numher of 
experiments probing the shapes and dynamics of 
liquid droplets spreading on a solid substrate [Z]. 
So far the experiments as we11 as subsequent 
theoretical work [3]  have focussed on the behav- 
ior of the central cap of the droplet and on the 
general properties of the precursor film that pre- 
cedes the edge of the spreading cap. Our aim was 
to  investigate the processes a t  the edge of the 
precursor film, where simple diffusive mecha- 
nisms are  expected to dominate. However, de- 
tailed and systematic studies of this region have 
been lacking so far. We thus studied the temporal 
evolution of droplet profiles with central thick- 
nesses below one monolayer, using droplet vol- 
umes of onIy a few picolitcrs. The results are 
compared to Monte Carlo simulations of a 
spreading two-dimensional polymer gas. 

We chose to study the spreading of poly- 
dimethylsiloxane (PDMSS, since this polymer has 
been widely used in experiments by other groups 
as well. PDMS moiecuIes Iie flat on a solido sur- 
face and have a chain diameter of about 7 A [4]. 
They are commercially available with a large 
range of molecuIar weights. We worked with low 

weight, unfractionated polymers [ 5 ]  in order to 
reduce the time scale of the experimcnts. The 
droplet profiles were measured using opticaIly 
excited surface plasmons. DetaiIs of the  experi- 
mental technique are given elsewhere [6]. Thc 
substrate consisted of a thin silver film (thickness 
53 nm), which was prepared by thermal evapora- 
tion onto the base of a glass prism. We deposited 
the PDMS shortly after preparation of the films. 
The experiments were performed undcr air in a 
closed box to avoid contamination by dust. The 
lateral resolution of the results shown helow is 
about 120 pm. 

Fig. 1 shows droplet profiles obtained during 
the spreading of a PDMS droplet with a 6 pt' 
volume. The earliest profile has a central thick- 
ness still larger than a monolayer. A small kink in 
the slopes indsates monolayer completion be- 
tween 7 and 8 A. The slight asymmetry is a rcsult 
of the noticeable spreading while scanning the 
profile at this early stagc. AII later profiles have a 
central thickness of less than a monolayer. At 
these stages the droplet should he viewed as a 
two-dimensional distribution of polymers, accord- 
ingIy the thicknem profile should he more cor- 
rectly labeIled an areal density distribution (nev- 
ertheless, we will use the terms interchangeably). 
Assuming simpre diffusive dynamics of pointlike 
particles, onc would expect the profiles to have 
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Fig. 1. Meawred thickness profiles of a spreading PDMS 
droplet lvalurne 6 p t ), at r = 35 ( o), 80 (0) and 360 ( A  min 

after deposition. 

Gaussian shapes. However, fig. 2 shows that this 
is not the case. Fits of a Gaussian to one of the 
profiles in fig. 1 cannot satisfactorily describe the 
droplet shape, whereas it can be approximated 
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Fig. 2. Middle profile of f ~ g .  1 f~tted by a Gaussian (dashed) 

and a spherical cap Isol~dF. 

very weIl by a spherical cap. This holds for a11 
measured droplets. The small smeared out foot at 
the edge of the spherical cap, just visible in fig, 2, 
grows larger with increasing spreading and will be 
discussed below. A description of the growth of 
the droplet radius r by a simple growth Iaw r - t 
yields exponents around 0.13, considerably lower 
than the value of 0.5 expected for simple diffu- 
sion. 

This result shows, that obviously a submono- 
layer of polymer moIecules cannot be viewed as 
an ensemble of freely diffusing particles. Like in 
three dimensions the polymer motion is restricted 
at high areal densities in the presence of other 
rnolecuIes, possibly leading to a reptation-like 
motion. Only at densities where the mean dis- 
tance between the polymers is larger than their 
average extension free diffusion is expected to 
take over. 

In order to check these qualitative arguments 
we have performed Monte Carlo simulations on a 
two-dimensional polymer lattice-gas employing an 
algorithm based on the bond fluctuation method 
introduced by Carmesin and Krerner [7]. Poly- 
mers are modelled as chains of monorncrs on a 
square lattice. They can move via hopping of 
single monomers, where the bond Iengths are 
allowed to fluctuate. We used a single-sitc mode1 
li.e., the bond length can have valucs of 1 and Jf 
in units of the lattice constant) on a 600 x 600 
lattice, allowing only one monomer per lattice-si te 
at any time. The initial areal density distribution 
was taken constant within a circle of radius 50, 
located at the center of the Iattice Cthis "pancake" 
shaped distribution is the final stage of a spread- 
ing droplet in the model of de  Gennes [I], ne- 
glecting diffusion). The  starting polymer confipu- 
ration was achieved by growing the polymers in a 
self-avoiding way from an even distribution of 
lattice sites, allowing only a limited number of 
growth events. This process, quite analogous to 
real poIyrner growth, yields a natural distribution 
of polymer Iengths. We allowed only a bond 
length of 1 during the growth to exclude blocked 
configurations (this restriction on the starting 
bond length has no influence on the results). Fig. 
3 shows the polymer length distribution for the 
simuIation results shown below. It was chosen to 
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Fig. 3. D ~ ~ t r i b u t i u n  of polymer lengths {in numl~cr  of 
monnmeml for the srrnulation~ shown in fig. 4 

match the polymer length used in thc  experi- 
ments, i.e.. the average number of rnonnmers 
agree5 with the  length in latticc constants. 

Thc resulting profile shapcs arc displayed in 
fig. 4a at simulation time? correspc-ndinp to the 
spreading time in thc cxpcrirncnts shown in fig. 
4h. The similarity berween the  qirnulated and the 
rnca~urcd profilcs is quite striking. Even the 
growth of the smeared out foot shows up in the 
same way in  the  simulation as in the cxpcrirncntal 
data. The profilcs in fig. 4 have bccn fitted with 
spherical caps  convoluted with a narrow Cravrcian 
to account for thc foot. The width of this Gauss- 
ian grows approximately with I "', lcading to the 
intcrprctation that  it reflects t hc  onset of frce 
diff i~sion at the low dcnsiry edgcs of the profilcs. 
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Ftp. I .  la) Droplct profiles rc~ulttng from the rimulation a t  21WQ I C  1. JMHl Ic)- X(WHI ( A  l ant? lHMXF (6 Monte C;trlo 
Wps Jmononier, d is givcn in percenl of occupietl lattjcc slteq. (h) Expuriment;~l PDMS rlroplct prol'ilcq 50 (0). 80 (0). 150 t A ) 
and 360 l e )  mlnufcc aftcr depocltmn. The dashetf lincs ?bow fit< t n  spherical cap% convolu!cd w ~ t h  a n;rrrow Gauwan 10 nccotrnt 

for the wneared out Foot. 
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This was confirmed hy simulations with different 
polymer lengths. There the relative width of this 
Gaussian component was seen to depend on the 
polymer size, runs with shorter chains exhibiting 
a more pronounced foot. Apart from that, the 
runs with other chain lengths gave essentially the 
same resuIts. 

The dropIet radii in the simulations grow with 
t o 2 ,  somewhat fastcr than in the experiments 
which also showed indications for different growth 
regimes, i.e., a simple law r - t Y  might not he  
applicable. This difference might be a conse- 
quence of the limited number of polymers in the 
simuIation. Additional effects which have not 
been accounted for, Iike pinning of molecules to 
surface heterogeneities, could aIso play a role. 

To concludc we have for the first time meas- 
ured the profiles of poIyrner droplets with sub- 
monolayer thickness and their evolution with 
time. These systems are experimental realisations 
of a two-dimensional polymer gas. The diffusion 
characteristics are quite differcnt from those ex- 
pected for free particle diffusion, only at  very low 
areal polymer densities free diffusion sets in. 
Monte Car10 simulations of two-dimensional 
polymer ensembles using the bond-fluctuation 
method yieId the same sperical cap shaped pro- 
files as the experiments and even reproduce the 
essential features of the spreading dynamics. The 
observed behavior thus appears to be almost ex- 
cIusiveIy due to the polymeric nature of the 
moIecules, leading to a hindered diffusion even at 

submonolayer areal densities. This should be 
taken into account in a description of the spread- 
ing behavior of thin polymer films. The bond- 
fluctuation method appears to be an appropriate 
technique to model the diffusion of polymers. 
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