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Spreading and Two-Dimensional Mobility of Long-Chain Alkanes at Solid/Gas Interfaces
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Long-chain n alkanes on solid surfaces can form partially wetting liquid alkane droplets coexisting with
solid multilayer terraces. We propose a diffusivelike alkane flow between terrace edge and droplet
perimeter through a molecularly thin "precursorlike" film. Depending on the (uniform!) sample tempera-
ture, either droplet or terrace edge are not in thermodynamic equilibrium. This leads to a chemical
potential gradient, which drives the reversible alkane flow. The gradient can be adjusted and calculated
independently from the phenomenological diffusion coefficient.
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Many aspects of wetting, spreading and two-di-
mensional molecular mobility at solid/gas interfaces are
not well understood. Classical thermodynamics and hydro-
dynamics focus on the macroscopic to mesoscopic scale
[1,2]. Statistical thermodynamics and molecular physics
describe molecular aspects (e.g., adsorbed films) [3].
Scientific challenges are the crossover from macroscopic
to molecular dimensions (e.g., at the droplet perimeter)
[2,4] and the spreading kinetics. Theories on spreading
focus on a "precursor" film [1,2] supposedly preceding
the advancing droplet. Although its existence has already
been proven some time ago its properties have been studied
experimentally only for a few systems: nematogenic cya-
nobiphenyls [5], polydimethylsiloxane (PDMS) on silicon
wafers [6], and recently Pb/Bi on Cu(111) surfaces [7]. The
spreading of PDMS and metal precursors were found
“diffusive” (R = \/Dy,,1) in agreement with numerical
simulations [8]. The ‘‘apparent” diffusion coefficient,
D,yp, combines two contributions: a potential gradient
and the transport properties of the film [3,9]. In the follow-
ing we will present experiments on a precursorlike spread-
ing film which allow the adjustment of the driving potential
independent of the transport properties.

Defined molecularly thin surface coverages of long-
chain n alkanes (with 15 to 50 C atoms) at
Si0,/air-interfaces are obtained by spin coating of al-
kane/toluene solutions onto pieces of silicon wafers [10—
13], heating the samples above the alkane bulk melting
temperatures, 7,, and then cooling them slowly
(=1°C/min) to the desired temperature. This heating-
cooling cycle ensures reproducible starting conditions.

Well above T, an all-liquid, closed alkane film wets the
Si0, surface. Upon cooling, already a few degrees above
T,, at the "surface freezing temperature," T, a wetting
transition occurs. Below T, liquid bulk alkane droplets
partially wet a solid, "surface frozen" alkane monolayer
which completely covers the SiO, surface. The liquid
droplets can be cooled below T, without immediate bulk
solidification. Instead, for small under-cooling (AT <
4 °C), the growth of solid monolayer or multilayer terraces
coexisting with the liquid bulk droplets can be observed.
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As an example the first frame of Fig. 1 [14] shows two
droplets at AT = 1.5°C (the contact angle of =14 deg
remains roughly constant during terrace growth). After
30 s, solid terrace rings have grown around the droplets
to a width of =2 um, at 96 s to =4 um [15,16]. Between
96 s and 126 s a second terrace grows. The first one does
not grow until the second one reaches its edge at 180 s.
Thereafter, both grow together.

The terraces consist of multiples of solid monolayers
with the molecules standing upright. This can be concluded
from (a) uniform and discrete brightness values in the
optical microscopy, (b) Brewster angle microscopy data,
(c) the height of the terrace edges measured by atomic
force microscopy [17], and (d) x-ray reflectivity and dif-
fraction data.

Figure 2 presents monolayer terrace growth kinetics of
Cs;0Hg, and C3¢H74 at 3.0 °C undercooling. There are
differences in the slopes, Dypps but all growths can univer-
sally be linearized with the squared difference between the

402 s

180 s

126 s

FIG. 1. Growth of alkane monolayer and bilayer terraces (op-
tical reflection microscopy, CzgHy4, 1.5 °C undercooling, bar =
5 pm).
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FIG. 2. Growth kinetics of monolayer terraces (3.0 °C under-
cooling, for the definition of R; and R, see Fig. 5).

terrace edge radius, R,, and the drop perimeter, R;, re-
spectively, as a function of time: (R — R;)* = Dyt
Figure 3 presents the analysis of a sequential growth of
two terraces on top of each other. The first monolayer
grows with D', (= 0.075 um?/s) up to #;. It stops grow-
ing as soon as the second plateau starts to grow at similar
speed (D?,,, = 0.076 um?/s). At t, the second plateau
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FIG. 3. Growth kinetics of a monolayer terrace followed by a
second monolayer terrace on top, C3yHg,, 2.0 °C undercooling.

reaches the edge of the first one. Then both grow together
at about half the speed (D'?,,, = 0.038 wm?/s).

Figure 4 shows the temperature behavior of D,,, for
three series of growth experiments from the same sample
area at different undercooling (random undercooling se-
quence to reduce systematic errors). Although there are
variations, for all samples, D,,, decreases linearly with
decreasing undercooling and the curves can be extrapo-
lated through the origin at 7),.

We propose that the liquid alkane droplets partially wet
the circular, solid monolayer-multilayer terraces (see
Fig. 5, for simplicity only depicting a monolayer).
Droplets and terraces are placed on the solid (“frozen’)
alkane monolayer which completely covers the planar
SiO, substrate. We assume an alkane flow between terrace
edges and droplet perimeters through thin alkane films on
top of the terraces (“film” denotes a coverage with mobile
alkanes, “layer” always refers to a lamella of solid al-
kane). Most likely this film is not intercalated between the
terrace layers if the alkane droplets partially wet the top of
continuous terraces as shown in Fig. 5 [18]. The molecules
would have to cross the solid monolayer(s). However if the
droplets contact directly the frozen monolayer or the sub-
strate, we cannot exclude that the alkanes may flow
through a film intercalated between the SiO, surface and
the frozen solid monolayer (ellipsometric data indicate
such a topography [13]). Furthermore, besides the film
on the terraces we also propose a film on top of the frozen
monolayer as a result of the observations presented in
Fig. 6.

For our theoretical description of the terrace growth
we assume alkane conservation. The alkane vapor pressure
is very low. Small droplets shrink while the terrace(s)
grow and the terrace growth stops when they disappear.
Also, if the terrace shrinks, small droplets grow (Fig. 6).
We further assume isolated droplets without alkane ex-
change between neighboring droplets and terraces.
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FIG. 4. Temperature behavior of D,y, for three series of ex-
periments (for each series: same area and preparation history,
random variation of the undercooling).
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FIG. 5. Proposed topology and scenario of the spreading and
terrace growth.

Accordingly, the experimental data presented in Figs. 2—4
were derived from terrace perimeter sections much closer
to their “own” droplets than to neighboring terrace edges
(any “‘external” supply from nearby droplets or terraces
can be identified through a growing bulge in the terrace
perimeter, see Fig. 1). We predict a diffusive transport
between the droplet perimeter and the terrace edge. In
general terms, the diffusive flux is j= —LVu
(L = phenomenological diffusion coefficient, Vu =
the potential gradient). In our case the flux is driven by a
potential gradient in the film between droplet and terrace
edge. At its boundaries, the film shall have the potential of
the bulk droplet (u4,p) and of the solid terrace edges
(soiiq)- This causes a potential difference because either
droplet (for T < T},) or terrace edge (for 7 > T}, are not in
thermodynamic equilibrium, i.e., fgiq # Mdarop (€XCEPL
for T = T,, please note: there is no thermal gradient; the
sample is at uniform temperature). This generates a gra-
dient ~ Vu =Aup/(R, = R)) = (Kotia = Harop)/ (R2 —
R;), which after the integration of j = —LVu leads to
(p = number of moles of solid alkane per terrace area).

R2/. R, R} =1 ,  2LAu |
Mam=2-1)+=2L% (R, —-R)?=-"2E=D
2 R p

1 2 app 4

This agrees with the observed terrace growth [19,20]. It
also explains the increase of the terrace growth speed with
decreasing temperature via Aw = S,AT (S, =
molar entropy of fusion, and AT =T — T,). As Au can
be positive or negative for T > T, or T < T}, respectively,
this result predicts that the alkane flow might be reversible.
This it is indeed, which is quite unique and validates our
model. The terraces can be heated slightly above the bulk
melting point (at most by = 0.3 °C) without melting them
macroscopically. The terrace perimeter shrinks as the
molecules flow "back" from the terrace edge to the droplet.
Alternatively, quite often, a groove appears in the terrace
(its bottom is the frozen monolayer surface) at the droplet

3888 s 13584 s

FIG. 6. Gradual elimination of the monolayer terrace (brighter
area) due to an alkane flux towards the droplets (=0.3 °C above
bulk melting, C3oHg,, bar = 10 wm).

perimeter and widens (Fig. 6). In the first frame one can see
a big and a small droplet surrounded by terrace areas. A
lengthy trench in the terrace area extends from the upper
left corner. This trench grows and eventually leads to a
groove around the large droplet which widens in time with
a diffusive exponent of = 0.5. The alkanes migrate over
the frozen monolayer towards the droplet. This proves the
existence of the precursorlike film also on the surface
frozen monolayer (not unexpected due to its structural
similarity to terrace surfaces).

In conclusion, 2-dimensional transport and wetting phe-
nomena were studied with molecularly thin coverages of
long-chain alkanes on solid surfaces. In the vicinity of the
bulk melting temperature partially wetting alkane droplets
are surrounded by a ‘““precursorlike’” molecularly thin film
of mobile alkanes. For temperatures below bulk melting a
diffusive alkane transport through this film supplies the
growth of solid multilayer terraces surrounding the (under-
cooled) liquid droplets. For temperatures above bulk melt-
ing the alkane flux can be reversed, the solid terraces
shrink. The flux is driven by the chemical potential differ-
ence between droplet and terrace edge with one or the other
not in thermodynamic equilibrium (the sample is at uni-
form temperature). The unique experimental configuration
permits the independent adjustment and derivation of the
driving potential and of the surface transport properties,
respectively, (L = 6E — 22[mol?/(s Nm)], assuming bulk
values for S,,).

Discussions with H. Mohwald, R. Kohler, and Daniel
Rapoport are gratefully acknowledged. P. L. was supported
by the International Max Planck Research School on
Biomimetic Systems.
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For isolated droplets the nucleation of the terrace growth is
a rare event. For sufficient droplet density "secondary
nucleation" is dominating: a growing terrace front (e.g.,
in Fig. 1 from the upper left corner) touches the perimeter
of a droplet without terrace and triggers the terrace
growth. Thus, a single, rare terrace growth event initiates
widespread and easily observable terrace growth.

See EPAPS Document No. E-PRLTAO-94-002514 for
terrace nucleation from an isolated droplet on
SingleDrop.pdf. A direct link to this document may be
found in the online article’s HTML reference section. The
document may also be reached via the EPAPS homepage
(http://www.aip.org/pubserves/epaps.html) or from ftp.ai-
p-org in the directory /epaps/. See the EPAPS homepage
for more information.

See EPAPS Document No. E-PRLTAO-94-002514,
Terrace_Steps_C36-1.pdf. A direct link to this document
may be found in the online article’s HTML reference
section. The document may also be reached via the
EPAPS homepage (http://www.aip.org/pubserves/epaps.
html) or from ftp.aip.org in the directory /epaps/. See
the EPAPS homepage for more information.

Figure 5 shows only the most plausible droplet position-
ing, i.e., on top of the solid alkane layers.

If the spreading kinetics were only release- or growth-
limited, the circular geometry alone would lead to a
square-root time behavior of the radii, with R3 — R? « t.
This, however, is clearly different from a diffusionlike flux
proportional to Vi between R, and R,, with (R, — R|)? =
t for R, close to R; (i.e., in the early stages of the
spreading). The observed data can only be linearized
with the latter; the deviations to the differences of the
squares are quite evident. The spreading is definitely
“diffusive.”

For a comparison of the two behaviors RZ — R? = ¢ and
(Ry — R;)? = t, respectively, see EPAPS Document No. E-
PRLTAO-94-002514, Sqrt2.pdf. A direct link to this docu-
ment may be found in the online article’s HTML reference
section. The document may also be reached via the EPAPS
homepage (http://www.aip.org/pubserves/epaps.html) or
from ftp.aip.org in the directory /epaps/. See the EPAPS
homepage for more information.



