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Phase transition ofn-alkane layers adsorbed on mica

Nobuo Maeda, Mika M. Kohonen, and Hugo K. Christenson*
Department of Applied Mathematics, Research School of Physical Sciences, Australian National University,
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~Received 12 November 1999!

Thin ~thicknessh'3 nm! films of n-octadecane andn-hexadecane adsorbed on mica surfaces from vapor
close to their bulk melting points (Tm) have been studied in a surface force apparatus. Using data on the
growth rate of capillary condensates between the mica surfaces in contact and measurements ofh, we have
identified a transition in the structure of the adsorbed films a few degrees aboveTm . As T decreases the alkane
layers appear to undergo a transition to a more ordered structure, akin to the postulated ‘‘surface freezing’’ of
long-chain liquidn-alkanes.

PACS number~s!: 68.15.1e, 64.70.Dv, 68.35.Rh, 68.45.2v
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The properties and behavior ofn-alkanes are importan
for understanding the physics of systems such as lipids
liquid crystals. In many cases, van der Waals forces betw
long alkyl chains favor the formation of ordered monolaye
at surfaces or in aggregates, in which the molecules are
ented parallel to one another. By contrast, liquidn-alkanes
are characterized by great disorder in the bulk, and the m
ing entropy is large, as for many polymers. Forn-alkanes
with n>20, rotator phases are found at temperatures
tween the liquid and crystalline phases@1#. In these there is
rotational freedom about the long axis of the molecules,
though the layered structure and positional order of the b
triclinic ~for n even! or orthorhombic~n odd! crystal struc-
ture is preserved. It has also been reported that the inter
between vapor and bulk liquidn-alkanes for 15<n<50 ex-
hibits ‘‘surface freezing’’@1–3#. The surface tension of thes
alkanes shows a maximum a few degrees aboveTm , instead
of the usual monotonic decrease withT. The formation of an
ordered monolayer at the liquid-vapor interface with a str
ture like that of the bulk rotator phase has been inferred fr
x-ray reflection studies@3# and reproduced in simulations@4#.

n-alkanes at graphite surfaces order parallel to the
faces, both in vapor@5# and liquid@6#. Measurements of the
solvation force between mica surfaces in liquid alkanes
6<n<16 have shown that the period of the oscillatory for
is close to the mean width of the alkyl chains@7#, confirming
that the molecules in the liquid state order parallel to smoo
solid surfaces. By contrast, it has been reported that a
lecularly thin film of n-eicosane (n-C20) on silica thickens
and orders more normal to the surface below a transi
temperature slightly above the bulk melting pointTm @8#.

We are currently studying adsorption from vapor a
phase transitions induced by the presence of solid walls w
a simplified surface force apparatus~SFA! @9–11#. At iso-
lated surfaces we have measured adsorption isotherm
n-pentane and cyclohexane (c-C6) and with tert-butanol
(t-BuOH) identified a continuous wetting transition and t
related increase in the surface separation~'10–30 nm! at
which a capillary-condensation transition occurs@12#. The
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condensates oft-BuOH remain liquid down to well below
Tm @10#. The reduction in the total interfacial free energy
the system due to wetting by the liquid is large enough
compensate for the free energy increase incurred by kee
a small volume of substance liquid belowTm .

In the case of long-chain alkanes liken-octadecane
(n-C18), the condensed liquid freezes when the annular c
densate becomes a bridge as the mica surfaces are sep
from contact@11#. The precise behavior at a givenT appears
to be a function of the relative areas of the mica-condens
and vapor-condensate interfaces. The mica-liquid interf
suppresses freezing, but the liquid-vapor interface appea
facilitate freezing. Witht-BuOH and related alcohols freez
ing is not observed under similar conditions@10,11#.

The SFA has also recently been used to study the kine
of capillary condensation of liquids such asc-C6, n-hexane
(n-C6), and water. The condensation rate is limited by t
rate of diffusion of vapor through the very narrow wed
around the contact zone of the mica surfaces, and is slig
slower than that calculated from a Langmuir-type mod
@13#.

By applying such dynamic measurements in capilla
condensation experiments withn-C8 andn-C16, we here re-
port evidence for a structural transition in adsorbedn-alkane
films above the bulkTm . A decrease in film thickness and
marked increase in the rate of surface diffusion characte
the transition.

The experimental setup and procedure have been
scribed in detail@9–11,14#. Multiple-beam interferometry
@15# is used to measure the separationH between two mo-
lecularly smooth mica surfaces mounted in a cross
cylinder configuration. The refractive indexn of the medium
between the surfaces can be determined independe
which permits the detection of phase changes in the in
layer. Adsorbed film thicknessesh are determined via a
three-layer approximation, or 2h5H(n21)/(nf21), where
nf is the refractive index of the film, usually assumed to
the bulk value. Capillary condensation occurs at smallH and
the curved mica surfaces (R'2 cm) are pulled into contac
and flattened under the influence of strongly adhesive for
Annular condensates then grow in the narrow wedge (an
'0.1°) surrounding the contact region (diameter'50mm).
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After determining mica-mica contact in nitrogen~with
CaH2 or P2O5 as the drying agent!, liquid n-C16 or n-C18
~Sigma or Aldrich, 991%—used as received or distilled un
der reduced pressure, with no detectable difference in
results! was introduced into the measuring chamber. Due
the low vapor pressure ofn-alkanes~0.9 mtorr at 20 °C for
n-C16, 0.3 mtorr at 30 °C forn-C18 @16#!, one week was al-
lowed for equilibration, at an elevatedT of up to 40 °C. The
temperature was controlled and monitored to with
60.05 °C. The relative vapor pressurep/p0 of n-alkane was
estimated from the measured condensate size using
Kelvin equation@9#

gvm

r
5kT ln~p/p0!. ~1!

Herevm is the molecular volume andg the surface tension o
the condensed liquid. As the liquid almost wets the mica,
radius of curvaturer is approximately half the surface sep
ration at the vapor-condensate interface~identified by a dis-
continuity in the refractive index!. Due to the very slow con-
densate growth, we could only put a lower bound onp/p0 at
>0.98. At least ten hours were allowed to pass after e
change in temperature.

Figures 1 (n-C18) and 2 (n-C16) show bothh and the
critical surface separation (Hc) at which capillary condensa
tion occurs as functions of temperature close toTm . A
change inh for n-C18 is observed in the range 29.5–31 °
The change occurs at a slightly lower temperature on coo
than on heating, which leads to the finite width of the tra
sition as shown. No experimentally significant change inh is
observed forn-C16. No change inh at Tm ~28.1–28.2 °C for
n-C18 and 18.1–18.2 °C forn-C16! and no change inHc over
the temperature range studied are detected for either liq

FIG. 1. Film thickness~h; filled symbols! and the critical surface
separation~Hc; open symbols! at which capillary condensation oc
curs as a function of temperature ofn-C18. h refers to the left
ordinate andHc refers to the right one. Different symbols are fro
different experiments. A change inh is observed in the range 29.5
31 °C, and it occurs at a lower temperature on cooling than
heating, which causes a finite width of the transition range.
significant change inHc over the temperature range studied is d
tected.
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Note that any corrections for anisotropy inn of the films
would reduceh by less than the experimental error.

Because of the uncertainty inp/p0 we cannot obtain an
equilibrium adsorption isotherm to compare with theoreti
expectations. We note, however, that the relationship
tweenh andHc is similar to what has been previously foun
with c-C6, n-C5, and t-BuOH @9#. There is no change in
behavior across the range of temperatures studied, and
conclude that in this regard these alkanes behave like
previously studied liquids. When the surfaces come into c
tact after capillary condensationH'1 nm, suggesting tha
two or three layers of molecules parallel to the surfaces
trapped, as found in experiments on solvation forces@7#.

The decrease inh found forn-C18 just aboveTm suggests
some change in the structure of the adsorbed layer. Unfo
nately, any similar decrease withn-C16 is not borne out by
the results. However, measurements of the conden
growth rate for both alkanes provide clear evidence tha
change in film structure occurs slightly aboveTm . Figures 3
(n-C18) and 4 (n-C16) show the condensate volumeV
('4pRr2) @11# as a function of time for various tempera
tures. There is a dramatic change in growth rate in the ra
29.5–31 °C forn-C18 and 18.5–20 °C forn-C16—by an or-
der of magnitude. This transition occurs for bothn-alkanes at
a slightly lower temperature on cooling than on heating.

The dashed lines in Figs. 3 and 4 show that the cond
sate growth rates forn-C16 and n-C18 below this transition
temperatureTt are close to those predicted by the Langmu
type model, in accordance with previous results with oth
liquids at room temperature~far above theirTm! @13#. The
rate of diffusion through vapor would not be expected
change markedly over a few degrees, as the concentratio
the vapor phase is nearly constant. This suggests that in
case ofn-C16 and n-C18 another mechanism of condensa
growth is operating aboveTt . The only other possible
method of material transfer into the condensate is by surf
diffusion, along the large area of mica exposed to vapor.

A crude prediction of the rate of increase of the volume
the condensate due to drainage of surface films can be
tained from thin film hydrodynamics@17#. Neglecting curva-
ture effects, the pressure in the filmPf is given by

n
o
-

FIG. 2. Similar to Fig. 1 but forn-C16. Unlike for n-C18, no
significant change in eitherh or in Hc is observed over the tempera
ture range studied.
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Pf5P2
A

6ph3 , ~2!

whereP is the external pressure and the second term is
disjoining pressure of the film, withA being the Hamaker
constant@17#. Variations inh give rise to pressure gradien
that result in the flow of liquid. For small perturbations inh
the evolution equation for the profile of an axially symmet
film of initial ~uniform! thicknessh0 is @18#

]h

]t
5

A

6phh0

1

r

]

]r S r
]h

]r D , ~3!

where h is the viscosity of the liquid andr is the radial
coordinate.

If we assume local equilibrium between the pressure
the growing meniscus~with radius of curvaturer! and that in
the film, then the film thickness at the edge of the menisc
hr , can be calculated by equating the Laplace pressureg/r
with the disjoining pressure. For a condensate with ann
radius r5a, the volume flux~per film! may be found by
solving Eq. ~3! subject to the boundary conditionsh(r,0)
5h0 , r>a, and h(a,t)5hr , t.0, whereh0 is the mea-
sured initial film thickness. Equation~3! is formally equiva-
lent to the diffusion equation, with the diffusion coefficie
D5A/6phh0 and can be solved using standard techniq
@19#. The rate of increase of the condensate volume is th

dV

dt
5

16~hr2h0!D

p
I ~ t;D,a!, ~4!

FIG. 3. n-C18 condensate growth rate for various temperatur
Condensed volume is plotted against the time the surfaces are
in contact for each temperature. There is a dramatic chang
growth rate in the range 29.5–31 °C. As for the change inh, it
occurs at a slightly lower temperature on cooling than on heat
The lines are the theoretical predictions of diffusion-limited co
densate growth from vapor@13# ~dashed! and surface diffusion only
~solid—see text!, with h54.2 mPa s,h053 nm, A51.2310220 J.
Note that for the vapor, the growth calculationp/p050.995 was
used. On the scale of the plot, the curves for allp/p0>0.98 are
indistinguishable.
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whereV54pRr2 andI (t;D,a) is an integral, the numerica
values of which have been tabulated@20#.

Equation~4! gives the volume flux into a condensate wi
fixed annular radiusa and fixed boundary film thicknesshr .
For the case of a growing condensate, we assume that Eq~4!
remains valid whenhr and a are functions of time. This
should be a good approximation as bothhr and a vary
slowly with time, anda is small in comparison to the dis
tance over which the film is perturbed.

The results have been plotted as solid lines in Figs. 3
4. It is clear that the model is able to account at least se
quantitatively for the observed growth rates forT.Tt . Note
that the ~nonadditive! contribution from vapor diffusion
would slightly increase the total growth rates. ForT,Tt , as
in previous experiments@13#, the effect of surface flow ap
pears to be comparatively minor.

The significant increase in the rate of surface diffusi
indicates a structural change in the films. Taken toget
with the thickness change found forn-C18, it suggests the
adsorbed alkane films undergo a surface phase transitio
Tt , slightly aboveTm . As T is reduced, the films thicken~at
least for n-C18!, presumably as the alkyl chains assume
more normal orientation just aboveTm . For n-C18 the h
measured belowTt is larger than the length of an extende
molecule. Perhaps a layer or two of molecules of para
orientation are next to the surface, with an outer layer
normal orientation. As the alkyl chains become more
dered, the lateral mobility of the molecules decreases sig
cantly. The hysteresis in the transition temperature~30.3
60.7 °C forn-C18 and at 19.160.9 °C forn-C16—see Figs.
1, 3, and 4! indicates a first-order transition, as found wi
surface freezing of bulkn-alkanes@21#. Few nucleation sites

FIG. 4. Similar to Fig. 3 but forn-C16. The change in growth
rate occurs at 18.5–20 °C, at a slightly lower temperature on c
ing than on heating. The lines are the theoretical predictions
diffusion-limited condensate growth from vapor withp/p050.995
~dashed! and of surface diffusion only~solid—see text!, with h
53.0 mPa s,h053 nm, A51.2310220 J.
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7242 PRE 61BRIEF REPORTS
are expected on the mica surfaces, so the disordered
sorbed films are easily supercooled.

Alkane films adsorbed from vapor to mica thus show
similar surface ordering transition to that found at the b
alkane-vapor interface. As with alkanes adsorbed on si
@8#, however, this transition is occurring in an essentia
monomolecular film on a solid substrate. In contrast to p
vious work, we have relied mainly on experiments that pro
the mobility of molecules in the film to identify the trans
tion.
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The interactions of the ordered alkane molecules with
underlying mica substrate are expected to be quite diffe
from those with the disordered bulk liquid. The fact th
similar transitions are occurring in both systems shows t
the strength of lateral interactions dominates the behavio
molecules with long alkyl chains at interfaces.

We thank V. V. Yaminsky for helpful discussions, A
Hyde and T. Sawkins for technical assistance, and J. D
lacki for distillation of then alkanes.
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