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Abstract—A spreading mechanism of nonfunctional perfluoropolyalkylehter (PFPE) on carbon surfaces is pro-
posed. For the thin thin-film regime, adsorption-desorption is a main driving force for spreading, and the surface dif-
fusion coefficients increase as the film thickness increases. A two-dimensional virial equation is employed to explain
the dependency of surface diffusion coefficient on the film thickness. For the thick thin-film regime, the spreading
characteristic is determined by the disjoining pressure gradient. We adopt a slip boundary condition to analyze the
thick thin-film regime. This modification of the boundary condition reasonably explains the dependence of surface
diffusion coefficients on film thickness.
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INTRODUCTION dynamic approach with a slip boundary condition was applied. For
the thinner regime, we assumed adsorption-desorption is the main
The spreading of liquid films on solid surfaces in the macro- mechanism for spreading. We explain the dependence of surface
scopic regime has been extensively investigated [Teletzke et aldiffusion coefficients on film thickness systematically.
1987]; however, microscopic spreading behavior is quite different
from the macroscopic case. At the microscopic scale for a film THEORETICAL ANALYSIS
thickness less than 10 nm, the spreading is governed by the forces
originating from the disjoining pressure gradient [Mate, 1992]. It is well known that the driving force for microscopic spread-
The spreading behavior of small drops of polydimethylsiloxaneing is the disjoining pressure gradient along the spreading direc-
(PDMS) on silica surfaces has been intensively studied by Heslotion. For film thickness greater than several monolayers (thick
et al. [1989], Cazabat et al. [1990], Valignat et al. [1993], andthin-film), conventional hydrodynamics are assumed to be valid
Fraysse et al. [1993]. Although several theoretical efforts attemp{Mate, 1992]. However, for film thickness less than a monolayer
to explain the experimental observations [Mate, 1992; Cazabat dthin thin-film), adsorption and surface pressure play important
al., 1990], an understanding of microscopic spreading of liquid fimroles in spreading [Cazabat, 1990]. In the intermediate range, we
is still needed. assume the hydrodynamic analysis with slip effects is applicable.
The spreading of ultra-thin, polymer lubricant films on solid The velocity field in a spreading film is shown in Fig. 1.
surfaces has attracted considerable interest due to its application If the liquid in the film can be treated as a Newtonian fluid, the
in the lubrication of magnetic recording media. Novotny [1990] Navier-Stokes equation is used as a governing equation of motion
has investigated the spreading of polyperfluoropropylene (PPFPOfpr the relatively thick film in the following form, under the pseu-
on silica surfaces using scanning micro-ellipsometry and scanninglo steady state approximation [Mate, 1992]:
photoemission spectroscopy. The surface diffusion coefficient in-
creased as the film thickness decreased down to 1 nm, and was —-n—=—— 1)
constant below this value. The spreading characteristics of perfluo-
ropolyalkylethers (PFPE) on silica surfaces has been investigate
as a function of initial film thickness, end group functionality, mo-
lecular weight, temperature and humidity by Min et al. [1995], \g—---
O'Connor [1995] and Ma [1998] using scanning micro-ellipsome- -}Tl'i
try. They extract the surface diffusion coefficients from the spread- i
ing profiles by employing Matano interface method [Matano,

F—

1993]. [ -
In present work, the spreading of nonfunctional PFPE on car- _:11
bon surfaces was studied. We analyzed the surface diffusion coe o
ficients in two separate regimes. For the thicker regime, a hydro p— i
g e i —
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444



Microscopic Spreading of Perfluoropolyalkylether Film 445

wheren is the viscosity of liquid, v is the velocity in the x di- The above relation explains that disjoining pressure decreases ra-
rection, andT is the disjoining pressure. At the solid-liquid inter- pidly as the film thickness, h increases. In this case, the flow rate is
face, the following boundary condition is assumed instead of the

. e " ; _ ___A i, 3mh
conventional no-slip condition [Bird et al., 1960]: q p— h“EIthBhZEBx )
g_\z/:BV at z=0 2 It is known that thin films flow faster than thick films for a parti-

cular gradient in film profilegh/ox, and the thinner the films are,
The conventional no-slip condition at solid-liquid interface is con- the more pronounced slip effects are.
structed by settinf—co. If the liquid film is composed of long In the general case, the continuity equation is written as, under
chain polymer, the molecules can become entangled. The entathe pseudo-steady state approximation,
glement can create a finite slip at the solid-liquid interface. In this P
casef3 has a positive finite value. If the liquid molecules are at- _t:_ aj)i (8)
tached to the solid surface, the attached molecules can reduce the
conductance of molecularly thin liquid film. In this caBéyas By combining Egs. (7) and (8), we obtained the following surface
a negative finite value. At the liquid-air interface, the following diffusion equation:
stress-free condition is applicable:

oh_ A 9rn3 ,1pdh o
ot 6Tma ¢ hld ©
g_v: at z=h (3) ™ X[%h X}
z which is also expressed as
The velocity profile satisfying the above Egs. (1)-(3) is oh(x. 0 8 ah(x. t
. et 2o
V(Z):lﬂhhz—z_@_ 4

nte 2box where the quantity [th)=(A/6rm)[3/Bh?+1/h] can be interpreted
This velocity field is shown in Fig. 2. By adjusting the valug,of ~ as athickness-dependent surface diffusion coefficient. As the film
we can get velocity profiles given in Fig. 6 of Mate's [1992] work. thickness increases, the slip effects become negligible and the sur-

The associated flow rate, g, is face diffusion coefficient has the form of(B)=(A/6rmh), which
is derived from the no-slip condition. It is assumed that the mo-
q= J,hv(z)dzzldfm_s% ®) lecular weight effect on surface diffu;ion goefficient is implied in
0 ntp  30ox n. The dependency of zero shear viscosjty §n the molecular

The disjoining pressurél=(@F/Bh),, is the excess pressure aris- Weight has the following forms [Marchionni et al., 1990]:
ing from the interactions between a solid surface and liquid mo-  [n],0M%s (M, <M,)
lecules. For a liquid with non-reactive end group, the interaction
between solid surface and liquid molecules is assumed to be gov- [nlo

erned by van der Waals interactions; then, the disjoining pressurgjith the critical molecular weight 415,000. The exponents of

OMZ® (M,>M)

has the following form [Tabor and Winterton, 1968]: 1.5 and 2.5 are quite different from those of the majority of poly-
A mer melts, which are 1 and 3.4, respectively [Ferry, 1970]. There-
=6nh3 (6) fore, we can assume that the dependency of the surface diffusion

coefficient on the molecular weight has the form @&filka;>>**,
For the sub-monolayer regime, the friction term cannot be cal-
1.0 culated with the above hydrodynamic theory. Instead it is decided
from the friction between molecule and solid surface. The veloc-
ity, v,,, for this regime can be written as [Cazabat et al., 1990]

—— No-slip(ph is infinity)

08F e Bh=1 )
o _Vyon
" 9% 11)
8 06 where \, is the molecular volume andis the friction coefficient

> between the molecule and the surface. This relationship is quite

> 04 similar to Darcy’s law for flow through porous media. The resist-
ance term of this relationship)VV,,, corresponds to that of Darcy’s
law n/K. There are some models for the friction coefficient,

02 [Bruinsma, 1990]; however, rigorous models have not been de-
veloped. The corresponding sub-monolayer surface diffusion coef-
ficient D,, can be obtained by employing the similar procedure of

0.0

00 02 04 o6 o8 10 Egs. (5) and (10), as:

z/h V,,, 0mn

=Mz
Fig. 2. Velocity profiles for various 3h. Dy a hah (12)
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For thin films, the two-dimensional pressure P(h) is commonly mer conformation. According to their suggestion the friction coef-
used for describing monolayers. This pressure is correlated witticient, a, is nearly proportional to molecular weight of each poly-
the disjoining pressure as follows [Adamson, 1990]: mer, so the surface diffusion coefficient shows the relation[of D
M™.
P(h)==hn(h)+[ N(h)dh (13)
COMPARISON WITH EXPERIMENTS
Therefore, the sub-monolayer surface diffusion coefficient is ex-
pressed as The polymeric liquid used in this work is PFPE Z, which has
V.oP the following chemical structure:

Du=—""%- (14)

a oh CF;-[(OCR~-CF,),-(OCFR,),]-OCF,

For the ultra thin film (k>0), P(h) is given by the two dimen- where n/rr2/3. The physical properties of PFPE Z are summa-
sional perfect gas law, as follows: rized in Ma’s [1998] work. The spreading profile of PFPE Z on an
amorphous carbon surface was measured by using scanning mi-
cro-ellipsometry. Typical spreading profiles are given in Fig. 3. To
where S is the molecular area. The equivalent film thickness camxtract the surface diffusion coefficients, the Matano Interface me-

PS=KT (15)

be expressed as: thod [Matano, 1933], which extracts the thickness-dependent dif-
v fusion coefficient directly from the film profile, was employed.
h=§M (16) Since the spreading is measured in the direction perpendicular

to the film boundary, the spreading process is described by a one-
By combining the Egs. (14)-(16), the limiting value fqr €&@n be dimensional diffusion equation as:
obtained as oh(x.

.92 p,mxd) (10)

D,=D,,(h - 0)=kT/a an at ox

This value corresponds to the diffusion coefficient of an isolatedwhere h(x, t) is the thickness of the film at a distance x from the
molecule on the surface. For the thicker case, we employ the twahitial film boundary at time t, and D(h) is the thickness-depend-
dimensional virial equation as the equation of state for the thinent diffusion coefficient. The integration of Eq. (10) under the

film: sharp initial film boundary condition gives:
PS_,,B,C,.. __1rx .
k_'l'_l+§+§+ (18) D.(h) Ztth'q.:h—[Eth (21)
where B and C are the first and second virial coefficients. By com- 5
bining Egs. (14) and (18), and neglecting higher order terms, thi (@
following relation is assumed to be good approximation of the sur- 4
face diffusion coefficient for the sub-monolayer regime: T
£ 3
D =k—T[1+2—Bh} (19) g
a S £
L
£

It is well known that the first virial coefficient, B, has the relation
of BOS. In this case, the above relation for the surface diffusion
coefficient in the sub-monolayer region is expressed as

DM=%T[1+yh] (20) 12
(b)

wherey is a constant that is independent of molecular weight. 10
The molecular weight dependence on surface diffusion coefficient: T 8 20 min —>
is implied ina. If it is assumed that the friction factor coefficient = 1h <oh
between surface and molecwejs proportional to the area which g 6 3h
the molecule contacts the surface, the dependency of surface di E 4
fusion coefficients in this regime depends on the molecular con- a .
formation on solid surfaces. 2 on b

Novotny et al. [1989] suggested that the surface conformatior 0 . & 20 min ‘
of polyperfluoropropylene oxide (PPFPO) is different from the 4 3 2 4 0 1 5 3 4
bulk conformationA two-layer model with interfacial and bulk Distance [mm]

layers was proposed: The interfacial layer, with a thickness of 1-Zjq 3. Thickness profiles of Z (M=2,500 g/mol) with the initial
monolayers, has the molecular chains preferentially extended along thickness of (a) 4.6 nm, and (b) 10 nm at 20 min, 1 h, 3 h,

the surfaceThe remaining second layer has a normal bulk poly- and 9 h.
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Fig. 4. Experimental data of surface diffusion coefficient of PFPE-  Fig. 6. Comparison between the present analysis with the ex-
Z [Ma, 1998]. perimental data of Ma [1998] for thin thin-film regime.
with the condition: M,5. However, as shown in Fig. 5,MIM?% seems to be quite
reasonable. From this, we can assume that near the solid surface
J‘;"xdh'=0 (22) the molecular conformation is quite different from bulk, so the vis-

cosity near the solid surface is quite different from that of bulk.
For the sub-monolayer regime(lh) increases as the film thick-
ness increases, as shown in Fig. 4. Novotny [1990] suggested that
D4(h) should remain constant. however, Ma's experimental results
are inconsistent with his suggestion. Cazabat et al. [1990] dis-
value at a thickness of 1 nm. The height at whigh)Chas its cussed the relation between various adsorption-desorption iso-
maximum value is close to the radius of gyratignRPFPE-Z. therms and surface diffusion coefficients. They show that the sur-
Thereafter, it decreases monotonically and follows a relationshipface diffusion coefficient for a sub-monolayer regime is a func-
D4(h)O1/h, for a higher film thickness. These trends are consistention of film thickness. We correlate the experimental results based
with Egs. (9) and (10). Therefore, it is assumed that van der Waalen Eq. (17) in Fig. 6. As shown in this figure, Eq. (17) represents
interaction is the dominant driving force for PFPE Z on an amor-the experimental data, especially for a thinner regime. The slope
phous carbon surface for film thickness greater than a mono-layeseems independent of molecular weight for a thinner regime. As
The results of least squares fitting of experimental datglp=D  the film thickness increases, the experimental data deviate from
(A/6TN)[3/(Bh?)+1/h] are summarized in Fig. 5. The valug8of  Eq. (17). Therefore, it seems that the higher order terms should be
is nearly constant independent of molecular weight. The molecuconsidered for a thicker regime.
lar weights of our sample are quite small. So we expect that D

Egs. (21) and (22) allow D) to be calculated from an experimen-
tally measured spreading profile.

Fig. 4 shows the diffusion coefficient(B) as a function of film
thickness for various molecular weightg(Hpreaches a maximum

CONCLUSION
6.0x10° = The spreading characteristic of PFPE Z was analyzed theoreti-
cally. The slip boundary condition instead of the conventional no-
5.0x10° - slip boundary condition was applied in a thick-thin film regime
(hydrodynamic analysis), and this modification explained the ex-
o 4.0x10° [- perimental results more reasonably. The surface diffusion coeffi-
O'E; cient had the maximum value athnm and decreased ag D
£ 30x10° 1/h for the thicker regime. The two-dimensional virial equation
g«w was employed to analyze thin-thin film (sub-monolayer) regime.
20x10° | N sz;gg In thin-thin film regime the surface diffusion coefficient was rough-
a &%775 ly proportionql to film thickness and inversely proportional to
1.0x10° 9.63x 10%(1/h-0.46/12) molecular weight.
[0 0 J) I NPU N NI YR N P NI B SN NOMENCLATURE
00 02 04 06 08 10 12 14 16 18 20
1/ (pm’) A : Hamaker constant
Fig. 5. Comparison between the present analysis with experi- B - first virial coefficient
mental data of Ma [1998] for thick thin-film regime. C : second virial coefficient
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D, : surface diffusion coefficient (1998).

F : free energy Marchionni, G., Ajroldi, G., Cinquina, Tampelini E. and Pezzin, G.,

h : thickness of polymeric film [m] “Physical Properties of Perfluoropolyethers: Dependence on Com-

k : Boltzmann constant position and Molecular WeighBolymer Eng. Sgi30, 829 (1990).

P : two-dimensional pressure Matano, C., “On the Relation between the Diffusion-Coefficients and

q : volumetric flow rate [ifis] Concentration of the Solid Metaldap. J. Phys8, 109 (1933).

S : surface area Mate, M., “Application of Disjoining and Capillary Pressure to Liquid

T : temperature [K] Lubricant Films in Magnetic Recording; Appl. Phys.72, 3084

Y : velocity [m/s] (1992).

X, Z : horizontal and vertical coordinates [m] Min, B. G., Choi, J. W., Brown, H. R., Yoon, D. Y., O’Cornor, T. M.

and Jhon, M. S., “Spreading Characteristics of Thin Liquid Films
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