
Korean J. Ch~. Eng., 17(4), 444448 (2000) 

Microscopic Spreading of Nonreactive Perfluoropolyalkylether Film on 
Amorphous Carbon Surfaces 

Min  Chart K im t and M y u n g  S. Jhon* 

Department of Chemical Engineering, Cheju National University, Cheju 690-756, Korea 
*Department of Chemical Engineering, Carnegie Mellon University, Pittsburgh, Pa 15213, U.S.A. 

(Received 5 January 2000 �9 accepted ]8 Aprd 2000) 

Abstract-A spreading mechanism of nonfimctional po:fluoropolyalkylehter (PFPE) on carbon surfaces is pro- 
pose4 For the thin thin-film regime, adsorplion-desorption is a main driving force for spreading, and the surface dif- 
fusion coeffidents 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, lllis modification of the boundary condition reasonably explains the dspendmce of surface 
diffusion coefficients on film thickness. 
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INTRODUCTION 

The spreading of liquid films on solid surfaces in the macro- 
scopic regime has been extensively investigated [Teletzke et al., 
1987]; however, microscopic spreading behavior is quite different 
fi-om the macroscopic case. At the microscopic scale for afilm 
thickness less than 10nm, the spremling is governed by the forces 
originating fixxn the disjoining pressure gradient [Mate, 1992]. 
The spreading behavior of small drops ofpolydimethylsiloxane 
(PDMS) on silica surfaces has been intensively studied by Heslot 
et al. [1989], Cazabat et al. [1990], Valignat et al. [1993], and 
Fraysse et al. [1993]. Although several theoretical efforts attempt 
to explain the experimental observations [Mate, 1992; Cazabat et 
al., 1990], an understanding of microscopic spreading ofliquidfilm 
is still needed. 

The spreading of ultra-thin, polymer lubricant films on solid 
surfaces has attracted considerable interest due to its application 
in the lubrication ofmngnetic recording media. Novotny [1990] 
has investigated the spreading ofpolyperfluoropropylene (PPFPO) 
on silica surfaces using scanning micro-ellipsomelry and scanning 
photoemission spectroscopy. The surface diffusion coefficient in- 
creased as the film thickness decreased down to Inm, and was 
constant belowthis value. The spreading characteristics ofperffuo- 
ropolyalkylethers (PFPE) on silica surfaces has been investigated 
as afimetion of initial film thickness, end group fimctionality, mo- 
leenlar weight, temperature and humidly by Min et al. [1995], 
O'Connor [1995] and Ma [1998] using scanning micro-ellipsome- 
Uy. They extract the ~s diffusion coefficients fi'om the spread- 
ing profiles by employing Matano interface method [Matano, 
1993]. 

In present work, the spreading of nonfunctional PFPE on car- 
bon surfases was studied We analyzed the ~s diffusion coef- 
ficients in two separate regimes. For the thicker regime, a hydro- 
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dynamic approach with aslip bonndwy condition was appfied. For 
the thinner regime, we assumed adsorption-desorpfion is the main 
mechanism for spreading. We explain the dependence of surface 
diffusion coefficients on film thickness systematically. 

THEORETICAL ANALYSIS 

It is well known that the driving force for microscopic spread- 
ing is the disjoining pressure gradient along the spreading direc- 
tion. For film thickness greater than several monolayers (thick 
thin-film), conventional hydrodynamics are assumed to be valid 
[Mate, 1992]. However, for film thickness less than a monolayer 
(thin thin-film), adsorption and surface pressure play important 
roles in spreading [Cazabat, 1990]. In the intermediate range, we 
assume the hydrodynamic analysis with slip effects is applicable. 
The velocity field in a spreading film is shown in Fig. 1. 

If the liquid in the film can be treated as aNewtonion fluid, the 
Navier-Stokes equation is used as agoveming equation of motion 
for the relatively thick film in the following form, under the pseu- 
do steady state approximation [Mate, 1992]: 

-I1 ~z2- <3x (1) 

Fig, 1. Schematic representmion of velocity fields. 
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where r 1 is the viscosity of liquid, v is the velocity in the x di- 
rection, and Fi is the disjoining pressure. At the solid-liquid inter- 
face, the following boundary condition is assumed instead of the 
conventional no-slip condition [Bird et al., 1960]: 

~V 
~zz=[3v at z : 0  (2) 

The conventional no-slip condition at solid-liquid interface is con- 
slructed by setting [3--+~o. If the liquid film is composed of  long 
chain polymer, the molecules can become entangled. The entan- 
glement can create a finite slip at the solid-liquid interface. In tiffs 
case, [3 has a positive finite value. If  the liquid molecules are at- 
tached to the solid surface, the attached molecules can reduce the 
conductance of molecularly thin liquid film. In tiffs case, [3 has 
a negative finite value. At the liquid-air interface, the following 
sb-ess-fi-ee condition is applicable: 

av 
~ ' = 0  at z=h (3) 
Oz 

The velocity profile satisfying the above Eqs. (1)-(3) is 

, , 1/'h+, z>~OFi n -7) (4) 

This velocity field is shown in ]Tigi 2i By adjusting the value of [3, 
we can get velocity profiles given m Fig. 6 of Mate's [1992] work. 
The associated flow rate, q, is 

h 1 h OYI q=f + 0 v(z)dz= (5) 

The disjoining pressure, II=(3F/-Oh)r, is the excess pressure aris- 
ing from the inteiactions between a solid surface and liquid mo- 
lecules. For a liquid with non-reactive end group, the interaction 
between solid surface and liquid molecules is assumed to be gov- 
erned by van der W:aals interactions; tilen, the disjoining pressure 
has the following form [Tabor and Winterton, 1968]: 

A 
n = -- (6) 

6nh ~ 

Fig. 2. Velocity prof'fles for various [~h. 
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The above relation explains that disjoining pressure decreases ra- 
pidly as the film thickness, h increases. In t i~ case, the flow rate is 

A fl 3 ~3h 
q:-6-GTnh [ + G (r) 

It is kno~m that thin films flow faster than thick films for a parti- 
cular gradient m film profile, ~k/0x, and the thinner the films are, 
the more pronounced slip effects are. 

In the genel-al case, the continuity equation is ~wi~en as, under 
the pseudo-steady state approximation, 

Oh_ O 8 
at ax (8) 

By combining Eqs. (7) and (8), we obtained the following surface 
diffusion equation: 

Oh= a 3__F(3_~+l~ah ] 
at 6~qOxL/,[3h ~ h)OxJ (9) 

which is also expressed as 

Oh(x, t) 0__FD (h)0h(x, t)] 
- ~ - y x L  ~ ---~-~x j (10) 

where the qt~ltity D~(h) (A/6rcq)[3/~h 2+1/h] can be mtelpreted 
as a thickness-dependent surface d i t~ ion  coefficient. As the film 
thickness increases, the slip effects become negligible and the sur- 
face diffusion coefficient has the form of D,(h) (A/6~wlh), which 
is derived from the no-slip conditiort It is assumed that the mo- 
lecular weight effect on surface diffusion coefficient is implied m 
r 1. The dependency of zero shear viscosity [1"1] 0 on the molecular 
weight has the following forms [Marchionni et al., 1990]: 

[q]D~IV~ ' (MSMr 

[q ]D ~ 1W~' (M >M,) 

with tile critical molecular weight M~.15,000. The exponents of 
1.5 and 2.5 are quite different from those of the majority of poly- 
mer melts, which are 1 and 3.4, respectively [FelTy, 1970]. There- 
fore, we can assume timt the dependency of  tile surface diffusion 
coefficient on the molecular weight has the form of D,~IV~ 5-1~. 

For the sub-monolayer regime, the fiiction term cannot be cal- 
culated with the above hydrodynamic theory. Instead it is decided 
from the friction between molecule and solid surface. The veloc- 
ity, v,,, for tiffs regime can be written as [Cazabat et al., 1990] 

VM3 FI 
v~ (11) 

o~ ~x 

where V M is the molecular volume and 0~ is the fi-iction coefficient 
between the molecule and the surface. This relationship is quite 
similar to Darcy's law for flow through porous media. The resist- 
ance term of this relationship, ogVM, corresponds to that of Darcy's 
law rl/K. There are sonle models for the friction coefficient, o~ 
[Bminsma, 1990]; however, rigorous models have not been de- 
veloped. The COlTesponding sub-monolayer surface diffiasion coef- 
ficient DM can be obtained by employiug tile similar procedure of 
Eqs. (5) and (10), as: 

VM OH 
DM = -~- h -~-~ (12) 
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For thin films, the two-dimensional pressure P(h) is commonly 
used for describing monolayel-s. This pressure is correlated with 
the disjoining pressure as follows [Adamson, 1990]: 

P(h) = hrI(h)+ J~ rI(h)dh (13) 

Therefore, tile sub-monolayer surface diffusion coefficient is ex- 
pressed as 

V~aP (14) 
DM- o~ Oh 

For the ultra thin film (h~0) ,  P(h) is given by the two dimen- 
sional perfect gas law, as follows: 

PS=kT (15) 

where S is the molecular area. The equivalent film thickness can 
be expressed as: 

h =V~r (16) 
S 

By combining the Eqs. (14)-(16), the limiting value for DM can be 
obtained as 

DD =DM(h~ 0) =kT/c~ (17) 

This value corresponds to the diffusion coefficient of an isolated 
molecule on the surface. For the thicker case, we employ the two- 
dimensional virial equation as the equation of state for the thin 
film: 

P S : I + B + C +  (lg) 
kT S S ~ 

where B and C are the first and second virial coefficients. By com- 
bining Eqs. (14) and (18), arid neglecting higher order telillS, tile 
following relation is assumed to be good approximation of the sur- 
face diffusion coefficient for the sub-monolayer regime: 

I (19) 
It is well known timt tile first vifial coefficient, B, has tile relation 

of B~S. In this case, the above relation for the surface diffusion 
coefficient in tile sub-nlonolayer region is expressed as 

D,,=~-[1 +yh] (20) 

mer conformation. According to their suggestion the friction coef- 
ficient, 0~, is nearly proportional to molecular weight of each poly- 
mer, so the surface ditSlsion coefficient shows the relation of D,~ 
M -1. 

COMRMC/SON W I T H  EXPERIMENTS 

The polymeric liquid used in this work is PFPE Z, which has 
the following chemical structure: 

CF~- [(OCF~- CF~).-(O CF~),,,]- OCF~ 

where n/m~2/3. The physical properties of PFPE Z are summa- 
rized in Ma's [1998] work. The spreading profile of PFPE Z on an 
amorphous carbon swface was measured by using scanning mi- 
cro-dlipsomeb2z Typical spreadkg profiles are given m Fig. 3. To 
exlract the surface diffusion coefficients, the Matano Interface me- 
thod [Matano, 1 933], which exlracts the thickness-dependent dif- 
fusion coefficient directly fronl tile fihn profile, was employed. 

Since the spreading is measured in the direction perpendicular 
to tile film boundaly, tile spreading process is described by a one- 
dimensional diffusion equation as: 

0h(x, t )0 t  ~ x [ D ~ ( h ) ~ ]  (10) 

where h(x, t) is the thickness of the fihn at a distance x fionl tile 
initial film boundary at time t, and D(h) is the thickness-depend- 
ent diffusion coefficient. The integration of Eq. (10) under tile 
sharp initial film boundary condition gives: 

D h 1 rcL,r 

where 7 is a constant that is independent of molecular weight 
The molecular weight dependence on surface diffusion coefficients 
is implied in 0t. If it is assumed that the friction factor coefficient 
between surface and molecule, 0~, is propoitional to the area which 
tile molecule contacts tile surface, tile dependency of surface dif- 
fusion coefficients in this regime depends on the molecular con- 
formation on solid surfaces. 

Novotny et al. [1989] suggested that tile surface coiffonnation 
of  polyperfluoropropylene oxide (PPFPO) is different fiom tile 
bulk confonnatioil. A two-layer model with interracial and bulk 
layers was proposed: Tile interracial layer, with a tifichless of 1-2 
monolayers, has the molecular chains preferentially extended along 
tile surface. Tile remaining second layer has a normal bulk poly- 

Fig. 3. Thickness profiles ofZ (M~=2,500 g/mol) with the initial 
lhickness of (a) 4.6 nm, and (b) 10 nm at 20 min, 1 h, 3 h, 
and 9 h. 
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Fig. 4. Experimental data of surface diffusion coefficient of PFPE- 
Z [Ma, 1998]. 

Fig. 6. Comparison between the present analysis with the ex- 
perinlental data of Ma [1998] for thin thin-fiim regime. 

with the condition: 

S~xdh'=O (22) 

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

Fig. 4 shows the diffusion coefficient D,(h) as a function of fllln 
thickness for various molecular weights. D,(h) reaches a maximum 
value at a thickness of 1 nat. The height at which D,(h) has its 
maximum value is close to the radius of gyration R e of  PFPE-Z. 
Thereafter, it decreases monotonically and follows a relationship, 
D,(h)~ l/h, for a higher film tifickness. These trends are consistent 
with Eqs. (9) and (10). Therefore, it is assumed that van der Waals 
interaction is the dominant driving force for PFPE Z on an amor- 
phous carbon surface for film thickness greater than a mono-layer. 
The results of  least squares titling of experimental data to D,(h) = 
(A/6rCrl)[3/([3h2)+l/h] are summarized in Fig. 5. The value of  [3 
is nearly constant independent of molecular weight The molecu- 
lar weights of our sample are quite small. So we expect that D,~ 

Fig. 5. Comparison between the present analysis with experi- 
mental data of Ma [1998] for thick thin-film regime. 

M-i 5. However, as shown in Fig. 5, D,~M~ 85 seems to be quite 
reasonable. From this, we can assume that near the solid surface 
the molecular conformation is quite different from bulk, so the vis- 
cosity near the solid surface is quite different fronl that of bulk. 

For the sub-monolayer regime, D,(h) increases as the film thick- 
ness increases, as shown in Fig. 4. Novotny [1990] suggested that 
D,(h) should remain constant however, Ma's experimental results 
are inconsistent with his suggestion. Cazabat et al. [1990] dis- 
cussed the relation between various adsc~ption-desoiption iso- 
therms and surface diffusion coefficients. They show that the sur- 
face diffusion coefficient for a sub-monolayer regime is a fimc- 
tion of film tifickness. We correlate the expelmlental results based 
on Eq. (17) in Fig. 6. As shown in this figure, Eq. (17) represents 
the experimeNal data, especially for a thinner regime. The slope 
seems independent of  molecular weight for a thinner regime. As 
the film thickness increases, the experimental data deviate from 
Eq. (17). Therefore, it seems that the higher order tellI1S should be 
considered for a thicker regime. 

CONCLUSION 

The spreading characteristic of PFPE Z was analyzed tileoreti- 
cally. The slip boundary condition instead of the conventional no- 
slip boundary condition was applied in a thick-thin film regime 
(hydi-odynanlic analysis), and this modification explained tile ex- 
perimental results more reasonably. The surface diffusion coeffi- 
cient had the maximum value at h~l  um and decreased as D,~ 
1/h for the thicker regime. The two-dimensional virial equation 
was employed to analyze thin-thin film (sub-monolayer) regime. 
In tirol-tirol film regime tile surface diffusion coefficient was rough- 
ly proportional to film thickness and inversely proportional to 
molecular weight. 

NOMENCLATURE 

A : Haraaker constant 
B : first virial coefficient 
C : second virial coefficient 
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D, : surface diffusion coefficient 
F : free energy 
h : thickness of polymeric film [m] 
k : Boltzmann constant 
P : two-dimensional pressure 
q : volumetric flow rate [mS/s] 
S : surface area 
T : temperature [K] 
v : velocity [m/s] 
x, z : horizontal and vertical coordinates [ill] 
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