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ABSTRACT:

The spreading behaviors of poly(N-decylacrylamide-co-N-1H,1 H-pentadecafluorooctylacrylamide)

(DAPF) copolymers with various copolymer compositions at the air—water interface were investigated by measurement

of surface pressure—surface area isotherms to prepare a high quality fluorinated polymer Langmuir-Blodgett (LB) film for
developing a new type of solid lubricant. The monolayer property depended strongly on the copolymer composition. The
copolymer monolayers can be transferred onto solid substrates giving uniform polymer LB films. The surface wettability

and the critical surface tensions of the LB films were investigated by measuring the contact angle (6) of a water droplet

on the surface. The friction coefficients of the LB films were measured as a function of the copolymer composition.

The friction coefficient for the DAPF copolymer LB films decreases with the content of N-decylacrylamide (DA). The

frictional properties in the copolymer LB films are discussed from various factors, such as packing density and chemical

composition.
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Recently, in order to reduce friction and wear which
are one of the most important requirements for improv-
ing the performance of moving components in many
technological devices, various kinds of lubricants have
been developed. Many experimental and theoretical
studies have been carried out on the rheology and tri-
bology of ultrathin lubricant films composed of or-
ganic molecules.' ™ Since the Langmuir-Blodgett (LB)
technique is known to provide organic ultrathin films
with controlled thickness of molecular scale and with
well-defined molecular orientation,® the surface im-
provement of solid substrate with LB films is receiving
much attention in surface nanotechnology. Molecularly
smooth surface of LB films is especially expected for
application to no-wear and low frictional lubricant in
high-density magnetic recording systems, where it is
essential that the spacing between the magnetic layer
and the recording head is desired to be very thin, typi-
cally no more than 10nm. There are many studies de-
scribing the use of LB films for lubricants.”® More-
over, in the experiments using LB films, it has been
achieved to measure friction on an atomic resolution
by atomic force microscopy (AFM). Overney and co-
workers reported that the frictional force on fluoro-
carbon areas is about three or four times as large as
on hydrocarbon areas in the friction measurement of
the phase-separated mixed LB films with CoF19—CyHs—
0O—C,H4COOH and C;9H39COOH on Si surface.'13

"To whom correspondence should be addressed.
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Briscoe and Evans!# also found that the frictional force
divided by the real area of contact shear on partially
fluorinated carboxylic acids is about five times as large
as that of hydrocarboxylic acids. It is concluded that
the frictional force of perfluorocarbon and semifluoro-
carbon compounds are larger than those of hydrocar-
bons although perfluorinated polymers are widely used
as low frictional lubricants.”>~!7 This is also supported
by the studies of theoretical calculations.'® 1°

Polymer LB films have higher thermal and mechan-
ical stability and high resistance to dissolution by or-
ganic solvents compared with low molecular weight LB
film.%° In previous works, we have found that polyacry-
lamide structure is suitable for stable LB film formation
due to the self assemble property based on hydrogen
bonding.2'~2* We have succeeded in the preparation of
a series of poly(N-perfluoroalkylacrylamide) LB films
in order to utilize them for an ultrathin lubrication film
of hard-disk with higher storage density.?* 2 In the flu-
orinated acrylamide polymer LB films, very low crit-
ical surface energy characteristic of highly orientation
of the perfluoroalkyl chains and of the surface covered
by CF; were observed.?* The friction coefficient of the
fluorinated polymer LB films decrease with the perflu-
orocarbon chain length.?*

In the present work, the monolayer properties of the
copolymers of N-decylacrylamide (DA) and N-1H,-
1 H-pentadecafluorooctylacrylamide (PF) with various
copolymer compositions (Figure 1) were investigated
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Figure 1. Chemical structure of poly(N-decylacrylamide-co-
N-1H,1H-pentadecafluorooctylacrylamide) copolymers.

by surface pressure—area isotherms. The surface prop-
erties, such as critical surface tension and frictional
force response, of the LB films are discussed as a func-
tion of the copolymer composition aiming at finding a
new solid lubricant film.

EXPERIMENTAL

Materials

The preparation of N-1H,1H-pentadecafluorooctyl-
acrylamide and N-decylacrylamide monomers are de-
scribed in detail in previous papers.”!>2* All of the ho-
mopolymers and copolymers were prepared by free
radical polymerization in tetrahydrofuran at 60°C with
a,a-azobis(isobutyronitrile) as an initiator. The poly-
mers were purified by reprecipitation from a tetrahydro-
furan or freon solution into a large excess of methanol
and dried under vacuum at room temperature. Molecu-
lar weights were determined by a Toyo Soda gel perme-
ation chromatography (GPC) using a polystyrene stan-
dard. The mole fractions of DA in the copolymers were
determined by element analysis.

Monolayer and LB Films Formation

Measurement of surface pressure (;t)—area (A) iso-
therms and the deposition of monolayer were car-
ried out with a computer-controlled Langmuir trough
(FSD-110, USI). Distilled water with a resistivity of
higher than 17 MQ cm purified by a Milli-QII system
was used. The polymers for m-A isotherm measure-
ment were dissolved into freon. Appropriate amounts
of the solution (0.2 mL) were spread on a water sur-
face at 20°C, and then the monolayers formed were
compressed at a speed of 14.0cm?min~!. The con-
densed monolayer on the water surface were transferred
onto a hydrophobic slide glass at a surface pressure of
30mNm~!. Glass slides, on which LB multilayers are
deposited, were cleaned in a boiling HNO3 and made
hydrophobic with trichloromethylsilane.

Measurements
Contact angle measurements were carried out at 30 s
after dropping distilled water onto the surfaces of LB
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Table 1. Copolymers of DA and PF with various copolymer
compositions
Polymer DA content
(mol%) M, (x10%)  Mw/M,

PolyPF 0 - -
DAPF-16 16 - -
DAPF-39 39 2.87 2.9
DAPF-50 50 1.93 33
DAPF-75 75 1.08 22
PDA 100 1.23 2.3

films with 6 layers at 20°C in ambient humidity with
a CA-X contact angle meter (Kyowa Kaimen Kagaku).
The contact angles were the average of three measure-
ments at different positions for one sample. The ad-
vancing angles were determined immediately by inject-
ing a SyuL liquid drop, and the static contact angles
were read from a drop of 5uL solvent in the surface.
The contact angles for droplets of various alkanes such
as hexane, octane, decane, dodecane, and tetradecane
on the LB films were measured to obtain critical sur-
face tension (y.). The value of y. was determined by
extrapolating a linear regression analysis of the data to
cos # = 1.00 (Zisman plot).?

The frictional force of the polymer LB films were
measured with a back-to-forth sliding friction meter
(HEIDON14D, Shintoukagaku) using a sapphire tip at
a sliding speed of 1.0 mm s~! under a loading weight of
10 g in eleven transits. The LB film with 2 layers onto
a hydrophobic slide glass were used as a sample. The
kinetic friction coefficients (1) of the polymer LB films
were calculated by dividing the average frictional force
(F) in the tenth transit by the loading weight (W), i.e.,
u=F/Ww.

RESULTS AND DISCUSSION

Monolayers of poly(N-Decylacrylamide-N-1H,1H-
pentadecafluorooctylacrylamide) Copolymers at the
Air-Water Interface and LB Film Formation
Poly(N-decylacrylamide-co-N-1H,1 H-pentadecaflu-
orooctylacrylamide) with various copolymer compo-
sitions were prepared by radical copolymerization
(Table I). The copolymers with the DA content less
than 16% were insoluble in usual organic solvents
such as tetrahydrofuran. The copolymers dissolved in
a fluorinated solvents (freon) were spread on the water
surface at 20°C for m-A isotherm measurement. The
nt-A isotherms show that the monolayer properties vary
with the copolymer compositions (Figure 2). It is clear
that the isotherm curves are shifted toward smaller sur-
face area with increasing DA mol%, accompanied by a
decrease in collapse pressure. No hysteresis behavior
was observed in the isotherms The limiting surface
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Figure 2. Surface pressure—area isotherms of (a) PolyPF, (b)
DAPF-16, (c) DAPF-39, (d) DAPF-50, (¢) DAPF-75, and (f) PDA
at 20°C.
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Figure 3. Change of surface area for DAPF copolymers as a
function of the DA composition.

area per repeating unit can be obtained by extrapolation
of a linear part of the isotherm to zero pressure. It
is of interest that a linear relationship between the
surface area and DA mol% was obtained (Figure 3),
that is, an ideal mixing of DA and PF monomers in the
monolayer occurs. This indicates that both monomer
unit have their respective molecular occupied surface
areas in the monolayers and the copolymer chains do
not form an entangled or coiled form on the water
surface. The copolymer monolayers were transferred
onto a solid support, giving the polymer LB films.
The copolymers except of DAPF-50 were transferred
onto a solid support with both down and up strokes
with a transfer ratio of nearly unity giving a Y-type LB
films. The DAPF-50 monolayer was transferred only
with down stroke with a transfer ratio of unity giving a
X-type LB film.

Wettability of Copolymer LB Films

The wettability of surface of the copolymer LB films
on a glass slide was investigated by measurement of
advancing and static contact angles of a water droplet
on the LB films. The LB films with six layers were
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Figure 4. Contact angles of DAPF LB films as a function of
the DA composition (fa and 8s are the advancing and static contact
angles, respectively).

employed as samples. Figure 4 shows the contact an-
gles of the copolymer LB films as a function of DA
content. The contact angle increases by introduction
of PF monomer, meaning that the surface becomes
more hydrophobic. The contact angle, however, be-
comes nearly constant for the copolymers with more
than 40 mol% PF. The surface of the copolymer LB
films shows higher contact angle (122°) and more hy-
drophobic than the surface of polytetrafluoroethylene
(115°), of which surface is known to be covered with
-CF, group. The higher water contact angles for the
surface of the copolymer LB films with more than 40%
PF are predominantly contributed from -CF3 group.

In order to obtain the critical surface tension (y.) of
the copolymer LB films, the contact angles for droplets
of various alkanes such as hexane, octane, decane, do-
decane, and tetradecane on the LB films were mea-
sured. A good linear relationship between the contact
angle and the surface tension of the alkane molecule
employed was observed for all the copolymer LB films
(Figure 5). By extrapolation of the line to cos 8 = 1.0,
the critical surface tensions (y.) can be estimated to be
11,12, 14, and 16 mN m~! for the DAPF-16, DAPF-39,
DAPF-50, and DAPF-75 LB films, respectively. These
values are lower than that of polytetrafluoroethylene
(18mNm™").2° The low critical surface tensions sup-
port that the polyfluoroalkyl chains are closely packed
in the copolymer LB films.

Frictional Property of Copolymer LB Films

The frictional force response of the copolymer LB
films were measured with a back-to-forth sliding fric-
tion meter using a sapphire tip at a sliding speed of
1.0mms~! under a loading weight of 10 as shown in
Figure 6. Figure 7 shows the frictional force response
for the DAPF-50 LB film with 2 layers deposited on a
glass substrate as a typical example when a sapphire tip
under a loading weight of 10 as shown in Figure 6 slides
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Figure 5. A linear relationship between the contact angles of
copolymer LB films and the surface tension of n-alkane molecules.
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Figure 7. A typical frictional force response of DAPF-50 LB
films.

back-to-forth in eleven times of transits. It is clear that
the frictional forces are stable during sliding and inde-
pendent of the number of transits, keeping a constant
force. A surface with fair smoothness and toughness
is formed in the copolymer LB films. In order to in-
vestigate the lubricating durability in detail, we exam-
ined the influence of repeating cycle of sliding on the
friction coefficients of polyPF, DAPF-16, and DAPF-36
LB films (Figure 8). The friction coefficient of polyPF
LB film gradually increases after about 200-time tran-
sits, indicating that the surface becomes rough. This is
attributed to removal of LB films from the substrates
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Figure 8. Kinetic friction coefficients of polyPF, DAPF-16,
and DAPF-39 LB films as a function of the number of repeating
transits. Loading weight: 10 g.
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Figure 9. Kinetic friction coefficients of DAPF copolymer LB
films as a function of the DA composition.

during the transits. On the other hand, the friction co-
efficients of the DAPF-16, and DAPF-36 LB films re-
main almost constant, indicating higher durability of
the copolymer LB films, compared with the fluorinated
homopolymer. The lower durability of the PolyPF LB
film is attributed to peeling off from the substrate be-
cause of the weak interaction of fluorinated polymer
with glass slide. The improvement of durability by the
copolymer is explained by increase in the interaction
between the copolymer and the glass by adhesive force
that is derived from the hydrocarbon chains.

Figure 9 shows the kinetic friction coefficient of the
copolymer LB films as a function of DA mol%. Ap-
parently, the friction coefficient decreases with increas-
ing DA mol%. It is of interest that the coefficient is
reduced from 0.28 of polyPF to 0.24 in the presence
of only 16% DA monomer. The decrease in the fric-
tion coefficient by the introduction of hydrocarbon into
fluorinated compound is consistent with the theoreti-
cal calculation'® ! and experimental results'®~'3 ob-
tained by AFM method: the frictional forces of per-
fluorocarbon and semifluorocarbon chain surface are
larger than those of hydrocarbons. Despite the fact that

Polym. J., Vol. 33, No. 11, 2001
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fluorocarbon-based materials exhibit higher frictional
coefficients than analogous hydrocarbon-based materi-
als, fluorocarbons are uses as lubricants because of their
high chemical, thermal, and mechanical stability.

A number of molecular-level phenomena such as
packing density,*> local disorder,?” and chemical
structure!” have been proposed to account for higher
frictional properties in fluorinated films. As shown
in Figure 3, the surface area per repeating unit de-
creases linearly with DA mol%. The additional rule
of the respective monomer area is kept. This indicate
that the molecular packing density is almost the same
with all the copolymer monolayers, irrespective of the
copolymer compositions. All the copolymer monolay-
ers is keeping a condensed state. From the fact, the
decrease in the friction coefficient with DA content is
not explained in terms of the molecular packing. In
the present study, the friction coefficient apparently de-
creases with increasing DA mole friction. It is ex-
plained by the fact that the hydrocarbon is more flex-
ible and the deformation energy is lower than the cor-
responding fluorocarbon in the case where the friction
force is determined by the deformation of molecule in
the surface.

CONCLUDING REMARKS

We synthesized a series of poly(N-decylacrylamide-
co-N-1H,1 H-pentadecafluorooctylacrylamide) copoly-
mers that exhibit a good resistance to dissolution by
organic solvents while DA content in copolymers is
low. The copolymers with a wide range of compo-
sition form a stable monolayers on the water surface
and the monolayers can be easily deposited onto solid
substrates yielding the polymer LB films. The surface
properties such as wettability and friction force varied
with the copolymer composition. The surface of the
copolymer LB films becomes more hydrophobic and
lower critical surface energy by the introduction of PF
monomer. On the other hand, the friction coefficient
decreases with DA content and also the durability in
the friction measurement is improved by the introduc-
tion of DA monomer. A new type of solid lubricant thin
film that has not only a low friction but also low-energy,
rupture resistance and high resistance to organic sol-
vents can be expected to the copolymer LB films with
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the copolymer composition precisely controlled.
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