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Abstract We have compared the lubricating properties of
two different PEG-grafted, polycationic, brush-forming
copolymers to gain a deeper understanding of the role of the
polyionic backbone in the lubricating behavior of such
materials, when used as additives in aqueous lubricant sys-
tems. Previously, poly(L-lysine)-graft-poly(ethylene glycol)
(PLL-g-PEG) has been shown to adsorb onto oxide surfaces
from aqueous solution and substantially lower frictional
forces. Poly(allylamine)-graft-poly(ethylene glycol) (PAAm-
g-PEG), which also has a polycationic backbone, has been
synthesized in several different architectures, and its per-
formance investigated via adsorption tests, rolling- and
sliding-contact tribometry, and the surface forces apparatus.
These tests show a clear reduction of friction forces with
PAAm-g-PEG compared to water alone. However, when
compared with PLL-g-PEG, while PAAm-g-PEG copoly-
mers did not adsorb to the same extent or exhibit as high a
lubricity in sliding geometry, they showed a similar lubri-
cating effect under rolling conditions. The difference in the
chemical structure of the backbones, especially the flexi-
bility of the anchoring groups, appears to significantly
influence both the extent and kinetics of polymer adsorption,
which in turn influences lubrication behavior.
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1 Introduction

Poly(ethylene glycol) (PEG) brushes have been shown in
many recent publications to be highly lubricious when sat-
urated with water [1-15]. In particular, the modification of
oxide surfaces with the cationic brush-like copolymer
poly(L-lysine)-graft-poly(ethylene glycol) (PLL-g-PEG)
has been shown to significantly lower frictional forces
between these surfaces in an aqueous environment [4, 5, 7—
15]. PLL-g-PEG incorporates a polycationic backbone of
poly(rL-lysine) (PLL), which adsorbs from aqueous solution
onto negatively charged surfaces, such as those of many
oxides [4, 5, 7-38], establishing electrostatic interactions at
multiple sites along the backbone. Compared to other
grafting methods, e.g., silane-PEG grafted onto oxide sur-
faces [24], higher PEG chain surface densities can be readily
achieved due to the radial distribution of PEG side chains
along the PLL in aqueous solution, which, upon adsorption
of the backbone, extend away from the surface. By con-
trolling the PEG spacing along the backbone, the resulting
PEG surface density can be tailored prior to adsorption [5,
17, 24]. Surface attachment via a long polycationic back-
bone, rather than covalently linking the PEG chains to the
surface, leads to an advantageous self-healing effect [10], by
which the electrostatically adsorbed protective brush layer,
if removed under tribological contact, readsorbs.

Past work has also shown the importance of the grafting
ratio, defined as the number of lysine units per grafted PEG
chain; if too high, the PEG density on the surface is too low
to produce the desired tribological effects; if too low, too
few charges remain on the backbone for the brush to adsorb
on the surface [5, 17, 24]. Tribological studies have
revealed that, for tribological applications, PEG side-chain
lengths of 5 kDa provide optimal tribological properties,
and optimal adsorption properties for 5 kDa side chains
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Fig. 1 Structure of poly(r-lysine) and poly(allylamine), and sche-
matic structure of a brush-like graft copolymer with a polycationic
backbone and a grafting ratio of 4

backbone

require a PLL backbone length of 20 kDa and a grafting
ratio around 3-5 [5].

In this study, the effects of the chemical structure of the
anchoring groups are explored via tribological testing
and surface analysis. We introduce another brush-like
PEG-based copolymer, poly(allylamine)-graft-poly(ethyl-
ene glycol) (PAAm-g-PEG). This copolymer is similar to
PLL-g-PEG, except the PLL backbone is replaced with
poly(allylamine) (PAAm), as shown in Fig. 1. Both PLL and
PAAm ionize via protonation of amine groups; however,
there are important differences between PAAm and PLL.
First, the PAAm repeat unit is significantly shorter: 2.8,
compared to 3.6 A for PLL.! Second, the structure of the
anchoring groups differs significantly; the protonated pri-
mary amine group of PLL lies at the end of a C4 hydrocarbon
chain (-CH,CH,CH,CH,NH; "), whereas that of allylamine
is connected via a single methylene unit (-CH,NH;"), as
shown in Fig. 1. The presence of the relatively long C4
hydrocarbon chain, in the case of PLL, provides additional
degrees of freedom in the position of the amine group [39].

Investigations of PAAm-g-PEG copolymers with back-
bone lengths of 14 kDa, grafting ratios between 2.5 and 6.5,
and PEG side chain lengths of 5 kDa, as well as a previously
determined optimal architecture of PLL-g-PEG [6], are
reported in this work. One additional polymer with a longer
70 kDa backbone and a grafting ratio of 3.5 (PAAm(70)-

''as calculated with ChemDraw version 10.0 (CambridgeSoft,

Cambridge, Massachusetts, USA).
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g[3.5]-PEG(5), meaning a PAAm backbone of 70 kDa, PEG
side chains of 5 kDa, and a grafting ratio of 3.5) has also
been included, to investigate possible effects of longer
backbone lengths, which may not lie flat on the surface.
Adsorption experiments were performed by means of opti-
cal waveguide lightmode spectroscopy (OWLS). Rolling
and sliding tribometry experiments were carried out to
examine the lubricating behavior of the various copolymers
under different tribological conditions. Finally, a surface
forces apparatus (SFA) was used to determine the equilib-
rium brush thickness of several of the adsorbed copolymers.

2 Experimental Details

2.1 Synthesis of Poly(allylamine)-graft-poly(ethylene
glycol) and poly(L-lysine)-graft-poly(ethylene
glycol)

PAAm-g-PEG and PLL-g-PEG were synthesized via a
similar route; complete details of the synthesis of PLL-g-
PEG can be found in previous publications [16, 40]. Briefly,
poly(allylamine) hydrochloride or poly(L-lysine) hydro-
bromide (both from Fluka, Switzerland) of the desired
backbone molecular weight (PAAm: 14 or 70 kDa, PLL:
20 kDa, including the ClI~ or Br~ counterion) were dis-
solved at a concentration of 100 mM in a 50 mM sodium
borate buffer solution adjusted to pH 8.5. The solution was
filtered through a 0.22 pum filter. To graft PEG onto PLL or
PAAm, the N-hydroxysuccinimidyl ester of methoxy-
poly(ethylene glycol) propionic acid (mPEGSPA, Nektar,
Huntsville, AL, USA) was added to the PLL-HBr or PAAm-
HCI solution. The reaction was allowed to proceed for 6
hours at room temperature, after which the reaction mixture
was dialyzed (Spectra-Por, molecular weight cutoff size
6-8 kDa, Spectrum, Houston, TX, USA) for 48 h against
deionized water. The product was freeze-dried and stored in
powder form at —20 °C. Detailed information about the
molecular weight and structure can be found in Table 1.

For all macroscopic tribometry experiments described in
this article, PLL-g-PEG and PAAm-g-PEG were dissolved
at a concentration of 0.25 mg/mL in an aqueous buffer
solution consisting of 10 mM 4-(2-hydroxyethyl)pipera-
zine—1-ethanesulfonic acid (HEPES, Fluka, Switzerland)
adjusted to pH 7.4 using the appropriate amount of a 6.0 M
NaOH solution (less than 1 mL/L, corresponding to a
change of <1% in the ionic strength).

2.2 Adsorption Measurements with Optical Waveguide
Lightmode Spectroscopy (OWLS)

OWLS is a method that, by means of the evanescent field
of a waveguide-incoupled He—Ne laser, can probe the mass
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Table 1 The structure of the (co)polymers employed in this work
(Co)polymer (Backbone) molecular Total molecular ~ Number of repeat units Number Number

weight (kDa) weight (kDa) of backbone of grafted

- - - - free amine PEG chains
With Without Backbone Side chains
. . groups

counterion counterion
PAAm(14) 14 8.6 - 151 - - -
PAAmM(70) 70 43 - 757 - - -
PEG(5) 5 5 - 81 - - -
PLL(20) 20 13 - 89 - - -
PAAm(14)-g[2.5]-PEG(5) 14 8.6 311 151 81 91 61
PAAm(14)-g[3.5]-PEG(5) 14 8.6 225 151 81 108 43
PAAm(14)-g[4.5]-PEG(5) 14 8.6 177 151 81 118 34
PAAm(14)-g[5.5]-PEG(5) 14 8.6 146 151 81 124 28
PAAm(14)-g[6.5]-PEG(5) 14 8.6 125 151 81 128 23
PAAm(70)-g[3.5]-PEG(5) 70 43 1,124 757 81 540 216
PLL(20)-g[2.9]-PEG(5) 20 13 166 89 81 58 31

of adsorbed macromolecules on a waveguide to an accu-
racy of 2 ng/cm” [41]. The OWLS 110 (MicroVacuum,
Budapest, Hungary) was used to perform adsorption mea-
surements on uncoated Sig,sTip750, waveguides
(MicroVacuum, Budapest, Hungary).

The waveguides were ultrasonicated in 0.1 M HCI for
10 min, rinsed thoroughly with ultrapure water (Millipore,
Billerica, Massachusetts, USA), ultrasonicated in isopro-
panol for 10 min, dried in an N, stream, and UV/O3
cleaned for 30 minutes. Following assembly of the flow
cell, HEPES buffer was injected, and the baseline was
allowed to stabilize for at least 30 min. The copolymer
solution (described in Sect. 2.1) was then injected and
allowed to adsorb for 30 min. HEPES was then injected
once every 10 min for 30 min to remove all loosely bound
copolymer from the surface. This value was taken as the
adsorbed mass of the copolymer. Values for dn/dc, where n
is the refractive index and c is the concentration, calculated
for each copolymer using measured values for PLL
(0.18 cm3/g) and PEG (0.13 cm3/g), and a measured value
of dn/dc for PAAm (0.23 cm’/g) are shown in Table 1.

2.3 Mini-Traction Machine (MTM)

An MTM (PCS Instruments London, United Kingdom) was
employed to characterize the lubricating properties of the
copolymer solutions under rolling-contact conditions. The
MTM measures the frictional forces between a ball and a
disk, each of which can be rotated independently at dif-
ferent speeds. All of the measurements performed in this
work were taken at a slide-roll ratio (SRR), defined as the
sliding speed divided by the entrainment speed as in Eq. 1
(in which vy, is the velocity of the ball and vy is the

velocity of the disk), of 10%. Specimens included glass
disks (46-mm diameter, 6-mm thick) machined by Qualicut
AG

SRR = 2 . Dl Z Yk (0% (1)

Vball + Vdisk

(Monchaltorf, Switzerland) and AISI 52100 steel balls (19
mm diameter, PCS Instruments). The balls and disks were
ultrasonically cleaned in ethanol for 10 min, and the glass
disks were further cleaned in air plasma (Harrick Scientific,
Ithaca, NY) for two minutes. The disk was then submerged
into a buffered copolymer solution (as described in Sec-
tion 2.1) for 30 min to allow the copolymer to adsorb onto
the surface. Following adsorption, measurements took
place at 27 °C with the disk still submerged in the buffered
copolymer solution, beginning each time at the highest
speed of 2,500 mm/s and gradually decreasing to 10 mm/s,
yielding coefficient of friction values (u, defined as
friction/load) at various speeds.

2.4 Pin-On-Disk Tribometry

A pin-on-disk tribometer (CSM Instruments, Peseux,
Switzerland), consisting of a rotating disk and stationary
pin, was employed to characterize the lubricating proper-
ties of the copolymer solutions under sliding-contact
conditions. Glass slides (SuperFrost extra-white electr-
overre glass, Menzel-Gléser, Braunschweig, Germany), cut
approximately to 2.5 cm?, were used as rotating disks, and
steel balls (6 mm in diameter, DIN 5401-20 G20, Hydrel,
Romanshorn, Switzerland) served as the stationary pin.
Disks and pins were ultrasonically cleaned in ethanol prior
to testing, and disks were subsequently cleaned in air
plasma for two minutes before being placed in HEPES
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buffer solution until testing. Immediately before testing,
the copolymer was allowed to adsorb from the buffered
copolymer solution onto the disks for 30 min, to ensure
that the maximum amount of copolymer had adsorbed on
the surface.

Two series of experiments were conducted, one with
varying normal load and one with varying speed. The
varied-load series included measurements under 5, 2, 1,
and 0.5 N normal loads (corresponding to contact pres-
sures in the range of 220-480 MPa), each on different
tracks, for 50 rotations at 5 mm/s, and each set of four
measurements was repeated on three separate disks. The
pin was rotated slightly between each individual mea-
surement to provide a fresh contact point each time. The
varied-speed measurements consisted of 20 rotations
under 2 N (approximate contact pressure 350 MPa) at 19,
15, 10, 5, 2, and 1 mm/s. Each set of six speeds was
performed on the same radius, and each set of measure-
ments was repeated on two new disks. The pin was rotated
only when the disk was changed.

2.5 Surface Forces Apparatus (SFA)

For the SFA experiments, an enhanced and automated
version of the MARK 3 (Surforce, Santa Barbara, CA),
described fully in other publications [18], was used. The
mica surfaces were prepared following a procedure
described elsewhere [30]. Prior to the adsorption of the
copolymers, the thickness of the mica surfaces was deter-
mined interferometrically in the SFA.

Two different architectures of the PAAm-g-PEG
copolymer were used for the experiment. For the ex situ
adsorption process, both the surfaces were immersed in a
solution of the copolymer each time. After removal they
were thoroughly rinsed with a jet of ultrapure water and
mounted in the SFA with a drop of solvent between the
surfaces. In case of PAAm(14)-g[6.5]-PEG(5) a solution
of 0.5 mg/mL in HEPES buffer and an immersion time of
40 min were used, and the surfaces were mounted with a
drop of buffer solution between them. For the PAAm(70)-
g[3.5]-PEG(5) a solution of 0.1 mg/mL in ultrapure water
(puris. p.a., Fluka, Milwaukee, WI) and an immersion
time of 75 min were used, the surfaces being subse-
quently mounted with a drop of ultrapure water between
them.

The data were compared with results for PLL(20)-
g[2.9]-PEG(5) and PLL(20)-g[3.5]-PEG(5). These were
taken from a series of experiments described in [12, 30].

Compression isotherms were carried out at 25.0 °C with
a measuring spring of 500 N/m and motor speeds of 5 and
10 nm/s. These relatively high speeds were chosen to
reduce systematic errors due to drift induced by the
unavoidable evaporation of the solvent.
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3 Results
3.1 OWLS

Adsorbed mass per unit area versus grafting ratio of both PLL-
g[2.9]-PEG(5), PAAm(70)-g[3.5]-PEG(5), and PAAm(14)-
g[x]-PEG(5), as systematically studied with OWLS, is
shown in Fig. 2. PAAm(70)-g[3.5]-PEG(5) showed the
highest level of adsorption among the PAAm-based polymers
(154 + 2 ng/cm?). Adsorbed copolymer mass ranged from
84 + 17 ng/cm? for a grafting ratio of 4.5 to 126 & 14 ng/cm?
for a grafting ratio of 6.5. Although a general trend of
increased amount of adsorption can be seen with increasing
grafting ratios, no significant difference in adsorbed amount
can be seen at grafting ratios from 2.5 to 4.5. Also interesting
tonote is that the adsorbed mass for grafting ratios 5.5 and 6.5
were still lower than the average adsorption of PLL-g-PEG
with the lower grafting ratio of 2.9 (156 + 39 ng/cm?).

Adsorbed mass, as well as the conformational factors
calculated from the adsorbed mass and copolymer struc-
ture, is provided in Table 2. To better assess the efficacy
of surface grafting of PEG chains for different polymer
architectures, the areal density of PEG chains npgg (Eq. 2)
was calculated, as described in a previous publication [24].
The quantity m,g50meq 1 the adsorbed mass per unit area
measured by OWLS, Myackbone 1 the molecular weight of
one backbone repeat unit (not including the counterion), g
represents the grafting ratio, and Mpgg is the molecular
weight of one PEG side chain, Mgg is the molecular weight
of one EG repeat unit, and N, is Avogadro’s number.

Madsorbed * NA (2)
Mbackbone -8 + MPEG

NpEG =

Similarly, the areal density of copolymer molecules
(nprush) on the surface was calculated via a related equation

200
B PAAm(14)-g[x]-PEG(5)
- O PLL(20)-g[2.9]-PEG(5)
NE [J PAAm(70)-g[3.5]-PEG(5)
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Fig. 2 Adsorbed mass of PAAm(14)-g-PEG of various grafting ratios,
as well as PAAm(70)-g[3.5]-PEG(5) and PLL(20)-g[2.9]-PEG(5),
measured with OWLS on uncoated SiOy »5/Tig 750, waveguide surfaces
in 10 mM HEPES buffer. In every case the mass of adsorbed PAAm(14)-
g-PEG(5) is somewhat lower than that of PLL(20)-g[2.9]-PEG(5)
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Table 2 Summary of adsorption data of PAAm-g-PEG as measured by OWLS

Copolymer dn/fdc®  Adsorbed mass  nppg’ NBrush’ Mean distance between PEG ~ Relative packing
(ng/cmz) (1/nm2) (1~1075/nm2) chains along backbone® (A) factor® (L/2Ry)
PAAm(14)-g[2.5]-PEG(5)  0.137 87 +3 0.10 + 0.004 1.7 £ 0.1 7.0 0.73 £ 0.03
PAAm(14)-g[3.5]-PEG(5)  0.139 85+ 6 0.099 £ 0.007 24 +0.2 9.8 0.74 £ 0.05
PAAm(14)-g[4.5]-PEG(5) 0.142 84 + 17 0.10 £ 0.02 3.0+ 0.6 12.6 0.75 £ 0.15
PAAm(14)-g[5.5]-PEG(5) 0.144 118 £ 8 0.13 + 0.02 52+04 15.4 0.64 + 0.05
PAAm(14)-g[6.5]-PEG(5)  0.147 127 £ 14 0.14 + 0.02 6.6 + 0.7 18.2 0.61 £ 0.07
PAAm(70)-g[3.5]-PEG(5)  0.139 154 £2 0.178 £ 0.002  0.83 + 0.01 9.8 0.55 £ 0.01
PLL(20)-g[2.9]-PEG(5) 0.139 157 £ 39 0.18 + 0.05 57 +1 10.4 0.55 £ 0.14

* dn/dc represents the change of the index of refraction with changing concentration

® nprg is the number of PEG chains on the surface per unit area, calculated from the adsorbed mass of the polymer

€ Nprush 18 the number of copolymer molecules adsorbed per unit area, calculated from the adsorbed polymer mass

4 Estimated as grafting ratio x monomer length

¢ LI2R, is the relative packing factor of the polymers adsorbed on the surface, taking into account L (average spacing between PEG side chains
on the surface) and R, (radius of gyration of PEG chains). Lower values of L/2R, suggest a higher degree of PEG side-chain overlap, leading to a

more extended brush-like arrangement of PEG side chains [16, 24]

(Eq. 3), in which My, is the calculated molecular weight
of the copolymer.

Madsorbed * NA (3)

Nprush =
M brush

The estimated distance between PEG side chains along
the backbone was calculated as the grafting ratio multiplied
by the backbone repeat length (2.8 and 3.6 A for PAAm
and PLL, respectively). Finally, the relative packing factor
L2R, [17, 24] is also included, which indicates the degree
of overlap of the PEG chains on the surface. Lower values
of L/2R, suggest a higher degree of PEG side-chain
overlap, leading to, due to steric effects, a brush that
extends further from the surface and better protection from
asperity contact [5]. The calculation assumes extended
backbones parallel to the surface and PEG chains, for
which the radius of gyration of the isolated PEG chains, R,,
was calculated with an empirical formula based on light-
scattering measurements [42]:

R, = 0.181N"* (nm) (3)

where N is the number of EG repeat units. R, for 5 kDa
PEG is thus 2.3 nm. The average spacing between the PEG
side chains on the surface, L, is calculated as follows [17,
241

As seen in Table 2, there is a general increase in the
npgg With increasing grafting ratio and a decrease in the
relative packing factor L/2R,. Despite the lower grafting
ratio of PLL-g-PEG it has a lower relative packing
factor.

3.2 MTM

Plots of u versus speed obtained at a slide-roll ratio of
10% are shown in Fig. 3. For clarity, only the results for
PAAm(14)-g[6.5]-PEG(5) are shown, although all PAAm-
g-PEG architectures performed similarly to each other,
and lower values of p were observed than for HEPES
buffer. Virtually no difference in the u values was found
for PAAm(14)-g[6.5]-PEG(5) and PLL(20)-g[2.9]-

PEG(5).
0.14
;1 —A— HEPES buffer
0.01 < -+ PAAM(70)-g[3.5]-PEG(5)
E —©— PLL(20)-g[2.9]-PEG(5)
- —- PAAM(14)-g[6.5]-PEG(5)
0.001+
0.0001 -
0.00001

T =] T T
1000 1500 2000

speed [mm/s]

T
0 500 2500

Fig. 3 Coefficient of friction versus speed plots obtained from rolling
contacts lubricated by solutions of PAAm-g-PEG, PLL(20)-g[2.9]-
PEG(5), and HEPES buffer. For clarity, only PAAm(14)-g[6.5]-
PEG(5) and PAAm(70)-g[3.5]-PEG(5), which was tested with the
SFA, are shown (see Fig. 5 for other polymer architectures). Standard
deviation between measurements was in the range of =0.005.
Although there is little significant difference in the lubricity of the
copolymers, they all exhibit significantly lower friction than the
buffer alone
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3.3 Pin-On-Disk Tribometry

u versus speed plots and friction force versus applied
load plots are shown in Fig. 4. For clarity, only the data
for PAAm(14)-g[6.5]-PEG(5), PAAm(70)-g[3.5]-PEG(5),
PLL(20)-¢[2.9]-PEG(5), and HEPES are shown. As with
the rolling contacts, all architectures of PAAm-g-PEG
performed better than HEPES buffer alone and were not
significantly different from each other. The p values of
PAAm-g-PEG (between 0.2 and 0.3) lie clearly below that
of HEPES buffer (0.4-0.6), yet slightly above that of
PLL-g-PEG (0.2 to 0.1). PAAm(70)-g[3.5]-PEG(5) has a
slightly higher p than that of PAAm(14)-g[6.5]-PEG(5),
especially at speeds of 10 mm/s or faster. Figure 5 shows a
comparison of the u values in sliding and rolling contact of
the various PAAm-g-PEG copolymers as well as PLL-g-
PEG. All PAAm-g-PEG architectures show, with 2 N
applied load and 5 mm/s sliding speed, sliding p values
between 0.2 and 0.3, and no significant difference can be
seen between the different architectures measured. Simi-
larly, all polymers measured at a rolling speed of 5 mm/s
show only insignificant differences. Nevertheless, as seen

0.7

—— HEPES buffer

—&- PAAm(14)-g[6.5]-PEG(5)
~5- PAAm(70)-g[3.5]-PEG(5)
—5— PLL(20)-g[2.9]-PEG(5)
applied load=2 N

0.6+

0.5+

T
0 5 10 15 20
speed [mm/s]

Fig. 4 Coefficient of friction versus speed plots (applied load, fixed
at 2 N, speeds ranging from 1-19 mm/s) (left) and friction force
versus applied load (speed, fixed at 5 mm/s, applied loads ranging
from 0.5-5 N) (right) for pin-on-disk sliding tribometery, lubricated

in Fig. 4, all PAAm-g-PEG grafting ratios display higher
sliding u values than PLL(20)-g[2.9]-PEG(S).

3.4 SFA

Compression isotherm measurements carried out with the
SFA revealed a predominantly repulsive interaction for all
copolymer films (see Fig. 6). In the experiments carried out
with a liquid drop [both data sets of PAAm-g-PEG, and the
data set of PLL(20)-g[2.9]-PEG(5)], it was not possible to
determine hysteretic behavior, although the scatter in the
data at forces below 0.2 mN/m, caused by changes of the
drift rate, may have masked weak attractive forces.

To compare the equilibrium film thickness of the dif-
ferent copolymers, the surface separation was determined
at an arbitrary, but small, reference load of 0.6 mN/m,
chosen to be just above the ambient noise level. In the case
of PLL-g-PEG these values were shown to be in good
agreement with the brush length, determined by fitting the
data with a model based on the Alexander-de Gennes
scaling approach [30, 43, 44]. For PAAm(14)-g[6.5]-
PEG(5) this reveals a film thickness of 9.5 nm, whereas for

16 —A— HEPES buffer

0 _= PAAm(14)-g[6.5]-PEG(5)
—5~ PAAm(70)-g[3.5]-PEG(5)
—&— PLL(20)-g[2.9]-PEG(5)
speed = 5 mm/s

-
N
L

friction force [N]
(=]
i

o
>
|
_ \

0 1 2 3 4 5
applied load [N]

by the copolymer solutions and HEPES buffer solutions. For clarity,
only PAAm(14)-g[6.5]-PEG(5) is shown. The u values for all PAAm-
g-PEG architectures studied lie between those of PLL(20)-g[2.9]-
PEG(5) and HEPES buffer

Fig. 5 Comparison of the u 0.5 0.0020
values of all tested PAAm-g- B PAAm(14)-g-PEG(5) B PAAm(14)-g-PEG(S)
. O PAAm(70)-g[3.5]-PEG(5) O PAAm(70)-g[3.5]-PEG(5)
PEG architectures, compared 0.4+ O PLL(20)-g]2.9]-PEG(5) 0.0015 - O PLL(20)-g[2.9]-PEG(5)
. . : applied load = 2N; speed = 5 mm/s - Rolling friction at 500 mm/s
with PLL(20)-g[2.9]-PEG(5), in and 10N applied load
sliding contact (left) and rolling L
. 0.3 0.0010 +
contact (right). There appears to .
be little significant difference 2 * * . =
between the various 0.2 0.0005
architectures of PAAm-g-PEG,
a}thgugh PLL—g—PEG. e{(hibits 0.1+ . 0+
significantly lower friction than
PAAm-g-PEG under sliding-
ses 0 + t -0.0005 i - }
contact conditions 3 4 5 6 2 4 5 6
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< area density of adsorbed molecules
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Fig. 6 Compression isotherms measured in a brush-brush confor-
mation in the SFA for different PAAm-g-PEG and PLL-g-PEG
architectures. The loading force F is normalized with the radius of
curvature R of the surfaces

PAAm(70)-g[3.5]-PEG(5) the thickness is 18 nm, and
therefore comparable to the values achieved for PLL(20)-
g[2.9]-PEG(5) (14.4 nm) and PLL(20)-g[3.5]-PEG(5)
(16.3 nm). The error in this value is about 0.5 nm, mainly
caused by scatter due to drift. For the numbers given above,
an overlap of the two opposing brushes was not taken into
account.

4 Discussion

Past studies have shown that the adsorption and lubrication
behavior of PLL-g-PEG is influenced by the grafting ratio
of the copolymer. The lower the grafting ratio, the more
densely the PEG side chains are grafted along the back-
bone, yielding increased PEG surface density after
adsorption to provide a steric barrier during tribocontact.
However, since PEG side chains are grafted onto the amine
groups of the lysines, which would otherwise provide a
charge for surface bonding, too low grafting ratio leaves
too few charges on the backbone for effective attach-
ment—the energy required to push the side chains into the
semi-cylindrical conformation required for adsorption
cannot be overcome by the electrostatic attraction to the
surface. The ideal grafting ratio for a maximum PEG
coverage is therefore a balance between PEG density and
charge density.

As has also been observed in the case of PLL-g-PEG(5)
[24], the adsorbed mass of PAAm(14)-g-PEG(5) shows
only a slight dependence on grafting ratio; as the PEG side
chains become less crowded along the backbone with
increasing g, an increasing number of entire molecules is
able to adsorb in a given area, as illustrated in Fig. 7. Since
the molecular weight of individual molecules decreases
rather than increases with increasing grafting ratio, the
combined effects lead to virtually constant adsorbed mass

grafting ratio

Fig 7 Number of molecules adsorbing per square nanometer and
molecular weight of PAAm(14)-g-PEG(5)

of copolymers with varying grafting ratio, especially within
the range of grafting ratios 2.5-4.5. A slight increase at
grafting ratios higher than 4.5 is observed, however. Sim-
ilarly, in rolling and sliding friction (Fig. 5), the behavior
of polymers with different grafting ratios cannot be dis-
tinguished. These results imply that the grafting-ratio range
of these copolymers is appropriate for aqueous lubrication,
and that the grafting ratios are below the threshold, above
which the npgg begins to decrease, as was seen with
PLL-g-PEG [24]. Nonetheless, all grafting ratios of
PAAmM(14)-g-PEG(5) adsorb to a lesser extent than does
PLL(20)-g[2.9]-PEG(5), with only PAAm(70)-g[3.5]-
PEG(5) adsorbing to a comparable degree.

This result is confirmed by the SFA experiments, which
reveal a significantly lower equilibrium film thickness for
PAAm(14)-g[6.5]-PEG(5) compared to PLL(20)-g[2.9]-
PEG(5). The lower density of grafting points implies that
with PAAmM(14)-g[6.5]-PEG(5), the PEG chains are less
crowded and thus less extended (more mushroom-like) [45]
than in the case of the PLL(20)-g[2.9]-PEG(5) films. This
is further reflected in Table 2, where the low value of L/2R,
for PLL(20)-g[2.9]-PEG(5) indicates the highest degree of
overlap of PEG brushes, the highest density of surface
coverage, and a high extension of the PEG brushes from
the surface into the aqueous solution. Due to the lower
repulsive forces, the PAAm-g-PEG films are less effective
in preventing direct solid—solid contact and maintaining a
fluid film between the surfaces.

PAAm(70)-g[3.5]-PEG(5), with a backbone signifi-
cantly longer than the PAAm(14)-g-PEG copolymers,
showed an adsorbed mass close to that of PLL(20)-g[2.9]-
PEG(S), but significantly higher than that of PAAm(14)-g-
PEG(5). However, the lubrication properties are not
significantly different from those of shorter PAAm(14)-g-
PEG(4) polymers. Similarly, past studies have observed
that films formed from PLL-g-PEG copolymers with very
long (300+ kDa) PLL backbones are less effective as
lubricant additives than those with shorter backbones of
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20 kDa [5]. This has been assumed to be a consequence of
the persistence length, since the 300 kDa backbones are
more prone to loop away from the surface rather than
adsorb flat, which is more likely for the 20 kD backbones
[24, 29]. From ToF-SIMS analysis and neutron scattering
studies of PLL(300)-g-PEG, it is known that such mole-
cules tend to adsorb only partially, looping away from the
surface rather than lying flat [24, 28, 38]. It is very likely
that PAAm(70)-g[3.5]-PEG(5) molecules also adsorb with
loops or ends curling away from the surface, allowing the
molecules to pack more closely and increasing the total
adsorbed mass. The high value of L/2R for PAAm(70)-
g[3.5]-PEG(5), normally thought to indicate more-exten-
ded side chains offering increased protection from
asperity—asperity contact [5], may be misleading in the
case of copolymers with longer backbone lengths, in that it
does not take into account the possibility of partially
adsorbed molecules. Also, despite the greater adsorbed
mass of the PAAm(70)-backbone copolymer, as seen in
Fig. 4, its tribological performance is poorer than that of
PLL-g-PEG under these conditions. The higher equilib-
rium film thickness of PAAm(70)-g-PEG compared to
PAAm(14)-g-PEG measured in SFA experiments (18 nm
and 9.5 nm, respectively) additionally supports the hypoth-
esis that the high degree of adsorption of the PAAm(70)-
g[3.5]-PEG(5) is caused by the ends of the copolymer
curling away from the surface.

The effects of the lower adsorption amount of PAAm-g-
PEG can be seen in the pin-on-disk experiments. These
results reveal that although PAAm-g-PEG of any grafting
ratio lubricates much better than HEPES buffer solution
alone, it still does not lubricate as well as PLL(20)-g[3.5]-
PEG, which is consistent with the fact that PAAm-g-PEG
does not adsorb as well or form as dense a PEG film as
PLL-g-PEG. Yet the rolling friction results in Fig. 3 indi-
cate that PAAm-g-PEG can lubricate as well as PLL(20)-
g[3.5]-PEG.

An intrinsic difference between PAAm-g-PEG and PLL-
g-PEG lies in the length of the spacer between the amine
groups and the main backbone chain. While in the case of
PLL-g-PEG the spacer consists of four methylene groups,
only a single methylene separates the amine from the
backbone in PAAm-g-PEG. The consequence of this dif-
ference is the greater flexibility of PLL-g-PEG in attaching
to the negatively charged surface via its charged amines.
Greater flexibility of the amine groups leads to a larger
total number of attached anchoring sites per backbone at
any given time, which in turn influences the total adsorp-
tion energy and thus the driving force for adsorption. This
can, in turn, influence the advantageous “self-healing”
effect [10] seen in PLL-g-PEG due to the polycationic
backbone. In the presence of significant shear forces, the
individual electrostatic interactions can be sequentially
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broken, leading to detachment, generally followed by
subsequent readsorption of another polymer molecule.

In the case of sliding friction, during which the polymer
layers are subject to continuous removal through tribo-
logical contact, both the surface binding energy of the
polymer as well as its readsorption kinetics from solution
(“self-healing” [10]) are critical in maintaining lubrication.
The kinetics of readsorption, in turn, depends significantly
on the ability of the polymers’ anchoring groups to access
surface countercharges. In the case of rolling friction,
however, the shear forces are lower and therefore copoly-
mer removal and subsequent self-healing processes are of
secondary importance. In this case, the behavior of PLL-g-
PEG and PAAm-g-PEG are similar.

The differences in adsorption and lubrication behavior
of PAAm-g-PEG and PLL-g-PEG suggest that the chemi-
cal structure of the backbone plays an important role in
lubrication and adsorption in several ways. The shorter
repeat-length of the PAAm backbone means that PAAm-g-
PEG polymers have a greater number of binding groups
(charges) per unit backbone length than a PLL-g-PEG with
similar PEG spacing. Despite this, it appears that PAAm-g-
PEG is adsorbed to a lesser extent and lubricates less well
in sliding geometry than the equivalent PLL-g-PEG (with
similar PEG spacing along the backbone). We therefore
hypothesize that the longer spacers to the amine groups on
PLL allow these anchoring sites more degrees of freedom
to attach to the surface, increasing the total bond strength
and accelerating adsorption kinetics, especially on real
surfaces, which may contain inhomogeneities and may not
be atomically flat. The flexible spacer on the PLL backbone
may also promote better packing of the films, increasing
the PEG coverage on the surface and therefore a more
effective tribofilm.

5 Conclusion

The chemical structure of the anchoring group of poly-
cationic polymer brushes significantly influences their
performance as aqueous lubricant additives. The longer
spacer in the anchoring group of PLL-g-PEG improves its
lubrication performance in three major ways. First, the
flexible anchoring groups leads to a higher PEG chain
density, leading to a greater brush thickness and concom-
itantly greater protection against asperity—asperity contact.
Second, the overall surface binding energy of the polymer
is increased by the longer spacer in the anchoring group,
which leads to a greater number of surface attachments
and thus reduces tribo-induced desorption. Finally, the
increased binding energy also increases the rate of polymer
readsorption, increasing the self-healing effect of the
PLL-g-PEG.
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