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Abstract: An atomic force microscope colloidal probe technige
was employed to probe normal and frictional forcesbetween
silica surfaces coated with layers of diblock copginer of the
composition (N-isopropylacrylamide)s-((3-acrylamidopropy/)tri-
methyl ammonium chloride),,, abbreviated PNIPAANMyg
PN(+)0. The architecture of these polymers allowed explorip
how normal and frictional forces between polymer-cated
surfaces can be tuned by temperature changes. Theténaction in
0.1 mM NacCl (pH 6) solution between the PNIPAARy-PN(+)y0-
coated surfaces at 25°C is purely repulsive. The tld surface
forces can be interpreted as being due to additiveontributions of
two components — steric and electrostatic. Howevemhen the
temperature is increased to 36°C, and subsequenttp 45°C, an
attractive force develops at short separations. Athe temperature
is increased, the PNIPAAm-water interaction becomes
unfavorable and the polymer change conformation dueto
dehydration. Thus, at higher temperatures the surfae
interactions become a composition of long-range dbie layer
repulsion and short-range attraction between the PNPAAmM
blocks on the opposite surfaces. The temperature-depdent
behavior of the block co-polymer also has implicatin on friction
forces: At 25°C a frictional force that increases ihearly with
increasing load is observed once the surfaces areobght into
close contact. At higher temperatures, as a conseguce of
adhesive interactions a sudden jump to higher fridbn forces
occurs. Further, a clearly expressed hysteresis begen friction
forces encountered on loading and unloading is deteed. Our
results demonstrate that both normal and friction brces between
surfaces can be controlled by temperature changes hen
temperature responsive polymers are employed for sface
modification, and friction forces can be switched from low to
high values.
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| INTRODUCTION

Much fundamental research related to issues dfidricto

variety of architectures (charge density and dgnsf
poly(ethylene oxide) side chains) [3]. Recently, abso
studied the intricate friction response of orgadiseft matter
at interfaces, employing structured polyelectrolstiefactant
complexes [4].

The friction force,F;, as shown in Equation 1, is related to
the energy dissipation per unit time and unit avéaas [5]:

(1)

whereAy; is the effective contact area, anthe sliding speed.
Thus, any process that contributes to energy diisip during

sliding increases the friction force. For polymeated

surfaces many such processes exist, for exampgleegkage
and reformation of segment-segment contacts, iiing of

polymer chains through the interpenetration regafnthe

opposing polymer layers and iii) breakage and re&ion of

segment-surface attachment points.

Friction plays and important role in diverse systemmd to
achieve low friction forces is not always the ubite goal, but
rather it may be of importance to control frictifmmces and be
able to switch them from high to low values. To iagh a
tunable friction means that the surface interastishould be
possible to change with a suitable external triggerh as pH,
ionic strength, temperature or light exposure. Inis t
contribution we show how this can be achieved using
temperature as trigger and an electrostaticallyharadl layer
of a temperature-responsive polymer.

I EXPERIMENTAL

A diblock copolymer, (N-isopropylacrylamidg)(3-
acrylamidopropyl)trimethyl ammonium chloridg}6], further
abbreviated (PNIPAAR-PN(+),,) was synthesized by
utilizing atom transfer radical polymerization [},8

date has been devoted to increase the understarafingPolydispersity of the polymer is low, below 1.1,dathe

molecular aspects of friction and to provide as djaas
possible lubrication to surfaces sliding past eattter, that is
to minimize the action of friction forces. It haséen realized
that friction phenomena are complex and closelateel to
phenomena such as adhesion, adhesion hysteresian{il]
wear. In the recent past we have made efforts tenstand
the relations between normal surface forces, adsotayer
structure and frictional forces. To this end weéhatilized the
natural lubricant mucin and explored the effectadflitives
such as cationic chitosan and the anionic surfa@&as [2].
We have also investigated bottle-brush polyelegtes| with a

12

structure of the polymer used in the initial stugyshown in
Figure 1. Other compositions are available and void
explored in our further work.

Friction and normal force measurements were peddrin
a fused silica liquid cell using an atomic forcecroscope
Nanoscope Multimode Ill Pico Force (Veeco Instruteen
Inc.). Tipples rectangular cantilevers (CSC12, MMasch,
Madrid, Spain) with the approximate dimensions %® um in
length and 35 pm in width, and normal spring camtstén the
range of 0.6 — 1.2 N/m were used. The exact vatiiethe
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spring constants (normalkN and torsional, k¢) were

determined by the method based on thermal noisé wi

hydrodynamic damping [9, 10] using the AFM tunevD.5
software (Force IT, Sweden). The thermal frequespgctra
of the cantilevers were measured at room temperatithout

any particles attached. The lateral photodeteeositivity, O
(V/rad), was calibrated using the method of tiltifge AFM
head as suggested by Petterssbmal. [11]. Silica particles
with diameter of approximately 7 um were attacheith the
aid of an Ependorf Micromanipulator 5171 and a Miko
Optiphot 100S reflection microscope, to the end toé
cantilever by using a small amount of high-tempeeat
melting epoxy glue (Shell Epikote 1009) [12, 13].
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Fig. 1. Chemical structure  of (N-isopropylacrylamida}-((3-

acrylamidopropyl)trimethyl ammonium chloride)

I RESULTS AND DISCUSSION

The block copolymer PNIPAARg-PN(+),0 adsorbs to silica
surfaces at low ionic strength and pH 6 to an arhofir9.6

surface separation. Further, there is no, or onkerg small,

hysteresis between the forces measured on appearation
'§eparation.

FR [miim]

50 100
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Fig. 2. The force normalized by radius as a function gfasation from hard
wall contact. The forces were measured betweersiiea surfaces precoated
with a layer of PNIPAAme-PN(+)0 across a 0.1 mM NaCl solution at 25°C.
The upper and lower lines are calculated doublerldgrces using constant
surface charge and constant surface potential koyndonditions,
respectively. In the calculations the Debye-lengthgiven by the ionic
strength of the solution and the surface potentzd found to be 68 mV.

1} 150

An increase in temperature to 36°C worsens theesolv
quality of water for PNIPAAmM, and under these ctindis the
segments attract each other. This is reflectedhén forces
between the adsorbed layers as illustrated in Ei§uAt large
separations a repulsive double-layer force stilhdates the
interaction. However, at a surface separation ouald0 nm
an attractive force component, identified as bethg to
segment-segment attraction is noticeable and thicef

mg/nf, as determined by reflectometry. Once adsorbed th@ntribution results in an inward jump (shown asteight

polymer does not desorb from the surface to anysarehle
degree. This, together with the fact that the sulvpiality of
water for the PNIPAAmM block decreases with tempeeat
were utilized for studying the influence of tempara on
normal and frictional forces between silica surfaa®ated
with PNIPAAmMye-PN(+)0. Any change in the forces acting
between the surfaces is thus primarily due to chani
segment-segment interactions (and possibly segmefdaece
interactions).

The normal forces measured between two silica sessfa
coated with PNIPAAmE-PN(+), at 25°C are illustrated in
Figure 2.

The long-range repulsion between the surfaces decay g .

exponentially with surface separation, and the gideagth is
in agreement with that of the expected double-ldgare. The
large magnitude of he surface potential, 68 mV, aestrates
that adsorption of the polymer significantly overgeensates
the surface charge of the silica surface. This ifferént
compared to what usually is found for linear highlyarged
homopolyelectrolytes [14] where adsorption proceedsiose
to charge neutrality. The significant overchargiig the
present case is suggested to be a consequencenoh-a
electrostatic affinity between PNIPAAmM and silidst close
separation a steric repulsion between the polyntains
become noticeable and at no attractive force ismvesl at any

line in the force curve depicted in Figure 3)

On separation a relatively strong adhesion forcé (NN/m)
is measured. Once this adhesion force is overconee
surfaces jump apart. A further increase in tempieeatesults
in a further increase in the magnitude of the aidmeforce
(data not shown).
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Fig. 3. The force normalized by radius as a function ofasation from hard
wall contact. The forces were measured betweersiiea surfaces precoated
with a layer of PNIPAAme-PN(+)0 across a 0.1 mM NaCl solution at 36°C.

The upper curve is measured on approach and thex lmwve on separation
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Fig. 4. The friction force as a function of load for twibca surfaces coated with PNIPAAEPN(+)0 at 25°C

Thus, it is clear that by increasing the tempegatand
making water a less good solvent for PNIPAAM chanihe
short-range interaction from repulsive to attraetivWe
conclude that colloidal particles coated with PNAMyg-

observed in the normal force measurements, Figurand
indicates that the adsorbed layer at any given loattains
less water on unloading than on loading. This dexre the
fluidity of the interface and increases the friatiforce. We

PN(+)o would form a stable dispersion at low temperatureslso note that the surfaces are held together waisier low

but flocculate at higher temperatures where themsed-
segment interaction becomes attractive. We will oma our
attention to how the change in short-range intevact
influences the friction force.

The friction force observed between two silica acels
precoated with PNIPAAR-PN(+) is illustrated in Figure 4.

At low loads the surfaces are kept apart by theulsige
double-layer force. As long as this is the case, itlierface
remains fluid and the friction force is below thetettion limit
of our AFM instrument. However, when the polymeydes
are pressed more firmly together the friction folmgins to
increase linearly with the applied load. We sugggwit
interpenetration of the two polymer layers occurd #hat the

negative loads as a direct consequence of the iadhesid on
unloading a significant friction force is observaldo at zero
loads.

After compression the friction force can be desmlibas
being adhesion controlled, i.e. it is the interncolar
attraction between the surfaces rather than thdieapfoad
that dictates the friction behavior (at the suffitly low loads
of this investigation where the highest force agbli
corresponds to a pressure of about 15 MPa). Insitustion
the friction force law can be described as showBdnoation 3:

F =SA+uF, @

main energy dissipative mechanism arises from petym\here 5 is the critical shear stress addis the effective

chains being dragged through the interpenetraggion. For

contact area, which can be calculated from comteathanics

the PNIPAAmMg-PN(+),, coated surface at 25°C the followingiheories [15].

friction force law describes the data well (Equatg).

F

crit

F

F =(F, -F, )u validfor F, >F,, )
whereF, is the normal load;;; is the critical load defined in
Figure 4, and u is the friction coefficient. Théction force
was found to be slightly larger on decompressiocantion
compression, but the difference was small.

The friction forces determined at 36°C, when thgnsent-
segment interaction is attractive, are illustratefligure 5.

As the surfaces are pushed together under a veryoad
(<0.7 mN/m) the repulsive double layer force sefgmrahe
surfaces and the friction force is very low. Howe\es soon
as the polymer layer come in direct contact a ldrigéon is
observed, which increases substantially with irgireaload.
As the load is released, we notice a significargténgsis in
the friction force, which for a given load is highen

unloading than on loading. This is related to thystéresis
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Fig. 5. The friction force as a function of load for twitica surfaces coated
with PNIPAAMus-PN(+)0 at 36°C.

The fit to the data shown in Figure 5 was calcadakéth the
equation given above, and a zero value for thetidrc
coefficient. The very good agreement between theamg
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experiments demonstrate that the major cause éomtirease
in friction force with the applied load in the pesas case is due
to the increase in the contact area with load, imcreases
the intermolecular attraction forces.

IV CONCLUSIONS

The block copolymer PNIPAAmPN(+),, adsorbs
irreversibly with respect to dilution on silica faces at pH 6.
The forces acting between such layers are at ldigfances
dominated by a repulsive double-layer force andstairter
separations by interactions between the PNIPAAmnmMssds.
At low temperature (25°C) the segment-segmentaatarn is

repulsive and consequently the forces acting betwee>.
PNIPAAMyg-PN(+), coated silica surfaces are repulsive at all3.

separations. The friction force between these fyer
exceedingly low at low loads when the surfacesseparated
by the repulsive double-layer force. However, as pthlymer
layers start interpenetrating a significant frictiforce that
increases linearly with the applied load is obsérve

An increase in temperature to 36°C makes water @& p
solvent for PNIPAAmM, and consequently the segmegtrent
interaction becomes attractive. This changes thfaweiforces
acting between PNIPAAmRPN(+), coated silica surfaces,
and an attractive force is now noticed at shotadises (< 10
nm), and on separation the surfaces adhere toatheh The
change in segment-segment interaction from repaldiv
attractive has also dramatic effects on the frictiorces.
Under conditions of segment-segment attraction, ftistion
force is controlled by the attractive intermolecutgeractions
rather than by the applied load. The friction afsiaction of
load curve can now be rationalized in terms ofiticat shear
stress and an increase in the effective contaet due to an
increasing applied load.

ACKNOWLEDGEMENT

The Swedish-Norwegian collaboration was supportgd
Nordforsk through the project “Responsive self-adslg
structures at surfaces and in bulk solution”.

REFERENCES

1. Yoshisawa H., Chen Y.-L.and Israelachvili J., J. Phys. Chem., 1993,
97, 4128.
2. Pettersson T.andDedinaite A.,J. Colloid Interface ci., 2008, 324, 246.

2010
Volume 21
3. Pettersson T., Naderi A., MakuSka RandClaesson P. M. Langmuir,
2008, 24, 3336.
4. Dedinaite A., Pettersson T., Mohanty B.and Claesson P. M.
submitted.
5. Klein J., Annu. Rev. Mater. ci., 1996, 26, 581.
6. Kjgniksen A.-L., Zhu K., Pamies R.and Nystrom B., J. Phys. Chem,
2008, 112, 3294.
7. Hawker C. J., Bosman A. W.andHarth E., E. Chem. Rev., 2001, 101,
3661.
8. Matyjaszewski K. andXia J., J. Chem. Rev., 2001, 101, 2921.
9. Green C. P, Lioe H., Cleveland J. P., Proksch RMulvaney P. and
Sader J. E, Rev. Sci. Instrum., 2004, 75, 1988.
10. Sader, J J. E.. Chon W. M.andMulvaney P., Rev. <i. Instrum., 1999,

70, 3967.
11. Pettersson T., Nordgren N., Rutland M. W.and Feiler A., Rev. ci.
Instrum., 2007, 78, 093702.
Ducker W. A., Senden T. JandPashley R. M, Nature, 1991, 353, 239.
Ducker W. A., Senden T. J.and PashleyR. M., Langmuir, 1992, 8,
1831.
14. Dahlgren M. A. G., Claesson P. M.and Audebert R., J. Colloid
Interface ci., 1994, 166, 343.
Johnson K. L., Kendall K. andRoberts A. D.,Proc. Roy. Soc. London,
1971, A324, 301.

15.

Asta Dedinaite Dr.,
Osurface and Corrosion Science, Department of ChemRoyal Institute of
Technology,
Drottning Kristinas vag 51, SE-100 44 Stockholm e8en;
YKI, Ytkemiska Institutet,
Box 5607, SE-114 86 Stockholm, Sweden

Esben Thorman

Surface and Corrosion Science, Department of ChemRoyal Institute of
Technology,

Drottning Kristinas vag 51, SE-100 44 Stockholme8en

Geoffrey Olanya,

Surface and Corrosion Science, Department of CligmiRoyal Institute of
Technology,

Drottning Kristinas vag 51, SE-100 44 Stockholme8en

Per M. Claesson Prof.,

Surface and Corrosion Science, Department of CligmiRoyal Institute of
Technology,

Drottning Kristinas vag 51, SE-100 44 Stockholm efen;

p'Kl, Ytkemiska Institutet,

Box 5607, SE-114 86 Stockholm, Sweden

Bo Nystrom, Department of Chemistry
University of Oslo, P.O. Box 1033, Blindern, N-03DSlo, Norway

Kaizheng Zhu, Department of Chemistry
University of Oslo, P.O. Box 1033, Blindern, N-03D5lo, Norway

Asta Dedinaite, Esbens Thormans, DzZeofrijs OlanyaPers M. Claesson, Bo i$trems, Kaizhengs 4i. Termojutigi blokkopolimeéri:
berzes kontrole ar termojgrslegSanos.

Atomspeku mikroskopa koloidla parauga metodi izmantoja, lairbaudtu nornilos un berzes $gus starp sitija diokada virsmam, kuras
bija parklatas ar diblokkopolirera — (N-izopropilakrilarrds)s-((3-akrilamidopropil)trimetil amonija hlads), PNIPAAMg-PN(+), —
slaniem. So polireru uzkive Java spriest par tonormilie un berzes spriegumi starp ar pddinn parklatam virsmam var tikt saskaoti ar
temperalras izmahpam. Mijiedartiba 0.1 mM NaCl (pH 6)i&duma starp PNIPAAmg-PN(+),, parklatam virsnam 25°C temperatra ir tiri
atgidosa. Kopjos virsmas sgkus var interpret ka additvus starp digm komponeram — sterisko un elektrostatisko. Temkad temperata
tiek paaugstita lidz 36C un \elak lidz 45C, attstas af pievilkSaris sgki. Temperairai pieaugot, PNIPAA-ntidens mijiedarbe kst
nelabéliga un poliners maina konfiguitiju pateicoties dehidratijai. Tadgjadi pie augstkam temperatram virsmas mijiedarbes veido
kombiracija no @las darlibas dubultéina atgiiSaris un tuds darlibas pievilkSasis starp PNIPAAm blokiem uz kont@&i@Sagm virsnam.
Blokkopolimeru no temperatas atkaigajai uzvetbai ir afl ietekme uz berzes &dem: 25C temperaitra, tikko ka virsmas nofk savstarpja
kontaks, lidz ar slodzes palieliSanos, nosrots linéirs berzes gjka pieaugums. Pie augkim temperatram, pateicoties adhamjai

mijiedarbei, notiek dcienveidgs hdes spriegumu pieaugums. Bez tagrojama skaidri izteikta histeze starp slogoSanas un atslogoSanas

procesu berzes spriegumiem.addi rezuliti pamada, ka gan noratos, gan berzes 8kus starp kontakjoSam virsmam var kontroét ar
temperalras izmagam, ja to virsmas modifESanai tiek izmantoti termojigi poliméri, kas sekojoSilauj arslegties no zemm berzes
spriegumu grtibam uz auggm.
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Acra [lenunaiite, Ecoen Txopmann, I'eoppuii Onanna, Ilep M. Kinaeccon, bo Huctpom, Kaiizxenr 3xy. TepmouycTBUTEIbHBIE 0JIOK-
nojumepbl: KoHTpPOJIb TPeHUs MepeK/IIoYeHneM TeMIeparyp.

Mertox KOUTOMAANEHOM IPOOEI AaTOMHO-CHIIOBOM MHUKPOCKOITHH OBUT MCIIOIB30BaH JUIS HCCIECIOBAHUS HOPMAIBHBIX CHI M CHJI TPEHHS MEXIY
MOBEPXHOCTSIMU KPEMHHS, TOKPBITHIME CJI0sIMH conoimmepa N-u3onponuiakpuiamuia 1 (3-akpuiiaMuIonpoIIiI) TPUMETHIIAMMOHHS XJIOpU/ia
(PNIPAAMyg-PN(+)0). ITpu B3aumozeiictBun PNIPAAMg-PN(+)0 mokpeithix mosepxHocteit B 0.1 mM pacrsope NaCl (pH 6) npu
temmeparype 25°C ObUIO OGHAPYKEHO YHUCTO OTTAIKHBAIOLICE MOBeACHHE. [10BEPXHOCTHBIE CHIIBI MOTYT OBITh HHTEPIPETHPOBAHBI, Kak
COCTOSIIME U3 ABYX aJJMTHBHO B3aWMOJCHCTBYIOIIMX CHJIOBBIX KOMIIOHEHTOB - CTEPMYECKOI0 M 3JIEKTPOCTATHYECKOro. IIpM MOBbBILIEHHH
Temneparypsl 10 36°C, a 3arem g0 45°C, Ha GIM3KMX PACCTOSHUSX Pa3sBMBAIOTCS CHJIBI TPUTSDKEHMsS. B CBA3M ¢ jgermaparanuedl mpu
MOBBILICHUN TeMIepaTypbl B3aumozeilictBue Mexay PNIPAAM u Bomoil craHOBUTCA HEOIArompuATHBIM, M IOJHMMEP H3MEHSET CBOIO
koH(popmanuio. Takum 00pa3om, Ipu Oosee BHICOKUX TEMIIEPaTypax IOBEPXHOCTHBIC B3aUMOICHCTBHS OOBEAUHAIOT OTTAIKHBAHUE JABOHHOTO
CJ10s1 TANIbHETO TOPSAIKa U IPUTSHKEHUE OJIM3KOro nopsiaka Mexny oiokamu PNIPAAM Ha pOTHBOMOIOXKHBIX TOBEPXHOCTAX. TeMnepaTypHas
3aBHCHMOCTD TTOBEJEHHUs OJIOK-COTIOIMMEpPA TaK JKe BIIMAET HA CUIIBI TPEHHUSI: TIPH BOSHUKHOBCHHUH KOHTAKTa MEXy TOBepXHOCTSIME Tipu 25°C
HaOJIIOIaeTCsl yBEIMYEHUE CHJIBI TPEHUs JIMHEHHO yBeNWUeHWIo Harpysku. [Ipm Ooiee BBICOKHX TeMIepaTypax B CBSI3H C aAr€3MOHHBIM
B3aNMOJICHCTBHEM HAOJIOJaeTcs PEe3KH CKadok cuil TpeHus. Kpome Toro, oOHapyKeH SIBHBII THCTEPE3NC CHJI TPEHUSI MEXTY NpoIeccaMu
Harpy3kd W pas3rpy3ku. IlosrydeHHBIE pe3yibTaThl MOKa3aiH, YTO HOPMAJbHBIC CHJIBI U CHJIBI TPEHHS MEXIy HOBEPXHOCTSIMH MOXKHO
KOHTPOJIMPOBATh H3MEHEHUEM TEMIIEPaTyphbl, €CIIH UL MOJH(HUKALIMH IIOBEPXHOCTH HCIIOIB30BAIMCh TEPMOUYBCTBUTEIIBHBIC IOJIMMEPBI.
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