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1wo phosphonic acid (PA) self-assembled monolay ers (SAMs) are studied on three aluminum oxide surfaces. the
C and R crystallographic planes of single crystal a-alumina (sapphire) and an amorphous vapor-deposited alumina
thin fifm. SAMs are either fully hydrogenated CI(CIHL)POL T or semifluorinated CT5(CT ATl P05 2. Atomic
force microscope (AFM) topographic imaging reveals that the deposited films are homogencous. atomically smooth,
and stable for months in the laboratory environment. Static and advancing contact angle measurements agree with
previous wotk on identical or similar films. but receding measwiements suggest reduced coverage hare. To cnable
reproducible nanotribology measurements with the ATM, a scannmg protocol is developed that leads o a stable
conliguration of the silicon tip. Adhesion lor the semifluorinated [ilms is either comparable to or Tower than that for
the hydrogenated films. with adependence on contact history observed. Friction between cach film and the tips depends
strongly upon the type of molecule. with the fluorinated species exhibiting substantially higher friction. Subtle but
reproducible differences in fiiction are observed for a given SAM depending on the substrate. tevealing differences
inpacking density for the SAMs onthe difterent substrates. Friction is scen toinercase lincarly with load. a consequence
of the tip’s penetration into the monolayer.

Introduction attachments to most metal oxides and arc thus excelient candidates
for a wide array of substrates.”

The alkanephosphonic acid motecule CHy(CH,),POsH, is a
linear hydrocarbon chain with a phosphonic acid headgroup (P
tetrahedrally bonded to C, O. and two OH groups) at the terminus.
The headgroup is expected to bind to an oxide surface via two
or three condensate bonds to surface oxy gen atoms. Two species
of atkanephosphonic acid are used in this investigation—onc
with a true alkane chain, CH5(CH3)17POsH; (denoted HigPA),
and one fluorinated at the tail end. CFy(CF2)A(CH,)iPO:H,
(gt PA). 1n a recent study, the identical semifluorinated
molecule and fully alkane versions with either 16- or 22-carbon
atoms were shown to form well-ordered monolayers on the native
oxide of AL'C

Previous experimental and molecular dy namics studies have
shown that other SAMs with terminal fluorine groups have surfuce
properties distinct from those of fully hydrogenated SAMs. 1T 12
Fluorinated SAMs arc more hydrophobic and are superior
electrical barriers compared to hydrogenated monolayers.!®
However. the nanoscale frictional forces measured against these
surfaces are also significantly higher."! '* The fluorinated portion
of a SAM molecule like FgH | PA is also structurally different

Sclf-assembled monolay crs (SAMSs) have aroused great interest
as a means of tailoring surfaces for micro- and nanoscale
applications including biosensing,'! stiction reduction.” micro-
and nanolithography .} and corrosion resistance.* 1 he most widely
researched SAM precursor is the alkanethiol, which is effective
in reducing adhesion and friction on noble metals. particularly
gold, but substrates for high-quality alkanethiol self-assembly
are largely limited to these noble metals. Even on gold, the sulfur
headgroup atom that binds it to the substrate will oxidize with
time, leading to degradation of the corresponding tribological
properties® in the absence of replenishing vapor- or liquid-phase
molecules. Because strategies for nanotechnology typically
include silicon lithography processes and new techniques that
use other novel materials, it is critical to develop stable SAMs
suitable for a wide range of native mctal and semiconductor
oxides. Two such materials are phosphonic acid (PA) and silane
SAMs. The latter presents certain challenges in its deposition
and surface attachment.”S PA SAMs, however, form robust
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Chapter 4. Engineering Coatings. Experimental Results

Nanotribology of Phosphonic Acid SAMs

increases the size of the individual molecules. Fluorinated chain
segments have a van der Waals radius of 0.567 nm,'® whereas
the corresponding value for alky! segments is 0.424 nm."”
Structural diffcrences between CH»> and CFa chains make the
latter stiffer, increasing the elastic modulus.'®=>* The
mechanism(s) by which fluorinated SAMs exhibit greater shear
strength (or friction) is not yet understood; candidate phenomena
include packing™ and changes in characteristic activation
volumes.!? while adhesion effects have been ruled out.*

The commercial availability of synthetic single crystal
a-alumina (sapphire) with flat, oriented crystal faces, and the
ease of depositing smooth films of amorphous alumina allow for
a straightforward investigation of the dependence of monolayer
quality on substrate surface crystallinity, The question of surface
crystallinity occurs on two levels: First, either the surface is
amorphous or crystalline. Then. ifit is crystalline, the differences
between cry stallographic plancs can be examined. The (1000)
and (1102) planes. also known respectively as the C and R
plancs,™ 2" are used here in addition to an amorphous aluminum
oxide thin film. The C-plane surface consists of hexagonally
spaced oxygen atoms, pached three per unit mesh, which is a
rhombus of area 0.196 nm>. The R-plane unit mesh is rectangular
and occupies 0.244 nm?. In this mesh, two oxygen atoms lie on
the surface with two more lying slightly lower but still exposed.
These are shown in Figure 1 (adapted from Guo et al.™), The
vapor-deposited alumina is expected to be amorphous without
any long-range ordering of oxygen atoms.

Experimental Section

Substrates 1o be coated with SAMs were prepared as tollows,
Single crystal C- and R-plane sapphire cristals (MarkeTech
International. Port Townsend. WA) were cleaned with piranha
solution (4:1 H2SO4:H-0> 30% in H.0) then anncaled at 1300 °C
for 48 h. then rinsed with ethanol. Piranha tends 10 leave oxide
surfaces clean of hydrocarbons and well hydroxylated. It is very
reactive with organic materials and should be used with great care.
Alumina-coated (150 nm) Si (100) wafers (Silicon Vallex Micro-
electronics. San Jose. CA) were rinsed with heptane. acetone. and
2-propanol. blown dry with N,, and exposed to ultraviolet light
(ozone cleaning) for 10min. The amorphous and erystalline substrates
were then immersed in 1 mM FgHL, PA or HigPA ethanol solutions
for 24 h and rinsed with ethanol. Uncoated (blank) C- and R-plane
sapphire dies were also piranha cleaned and ethano! rinsed and then
anncaled at 1300 °C shortly before initial Al'M imaging. All samples
were rinsed with ethanol again immediately before their initial
imaging in the AFM.

Contact angles measurements with water and hexadecane were
performed with an AST Products (Billerica. MA) VCA-2300XT
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Figure 1. C plane (a) and R plane (b) surfaces, adapted from Ref.
25. Repeating mesh units are indicated by solid lines, oxygen by
open circles. and aluminum by solid circles. Increased size indicates
proximity to the surface.

video contact angle measurement apparatus. Drop volumes were 5
ul. for static and 3—7 s, for the dynamic angle measurements in
which fluid was added (advancing) or remon ed (receding) from the
droplet. Reported here are average contact angles for at least two
different samples of the same ty pe. Hexadeeane static measurements
were indistinguishably close to advancing values and are not reported.
Uncertainties in the contact angles are estimated to be 4.2° for static
and advancing angle measurements and +35° for receding angle
measurements. After contact angle measurements. all samples were
washed with heptane and 2-propanol and blown dry with Na.

Atomic force microscopy was performed with a Digital Instruments
Multimode AI'M with a Nanoscope 1V controller. The instrument
was placed on a vibration isolation platform and under a foam sound-
ahsorbing hood in the ambient atmosphere with the temperature
consistently 2022 °C. The relative humidits varied from day to
day . but preliminary work has shown that vary ing the humidity fiom
510 60”0 does not have a noticeable effect on {riction or adhesion
forthese PA SAMs. he surtaces of both monolay ers are hy drophobic.
so water should not be strongly adsorbed 10 the surface at low to
moderate ambient humidity.

Cantilevers were rectangular St with its native oxide (Mikromasch,
nominal dimensions 35 um x 300 . nominal spring constant 0.2
N/m). Lach lever's normal force constant was cahbrated experi-
mentally by Sader’s unloaded resonance method.”® with the plan
view dimensions measured with the ey epicee of a Beuhler Micromet
nucroindenter (Luke Bluff, 11). The Jateral force cahibration Tor

(28)Sader, J. Chon J. Mulvanev., P Rer. Sct Imsirum 1999, 70, 3967—
3969
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cacheantilover measured viathe wedge method 2 was performed
ustng a calibration grating (Mhikeomasch TGGO) providing two
facets orented at a hnown dihedral angle Open-source Matlab
sermpts | owere wsed to extract and average the optical sensiinity
{photedetector signal volts nm of cantilever motion) trom batches
ot Jorce—distance curyves and to generate the data plots required for
the calibration calculations 1he sctipts were alvo used to generate
mdividual force-calibrated friction-load data scts from the raw
Nanoscope output files

Tor triction versus Joad (I'L) studies, a slow v descending sawtooth
wavctorm from an external function gencrator was added to the
setponnt sigaal (at the Quadrex board of the Nanoscope TV controlien),
allowing the fecdback control 1o continuously decrease the normal
force over the course of an image The FL images wete 25 nm seans
(perpendrcular to the long axis of the cantilever) acquired at 6 1 2.
with 312 hines and 12 piels per hne corresponding to a scan
velocity of 152 5 nm s Although the slow scan axis was turned oft
these was stull constderable tip motion longitudinaily (along the
surlace paraliel to the long axts of the cantilever) due to the inttinsie
geometric coupling between the verucal and longitudinal displace-
ment of the tp clative to the sample aeated by the ultangle of the
cantilever " 7> Depending on the load range tor a given FI measure-
ment this total Tongitudinal ip displacement was never more than
200 nm  As discussed below. the samples were sufficiently homo-
geneous that thes had no eftect on the measurements Imaging the
selected region betore and atter the measurements ensured that step
edges and any other defects were avorded duning FL measurements

Imtally  the trrctional toree between the up and sample changed
ds measurements wete repeated under otherwise identical conditions
This couid be explamed only by the transfer of molecules trom the
SAM to the tip a phenomenon that has been obsened previously
for silane films ¥ This necessitated a run-in procedute to stabilize
the tip A steadv-state tip surtace was attamed by scanning the tip
agatnst the SAM atappreciable loads (50 to 100 nNY on the sample
before pertorming FL measurements New regrons ol the sample
were always used for measurements afier the tip icatment procedure
was carned out This s similar to a praviousty reported mathod of
tip treatment * by scanning the tip agamst a mica sample, exeept that
here the sample used for treatment and measuement 1s the same
A comprehensive discussion of the tp treatment process mcluding
ademonstration of the tip contanmunation that 1t remedies, 1s presented
in the Results section

Frichion torces were determined m the standird manner by taking
the hall-width of the trace—retrace fniction loops for cach tast-scan
hne of the image averaged over the center 256 prucds ot cach 512-
pixel Iime to avord the sticking portion ot the loop  The normal foad
signal was similarly averaged Because the setpomt was varied
continuously the corresponding uncertatnty associated with the
normal force for each pont i a given FL experiment 15 1/1700th
of the total range of the peak-to-peak toree for that trace len to 20
{riction-load images were taken per sample 3 to 10 at one location
and an cqual number at another location a lew hundied nanometers
awdy Arverages ol the Iriction-load measurements were dotermined
by combinmg data sets from g given location sorting by the normal
force and averaging the normal and frictional forces in groups of
consistent ranges of normal torce The 95% confidence intervals
withun the groups of 10 wete generally less than 0 | oN i normal
torce and <10%0 of the average lateral force for each group

Faeept at foads just greater than the pull-oft load indmvaduat
friction-load measurements were essenttally Imear Thisisincontrast
to the numcrous obseryations of nonhinear triction-load beh wor tor
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sohid=sohd mtertaces 3°° This has been attnbuicd to a dnect
dependence of friction upon the contact arca which varies with foad
inanonhnear fashion because of elastic detormation Without further
mformation about the contact area we ate unable to connect the
interfacial shear strength (trictional force per unit arca) duectly to
the frictonal lorce although the lincar dependence 1s suggestive ot
either a linear pressure dependence ol the shear strength'' " o1 the
fact that the frictional oree 1s not primartly related to the interfacial
contact atca Fhis will be revsited e the Discussion section A
usetul metnie for comparing the frictional propertics of the surfaces
is the sfope of the FL traces, which we denote as @, having the
phvsical mterpretation of the average difterential triction for agiven
I'L measurement or “single-asperity friction coefficient ™

Another metric of interestis the pull-oft force between the tip and
sample This was determined both from force—distance (FD) curves,
i which the sample 18 raised mto contact with the tip and then
withdrawn and trom the FL measurcments previoushs desenibed In
both v pes of measurerent the pull-off torce was taken to be the
difference m normal force berween the unloaded out-ot-contact
position and the last data pomnt acquued before the tip pulls out ot
contact with the sample I'D and TL measurement procedures are
difterent i that T Ds are much shorter in duration (total time per
measurement 0 3 versus 83 ) and involve fess shding because the
up 15 not being scanned laterally during the medsurement

Several cantifevers were used in these experiments to establish
reproducibility  The up of each lever was mmaged by shadow
transmission electron microscopy betore use in the ATM to ensure
that the up shape was well defincd and simoothly curved and had
asmall radius ol curvature Intrally having radu of curvature of 20
nm ot less they were worn Lo radi ol up to 47 nm " over the course
of the hours of shiding contact mvolved ina given expenmient This
cttect was antiapated and was accounted for by ¢y ching thiough all
of the snples twice ma given expetiment Thus, the first measute-
ments could be compared to those taken on the same sample hours
later W hereas pull-oft torces tended to mcrease with tip use the
friction measurements. particularly the slopes of the FL plots were
very consistent for a given sample and are used as the figures ol
menitin quantify ing frictton Although the meaming of the slope will
bu cxplatned in the Dhiscussion section 1t 1s worth emphasising here
that the slopes o were not affected by these changes in tip radins

Cach sample was imaged topographucally before friction mea-
suremients were performed Both SAM-coated C-plane and blank
C-plane sapphire substrates had wide tecraces approxumately 1 4 nm
m height corresponding widl to the 1 3 nm separation ol the basal
planes of the lattice (hgwe 2} Topographs of the monolaver on
the R plane (Figure 3) also showed a distrbution of step heights
n the 1=2 nm range (1 2 nm steps are expected) Fxeess PA SAM
molecules or other loosely bound contammants wete easily swept
away by taking a topographic image at low loads {~20~30 nN)
The coated amorphous alumuna surtaces wete much more
untform with reduced topographic variation and no indication ot
exeess PA molecules (Ligure 4) Fhat there was 0o excess matertal
evident in the € -plane and amorphous alunnna topographs suggests
that PA S AM depostion was more umiform on those surfaces than
on the R plane For all samples the s roughness was fess than
0 S nm tor an mage size of | am” (multipie terraces in the magd)
or smaller and less than 0 1 nm tor (100 nm)’, corresponding to a
single teitace

Results

A. Contact Angle. Contact angle measurements were per-
formed to determine the wettability of the SAMs with polar
(water) and nonpolar (hexadecane) hquids Smalt contact angles

(3vyFnachcsu M vandon Octelaar R Camich R Oglotree D Flhipse
€ Salmaron M fribol Lent 1999 7 73-78

(36) Carpich R Ogletree D Salmeron M J Collosd Interface St 1999
21 395-400

(BN The ufler radn were eslimated via the lateral cabibration samph
fopogriphs of the crests of the wedse craung provided i uppur bound fo the
sharpiiess of the ip Rad were caleutand by titung parbolas fo the topugraphs
445 him on either stde of the viest
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Figare 2. AFMiopogmaphic mage and censs-sectionat profile (from
At A"} of HisPA on Coplane sapphire. Adjacers tervaces difer in
height by 1.2 .

indicate the spreading of the fiudd on the SAM whereas large
angles indicate that contact between the fhud and SAM
antavorable. As expecied. and without regard to the anderlying
Al surfave, the FiHLPA SAMs alwavs exhibited greater
contact angles with water and bexadecane than did the HyPA
SAMs( Tables | and 21 buerestingly, there was also less variation
for 2 given contact angle measarement among the thwee tvpes
of aluminag for HoPA than Fet PA. The variation bebween
substrafes within four of the five measurements for cach
hydrogenated PA was fess than the variaton in the semifhuorinated
PA. with the exception being the advancing hexadecans
neasurentent.

B, Tip Contamination. Ouor initial measurements showed a
considerable apwount of sransient bebavior within u set of FL
messurenents, eapecially when switching betegen HisPA and
FeiuPA samples. Tip contamination by the SAM maoleoules
was believed fo be the cause. and this was confirmed more directly
by scanning an uncoaied alonioa sample after scanning a SAM-
enated sample and observing oven more pronsunced tansiont
effects. Figure 8 demonstrates the variation in fricion as material
is added to and then removed from the tip, depending on the
sample being seanned. The fivst L measarement shown (labeded
7y wats obtained withea fresh tip on bare ahanioz. Subsequently,
a series of FL measurements were performed on an HoPA
monolaver (aot shown: see further below for @ comparison of
frictional forces between eoated and uncoated samples). FL daa
were immediately aken again on the same shaning surface
(ehronpfogically labeted (81,
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Ao A"t of HuPA on R-plane sapphire afler exvess coating {visible
as the white bands @ the et and top) bas beere swept aside.
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Tabie 1. Water and Hoxadecane Contact Angle Measurements
on the HiPA SAM

wWaer hexadecune
luming type adv/stanerec advireg
Coplane sapphine ) B3 HiHBG° 337
R-plane sapphine TE2/ 14677827 39936¢
amworphious ALO: J B4 LR /BY 3893)¢

Tahie 2. Water and Hexadeeane Contact Angle Measurenwents
on the FioPA SAM

water bexadecane
slameina fype advisativ/rec adviree
Coplane sapphire 215/ 1 147R2 807727
R-plane sapphire {22708 B3 8O3
amorphous ALO {2074 21971097 R1“69

Friction is scen to he greatly reduced ar first but then
increases with time. Tius wansient behavior can be explained
ondy by material transfer from the HPA sueface fo the tip
{between runs U and 1) and subsequent removal from the tip
By scanning the high-friction bare surface (during scans 181
The geperal implications of this bebavior are very imponant if
avcuaate and reproducible friction measorements with AFM are
desired: the Up chensisty may change apon scanning @ pew
sapple, and the tp must be brought 10 steady state before
measurersenis can be considered trustworthy, The extent to which
transient frictional bebavior aocors may alse be a general.
gualitative indication of the bonding of SAM molecales to &
substrate,
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Figure 4. AUM topograpine image and cross sective (from A to
A%} of the F3Hy PA SAM on asorphous alwming,

The purpose of the wn-in procedurs discossed in the
Experimentat Section is not necessarily (o remove materfaf from
the 1ip but o replace material o the Up onil it reaches a steady
state for that pardaudar sarface. The configyration of the material
on the fip is sisply not known and s extremely difficalt 1o
characterize. { There are no esablished methods for this ) A siople
schematic s shown in Figure 6. The primary consequense of this
aquitibration procedars i< that friction and adhesion mesarements
presented here are not tip-on-5ANM but HsPA-~-on-tdefective)-
HuoP A o Fal Pacons(defective-Fal PA To other wards, we
are studving fricion, adhesion, and contact evolution processes
that are relovant when an uncoated aspority makes contact with
3 SAM-vaated murface. Also, previous friction messuwraments
performed on other SAMs without any confirmation of stable,
reprodocible bebavior roay warrant reinterpretation w light of
these results on phosphonic acid SAMs.

. Adhedon. Adhesion measwrerments were obtained i a
muniher of different sessions of dia acquisition. There were
farge variations in pull-oft foree measureroents, and tes vecurred
on four fevels of descending magnitade: (level 11 from experiment
t experiment involving different tips, (level 2) from position to
position on the same sample during a single experiment using
the same tip, Hevel 3} frontone type of measurement 1o the other
(FD or FLL ansd Uevel 43 from one type of moncdayver (FgH,; PA
vs HisFAY ta the ather.

The variaton within fevel 15 idosrated i the bar yeaph plot
of Figare 7, which shows the vartation in puli-oft force measured
on different days and with different AFM cantideversitips,

Brukman et af.

Friction farce / o

Ruormet force f oM

Figure 8. FL moasuremenis on bare amorphous aluming. U (selid
Hne) is the response of an anased tp on the bare alununa sumple.
Then, the tip was scanaed an an HiyPA sample (acquired data oo
shawn), Subsequent scans (18, i order of acquisition) show the
response of this used tip on the bare alunting sample again. The
frictional forces at cach pormal force ierease with successive
mieasurements, evertually reaching steady state, simidar tothe original
measurement U, as the NAM molecudes are removed froms the tp.
The larger adhesion force seen in 8 as compared with that in 0 can
be explained by an increase in the tip radius. Data set 7 overlapped
sets 6 and B asd is not shosot for clarity.

Figure 6. Somple schematic 1Husirating moltecudes transferred to
the g, Adsorbed SAM moleesies may lie on the surface or may
attach to the tip via end groups.

expressed o terms of the work of sdhesion, caloulated according
(G DAMT contact mechanics.™ The post-scanning (Wanted) tip
radii were used for the calculations, so these values represent
tosver bounds to the work of adhesion. This is aggregate data for
all types of alumina subsirides because there was Hitle variation
in adbesion among the three tvpes of subsirtes with the same
trpe of SAM on a given day. Approximately equal nusbers of
measursments were @hen for sach PAsubstrate combination.
and the meanaements are shows in chronological order.

With tips D and 3, Fably PA and H i PA aee odistinguishable.
Frong the second and third data sets. cach tken with tp 2 but
separated by 12 W the HisPA shows distinetly higher adhesion,
with the adbesion beoween FabPA and the tip appronimately
$3% that of HiePA. The faboratory s relative humidity readings
during the measurements were as follows: gp | =
sesston § w0 42%; tip 2. session 2 = 43%: tip 3 = not known
but believed to be 4G 50%, wa the basis of the consisient known
behavior of the laboratory.

Yo Muiler, ¥ M Toporav, X RS Colfond fsserfece Sci
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Figure 7. Adbesion measurements of PA SAM films on alumina,
mreasured with o siticon AFM tip, Only one tip was used per pair
of data columns. Error bars are 95% confidence intervals, For the
four sets of measurements, N = 230, 103, 103, and 240, respeetively.
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Figure 8. Pull-off force as measured by both force~idistance curves
and from FL measurements. Adhesion was usually greater during
friction measurements and tended o increase with time within o
given series of measurements. sepgesting that adhesivs hyseresis
is plaving a role.

Levels 2 and 3 of variation (lecal spatial varistion and
differences hetween FD and FL measurements) are ovident in
the scatter plot of Figure 8 with FD and FL daia obtained at two
distinet locations from each other, each for HiyoPA and Fatl PAL
FL. messurements clearly and consistenty yield greater puth-off
forces than FD tests. (Data in this Figure ave prosented in wrms
of the raw pull-off force rather than the work of adhesion. ) Because
trapsfer of material from the SAM to the tip is observed, ¥ is
suspected that incrensed deformation of the tip and sampie chaip
molecales. ¥ which is facilitated by the increused contact times
and compressive nature of the FL messorement. is the caese of
this difference between FI and FL measurements.

This difference betewen FE¥and FL pudl-off forces is consisient
with the “adhesion hysteresis™ ides of Israefachvifi,*** who
showed that increased contact time snd foad for chainlike
molecides tead to greater pull-off forees. Indend, the tip amd
SAM are in contact for much longer tmes and sliding distances
during FLs {85 ¢, 26 gov than during FDs (0.3 <. <200 mn). The
difference does not result from the different foading rates used
because 0.1 H2 FDX messurements showed no difference with 70>
memsurements taken ot 2 Mz, Alse, i one particelar nstance.,
moving from oose position to another in the HysP A results o the
FD putl-off force being reduced, whereas the FL data remain in
relative agreement with those from the previous spot. demon-
strating the position-to-position variaton i pull-off force, B iz
possibie that the variations could reflect local differences in the

403 Richter, R P
441 beaetachvill, Adhesion, Friction. sad Lub
Burtar Fundeweceniis of Friciion Miisas
3 v f L Pollock, B M | Bds Klawer Academic
1982, Val. 220, pp 381385
$A2) Yoshizaws, M Chen, ¥ 1 Varselachesli, § Woar 1993, 168, 161166

i :
Publishors. Dordvecht, ¥
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Figure 9. Fricion versus load for three bare aluraioa surfaces and
an HuPA fibm, Fach data set represenss an average of 10
measurements. Friction for the bare amorphous surface is lower
than for the bare crystalline surfaces. fikely because of increased
ambient cortarmnatinn becanse this surface was ot Furnace annealed.
Al SAM-conted surfaces, tochuding the one shown heee, exhibit
friction that is dramatically lower than that for alf anceated surfaces.
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Figure 10. Averages of 3 series of FL measurements: cach s an
average of six individual measnrements. Ouly pue of every five dota
puints is shown for clarity. Standard coors in frictional force (noi
shown} extend <4% in cach direction.

SN packing denaity, but i so, it is surprising that the FL data
were not affected; we therefore sugeest that this is unlikely. The
variations in pali-off force that we observe reguire further study
that involves the extremedy chalfenging task of identifying te
specific chensical natare of the tip a5 well as its shape and sire:
they may also reflect local surface or tip comamination.

D, Frietion. Most dramaticaliyv, the application of a PA
monglayer to all three types of bare aluming greatly reduced
friction; see Fizore 9 for an example of HisPA compared with
the three bare substrates. These measurements were taken | month
after the C- and R-plane sapphire surfaces had been anmealed
and stored in laboratory air, whereas the amorphous aluming
was never annealed. The sapphire subsioxtes are expected to
have a more polar and hvdrophitic bydroxylated surface than the
bare amerphous alwnina, but the exact stale is not Keewn.
Correspondingly, the bare smworphous subsirate exibits sig-
nificandy less friction and adhesion than the two bare sapphive
substrates. Nevertheless, the PA SAM-coated surface exhibits
even more dramaticatly reduced friction. This decrease was
shserved for all SAMs. for which absolute irictional forees
decreased by up 1o a factor of 20 and the differential friction
decreased by factors ranging from 3 10 11, compared with the
bare substrates.

Friction also varied systematically with SAM type. Figure 10}
shows FLL data on all six SANMsubstrate combinations, acguired
with the samc tip. Resuits froar complete sets of FL measorements

oo
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Average diffaventizl tniction

En "y
Ri8  FBNIT WIS PBNSY
Tig t Tip2 Tip s Tip 3
Figure F1. Average differential friction values (1) over a series of
measnrements volving difforent tips. (Bp 2 was used twive, in the
order shown.} A, UL and R correspond to amorphous, C-plase. and
R-plane alamina, respectiveiy. Ervor bars sepresem 93% confidence
intervals. N for each up is 10, 16, 1, and 30.

Hi8 FBHIY H1B  FBHIY

{fail six substrate SAM combinations) taken with the three tips
are shown in Figure 11 Using the average slope of an FL
measarement (the single-asperity friction coefficient, 1) s the
comparative metric, the steeper Pl (PA curves indicate a larger
frivtional response for that monolayer as compared io that for
FLPAL However, larger vatues of o do not abways correspond
to farger values of frictional force at a given foad because the
prbl-off force essentially shifis the fricticn versus load curve to
the lefi. Note that Figare 10 appears to contradiot the eardier
statemnent that sdhesion does not depend on the suhstrate, hat in
fact each FLL curve in this exanple represents only six individual
measurements. a small subset of the twal narmber of measure-
nients. As mentioned above, adhesion often varied from focation
o location and according o the tip condition. Yet surprisingly,
these flacwations in adhesion and. correspondingly. in the
frictional force at a given load did pot cause @ to vary, and we
sonclade that they do not impede the camparative apalvsis of
the Iniction measurements. Therefore, we emphasize that our
comparisens of frictional response are not necessartly indicative
aof the magnitude of the frictional force at a given oad but rathes
of the rate of inerease of friction with foad, winch will be discessed
further helow.

Whereas the absolute slopes « for 8 given sample changed
from fip 1o tip, they were consistent relative to one another when
comparing different samples with the same tip. Specificaily.
mdependent of the tp and the adbesion forces, @ for HyeP 8 was
W 60%0 that of o for Pl (P A o the same substraie. T account
for the tip shape and iaboratory environment and demonstrate
wends among the SAM - sabsteate pairs, the values of o may be
normaiized by the value of ocof HygPA on the Ceplane (og ) for
that session, as shown in Table 3, which reports aggregute dasa
for all tigs.

To a lesser extent. o also depended on the fype of ahuning
underneath the SAM. Both HieP A and Fel(PA monolavers on
amorphous staming Habeled “A™ in Figure 113 had a fower ¢
than thase o the R sapphire. although for the Buorinated case
we were able to make 2 comparison only betweea these two
sobstrates for tip 2. The wend was clear and consistent with both
sets of measurements asing Gp 2. Fol G BA films on amorphous
aluming also exhibited o values as low as or lower than those
on C-plane sapphice. Corparisons of o for HaPA on Ceplase
sapphire and amorphous alureina were inconsisent from tip to
tip. Farthermore, for HisPA filis, the C-plane sapphire exhibited
sonsistently lower o values than the R plane. in contrast. the C
and & plaoes were generally indistinguishable from ech other
for FeHPA SAMs. In sumpiary. we find that the effect of the
whstrate can be expressed as follows:

Hrukman et al.

Table 3. Vadues of the Single-Asperity Friction Coeflicient
Relative to HysPA an the C Plane of Sapphire

normalized o

SAM substrate {939 confidence)

HaP AL plane
HuPAamorphous
HysPAR plane

FoIl P AZarmomphous
Fil: PAR plane
FxHPAL plane

(1) For the HiPA films, we consistently find that &, < ag
and o < g1 but we do not Hind aconsistent, significant difference
between o, and te. This indicates that for hydrogenated {ilms
the R plane bas a modestly unfavorable effect on friction.

2 For the Fal o PA ilms, we consistently find that g < o,
although in one of the three cases the ditference is nof statistically
significant. For both sets of measurements with tip 2. we find
that ay < Qa. We also find that e is vither equivadent w or
greater than o This indieates that for senufluonnated flms the
amorpbous substrate has 2 pwndestly faverable effect oo friction.

Discussion

A. Contsct Angle and Film Structure. Contact angle
measurenents, trough comparisan with previous literatuse
studies, can provide tnsights o the stracture of SAMs, Fast
e diseuss the results for semifhuntinated filis. Dynamic contact
angle data have been reparted for FaHPA SAM: on the native
oxide of viapor-deposited stuotinum ' and for CF U 1(CH -
PO H» (FHPA 10 oue shorthand s on vapor-deposited aluming 2
In secord with those studies and pravious studies of similar
semifluorinated alkancthiol SAMs oo gold 79 the advancing
and static contact angle data for water and bexadecane reveal
that FoH PA exposes UF: groups to the sie/film interface

The water receding contact aneles reported for qur seifle-
orinated films are lower than those reported for Fal PA on
aluminum’s native oxide and for Foh SH on Au by ~16° for
amorphous alumina and ~ 38" frorystafline ), meaning that there
is more contact angle bysteresis, Larger bysteresis has been linked
ta maore penetration of the probe liguid into the SAM¥ (e, via
pinboies o manolayer coverage ) aod has been reviewed b detail
by Chaudinay™ and velerences therein. Purthermore, greater
hysieresis has been corrclated with an increased amount of
transtational disorder™ and decreased afkyl chain coverage® in
alkanethiol SAMs on Au. The lower water contact angle values
suggest that pur Feht PA SAMs have samewhat lower coverage
than thuse prepared on Wluminem’s native oxide!® or of FyoH o~
SH on gold.™ In comparing the data in this study Tor receding
contaet auples of water on ol PA onthe theee substrates, filus
o R~ and C-plane sapphire exhibit smalier advancing contact

Hffaces consist of
Fongdieg 38 dasen

e pote that e vapos-dopesited ¢
w or sapphwe wsed hore
W Boashnan, £ 1 Thaabae, T
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angles and more hysteresis than those on amorphous alumina.
meaning that there is higher coverage on the latter, suggesting
ahigher packing density and perhaps more translational ordering
of the FgHPA SAM on the amorphous alumina.

The pure hydrocarbon SAMs reported here yield advancing
and static contact angles consistent with the expression of the
~CH; group at the air/film interface. 44 2 ¥ The advancing and
static angles reported here tor water are close to those for ;P A
on aluminum’s native oxide'" and H;PA applied to amorphous
alumina through a spin-coat and heat procedure.** Once again,
the receding water contact angle values in our study are lower
than those in previous studies (by ~10°). suggesting asomewhat
lower coverage of H sPA in this study. In general, the reduced
contact angles in this study as compared to those in previous
work on films formed on the native oxide of aluminum may
result from lower SAM coverage on the amorphous and crystalline
alumina surfaces driven by the lower reactivity of these surfaces
relative to the native onide of aluminum.

We note here a subtle difference in contact angles between
HisPA on these substrates and what is typically observed for
SAMs of long-chain alkanethiols on gold. Whereas the advancing
water contact angles reported here are essentially identical to
what has been reported for thiols on gold (110—115°), advancing
hexadecane contact angles are significantly fower (50—52° for
thiols.’® ¥ 38—41° for our work). Data from the literature have
shown that water has an advancing angle of ~113° for a methyl
surface. whereas on a methylene surface it is reduced to only
~103°.3+33 Hexadecanc, however, has an advancing contact angle
of ~51° onamethyl surface, whereas it wets a methylene surface.
Consequently. hexadecane is a more sensitive probe of the
methy lene content of a surface than is water. Whereas our
advancing angles indicate a mostly methy I-terminated surface,
which is nearly the same as that of fong-chain alkanethiols on
gold. the hexadecanc advancing contact angles indicate that there
is some degree of additional methylene content at the surface in
our HigPA on sapphire and amorphous alumina than there is for
alkane thiols on gold, consistent with the notion that the coverage
is somewhat lower. Lower contact angles may also indicate a
higher tilt angle from the surface normal. Advancing hexadecane
contact angles with our I'gtl | PA (80~81°) very nearly reproduce
measurements of partially fluorinated thiols from the literature
(e.g.. 79° for FsH,SH" and 83° for FsHgSH).

The PA SAMSs are favorable to thiols in terms of longevity
and stability. Whereas thiols on gold and silver oxidize and
degrade with time ina matter of weehs.” the PA SAMs examined
here were stable for the six months that elapsed between deposition
and final AFM imaging: during that time, they were stored in
an ambient laboratory atmosphere. The substrates were eventually
reused for infrared spectroscopy measurements on the SANs. so
the maximum lifetime of these alumina/PA SAM pairs has not
yet been determined.

B. Nanotribology of Bare versus Coated Samples. As
expected, coating alumina surfaces with PA SAMs reduces friction
(both in absolute force and differential friction o) at the single-
asperity level, and the reduction is dramatic. This clearly
demonstrates the effectiveness of PA SAMs in reliably reducing

S Bam, C D Troughton L B Tao Yy T.Dvalll ), Whitesides G M
Nusro R G J Am Chem Soc 1989 /71 321-335

(3331aahos, T 1 Newman R € MeAlpime. F o Alenander M R Sart
Interfuce Anal 2004 36 347353

(54) Atre SV Liedberg, B. Allara, D L Langmiur 1995 11,3882 3803

GHAllara O 1 Atre,S V Elliger C A Smder R G ./ .im Chem Soc
1991 /73 18821834

36y Wainstein, R 1), Monarty, |, Cushaue, | Colarado R Jr Tee 1 R
Palel M Aless W R, Jennings O K J Pins Chem B 2003, 107, 11626

(57yleggett G I tned Chum fora 2003 479 1738

Langnuar, Vol 22, No. 9, 2006 3995

friction at the single-asperity level compared with uncoated
substrates. In general, the reduction in friction may be duc to
both the reduced wettability of the sample and the reduced
attractive normal and tangential interactions with the tip that the
chemically inert methyl or trifluoromethy! groups express at the
surface.

Interestingly, the reduction in pull-off force in going from
bare amorphous alumina to PA SAM-coated alumina is very
modest compared to the reduction in friction. We therefore
attribute the friction reduction exclusively to a lower barricr to
stiding and climinate any decreasc in contact arca or attraction
between the tip and sample as a possible cause for the reduced
friction.

The fow friction behavior persisted over the 6 months that the
samples were studied. indicating far better tribological stability
than for thiols on gold or silver.%*7 The range of values of the
work ot adhesion. 0.040—0.12 J'm?, is comparable to other
measurements for silicon tips on SAMs and includes the value
measured for self-mated CH;-on-CHj intet faces. 0.060 J/m2,

The reduced friction of bare amorphous alumina as compared
to that of bare anncaled sapphire seen in Figure 9 suggests that
there is an increased amount of passivating adventitious carbon
adsorbed from ambient exposure on the former. Nevertheless,
the addition of the PA SAM still reduces differential friction by
a factor of at least 5 beyond the lubrication provided by such
contamination,

C. Effect of Fluorination on Nanotribology. In comparing
different PA SAM films with each other. the most noticeable
contrast is the pronounced increase in differential friction a in
going from H 3P A to FgH 1 PA monolayers. Ty pically, there was
also greater absolute friction at positive loads for the Fglly; PA,
with variations in adhesion resulting in outlying high absolute
friction measurements for HisPA, as seen. for example, in Figure
10. This is in agreement with previous results from other
experimental and molecular dynamics studies of alkanethiols on
20ld. " 696" although in these studies only the terminal group
was fluorinated whereas the rest of the chain was strictly alkane.
Here, the slope of the friction vs load data differed by a factor
of ~1.5—3.6, depending on the substrate, whereas previous work
on alkanethiols reported factors of 3 to 4. We note that our work
is the first where friction and load forces are experimentally
calibrated w situ.

'he difference in friction between pure alkanes and —CFs-
terminated alkanes has been attributed previously to the greater
size of the terminal CF; groups compared to that of CH: groups.
Because only the terminal group was fluorinated in the previous
studies, the packing densities of the two types of chains were
identical, and equal numbers of large CF; groups were pached
into the same area as CH; groups, imposing a significant barricr
to CF; group motion (i.e., deformation and rotation). In the MD
simulations of self-mated SAM interfaces by Park et al. % this
teads 1o higher ordering of the CF5 groups in the fitm, and this
is correlated with higher frictional forces. However, in our casc,
the top 8 out of 19 carbons are fluorinated, precluding such a
dircct comparison of the data. A different possible origin of this
contrast is discussed further below.

(38)Burns A R, Howston, J B Carpieh, R W Michalshe, T A Plns Ker
Lerr 1999, 82, 1181

(39 Thomas R C. Houston J [, Crooks, R M. Kiun, T. Michalshe. T
A J tm Chem Soc 1995 177, 3850~3834

60y Park, B, torenz, C D, Chandross M| Stevens. M J L Grest, G S
Borodin, O A Langmun 2004, 20, 10007— 10014

(61K, H |, Graupe, M Oloba, O, Ko, T . Imaduddm, S. Lee, T R
Pern, S S fangmun 1999 15 31793185

62) Graupe, M Ko T ok 11 Garge N Miura, Y T Takenaga, M,
Perrv, S S.lee, 1 R Collmds Suf, 4 1999, 154, 239244

(O3YKmm F1 ] ko, b, bee, | R, Perry, S S frhof Lent 1998 4,137
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outofthe foroe egaations above. this analy 14 of tos ndependent
of the fengih scale of the vontac s ¢ theradios of the tipy This
nidy not be the wase ut general especially for laree ranges ot tp
tadsos and normad fod

{ hes hinear dependence bis been sagaestad to be amanmfestation
of the Fyneg adivaiion mocadt ST % whoreby the efiect of
i R zeed normal contact prossure o modify the confenanion
of the maturials a1 the owerfes and ke cutrespondmgly create
# harger eaergy barrser o shiding, Ui mvreming the fustonal
force per area Gotertaviat shou <treprth) This sooxpedied o be
3 ssgafieant it for softer motunials such as polsmers and
SAMS, where pressare readsly induces chanaes m the pwlecular
contremation o the mteriace Himaever, fure sobdy, shere o
st wontonational change with applied pressare pecura the
miesfacial shoar strength remams constant as the pressure 3«
iredsed as fong as the matertals are only elasticatly delormed
Henee the obsenvaton of tsear I behavios may bendicatne
of the et that conformationat Lhanges. ~adi a5 gauche dolects,
are g rodnced 1o an o e degree o the bnad s accased,
ansd this incregses the shear strenght Tios i precisedy what is
ebsenved wa revent molovular dy naoues amulation of Bclion
sihng tor Whanebased S A MVcoated surtaca >

{he seeond hypothesis s of a aimaticantly diferens phy sical
orsgen Latfike tao oteft <olids sdeding agamst sak other, such
as bare Si» and A QO the SNV e are comphant and
antanropie an the stomie <cale Weak van der Waak forces
betweeen adiacent chans mean that displacements pomal to the
surfaes an ocabized{ce  decoupled from thes nendbust Thas,
ore w ahd not capect the $AM e he Jetormed o sigmfianly
cniside of the cuntact region as v sutrupis efastn solid waould
flowever the menolaver iy densedy peiked weplane o lateral
t(«heart deformation with couple to molecukes heyond the vontact
rone Hithe compresyve mommal (v ertical defom stion e kecalised
anfy 6 the mofecules yamediaten undormesth the tp then the
act of g oy hes oolecslar-«cate plovang Buecune the tip
fies below the top sertace of newghboning PA molecutes (1 igure
13, the {ip must ather compross or Jaterally defaim adiucnt
mnkcutes mihe torward direcion toshide As the brad micreases,
the up pencteates e moneaser by an imereasme amuunt and
encounicrs a geoster phy sal barrey o raot e bouasse wmeQ
Jeform more matenal W Jugh lsads than low loads From
genmetey, when 3 paraboloedal tip penctrates a tlat susface, the
projected contact area £ of the up along an ineplane daretion
(bt o, the area ot a 2D puabola of curvature 7 up to bapht
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. Figure 14, Lad-onsiow of anentite bolutod PA molecuke, showiag
the tetrayonal arrangement of the O and P aroms in the headgroup,
{he headgeoup is on the ket de the foregroand.
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Figure 15, Packing of HuPA on U and R planes of sapphire,
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4.6.6 Lateral Force Microscopy Study of Langmuir-Blodgett
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4.6.6.1 Summary

As we have seen, organic monolayers can be used in MEMS and NEMS as
extremely sensitive sensors. In the case of this work, we studied Langmuir-Blodgett
monolayers of one macrocyclic compound that proved to be a copper sensor.
Nevertheless, our main goal in this work was to see if LFM was able to discern
between monolayers extracted at different surface pressures. As you may know,
there is a certain controversy about the surface pressure of Langmuir films once
they have been transferred to a substrate. Do they maintain the molecular area they
have on liquid subphase or perhaps they relax to reach an equilibrium pressure?

The obtained conclusions can be summarized as follows:

o  AFM topographic study of the tiomacrocycle monolayers demonstrate that
the structure of the film once it has been transferred to mica depends on the
extraction pressure. The presence of islands is observed and a model to explain

its formation is proposed.



Frictional Study of a Cu (I1I) Sensor Compound

e Frvs. F, curves present a discontinuity that corresponds with the monolayer
rupture. The threshold F, value to disrupt the sample depends on the extraction
pressure. The higher the surface pressure, the higher the F, value, so we
conclude that, although we-do not know if the molecular area of the Langmuir
film is the same as in the Langmuir-Blodgett film, we proved that the samples do

not relax to reach an equilibrium surface pressure.

e LFM proves to be a suitable technique to study the nanotribology of organic
monolayers, being sensitive to their molecular structure. Besides, the islands
observed at high surface pressures present friction asymmetry, fact that provides

information about their structure.
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Langmuir Blodgett films of 4-phenyl 4 sulfide 11 (1 oxodecy!) 1 7-dithia 11-az1-4 phosphicvclotetradecane a thiomacrocyche
compound used as a Cu(lly 1ons sensor were extracted over mica at sever il surface pressure values from two subphases pure water
and a 001 M Cu{ll) aqueouns solution Atomic Torce Microscopy and Force Spectroscopy (Lateral Torce Microscopy) were used
to study both the morphology and the nanomechanical response of Langmuir-Blodgett films A correlation between extraction
pressure and monolayer mechankal properties was observed so an ncrease in the extraction pressure of the monolayers
corresponds with an inciease 1n the vertical force at which the monolayer breaks while doing lateral force expeniments
Experunental data proves that Langmuir-Blodgett extraction technique truly obtains monolayers with different nanotribological
properties as a function of the extraction surface piessuie The formation of 1shinds on top of the monolavers was studied and a
model mechanism of formation 1s proposed A higher friction value was measured on the slands than on the monolayer and
friction asymmetry was observed m the latest stage of land formation

KEY WORDS Nanotnibology firiction test methods AFM Langmuir-Blodgett Alms

1. Introduction

Langmuir Blodgett films (1.Bs) have been a matter of
cxtensive rescarch during the last decades because of therr
suttability as models to study molecular orgamization
{1 11] and a wide range of monolayers and multilayers of
different molecules have been studied with this techmque
in the past [12 [5] The capability to control either the
chemistry of the subphase, the arca per molecule and the
extraction surface pressure of the layers 1s an alternative
over other preparation technmiques of suppoited mono-
layers such as Sclf-Assembled Monolayer deposition
(SAMs) [16] The control of the film tiansfer to the sub-
strate and the possible relaxation of the extraction sur-
face pressure of the supported film over time are still
subject to controversy Scanning Probe Microscopies
have proved to be suitable to study monolayers at a
molecular level [17.18] LBs have been studied using
Atomic Force Microscopy (AFM) (89,12 13,19] to
resolve 1ts morphology and propertics  Alternatively,
Surface Force Apparatus (SFA) has been used to resolve
the mechanical propertics of these layers at a nanometric
level in different media and conditions {20,21]

Lateral Force Micioscopy (LFM) has become an
increasingly popular technique to study the frictional

*To whom correspondence should be addressed
C matl fsanzi ub edu

and nanotribologieal properties of surfaces [22-25] The
development of sustable techniques to calibrate the
vertical [26 30] and lateral [31,32] spring constants of
the probes used in LFM measurements have allowed to
obtamn quantitative friction tesults in the NanoNewton
range [23 25] LFM has been used to study the frictional
propertics of Langmuir-Blodgett layers [33-35], cngi-
neenng coatings [36], surfaces of Micro-Electro-
Mcchanical Systems (MEMS) [37,38] and to study
organic layers such as thiols on gold [39,40], alkylsilanes
on mica [41] or sihcon oxide substrates and alka-
nephosphonates on different crystallographic planes of
aluminum [42] The versatility of this technique allows
studying the samples under liquid to test phospholipid
bilayers on 1ts physiological media (43]

4-Phenyl-4-sulfide-11-(1-oxodecyl)-1,7-dsthia-1 1-aza-
4-phosphacyclotetradecane (compound A), figure 1, has
a thiomacrocycle that permits to bind coppet 10ns, so
dcting as 4 coppet 1onophote [44,45] A comparison of
the mechanical propertics of LB films of compound A
extiacted erther from the water subphase or fiom the
Cu(Ily aqueous solution subphase offers the opportunity
to study the mfluence of Cu(II) rons in the theological
properties of LBs of compound A

In summary, the aim of the present work 15 to study
the morphology and mechanical properties of LBs
formed by compound A using AFM and LFM LBs
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were extracted at different surface prossures and from
the two mentioned subphases. so the change in the
nanotuboelogical properties was studied. The correlation
between the surface pressurc-area isotherms of com-
pound A and the measured fateral foree values obtained
by LFM on the monalayers give a new insight in the
field of nanetrihology of LBs.

2, Experimental section
2.1, Langmuir Blodgetr films preparation

Langmair films were obtained ina NIMA 1232DID2
Langmuir Blodgett trough {area ~ 1200 em”). Pure wa-
ter {(Mflipore MiHIQ grade), and a D.01 M solution of
CufNQy), (analytical gradel were used as subphases. A
solution of compound A [46] in chlorofoim, at a con-
contration of 1 mgml, was spread over the corre-
sponding subphase. and 1S min were lag before
measurements in order to permit evaporation of the
sulvent. The compression speed was 30 em?® min.

The corresponding LB tilms were tramsferred at
constant pressure onto a {roxhly cleaved atonncully Hat
mca <surface. Fhe transfer was done usdop a NIMA
123201 dippor, ot severnl surface pressures and at a
cotstant teroperatute of 22 C. The sabstrates were
sheets of T emx ] om cat from reed mica. LB films were
obtained following & Z deposthion. that s, the sheot of
mica i first introduced 1 the subphase and once the

Langmuir {ilm s formed, the mica sheet is pulled up
with an extraction speed of 10 yum min The measured
transter ratios wete close to 100%.

220 AFM and LEM Meaawrements

All measurements were performed with g Dimension
2100 mueroscope attached to a Nanoscope TV controlier
(Digad Tustruments, Samta Barbara, CAY in contact
mode using V-shaped SN, tips (OMCIL TRA00PSA,
Obvmpus. Japan) with o nominal spring constant of
.08 N m. Foree eurves were performed always before
acquinng topographe images in order to apply the
mintmum force on the surfuee and to avord any mono-
tlayer damage. The instrament was placed on a vibration
isolation table and in an isolation box (TMC, Peabody.
MA) Temperature was maintained between 19 and
21 °C and bunudity was ficed to 40 30%% with the aid of
a mtrogen flus mside the nolation box.

Vertical spring constant force calibration was per-
formed wath a Foree Probel-D MFP (Aswvium Research,
Santa Barbara, CAY. Individual spring constants were
calibrated wsing the thermal poise method [34] afier
hasing memsured the pieso sensitivity (V pm) afler
several minutes of performing force plots to avoid
hystcresss.

Lateral force calibration [31] was performed to obtain
quantitative friction values, using 4 wedge silicon onide
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cahbration grating (Mikro-Masch TGGO01) providing
two facets joined at a known dihedral angle Raw data
treatment was performed with Matlab sarnipts provided
by R Carpick gioup [47] Brielly, the scripts wete used
to gencrate friction versus load data sets from Nano-
scope files For fiiction versus load measurements an
ascending saw tooth waveform fiom an exteinal func-
tion gencrator (Agilent Palo Alto CA) was subtracted
fiom the vertical photodetector signal obtained through
the Signal Access Module (Digital Instruments, Santa
Barbara, CA) using a home-made card The 1esulting
voltage was serted to the vettical photodetector signal
through the Signal Access Module allowing the feed-
back control to mamtamn a steadily incieasing normal
force over the course of a friction versus load expen-
ment The lateral motion of the tip was set to 25 nm at
6 1 Hz with 512 hnes and 512 pixels per line As a 1e-
sult, a whole friction versus load curve ranging from low
loads to high loads was obtamned cvery 84 s We choose
to ramp the foice fiom low loads to high loads because
we wanted to study the breakage of deposited layers as
an incieasing force was applied

3. Results and discussion
31 Morphology of the monolayers

Figute 2 shows the surface pressure-area per mole-
cule 1sotherms of compound A on pure water subphase
(curve a) and on a 001 M Cu(Il) aqueous solution
subphase (curve b) The change 1n shape of the 1vo-
therms denotes the mfluence of copper tons present in
the subphase Curve a) 1n figure 2 nearly reaches a pla-
tcau at ~123 mN m, while curve b) only shows an
inflexion pomnt at ~I55mN m Anows 1 figuie 2
mdicate the values of the surface pressure at which the
LBs were extracted for its chaiactenzation

Figure 3 shows the AFM images of compound A LBs
extracted from a pure water subphase at surface pres-
sures of 4 (a), 8 (b) 12 (¢) and 13 mNm (d) The
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Crzure 2 Surface pressure area wotherms of compound A with
different agueocus subphises (1) Wer (b) 001 M Cu(Il) aqueous
solution The ariows show the extriction pressures studied n the
present work

piesence of a complete monolayer covening the entire
mica sutface was verified sciatching the sutface with the
AFM up at 50 60 nN (images not shown) and mea-
suring the height of the monolayet 1n the nm of the
scratch, bemng ca 1 nm at the mmimum vertical foree In
figure 3, we show the islands of compound A found on
top of the monolayer for all the extraction piressures
For surface pressuies lower than 123 mN/m (pressures
below the plateau threshold) the height of the 1slands
reached ¢ maximum height of 1 nm and their size in-
creased with mcreasing cxtraction pressme For pres-
sures higher than 12 3 mN/m (plateau region n the
isotherm), aggregates ~15-17 nm  high  (figure 3(d))
wete foimed We were unable to detect any kind of
multilayered o1gamzation 1n these aggregates

Figure 4 shows the AFM 1mages of the monolayers
extiacted frtom the Cu(Il) aqueous solution subphase at
8 (a), 12 (b) and 16 mN/m (¢), respectively Islands do
not appear below 155 mN m, the inflexion point in the
1sotherm for Cu(Il) aqueous solution subphase (hguie 2,
curve by For surface pressures higher than this value the
aggiegates observed on top of the monolaver were ~13—
17 nm hgh (hgure 4(c)), very stmilar to those observed
for LBs on water subphase at 13 mN m (figure 3(d))
Correlating the 1sotherms with AFM images the for-
mation ol aggregates scen on water subphase at
13 mN m and on Cu(Il) aqueous solution subphase at
16 mN m corresponds with a local collapse of the
monolayer, which 1s due to the asymmetric nature of the
compound A molccules and to the lack of a strong
hvdrophilic group Then, the particular shape of the
1sotherm s a consequence of the molecular structuie of
the compound A (figure 1) and 1ts interaction with the
subphase High compressions of the monolayer on water
subphase lead to the slip out of molecules 1ather than to
changes 1in the conformation or orientahion of the mol-
ecules (phase changes) and consequently high surface
pressures cannot be reached The effect of Cu(Il) 10ns in
the subphasc 1s to bind the compound A molccules and
to stabilize the monolayer 1n some degree As a conse-
quence, the platcau n the 1sotherms 1s removed and the
corresponding AFM mmages demonstrate that 1t 1s
linked to the absence of 1slands on top of the monolayer
for extraction surface pressures below the mflexion
point

Compressibility coceflicient valucs (around
25%10 *m mN) calculated for the raising part of the
cunes a and b of higure 2, indicate the presence of a
liquid expanded (LE) phasc Tt has also been corrobo-
rated by AFM but with the charactenstic that some
islands form on top of the monolayer

32 Mounolaver Friction by LFM

Friction versus load curves were performed on the
monolayer on areas free of 1slands and debrms ranging
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Figure 3. AFM images of Langmsir-Blodpett films extracted at differest surface pressures. 214 mNmy (b3 mN mL (0 12 mN e (d3 13 mNm
Subphase: waier. Jmages area 8 e’ The section carrespoads with the white loes on the topography image.

trom no-contact to high vertival {oads and avoiding the
adhesive region (figure 81 Experiments were performed
this way 10 test the response of the Langmuir Blodgen
monolaver of compound A against an increasing vertical
load. Preliminary experiments were performed to check
{riction hysteresis when the load values ranged from low
to high values and wice sersa {figure S). No hysteresis
was detected in the contact region, although there were
differences around 0 nN load. In friction versus load
curves acquired from low to high load values a nearly
0 uN initiad friction regime was observed between tip
and menolayer. Having in mind that measurements
were performed from no-contact to high vertival loads,
this tmitial regime corresponds with the tip coming into
contact with the water laver present on the monolayer
(all measurements were performed at 46 50% RH). This
low friction imittal regime 1 believed to he due to the

stow reaction of the teedback loop as the tip contacts the
water layer on the monolayer of compound A. When
performing experiments from high loads to no-contact
{figasre S, white dots), there is no such a behavior around
0N verticad toad because the feedback Keeps on
working untif the snap-ofl event, At 1-2 aN load range.
frictivn increased steeply due to tip and mwnolayer
corng into contact

We attempted to fit our expenmental friction versus
load curves on compound A monolivers with several
comtact mechanics models, namely Johnson Kendall
Roberts (JKR} [48] and Derjagan Maller Toporov
{DMT) {491 We also attempted (o fit our data with the
transition equation proposed by Carpick e «f. {S0]. This
model permits to adjust a transition parameter {2) that
takes values from 0 to 1. When x=(, the cyuation
corresponds to the DMT model and when x=1, it
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Figure 5. Frictiva veosus loawd carves pevlormed on LBs of compourd
A extracted at 12 mNom with water surface. White curve shows results
takes frore higk Joads o Jow foads aad black care st results taken
from low feads to high loads. Bach curve is the average of 20 curves
performed i five different places oo the sueface of the monolayer.

corresponds with the JKR model. None of these models
was suitable for ooy measurements. We believe that the
main reason is that these contact mechanics models are
only valid for homogencous, isotropic, linear and clastic
materials [48]. This is not the case of Langmuir-Blodgett
films on mica. Mareover, these models consider that
shear strength © is constant. Friction force (£} for a
single asperity is given by {31}

7
T

being 4 the interfacial contact area. In fact, 7 is not
necessarily a constant and shows a pressure-dependent
form:

T == tye Lo

where 7 is the constant interfacial shear strength terny, p
is the pressure and { is a dimensionless coeflicient.
Studies copcerning  friction  measurements  at  the
nanoscale have shown that the shear strength can vary
depending on the nature of the sample [32]. For all this
we helieve that these models are oot really suitable to
explain the contact between an AFM Gp and a
Langmuir- Blodgett monolayer.

Figure 6 shows friction versus load curves obtaised
on compound A LBs extracted at several surface
pressures. Although the general trend of the carves is
roughly the same in all cases, there are some differences
that can be related with the extraction pressure and
mechanical properties of the monolayers. After the
initial contact between tip and movnolayer, a region in
which the tip frictions the monolaver is reached. This
region ends with the appearance of a discontinuity in
the friction versus Joad curve that is marked with an
asterisk in figure 6, The load at which this discontinuity
appears increases as the monolayer extraction pressure
does (8.5 2.3 nN at & mN/m, 20.1:£ 2.8 aN at 12 mN/
m and 295452 aN at 16 mN/m). Previously, we hawe
shown that phospholipid bilavers break under the
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Figure 6 Friction versus load curves obtained on LBs of compound A

extracted at different pressures The expenments were performed

increasing the vertical load from no-contact to 50 nN  Subphase

Cu(ll) aqueous solution (1) 8mNm (b) 2mNm () 6 mNm A

discontinuity relited with the breakage of the monolayer 15 marked
with a * 1n the graphs

exertion of a certain vertical load and that this load
increases as the mechanical strength of the bilayer
mcreases [43,51] This behavior had also been studied
with lateral force microscopy and a discontinuity 1n
friction versus load curves had been detected and
related with the break of the phospholipid bilayer
[43] So. the discontinuities in the friction versus load
curves obtaimned on compound A monolayers coire-
spond well with their breakage As a conscquence,
the presence of this discontinuity 15 a way to measure
the vertical force that the monolayer withstands be-
fore bieaking while fiiction experiments aie per-
formed This fact 1s really important to confirm the
suitability of the Langmuir-Blodgett extraction
technique to get layers with different nanotribological
propertics as a function of the extraction surlace
pressure To ensure the reproducibility of the ob-
tained results, friction versus load experiments were
performed with two different calibrated tips and 1n
several experiments The results are shown in fig-
ure 7(a) The magnitude depicted 1s the vertical force
at which the LB broke as friction versus load
experiments were performed Random discontinuities
were detected 1n friction versus load curves besides
the ones that correspond with the ruptuie of the
monolayer We believe that they correspond to
mechanical or clectrical noise and they appear at
iandom vertical loads The discontinuities presented
mn figures 6 and 7 are not random at all and they
appear at certain veitical loads (et1or bais are shown
1 figure 7) 1n 20 out of 30 friction versus load loops
performed in five different posttions for every sample
and cvery tip Previous scratching cxperiments 1n
topographic mode performed on the monolayers of]
compound A showed that the bilayer can be temoved
from the surface of the mica applying loads n the
range of vettical forces shown 1n figure 7

The [riction coeflicient on the monolayer (the slope of
the linear region of contact between tip and monolayer
in the friction versus load curve) at an extraction pres-
sure of 16 mN m was calculated to be 0 124+ 0 002 Fou
vertical load values higher than that cotresponding with
the discontinuity shown 1n the frichion versus load
curves, there 1s a linear region with a fnction coeflicient
that was calculated to be 01400 002 This friction
cocfhicient 15 quite similar to the friction coetlicient ob-
tained on mica under the same parametric conditions
(0 142+£0 001}, so this 1egion corresponds to the contact
between the tip and the monolayer suppotting substrate
(mica) This fact has also been reported 1n a previous
work [53]

To compare the mechanical properties of layers ex-
tracted fiom the two subphases, experiments have also
been performed on monolayeis extracted mn pure water
subphase Results are shown in figure 7(b) The columns
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show the verticul foree at which the breuk appears in the
{riction versis foad curves, bemg the feature more
directly related with the raechanical resistance of com-
pound A monolssers. The discontinuity (breskuge of
the monolayery ulso shifted o highe foad as the
cxtraction pressure increased. White columns show the
results obtained on monolayers extracted with water
subphuase and black colummns correspond with mono-
Tayers extracted with Cu{lly agoeous solution subphase.
{nterestingly, when monoelayers with water and Cu
subphase were extracted at the same pressure (8 and
12 mNumy, the break appeared at hugher loads i water
subphase. As can be seen in figure 2, the area, molecule
to et a certain surface pressure s higher in Cutfl)
agueous solution subphase than in water sobphase, This
means that, 1o reach 4 cortain sarface pressure. mole-
cules are more packed with « water subpbase that with a
Cu subphase, In concluston, the disconunuity obsersed
in the friction versus load curves is more sensitise (o the

arca-molecule that to surface pressure. As a conse-
quence, as the area/molecule decreases, the Joad at
which the monolayer breaks in friction versus load
CUFYCS neIeases,

23 Formation of ilasds and friction gsymmetey

Frivtion asymmetry 1s an eflect that has been detected
in a number of previous works concerning thiolipid
Langmuir Blodgent monolayers [S4]. polvdiacetylene
monelayers {33} and monoghcerol monalavers [35] and
that consists in a different friction response depending
on the scanning dircction. As a consequence. trace and
retrace fricHon signals show different value. Thas
asymmelry was reported (o be dae o the orientation of
the molceales on the surface [49.50] In these works,
friction changes as a Tunction of the melecale hydro-
catbon backbone orientation and tilting. Compound A

i

-

2



Frictional Study of a Cu (II) Sensor Compound

j82 G Uneiny of il Latderad Force sigraseapy study of Langmuiv- Blodgest timi

molecule has also a carbonated backbone. although the
molecule s highly asymmetric. We have observed a 1§

20% of friction asymmetry only on islands onto com-
poand A monolayver (figure 8). As it has been shown in
figure 3, slands up o 1 om hugh appear on top of
wonolavers at pressases up to 12 mNip In fact these
istands show heights around 0.3 am or | am. this last
value correspanding with the height of the monolaver
on miea. This two height regimes are shown in the AFM
image in figure 8(¢). The ssland 1o the upper-right corner
of the image 5 1 nm high while the island i the lower-
left corner is 1.3 nm gh. The latest s ditficalt to detect
topographically but it s nicely shown i the fnietion
intage (gure &d)). Interestingly, friction asymumetry
anly appears on the islands that are 1 nm high and not
in the ishands that are 8.3 am lagh. We have attributed
the existence of the two kinds of islands 1o two different
consective formation steps that have been depicted in
figure Y. We suggest the possibility of local suriace

pressure fluctuations and the asymmetric vature of
compound A being responsible for the formation of

these islands on monolavers extracted with water sub-
phase. The lack of strong hydrophilic centers in the
thiomacrocycle leads o a weak interaction between

g ) ¢
®
5 Asymmetry
@
=
&
2 !
Ba
¢ Distance (um} 2
g (bt Q
ki
& Symmetry
o Distance {m} 15

componnd A and the water subphase. As a vonse-
quence, it seems possible to think that compoumd A
mirdecules can be locally pushed up (figure Hadd forming
an aggregate on the surface (figure 9(h)). These agare-
gates can be seen o the center of the islands shown i
figure 3{a} (two Blands in the upper part of the image}
and i hgure 8(¢) (sland in the upper-right corner of the
imagel. Lately, these aggregates spread forming a cir-
cular island that is 0.3 nm high (figure 30, lower part
of the image and figure 3a)). Sometimes, the accamu-
fation of molecule A and the disordered islands coexist
(as the aggregate disappears, the disordered ishand
grows). Finally. the disordered islands ipcrease thewr
packing density and reach a height of 1 nm Gsland in
figure 3(cit, which is the height of the monolaver on
mici. On the other hand, when there are Cu(ll} jons in
the subphase there are no islands on top of the mono-
faver until & pressare of 15.5 mN/m is reached. So it ss
clear that Cu(ll) 10ns play an mportant roke i the
morphology of the monolaver. We think that low beight
istands correspomd with the first stage of island forma-
tion (figure 9(C). first step after molecules of compound
A have been expelled from the monolayeri. where
molecules are disordered. Under further compression,

100mY

amy

Frgare & Facien bops ebtinsed o ishasds on compound A menolaver extracied on water subphase at ® ;N m. (ad Faenon signad of an sland
contpletely formed. showing an asymmetsic frichon. (5 Ishand tn formation process showmg symmetric friction. (03 Topopraphic image of the

monclayer. {4} Foction Byage of e monolpyer {raee
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these molecules rearrange amd order on the monolayes
to form slands that <how the height of a compact
monokiser {figure YN,

Ilunds that are in its first stage of formation (0.3 nm
highy Jo not ~how friction asymimetry because there s
not a regular molecular order, <o the fricion signal is
not influenced by the scanning disection. When the
iands are compketely formed (T high aslands).
asymmelty appears, wsponding to the molecular order
evtablished on the island. [t is mnteresting to note that the
friction of the monolaver and the friction of the com-
pletety Tormed islands arc different and that the mono-
laver does not show frction asymmetrsy, From this fuct
we can conclude that the way compound A molecules
dare ordered in the monolaver and m the isands 1
different and that the structure of the ilands o aniso-
tropwe. Ore possible explanation for this fact 1\ that the
nmonolaser is supported on mica, while the 1lands are
supported on the surfuce of the monolaver so the
substrate topography and chemistry & ey different for
both stractures, This different osganication between
nlamds and monolayer has been depivted in figure 9,
although the specific orientation of the nwlccules m the
monolayer and m the slands < a hypothesss.

4, Conclusions

AFM was wed to study the topography of com-
pound A Langmurr Blodgeu tilms extracted at ditferent
surlace pressures from two different agueous subphases
The formation of wlands on the monolaver from the
pure water subphine was analyzed and a model for it

formation wax propoed. Cu(ll) ions effect on the
compound A monolaver is evident in the wotherns and
in AFM 1mages. and these tons meicase the stabibity of
the monolaver. LEM has proved to be wseful o study
the nanoutibelogs of compound A-like fAlrs, The
bieakage of the LB monolavers was deteeted ay a dis-
continuity v the frivion serses load curves. In both
cases, for pure waler and for CalD) agueous solution
suhphases, there s a shift of the monolayer breakage
foad towards higher values as the extraction pressue
increases. Besides, an asyrametry in friction was ob-
served for compound A blands 1w the latest stage of
formation and the cffect was related with 1ts anange-
ment in the LB films,
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Chapter 5. Biological Coatings: the Nanobio Revolution

Chapter 5

S.Biological coatings. The nanobio

revolution.

5.1 INTRODUCTION

As we have seen, there are several ways to reduce friction in MEMS and
NEMS: we can coat them with hard films as is the case of DLC or we can also
functionalize their surface with alkanethiols, fatty acids, phosphonic acids or even
alkanesilanes in an attempt to reduce the coating thickness and to take advantage of
the possibility of chemical functionalization so as to meet specific mechanical
requirements. Nevertheless, we can also be interested in functionalizing our devices
with complex biological structures as proteins in order, for example, to use them
inside our body'**?*°. The union between the electronics industry and the biological
sciences has been for a long time an issue only dealt with in science-fiction movies
but nowadays great efforts are being done to integrate both worlds®®' 2%, It is
remarkable the report released by Castellana et al.?®®  where phospholipid
membranes integrated in sensor devices by means of photolithographic, micro-
contact printing and related techniques are reviewed. In this regard, an interesting
sensor device was developed by Gu et al**’, who were able to detect the
conductivity change induced in a membrane by a certain analyte when it binds to a
transmembrane protein embedded in the phospholipid bilayer. A schematic of the

device is depicted in Fig. 30.

176



Probing Phospholipid Bilayers with an AFM

fransmembransg
a phosphalipid br!ayer protein

il
i di

Time

@

ana!yte
b // \

IS

Intensity

Fig. 30. Example of BioMEMS. Transmembrane proteins embedded in phospholipid
bilayers can be used as organic sensors. The presence of the analyte in the channel created
by the protein changes the membrane conductivity, which can be recorded and related with
the analyte concentration. The detection limits are extremely small, as intensity variations
are in the pA range. A similar device was implemented by Gu et al*®’.

5.2 WHY PHOSPHOLIPIDS?

In this new and exciting scenario, phospholipid bilayers seem to be the
building blocks of the bio-devices coating, as they are used as a support to insert
more complex (and potentially interesting) molecules as trans membrane and
peripheral proteins or/and receptors. Phospholipid are the main constituent of
cellular membranes®®®, which are amazing structures in terms of nanotribology and
nanomechanics®®, as their rigidity and elasticity can be modulated depending on
the physicochemical properties of the medium or on the presence of other
intercalated lipids as ergostero’’® or cholesterol”’!. Then, studying the
nanomechanics of phospholipid monolayers and bilayers is mandatory in order to
leap towards the integration of biology with MEMS and NEMS. Besides, the
complexity of these biological membranes makes of them ideal models to study and

isolate the effect of the different interactions that keep molecules together, that is,
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van der Waals, hydration and electrostatic forces and that are of relevance in 2-

dimensional structures.

Our goal is to study phospholipid membranes from a fundamental point of
view, testing their mechanical resistance to be punctured or frictioned by an AFM
tip in liquid environment as a function of the ionic strength of the solution (J), the
temperature and the pH. Of course, this is an ambitious project and although our
contribution may be small, it sheds some light that will hopefully help to unveil the

mysteries of the nanoworld.

5.2.1 Phospholipid bilayers structure and formation

The membranes of mammalian cells’’? have been designed to provide a
semi-permeable barrier able to maintain different aqueous media in each one of
their sides (different concentration of ions or biomolecules) and also an electrical

potential difference”

. Besides, the membrane also works as a scaffolding to hold
the whole cellular structure so it must retain certain mechanical rigidity*’*, although
it must be fluid enough to permit the bidimensional diffusion of membrane proteins
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along its structure“”. As usual, Evolution has done a superb selection job.

Phospholipids are amphiphilic molecules, that is, they have got two
differentiated regions with opposed affinity for water as it can be seen in Fig. 31.
To begin with, they present a polar region or headgroup (phosphatidylcholine,
phosphatidylethanolamine, phosphatidylserine, etc) that can be charged or
zwitterionic, that is, overall neutral but with charge separation. This is the case of
phosphatidylcholines (PCs), a phospholipid family named after their polar
headgroup that will be discussed more extensively in this thesis, as the vast
majority of studies have been performed with them. Besides to the existence of
electrical charges, the polar region is hydrophilic, so it dissolves well in water. The
apolar region is constituted by two hydrocarbon chains attached to the polar
headgroup and that can show a variable unsaturation degree. As you may expect

because of its composition, this region is highly hydrophobic, so phospholipid
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molecules can partially dissolve depending on the group they show to the liquid
medium. When they are in aqueous solution, they tend to form monolayers on the
liquid surface with the polar heads towards the liquid and the chains towards the air
as depicted in Fig. 32a. When the surface of the liquid is saturated, the next option
is to dissolve and they do it forming bilayers with the polar heads in the outer part
while the hydrophobic chains remain in the core of the bilayer, far from the water
medium and responding to the named hydrophobic effect. Instantaneously, the
bilayer folds forming spherical units called liposomes (Fig. 32a), which are fully
stable in solution. These liposomes can regain the planar bilayer structure if they
interact with a surface, forming the so-called Supported Planar Bilayers (SPBs),
which are depicted in Fig. 32d. Obviously, for this process to take place the
interaction between the polar heads and the substrate must be more favorable than
the interaction between polar heads and water, so electrostatic charges tend to take
the Lion’s share (Fig. 326 and ¢). In the case of PCs, the outer part of the bilayer is
positively charged (choline), so PC liposomes easily spread on negative hydrophilic
surfaces such as mica but it does not spread on hydrophobic neutral surfaces such
as highly ordered pyrolytic graphite (HOPG)*®. Nevertheless, as we will see in
forthcoming sections, the solution pH and the presence of ions can alter the
distribution of charges both in the phospholipids and the surfaces, modifying their
interactions and, therefore, the quality of the SPBs.

hydrocarbon chains polar headgroup
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Fig. 31. Several phospholipids with different polar heads and different charges. a) 1,2-
Dimyristoyl -sn-Glycero-3- Phosphocholine (DMPC). b) 1,2-Dimyristoyl- sn-Glycero-3-
Phosphoethanolamine (DMPE). c) 1,2-Dimyristoyl -sn-Glycero-3- [Phospho-rac-(1-
glycerol)] (Sodium Salt) (DMPG) d) 1,2-Dipalmitoy] -sn-Glycero-3- [Phospho-L-Serine]
(Sodium Salt) (DPPS). More information in www.avantilipids.com
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Fig. 32. Supported planar bilayers formation mechanism. a) In solution, phospholipid
molecules tend to form a monolayer on the aqueous surface with the polar heads in contact
with the liquid. The rest of the molecules form liposomes, hiding the hydrocarbon chains in
the hydrophobic core. b) and c) The liposomes can spread on hydrophilic surfaces, forming
supported planar bilayers (SPBs). d) Between the substrate and the SPB, there is a certain
quantity of water, as both the substrate and the polar heads are hydrophilic.

5.2.1.1 Van der Waals interactions

Van der Waals interactions arise from the proximity between the

hydrocarbon chains of adjacent phospholipids molecules and can be calculated as

follows®”’

_Baghv |6 12 12 |N,
T dang, ) |0 o2+ 2] [az+(2l)2]B T2

(29)
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being «, the polarizability, €, the vacuum permittivity, o the distance
between 2 equivalent -CH, groups in adjacent molecules, / the distance between
consecutive -CH, groups in the same hydrocarbon chain and N, Avogadro’s
number. For tightly packed hydrocarbon chains, which corresponds to an ¢ = 0.4
nm (diameter of a hydrocarbon chain), Ey  ~7kJ/mol per -CH, group (the total
Eyaw is obtained multiplying 7 kJ/mol per the number of -CH, groups in the
molecule). In the case of phospholipids, each molecule is composed of two chains

and considering a hexagonal molecular packing®®*"

and a certain o value, the Epzp
for the entire phospholipid bilayer can be calculated as in section 5.4.6. In that case,
as the monolayer was a LB film, the surface pressure was controlled and an
experimentally controlled o value was used, obtaining a total Eyz = 19.4 kJ/mol.
Considering that the DPPC hydrocarbon chains have 16 carbon atoms, we can see
that the packing is not as efficient as in the case of single chain molecules, which
have a higher ordering degree. Why nature has chosen two chain molecules when
one chain molecules could pack tighter? Perhaps it was thinking about increasing

membrane fluidity...

5.2.1.2 Hydration forces

Water plays a key role in the structure of biological membranes, as it
mediates the interaction between membranes and contributes to the transport of
biomolecules and other substances across phospholipid bilayers. Because of that,
the water that surrounds biomembranes has been thoroughly studied, both
experimentally and by means of computer simulations. Between the experimental
techniques, X-ray and neutron scattering are useful to study the membrane
structural changes and the relative position of water”’, while NMR spectroscopy
can shed light on the dynamics of these processes and quantify water residence
times?*"?%2. The hydrogen bonds can be assessed by means of infrared spectroscopy
and fluorescence spectroscopy is helpful to study the hydration shells around the
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phospholipid bilayers and also the dynamics of water. A first point of contact

with these experimental techniques can be the review written by Milhaud et al.?*,

while simulation studies are reviewed by Berkowitz et al.?®
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Concerning the water-phospholipid interactions, the first question is to
answer how water structures around the phospholipid polar headgroups. This issue
was studied by Aman et al.”®, who compared his simulations with experimental
NMR results and concluded that each DPPC headgroup perturbs ca. 17 water
molecules. Besides, they classified the water molecules in two groups depending on
the orientation of their dipoles, which can be parallel or perpendicular to the bilayer
plane. The results of those authors suggested that water can penetrate the polar
headgroup up to a certain extent and that the probability to find a water molecule
increased in a sigmoidal way from the inner part of the polar headgroup to the
interface liquid-bilayer surface. Nevertheless, these results suggested that the water
was not ordered around the polar headgroups, phenomenon that had been
previously confirmed experimentally. This contradiction was solved by Pandit et
al® who considered the roughness of the bilayer as a key parameter in the
calculations and predicted that the headgroups could perturb up to 20 water
molecules, obtaining similar results to those reported by Aman®*’. Posterior
simulations increased the number of perturbed water molecules up to 25, more in
line with experimental calorimetric results®®® and the inner structure of these waters
as a function of the distance from the center of the bilayer was resolved. Then, four
water layers were identified corresponding with the water inside the monolayer
(able to penetrate up to the ester groups), the first and second hydration shell and
the bulk water. The first hydration layer has the width of a water molecule, while
the secondary layer is thicker, confirming that the higher the distance from the
polar headgroup, the less ordered the water molecules are. It is interesting to note
that the inner molecules of water have a higher density than those in the bulk,
phenomenon that can be explained in terms of the water reorganization around the

headgroup electric charges.

Pasenkiewitz-Gierula et al.****° performed the first simulations concerning
the formation of hydrogen bonds between water molecules and phospholipid
headgroups choosing the specific case of cholines, but it was Lopez et al.”’' who,

refining these measurements, reached important conclusions: the carbonyl oxygen

o
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atoms have a better chance of forming hydrogen bonds with water than the ester
ones, while the oxygen atoms in the phosphate group are the ones with a better
chance as they are closer to the bilayer-liquid medium interface and, consequently,
more exposed to water molecules. Moreover, the simulation was able to
discriminate between the different oxygen atoms bonded to phosphorus atoms,
attributing a hydrogen bond creation probability of 74% for oxygen atoms double
bonded to phosphorus atoms (the probability was ca. 20% for single bonded
oxygen atoms). The distribution of water molecules around the choline group
results in two solvation shells, while the phosphate group is predominantly solvated
by water molecules close to the single bonded oxygen atoms. Interestingly, the
presence of water molecules bridging other water molecules that solvate the
phosphate groups was detected and considered to be, besides electrostatic and
hydrogen bonding forces, key interactions to understand the structure and

mechanical behavior of the membranes.

Concerning the diffusion of the water molecules that form hydrogen bonds
with the phospholipids, it was reported that it is higher for water molecules that are
linked to double bonded oxygen atoms, reaching values ca. 2.0 x 107 cm?s, two

orders of magnitude below the diffusion rate of bulk water.

5.2.1.3 Electrostatic forces.

Biomembranes are in contact with electrolytic solutions and are highly

292,293

influenced by them , mainly due to the presence of charged groups in the

phospholipid polar regions. This charge can interact with water molecules and
orient them into different solvation layers as seen in the previous section but it can
also interact with ions forming electrostatically bounded phospholipid networks

that can be tested, among other techniques, by zeta-potential measurements>*?*
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(phospholipids in solution) or by AFM and Force Spectroscopy™’ (for supported

conFig.tions, as SPBs or LB films).

A convenient experimental approach to prove the importance of ions in the

structure of biomembranes was presented by Egawa et al.”>® These authors studied
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the spreading of PC and phosphatidylethanolamine (PE) liposomes onto the mica
surface by means of topographic AFM and they found that PCs form bilayers more
easily in the presence of MgCl,, while PE phospholipids tend to form double
bilayers. They proposed that the PC headgroups, despite being neutral, have a
certain negative charge due to some acidic impurities®”. Also PC bilayers do not
spread easily onto the negatively charged mica surface due to electrostatic
repulsion. Nevertheless, the ions in solution are able to shield the electrostatic
charge both on the mica and on the liposomes surface, promoting the bilayer
deposition. Additionaly, they measured the surface potential of the liposomes in
solution as a function of the NaCl concentration, reporting a potential increase for
PC and PE molecules and also for the mica surface, confirming that ions bind to the
phospholipid polar headgroups changing their surface charge. Garcia-Manyes et al.
established a relationship between the quality of the monolayers and the zeta-
potential of DMPC bilayers, confirming that the adherence of the phospholipids to
a surface is extremely dependent on the surface charge of both the bilayer and the

substrate?’S.

One of the first experimental proves of the structural changes induced in
phospholipid structures by ions was observed by Yamaguchi et al.>” They reported
that a 10 mM KCIl solution resulted in a reduction of PC phospholipids area per
molecule (up to the 90% of the initial area) while the same concentration of CaCl,
produced an enhanced effect (80% of the initial area). They attributed this reduction
in area to a closer molecular packing between phospholipids, which is promoted by
the electrical shielding of the headgroup charges. In this direction, Makino et al.>"’
observed that the tilting of the polar headgroups was dependent on the medium /
value: at low [ values, the phosphatidyl groups of DPPC molecules are in the outer
part of the bilayer, which mean that the polar headgroups are bended towards the
bilayer core as shown in Fig. 33a. Nevertheless, as the quantity of ions in solution
increases, the heads unfold and the phospholipids pack more efficiently (Fig. 335

and c). Besides, this orientation change contributes to the zeta-potential variation
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observed as a function of 7 value. Interestingly, this work points out that the

unfolding process is dependent on the I value, but also on the kind of jons®®.

Pandit et al.>® went a step further, trying to respond some key questions: 1)
where in the headgroup do ions bind?; and 2) how many lipids are involved in the
lipid-ion complex? By means of simulations of hydrated DPPC bilayers in pure
water and in NaCl solution, they concluded that NaCl presence improves the
headgroup interaction but also the hydrocarbon chains packing, promoting a bilayer
thickness increment of ca. 0.22 nm, which is consistent with the headgroup
unfolding model proposed by Makino®' and depicted in Fig. 33. Nevertheless,
Pandit did not observe any change in the headgroup tilting as NaCl is added to the
solution. Interestingly, they reported that Na™ penetrates the polar moiety up to the
phosphate group and that each Na* ion can coordinate with two of them, while CI°
accumulates near the choline groups. During these rearrangement processes, the
Na" ions lose 3-4 water molecules from their first coordination cell, while CI', with
its lowest coordination degree, only loses 1 water molecule. Bockmann et al.*®*
confirmed the results reported by Pandit, pointing out to the fact that Na* can
coordinate up to 3 PC carbonyl oxygen atoms (Fig. 34) and extended their studies
also to divalent cations. It must be emphasized that experimental measurements
concerning the effect of divalent cations on phospholipid bilayers support the
existence of orientation changes in the polar moieties as a function of cationic
concentration, as demonstrated by NMR experiments concerning DPPC bilayers
and CaCL,°""%. As you may expect from the results summarized here, there was a
certain controversy about / conditions, followed by certain urgency so as to
understand the different effect of mono- and divalent cations in the structure of the
phospholipid bilayers. Again, it was Bockmann et al. who shed some light on this
question, reporting that, while Na" is able to coordinate up to 3 carbonyl oxygen
atoms in PC phospholipids, Ca®* can coordinate 4 of them and that this
coordination increment requires a further phospholipid reorientation and an
improved molecular ordering, which results in a noticeable lipid diffusion reduction

respect to the Na*-coordinated bilayer. Sachs et al.’”’, in a comprehensive work
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dealing with the orientation changes induced in the PC headgroups as a function of
different monovalent cations, reported that chaotropic jons’®, that is, those which
are more prone to break water structure (e.g. ClO4 and I'), can penetrate more
deeply in the polar headgroup and bind more strongly to it. They reported that the
jonic population is maximum between the phosphate and the carbonyl groups and
that the headgroup tilting is changed independently of the monovalent ion in the
medium. The mechanism of this reorientation process is based on electrostatic
interactions: the cations push the phosphate group towards the bilayer core, while
the anions attract the choline group to the bilayer surface, similarly to the Makino

et al. model®® depicted in Fig. 33.

- lonic strength -
-

li\:digl.(}& Phomhohpld headgroup tilting induced by ionic strength (model proposed by
Makino et al.™). a) At low 7 values, the PC headgroups are tilted to maximize electrostatic
interactions between phosphate and choline groups. Nevertheless, the distance between
adjacent pydrocarbon chgins (0) is far from the optimum van der Waals interaction. b) and
c) As 7 increases, the ions place between the headgroup charges and establish. robust
electrostatic nets, resultmg in a membrane thickness increase and, consequently, in a
§mnllcr. o. Thg smallet: interchain distance also promotes stronger van der ’Waals
tnteractions, which contribute to the overall increment of bilayer mechanical resistance
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Fig. 34. Insertion of Na" cations in the structure of PC membranes proposed by Béckmann
et al.** a) Phospholipid SPB, where the hexagonal molecular arrangement can be seen. b)
Zoom of the upper monolayer where the PC polar moiety is represented by a — (phosphate
group) and a + (choline group). At high concentrations of NaCl, each Na' cation
coordinates with three phospholipid molecules (the coordination number can be 4 for
divalent cations as Ca®") and penetrates the polar moiety up to the phosphate group. c)
Upper vision of the same structure.

5.3 PROBING PHOSPHOLIPID BILAYERS WITH AN AFM

5.3.1 Electrostatic double layer forces. Are they enough to

explain interactions between tip and sample?

AFM has proved to be a really suitable technique to investigate the
properties of a wide range of supported organic structures. Nevertheless, testing the
purely mechanical properties of these substances without having any interference in
the results becomes a real pain. In the case of Force Spectroscopy in liquid
environment, isolating and quantifying electrostatic double layers is one of the most
challenging goals that the AFM spectroscopist has to face. Fortunately, there is

quite a lot of good quality information about this topic, which will be summarized

in this chapter.

To begin with, we should remember that, when deposited on a polar
substrate, phospholipid bilayers arranges directing their their polar moieties
towards the liquid medium (and to the substrate, of course). No matter whether if
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the polar headgroups have net charge or are zwitterionic, they structure the ions in
solution forming an electrical double layer'® that will try to counteract the surface
charge. Similarly, AFM tips, both if they are made of Si;N4 or SiO,, have a certain
surface charge and, consequently, will also structure ions around them forming an
electrical double layer’'®. According to this, a simple model is depicted in Fig. 35,
where the charged interface represents the phospholipid bilayer or the AFM tip. As
you may expect, when the AFM probe approaches the membrane surface, the
electrical double layers interact before undergoing electronic overlapping contact
(also called Born repulsion) between the solid surfaces. All these interactions are
experimentally detected as a cantilever deflection; the problem is that we can
misinterpret the deflection and think that the tip and the sample are in contact,
while they are still some nanometers apart, as it is shown in the cartoon depicted in
Fig. 36; if the tip and the sample have opposite charge, the tip bends downwards
and jumps into contact with the sample due to electrostatic attraction (Fig. 36a)
and, although the contact point is easily defined, the zero of F, values becomes
somewhat ambiguous in the approaching Ax vs. 4z curve. The opposite case
corresponds to a repulsive interaction (Fig. 36b) where, despite having a clear F,
reference value (F, = 0 nN corresponds with the cantilever deflection when the tip
is far from the surface), now the contact point is not well defined. Of course, as our
goal is to obtain qualitative mechanical information from membranes, it is
necessary to understand these electrostatic interactions and separate them from the

real sample compression.

A pioneer work by Ishino et al.*''?'? dealt with the effect of electrical
charges in Force Spectroscopy experiments, that is, the way the AFM probe
deflects as it approaches the sample before touching. Although Ishinos group did
not work with phospholipids, the experiments are somewhat revealing and worth
mentioning. He demonstrated that similar monolayers only differing in the terminal
functional group (stearyl amine or —CHj) interact differently with a Si3N, tip while
performing Force Spectroscopy experiments. The zeta-potential measurements for

Si3N4 surfaces show a point of zero charge around pH 3.0, which means that the tip

I8¢
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is positively charged below this pH and negatively charged above it. Similarly,
stearyl amine monolayers have a pKa = 8.5, so they are positively charged below
pH 8.5. Then, it is clear that between pH 3.0 and 8.5, tip and monolayer have
contrary charges, fact that results in a strong attraction between both bodies that
materializes as a strong jump-to-contact event. Similar experiments performed on
stearic acid monolayers (pH 8.5°'%), showed a similar Jjump-to-contact phenomenon
for pH values below 8.5 but a strong repulsion above this value, as it would
correspond to two surfaces negatively charged. It is interesting to grasp this
repulsion concept in a nanometric way; in the absence of electrostatic interactions,
we know that the AFM tip is touching the sample surface because the cantilever
bends upwards, although we can not assure a true contact if there is electrostatic
repulsion. This effect was used by Senden et al.*** to develop a new AFM operation
mode (Electrical Double Layer mode). The authors claimed that any repulsive
interaction is, in principle, eager to be used as a feedback signal to obtain
topographic AFM images. Besides, the long range nature of electrostatic forces
makes of them a suitable feedback signal for nondestructive imaging strategies.
They imaged a SisN4 sample with an AFM tip made of the same material,
observing that when both surfaces are clearly negative and the Ax vs. 4z curves
show repulsion between them, it is possible to obtain an AFM image in the non-

contact region.

Interestingly, the tip-sample distance in this Electrical Double Layer mode

can be modulated changing the electrolyte concentration in the medium as

established by Debye:
g,€,k,T
,% — 0“r™b 30
2T\ 2N e (30)

Where Ap is the Debye length and e, is the dielectric constant. 1p value is
considered as the thickness of the electrical double layer, a really important
parameter to modulate the tip-sample distance and kind of interaction. In this

direction, Miiller et al.>'* proposed that finely tuned 7 and pH conditions are
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necessary to obtain high resolution AFM images of soft biomolecules, which are
delicate and easily altered by the pressure exerted by the AFM tip while scanning.
Adjusting these parameters, the optimum repulsive interaction regime, which

consists on a strong electrostatic repulsion with a short 1p, can be obtained.
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Fig. 35. Charged interface in contact with an electrolyte and formation of the electrical
double layer. The surface charge structures the ions in the form of an Internal Helmholtz
plane (IHP), outer Helmholtz plane (UHP) and diffuse layer. For higher distances from the
charged interface, the ions do not feel the presence of the sample charge.
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Fig. 36. Electrostatic interactions between sample and tip. a) Attractive interaction, which
is seen as a strong jump-fo-contact event in the approaching Ax vs. 4z curve. In this case,
topographic image has to be acquired in a Born contact basis (repulsion due to electron
overlapping). b) Repulsive interaction, which is detected by a cantilever deflection before
Born contact. Imaging can be done in a non-contact regime (Electrical Double Layer mode
proposed by Senden et al.m). The double-layer has been omitted in the representations for
the sake of simplicity. The dotted line represents the deflection at which images are
acquired or setpoint cantilever deflection.
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5.3.1.1 DLVO theory: unifying electrostatic and van der Waals

interactions in the nano- range.

In order to understand the interactions between tip and sample we must be
aware of the dimensions of the surfaces in contact. As a starting point, gravitational
forces are not dominant at this range but forces acting in a radius of action below
100 nm must be considered®'®. These interactions, mainly electrostatic and van der
Waals forces, are electromagnetic in nature and were unified in the so-named
DLVO theory proposed by Derjaguin and Landau’'® and refined by Verwey and

Overbeek’"’, providing a comprehensive basis for studying surface interactions.

The basis of van der Waals forces is the dipolar correlation between the
contacting surfaces. These interactions are time dependent, as they can be due to
orientation changes in permanent dipoles or to dipoles that modify their charge with
time, being this second possibility, known as dispersion interaction, the one that
usually dominates van der Waals forces. These interactions, despite being present
in all surfaces as all atoms are polarizable in some extent, are extremely short
ranged (they are proportional to D7, being D the separation between the tip and the

sample) and mostly weakly attractive.

As a first approximation, the van der Waals forces between a plane and a

sphere of radius R are given by

HR

60 G

deW ==

59,277,318,319

where H stands for the Hamaker constant , which depends on the

dielectric constant of the contacting surfaces and the medium they are immersed in.

The electrostatic interaction between a charged sphere and a charged plane

. 315,320,321
can be written as

(32)
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Where d; and J;, are the surface charge densities of the tip and the sample.

Finally,
FDLVO =F 4y +F, (33)

5.3.1.2 What happens when a phospholipid bilayer is compressed?

Classical mechanics meets DLVO theory.

I guess this is a good point to gather all the interactions that have been
reviewed until this point. We have seen that phospholipid bilayers structure highly
depends on the ions that are present in the solution and on the pH. These two
parameters are crucial because they change the interactions between polar heads,
creating ionic networks between phospholipid molecules and electrolytes that
increase the molecular packing, changing the orientation of the polar heads due to
electrostatic repulsions and also modifying the van der Waals interactions between
the hydrocarbon chains, highly dependent on the intermolecular distance. The pH
conditions can result in a protonation or deprotonation of the phospholipid polar
moieties, dramatically changing the electrostatic equilibrium between individual
phospholipid molecules and also between the bilayer and the substrate. Besides, we
have seen that electrolyte double layers are formed on top of the bilayer as a
consequence of the polar headgroups charge separation (in the case of neutral polar
groups) or due to the presence of net charge (in charged headgroups). Of course, as
the AFM tip is also charged, the double layers of the two surfaces overlap and extra
forces arise. Fortunately, DLVO theory provides a comprehensive way to quantify
the van der Waals and electrostatic interactions between the tip and the membrane
but, as the tip compresses the bilayer, both the DLVO forces and the bilayer
mechanical resistance are probed at the same time. Can both contributions be
separated? Can the mechanical process of membrane compression be understood?

Can meaningful and quantitative mechanical parameters be extracted?

22
1.2

Firstly, we should revise the work by Schneider et al.”*", where they

prepared LB phospholipid bilayers and explored the effect of the polar heads and
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the hydrocarbon chain unsaturations in the mechanical properties of the bilayers.
They performed the measurements in pure water to avoid the formation of
electrolyte double layers, which is a good starting point despite not being really
meaningful in a strict physioloéical sense, and coated the tip with a -OH terminated
thiol so as to control the tip charge and its chemistry’> (Fig. 37). They observed
that, when the bilayer is compressed, a sudden jump in the F, vs. P, curves appears
when a threshold F, value is reached. This jump was identified as a sudden bilayer
puncturing, phenomenon that had been previously observed in SFA experiments on

324325 and on fatty acid layers**®. Schneider et al. found that if the F,

similar samples
value at which the breakthrough event takes place (F)) is divided by the tip R, then
F, value becomes reproducible and has a different value for each of the three tested
phospholipids, pointing out that structural differences can be sensed by means of
breakthrough events detection and quantification. It is interesting to highlight that
dividing by the tip R, the authors attempted to normalize all the measurements,
which were practically performed with different tips. Apparently, the higher the R,
the higher the 4 value and the higher the F,, that must be applied on the monolayer
to break it, as the pressure applied on the monolayer is the real figure of merit.
Nevertheless, this would work if the entire tip apex was in contact with the sample;
in fact this is the never-ending real A - apparent A controversy, where frictional
measurements that prove why real and apparent A are not always proportional are

discussed.

Franz et al.” studied the breakthrough event in more detail, concluding that
F, value increases with tip penetration velocity. It was also revealed that the
penetration magnitude (the total height change during the breakthrough event)
decreases in magnitude when tip velocity increases, fact that was attributed to the
elastic-plastic properties of the bilayer; as the tip compresses the bilayer more
rapidly, the membrane is deformed up to a higher extent before being punctured,
which results in a thinner bilayer prior to the rupture process. This fact is consistent
with the F, value increment with tip velocity, as higher F), values would resuit in

higher bilayer deformation. A F, vs. P, curve is depicted in Fig. 38, where the
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different regions concerning the elastic sample deformation prior to the bilayer
rupture and the sudden penetration event are depicted. Franz also detected the
presence of double jumps corresponding to the puncturing of two bilayers only
when using high R tips. They proposed that expulsed phospholipid molecules are
more prone to form a bilayer on high R tips (>90 nm), as in these conditions the tip
apex is like a flat surface if compared with the dimensions of a phospholipid
bilayer. Then, phospholipid molecules expulsed after puncturing would form a
bilayer on the tip, so the two detected breakthrough events in posterior
nanoindentation experiments would correspond to the disruption of the tip bilayer
and the sample bilayer. This hypothesis was supported by posterior experiments
with functionalized tips, where the spontaneous formation of bilayers on the tip
surface was not detected for small tip R values®>’. They also found that is possible
to observe breakthrough events both in liquid and solid phases, which had been a

matter of debate during the last years®*>%,
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Fig. 37. Model of phospholipid bilayer breakthrough proposed by Schneider et al*** In
order to control the chemistry of the tip, it is coated with alkanethiols. The dx vs. 4z curves
render reproducible F, values.

Force Spectroscopy experiments also helped to understand in more detail the
membrane fusion process. As we have seen, a threshold F, value is necessary to
penetrate a bilayer but in membrane fusion processes it is not likely that this energy

is available. Then, how does the membrane fusion works? Schneider et al.**® shed
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some light on this issue, performing Ax vs. 4z curves on a variety of phospholipid
bilayers with tips functionalized with —OH terminated and —CHj terminated alkyl
chains. They observed variations in F), value for several phospholipid bilayers when
using —~OH terminated tips but, strikingly, F}, was near 0 when —CHj; terminated tips
were used. In all these experiments electrostatic forces were minimized (no
electrolyte, no double-layer interactions), so the F, values obtained for hydrophilic
tips (-OH terminated) were attributed to the intrinsic mechanical bilayer resistance
and to hydration forces, both detected as a steep repulsion in the contact between
tip and sample. Using a hydrophobic tip minimized the hydration forces, fact that
was experimentally verified as a lack of repulsion in the contact region, and a F,
value reduction was expected. Nevertheless, there was a certain attraction between
the two surfaces, which was attributed to an interdigitation between the tip
hydrocarbon chains and the bilayer core. This hypothesis leans on previous results

presented by Schneider et al.**

, who claimed that as the tip compresses the bilayer
and reaches its elastic limit, some defects are generated on the phospholipid

structure, acting as bilayer rupture nucleation points.
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Fig. 38. a) F, vs. P, curve performed on a phospholipid bilayer in liquid environment. b)
The tip is far from the surface and the double layers of tip and sample do not interact, so Ax
~ 0. ¢) Assuming that the tip and the sample are both charged negatively, the interaction
between the double layers results in an electrostatic repulsion, which is experimentally
detected as a Ax. d) The tip contacts the bilayer and deforms its structure. Note that b) and
c) cannot be discerned in the F, vs. Py curve shown in a), as both the electrostatic repulsion
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and the bilayer mechanical resistance are detected as a 4x increment. ¢) Bilayer rupture at
F,=F,.

13?7 who studied the interaction

A further step was taken by Pera et a
between different phospholipid bilayers by means of Force Spectroscopy. To do
that, they functionalized the AFM tips with hydroxy-terminated alkanethiols, which
were proved to be a suitable substrate for the deposition of phospholipid liposomes
obtaining, for the first time, stable phospholipid bilayers on an AFM tip apex. This
work presents really interesting results: when a 4dx vs. 4z curve is performed on a
clean mica surface with a hydroxy- terminated tip, a breakthrough event in the F,
vs. P, curve is detected, demonstrating the quality of the deposited bilayer and the
nature of the rupture event in spectroscopy experiments. We must remember that
until then there was not a really clear prove that the sudden jump in the 4x vs. 4z
curve corresponded with the film breakthrough although after remarkable works by
Difrene®, Schneider’”*?, Butt®, Tibergm, Richter’® and Kiinneke'" it seemed
quite an obvious explanation. Two possible mechanisms were proposed for the
double penetration events detected in Ax vs. 4z curves when using tips coated with
phospholipid bilayers, as it is depicted in Fig. 39; the first one corresponds with the
simultaneous rupture of the monolayers in contact with the liquid medium forming
a single bilayer followed by the consequent rupture of this bilayer, while the second
one corresponds with the consecutive rupture of the individual bilayers present in
the interface. Interestingly, and according to the different interaction energy
between phospholipid molecules and mica or hidroxy- terminated alkanethiols, the
F, value for tip-adsorbed bilayers is noticeably lower than that for bilayers
adsorbed on the mica surface®®. Finally, and according to previously published
experiments, a breakthrough event was detected when performing 4x vs. 4z curves
on a mica supported bilayer with an uncoated tip. As it is common knowledge,
high-quality, meaningful experiments always pose new questions and reopen old
debates and Pera’s work was not an exception: When testing a certain sample with
a certain tip, they confirmed that F, values dispersion was really small but when
changing the tip or the sample for an “identical” one, great variations were
recorded. These differences were attributed to several factors; To begin with, the tip
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shape can influence the results (do you remember all the discussions about the
apparent and the real A value and the different contact mechanics models
proposed?), although a clear relationship between F), value and the tip R was not
obtained, fact that was in clear contradiction with the works by Schneider et
al.**>*® 1t was also proposed that the molecules that functionalize the tip can be
removed while performing Ax vs. 4z curves, which in fact is a plausible hypothesis

because the pressures applied on the tip apex can reach the GPa regime>>.

Interestingly, Pera et al. detected that Ax vs. 4z curves between two bilayers
always yielded a repulsive interaction in the contact region; as DLVO forces
comprise van der Waals (attractive) and electrostatic interactions (repulsive when
the composition of the bilayers is the same), the authors concluded that electrostatic
forces are dominant in the contact region. In fact, the van der Waals interaction for
a tip with a R = 100 nm is 50pN for a D = 1 nm***. They further investigated the
nature of the contact region changing I magnitude. As expressed in equation 30, if /
value is decreased, Ap increases and the electrostatic repulsive interaction between
double layers extend over a longer distance, being detected as a Ax variation up to
30 nm far from the sample surface. Besides, the double jump when Ax vs. 4z curves
between functionalized tips and mica supported bilayers are not observed (just the
breakthrough event corresponding with the mica supported bilayer is detected),
demonstrating that tip-supported bilayers are weakly adsorbed and that are highly

dependent on the electrolyte concentration.
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initial
position

Fig. 39. 4x vs. 4z curves performed on a mica supported phospholipid bilayer with an
equally functionalized tip (the tip is coated with gold and a hidroxy- terminated alkanethiol
monolayer to improve the adherence of the phospholipid bilayer). Two individual
breakthrough events are detected and Pera et al.**’ proposed two different mechanisms. a)
Rupture of the outer monolayers both in tip and sample to form a bilayer or b) rupture of
the tip bilayer, which proves to be less mechanically robust. The second jump leads to the
rupture of the phospholipid structures and to the consequent hard-contact between the tip
and the mica surface.

5.3.2 Effect of pH. Chemical Force Microscopy - A novel

method to probe surface interactions

In this section, I would like to introduce the Chemical Force

Microscopy'?648:335.336

as a powerful technique to detect and quantify molecular
interactions at the nanometric level. In fact, it is based on the F; experimental
measurement between an AFM probe (that can be functionalized to meet specific
requirements) and the sample of study. F4 value, which is calculated as the lowest
point in the retraction Ax vs. 4z curve minus the baseline (Fig. 18), responds to the
different attractive and repulsive interactions that arise between the tip and the
sample as they come into contact. This technique has been widely used to test

different functional groups in different pH conditions, so I will begin with a brief
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review of experimental soultions proposed in the past. After that, I will comment
on the only Chemical Force Microscopy work performed on phospholipid bilayers
that has been able to sense the changes that bilayers undergo at different pH values.
Besides, it is worth mentioning that this work was performed in our lab and,
although several techniques have been used in the past to assess the effect of pH on
phospholipid bilayers, this is, to the best of our knowledge, the only contribution to

the topic were nanometric measurements are involved.

I find quite didactic to comment on the work released by Vezenov et al.*’
concerning Chemical Force Microscopy, as it is exhaustive and comprehensive.
After functionalizing both SisN, tips and gold coated substrates with NHy/NH;"
terminated SAMs, they performed Ax vs. 4z curves, finding that F, value is
practically 0 below pH 4 while it increases in a sigmoidal way to reach a plateau
around pH 6 (Fig. 40a). It is important to note that F; changes can be due both to
the mechanical properties of the interacting monolayers and to the different van der
Waals, steric, hydration and electrostatic forces altered by the change in pH.
Nevertheless, in these experiments the mechanical contribution was eliminated
because the only changes were introduced in the ionization state of the terminal
groups. With this in mind and considering that F; changes were only due to the
different electrostatic interactions between terminal groups and AFM tip, the
authors considered that the pKa of the amine groups in the monolayers was around
4. Consequently, below pH 4, both the tip and the sample surface are positively
charged and the electrostatic repulsion is responsible for the extremely low F,
value. At pH values higher than 4, the amine groups deprotonate and the
electrostatic repulsion disappears, while van der Waals interactions become
dominant. Interestingly, the pKa of amines in solution is 10-11, so a remarkable
pKa shift is seen between amines in solution and monolayers®’. This is an
interesting point, where it is quite clear that our classical chemical knowledge must
be revisited when the reactions are considered from a nanometric point of view.

338-340

This effect has been detected in previous works and attributed to the surface

molecules number of freedom degrees reduction, changes in the dielectric constant

199



Chapter 5. Biological Coatings: the Nanobio Revolution

of the solution®*' and different terminal groups solvation degree. The same kind of
measurements were performed with —-COOH functionalized surfaces obtaining an
F 4 change around pH 5.5 (fig. 40b). Nevertheless, this time F, was high at low pH
values while it decreased to a steady plateau around OnN for high pH values.
Obviously, the high F, values are due to the formation of hydrogen bonds between
the protonated carboxylic acid groups while the low F, values were attributed to

electrostatic repulsion between —COO" groups.

Friction measurements can also be used to assess the interaction forces
between surfaces. For —-COOH terminated tips and samples, F, vs. F, curves
demonstrated that Fyis always higher than for -COO" terminated interfaces. In fact,
friction measurements complement Force Spectroscopy experiments, as it is
another way to quantify interactions between surfaces. Then, when groups that are
negatively charges are rubbed together, electrostatic repulsion prevents the two
surfaces from interacting, which results in low Fy values. On the other hand, the
protonated carboxylic groups form hydrogen bonds while they are in contact and
this effect leads to a Fy value increment. Similarly, ¢ is also sensitive to the pH
value and the obtained experimental u vs. pH curves are very similar to the 4, vs.
pH ones. To conclude, and just in case someone had any doubt about the
protonation/deprotonation process being responsible for the observed experimental
changes, they functionalized the interfaces with ~OH terminated SAMs and, as you
would expect, both friction coefficient and adhesion forces proved to be
independent from the pH as the ~OH groups cannot be deprotonated between pH 2
and 12. How elegant, don’t you think?

Now that we have some notions about the Chemical Force Microscopy
capabilities, it is time to apply it to PC bilayers. The electrostatic interactions
present in these membranes are due to the polar headgroups which, despite being
neutral, show charge separation. Besides, there is one ionizable group in the
phosphate moiety, so the head has a certain pKa. Phospholipid pKa can be
experimentally measured by several techniques as surface potential

342

measurements”** or classical titrations®*, although these techniques only work for
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liposomes in solution and not for supported layers and we have seen before that

pKa values can change a lot depending on the structural disposition of the

338-341,344 1 345

molecules . according to this, Garcia-Manyes et al.”” performed Ax vs. 4z
curves on DMPC and 1,2-Dilauroyl-sn-Glycero-3-Phosphocholine (DLPC) bilayers
with —-COOH terminated AFM tips and studied the approaching curves instead of
the retraction ones with the object of avoiding any extra interactions because of

bilayer damage.

This is the point to gather some of our knowledge about phospholipid
bilayers and the electrostatic interactions that affect them, as the experiments
reported by Garcia-Manyes et al. combine some of these concepts in a very fruitful
way. PC bilayers have a residual negative charge in pure water that can be
modulated®®

show that the 0 charge point for DMPC is obtained at 100 mM NaCl at neutral pH

(and sign reversed) increasing / value. Zeta-potential experiments
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