UNIVERSITY OF LEEDS

This is a repository copy of lon exchange and DNA molecular dip sticks: studying the
nanoscale surface wetting of muscovite mica.

White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/80882/

Version: Submitted Version

Article:

Tang, T-C, Amadei, CA, Thomson, NH et al. (1 more author) (2014) lon exchange and
DNA molecular dip sticks: studying the nanoscale surface wetting of muscovite mica.
Journal of Physical Chemistry C, 118 (9). 4695 - 4701. ISSN 1932-7447

https://doi.org/10.1021/jp411125n

Reuse

Unless indicated otherwise, fulltext items are protected by copyright with all rights reserved. The copyright
exception in section 29 of the Copyright, Designs and Patents Act 1988 allows the making of a single copy
solely for the purpose of non-commercial research or private study within the limits of fair dealing. The
publisher or other rights-holder may allow further reproduction and re-use of this version - refer to the White
Rose Research Online record for this item. Where records identify the publisher as the copyright holder,
users can verify any specific terms of use on the publisher’s website.

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/



mailto:eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

lon-Exchange and DNA Molecular Dp-Sticks: Studying the Nnanoscale

Surface Wetting of Muscovite Mica

Tzu-Chieh Tangd,Carlo A. Amadet, Neil H. Thomsor?® Matteo Chiesd

! Laboratory for Energy and NanoScience (LENS), Institugst€r for Future Energy (iFES),

Masdar Institute of Science and Technology, Abu Dhabi, UAE

2 Molecular and Nanoscale Physics Group, School of Phystéstronomy University of

Leeds, LS2 9JT, UK

3 Department of Oral Biologyschool of DentistryUniversity of Leeds, LS219J, UK

" Corresponding authoemail:: {mchiesa@masdar.acldelephone number: +971 2 810 9333



mailto:mchiesa@masdar.ac.ae

ABSTRACT

Mica is an abundant crystal mineral that has imposadtinteresting bulk and surface properties
for a variety of applications. These arise from itsattopic structure where layers of aluminium
silicate, 1 nm thick, are ionically bonded together, typycaith K™ ions. The surface properties
of mica can be varied through ion-exchange with the segbdattice sites. In this study, the effect
of kinetics on ion exchange with nickel ions Nliand its influence on surface water thickness as
a function of time has been investigated. Mica was kni@nged for 30 seconds or 5 minutes for
a range of Ni* concentrations (i.e. 1.0 to 20.0 mM) and its surface ptiepeneasured for up to
96 hours after incubation in a controlled environment. Theseaale physico-chemical properties
of nickel-functionalized Muscovite mica (Ni-mica) were invgated by reconstructing the
conservative force profile between an atomic force aswopy (AFM) tip and the surface. This
gives a direct measure of the surface water thicknessrables details of the spatial and temporal
variations in surface properties due to the ion mediatedrgtitsn of water to be elucidated.
Variations in the water layer thickness were confirmeduging non-contact AFM imaging in
ambient and DNA metules as “molecular dip-sticks”. It was found that the surface properties
were largely independent of the incubating concentratidrdidl depend on the incubation time
during ion exchange and the ageing time. For thedoimgubation time of 5 minefs the water
layer thickness remained constant around ~1.5nm deep wheredmfoimcubation times of 30
seconds, the thickness was initially sub-nanometer but grdwageing time and converged to a
similar final value after 96 hours. The extracted fas€adhesionFap) also showed the same
trends, where reduced values af fndicated increased screening of the van der Waals dtitana
through thicker water layers.
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INTRODUCTION

Muscovite Mica is an alumino-silicate mineral that due toaissotropic layered structure,
chemical stability and smooth surface has long had apiplsaas a thermal and electrical
insulatgrjqbut is finding increasing interest in basic and appliecarebe The cross plane structure
of mica is made of 1 nm thick dioctahedral aluminum s#idayers ionically bonded together
typically by potassium ions (K When cleaved, the atomically smooth planar surfacepesed
and terminated in oxygen atoms. The surface is charaddniz a negative lattice charge due to
the periodic replacement of the Si atoms by Al, but th@ultant negative charge is exactly
balanced by Kor Na“ ions, where they are present from the original cty§kaving a single
plane of mica will leave half the ionic sites occumed half unoccupied on the revealed surﬁces
Under ambient conditions, one might expect these entety tsi be replaced with ions via water-
mediated processes, as mica is a very hydrophilic higlyeserface that readily attracts water
molecules.

In aqueous solution, these surfames can be exchanged with other inorganic or organic cﬁ(ions
modifying the surface properties of the muscovite mica exchange is obtained by immersing
the exposed surface in aqueous electrolyte solutionsallbvgs the ions on the mica suriﬁle

be replaced with a wide range of other multivalent aatidarly investigations of the interaction
between two cleaved mica surfaces immersed in various-mnatasolutions was carefully carried
out with the aid of the surface force apparatus (| )The combination of the effect of the
shorter range van der Waals attraction and the el¢aticosepulsion due to the electrical double
layer of counter-ions in the solution is well describeterms of the Derjaguin-Landau-Verwey-

Overbeek (DLVO) theory. These SFA studies have been iamoit shedding light on



fundamental aspects of the ion exchange mechanism buootdgive information on the local
properties of these surfaces at the nang9cdlechniques based on dynamic atomic force

microscopy (dAFM) enable the force profiles above surfaces mobeﬁas well as non-contact

imaging of water behavior and structLTé

We consider mica ion-exchanged with nickel ions*{Ndue to its importance in the study of

biological samples by means of atomic force microscgp¥M) in both liquid and

airtH T*l ™ Interestingly the effect of kinetics on ion exchanggh nickel ions (N§*) and

its influence on the adsorption of water from theagphere as a function of time is still scarcely
understood.

The present study complements the existing body of kmly&ldy investigating the nanoscale
physicochemical properties of nickel-functionalized Muscowiiea. Specifically we detect the
effects that metal ions have on the water accunauatn the mica surface by means of amplitude
modulated atomic force microscopy (AM AFM). First we eoypd single double-straad DNA
molecules anchored on nickel-treated mica surfaces‘molecular dip-stick” to corroborate the
water layer thickness by means of non-contact AFM imagiragribient. Our results confirm the
role that water layers, forming on the tip and on the sample’s surface, play in the capability of
recovering the true height by means of ANFM experiments. Second we investigate the role that
ion-exchange treatment has in modifying the physicochemlizahcteristics of the mica surfaces.

By using the SaﬁJarvis-Katﬂformalism and in situ tip radius monitoffg]| we reconstruct

experimentally the conservative force profile betwepratid nickel-coated mica surface. For a
thorough survey on the effects of surface treatmerd, different N¥* concentrations (1.0, 2.5,
5.0, 10.0, and 20.0 mM) are applied and tested under two inmolebhes (30 sec and 5 min).

Meanwhile, forces measured at four time points afted@position (12, 24, 48, and 96 hours) are



used to investigate the aging effect when samples are ekpossom humidity (~ 0.5). In order
to quantify the conservative interactions, two parameterantroducedAdF and Ao) which
reveal how the ion concentration plays a minor colmpared to the length of incubation and/or

aging period. Moreover, the above parameters allow detewnithie accumulation of water

layef?>>%| Both parameters show a 1.5-2.0-fold increase when thplearare treated witNi%*

solution for 5 minutes or left exposed in air for 4 daysese results suggest two important features
of the ion exchange mechanism. First, the nickel ionshat@afreshly cleaved mica surface in a
time-dependent fashion, where longer incubation time allowre firmly adhesion events to
occur. Second, the presence of ions on the mica sunfacifies its adsorption isotherm and

changes the amount of water molecules that can lztaitl to the surface until thermodynamic

equilibrium is reached (Figurﬂ

T =30 sec T=5min &

Figure 1: Scheme exemplifying the difference in water layer thiakess between samples treated with

nickel ion solution for 30 seconds and 5 minutes.

EXPERIMENTAL METHODS



Nickel lon Deposition on Mica. NiCl. solutions were diluted into 1.0, 2.5, 5.0, 10.0, and 20.0
mM concentrations from 1M stock using Milli-Q water. Buféedutions of 40mM of HEPES plus
each concentration of Ni€lwere adjusted to pH 6.8 using NaOH. Mica discs were cleaved
immediately before using Scotch Magic tape. After cleava@euL aliquots of NiCGlbuffer were
applied onto the mica discs and left for a given intiobaime of 30 sec or 5 min. Then, the discs
were rinsed with Milli-Q water and blown dry using 99.9% puseglk. All samples were kept in
asealed sample container to avoid contaminants until timeeasurement.

DNA Sample Preparation. PCR amplified linear DNA molecules (1025 bp) from YCpl11
plasmid were cleaned up using QIAquick Gel Extraction Kit (QIAGEN) dissolved in 5mM of
NiCl> buffer to make a 5 pg/mL stock solution. Before experintéetDNA solution was diluted
with 5mM of NiCk buffer to reach the final concentration of 1 pg/mL. Alitpuof 50 puL were
applied on freshly cleaved mica discs and left to incufeat80 seconds. The samples were then
rinsed with Milli-Q water, blown dry by 99.9%:Njas, and kept in a sealed container until time of
imaging.

AFM. All experiments on nickel treated samples were carried ang) @ Asylum Research
Cypher Atomic Force Microscope. To minimize the effects higher eigen-modes and
approximate the motion to the first harmicthe cantilever OLYMPUS AC160TS (spring
constant (kx40 N/m, quality factor (Q) 500, resonance frequency (f =)f 300 kHz and tip
radius (R)}x 7 nm) is used in collecting all force curves in the dynamiclenbmages were acquired

in non-contact (NC) AFM. During imaging, we operated e€ famplitude of 4 nm and set-point
of 3 nm. The resolution of images were 54512 pixels over a 500 nx 500 nm area and the

scan rate was 0.5 HZhe apparent height is measured as the distance beti=apex of the




profile and the average height of the whole image wisictefined as zero. The values presented

in the text were the averages calculated from twentfi@sdrom each image.

Force Reconstruction. The force reconstruction exploits the Sader-JarviarK&jrmalisrﬂ(Eq.
(2)). In this formalism, the forceifversus minimum distance of approachisl recovered from
variations in the frequency shift Q that occurs by decreasing the cantilever-sample separatipn (z
The cantilever-surface separatiagycan relate @, or equivalently d, to the oscillation amplitude
A:

Onn=d~z —-A (1)

Then, the normalized conservative forge Feads:

Ft;(d):% j:z‘:KH—A ) Jg(u)— AW dQ(u)}du )

8/7(u—d) J2u-d) du

For each curve, the normalization is carried out withahsolute value of the minimum of force

(force of adhesion, Ap) and where Q is the normalized frequency shift expressed by:

1B 2
Q(d)_{1+ QAcos@(d))} 1 3)

In Eq. (3), A is the free amplitude of oscillation whileis the phase lag relative to the drive force.
In order to recover the whole range of @, eeds to be finely controlled@his allows a smooth

transition from the attractive to the repulsive regimédachieved, i.e. avoiding bi-stability and

discontinuity in the amplitude-phase-distance (APD) ciTés For OLYMPUS AC160TS

cantilevers and with 5 < R < 10 nm, avoiding bi-stabilityuiees 20 < A< 30 nm forNi?* coated
mica samples. For the freshly prepared sample, it wasossigte to achieve smooth transitions

with relatively small free amplitude & 60 nm). The tip radius R has been constantly monitored



in situ by using the A method, which measures the critical amplitude wherérémsition from
the attractive to the repulsive regime ogctirMoreover, peak forces can be tuned by carefully

selecting the minimum reduction in amplitude (for exam@@8s of A) in order to reduce sample

invasiveness and area of intera(%T °

RESULTS AND DISCUSSION

NC AFM imaging: DNA Molecular Dip-Sticks Indicate Water Layer Thicknesson Ni** Treated Mica

Surface.
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Figure 22 NC AFM images of DNA molecules (a) on mica surface treatl with NiCl solution for 30

seconds which undergoes aging processes of 12 hours and 96 holine. cross-sections (b) show the
apparent height profiles of DNA molecules at positiomdicated in yellow dash lines in (a). In (c), the
scheme describing the change in apparent height {Pdue to the difference in water layer thicknesses

as a result of sample aging.

True non-contact imaging by dynamic AFM (NC AFM) can be agden ambient conditions
with water layers present on both the tip and the sgrmpDperating conditions can be found
where neither of the water layers is disturbed becdngsehange in the cantilever amplitude used
to profile the surface arises from the long range var\keils interaction. These conditions are
met when the cantilever free amplitude #< 1/2A: (the critical amplitude for bi-stability) as is
the case for the imaging in this study.

The loss of apparent height of macromolecules has bebatedke strongly in the AFM
community] In addition to the intrinsic resolution limit causing dt@i information, the role of
adsorbed water on the substrate is recognize to play|a|rolee AFM is operated in a Non-
Contact imaging conditions in order to disregard the effeicsample deformation on the loss of
heigﬁ

Without mechanical contact between tip and surface, the pihysie and chemical state of the
tip can be preserved allowing quantitative comparative meamnts to be made between
different samples using the same AFM probe. Moreowsent methods to accurately size the
AFM tip in situ and monitor any changes to its physical“sjas well as defining the tip size
through controllable wear at the nanoﬁi@able guantitative comparison between samples

using different AFM probes.



Figure 2a shows images taken on the same mica sample hesisgme AFM tip which has been
treated for 30 seconds with Ni ions but aged for 12 and 96 hblessize of the tip was tracked
constantly by the Amethod throughout the experiment (the measured Around 8 nm and tip
radius=~ 4 nm, according to Ref.18). The apparent heights of seléntat DNA molecules at
each time point show that the water layer thicknesgas&s with greater ageing time (Figure 2b).
The diameter of a double-strand DNA is well-defined by @blstdouble helical structure and for
B-form is 2 nm making it an effective height calibration standardtfer effects of water on
the surface of the mica, i.e. a molecular dip-sfidie apparent height of nanoscale objects profiled
by a similar sized tip are usually less than the reahbgighich is a consequence of the geometrical
convolution of the force fields between the two oljjegihis is also valid for NC AFM as can be
seen in Figure 2 where the apparent height of the DNA.E0.45 + 0.04im at 12 hours ageing
time but decreases 0.23 + 0.02=0.Am after 96 hours. Importantly, sample deformation is
negligible since we were operating in NC mode ato&4.7-0.

Interestingly, the variation of the height profiletbé 96 h image~(500 pm) is relatively small
compared to the 12 h image 1000 pm), as shown in the scale bar. This suggests thairfhee

is reaching thermodynamic equilibrium with the surroundings.

The AFM tip size was checked to remain the same betwednifaiges which leads to the
conclusion that the water layer is deeper on the cdeple (Fig. 2c

This exemplifies the effect of the accumulation of watethe surface as the sample ages, and led
us to test the water layer thicknesses on Ni-mica dfterincubation times and different ageing
times. This was directly measured in the AFM using a dynforie spectroscopy approach where

the force profile as a function of separation distametsveen tip and sample was reconstructed



The vertical extent and integrated force associatdutiwt tip interacting with the water layer give
two metrics to characterize the water layer.

Force Recanstruction: Effects of Ni2* Concentration and Aging on Surface Water Layers
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Figure 3: Normalized force profiles of mica surface incubated withil.0 mM NiCl; solution for 30
seconds versus d. (a) shows thalFap and (b) shows the Ap at 12 hours (red) and 96 hours (blue)
after ion-exchange treatment The comparisons of AdFap and Axp at different NiCl, concentrations
are presented in (c) and (d), respectively. Each bar regsents 15 force curves taken at different

regions of the surface.

To understand the effects of ion concentration and agingepsoon tip-sample interaction, we
incubated all samples for 30 seconds and performed 15 faasunements at each certain time

point. Data acquired immediately after treatment arenodtided because of the instability of the



surface during the early stage of ion exchange. The fmafdes were then recovered from the
amplitude-phase-deflection (APD) randomly taken on the stdaexplained above.

Two metrics are exploited in order to quantify the micaagafproperties through these force
curves. FirstAdFap can be recovered fromsFplotted against the tip-sample distance (d) as
follows. We select a reference point@) coinciding with the dista@at which the E* minimum

is reached. Next, the distance between the two pointewher 0.2 is measured and defined as
AdFap. The cut-off value 0.2 is chosen because it is reptagezly sensitive for width
measurement and yet not prone to the fluctuation and devaftmmve fitting. AdFap acts as an
indicator of the width of the trough of the force profilgg. 3a). Similarly, the area defined by the
force profile, under the threshold whekgf E 0.05, is calculated as the shaded area under adhesion
force (Aap) in Fig. 3b. It is worth noting that by usingidwe can bypass the arbitrarily selection
of a cut-off value like in the calculation atiFap and obtain more reliable results. From Figs. 3a
and 3b, one can easily see that these two metrics demam&iratlar behaviours as the aging

evolved from 12 h to 96 MAs suggested in our previous stuﬁ the widening of the trough

corresponds to the increase in the thickness of water éalsorbed on the surface, tdsap and

Anp represent viable parameters to monitor the evolutionechdisorbed water film thickness. In
Fig. 3c, theAdFap increasesinearly from 12 h to 96 h (from 8.24 + 0.48 A to 17.07 + 1.01 A),
which indicates the constant accumulation of water enstirface. As expected, the identical
increase is observed inaA as shown in Fig. 3d. Note that the increase of the tweesaf the

two parameters is determined by longer range van der Wéetladtions (non-mechanical contact
between the tip and the sample). In particular, inlthdr curve the interaction starts at 0.5 nm

above the surface while in the 96 h the distance ofdatien doubles. The Rfiadsorbed on mica



modifies the adsorption isotherm of water on the serand contributes to the attraction of water
molecules from the surrounding environment as was observeﬂhbygrou

Against expectation, when compared to the length of the agowess, the concentration of the
NiCl> solution does not play such an important role in detengithe accumulation of water on
surface. Under all five concentrations tested, no sigmfivariation can be observed AdFap
and A.p within each time point as shown in Fig. 3c and Fig. 3gheetsrely. For example, at the
12 h time point, th&dFap of the five concentrations are 9.16 + 1.18 A, 7.73 + 0.69.82 + 0.93
A,7.90+0.67 A, and 8.31 £ 0.65 A for 1.0, 2.5, 5.0, 10.0, and 2Bl 0respectively (For complete
data, see Table 1). This observation suggests that theckimétbinding of the Ni ions into
available surface sites is equally efficient over theceatration range and implies that the
resultant surfaces have a similar surface energy Hiedeability to attract water molecules from

humid vapour is the same and leads to equal water layer thggdae



Table 1 AdFap Values under All Conditions Tested.Each number represents the average and

standard error of 15 force curves.

AdFap (A)
Time after deposition 12 h 24 h 48 h 96 h
NiCl. concentration Incubation time = 30 seconds
1.0 mM 9.16 +1.18 11.86 +2.55 1548 +2.20 18.12 +1.46
2.5 mM 7.73 +0.67 1227 +4.89 1496+2.34 18.21+1.65
5.0 mM 8.12 +0.93 10.16 +1.14 14.29+2.12 15.18+1.08
10.0 mM 7.90 +0.67 10.26 +0.68 13.53+2.13 15.20+0.91
20.0 mM 8.31 +0.65 9.20 +0.88 1599 +240 18.81+1.08
Incubation time = 5 minutes
1.0 mM 14.39 +1.09 1481 +0.72 1395+1.91 14.34 + 2.06
2.5 mM 13.16 +0.85 13.85+1.06 14.82+1.70 17.05+0.99
5.0 mM 1253 +1.81 1571 +1.87 16.33+1.83 13.98+1.08
10.0 mM 13.88 +0.41 13.23+1.79 12.83+0.87 15.40 +1.33
20.0 mM 13.33+1.20 13.12+0.95 14.42 +1.17 17.40 £ 1.17

Effects of Incubation Time. We further examined the importance of the length of incoiba

period by extending it from 30 seconds to 5 minutes and byeeogvl5 force profiles for each

time stage. The force profiles from this set of data iftute) exhibit similar behaviors as all

curves share almost the same trough widths. Indeed, id#&ignd Fig. 4b, thef profiles at 12

h and 96 h nicely overlap, implying similar tip-sample inteoast Likewise theAdFap (Fig. 4c)

and Awp (Fig. 4d) reach the maximum at 12 hours after depositiomeandin at this level

throughout the entire scope of observation. In particAldFap ~ 1.5 nm and Ao~ 0.8. This

implies that the water accumulation due to adsorption doteiserease as the samples are

exposed in air for a longer time. This is also demoteddrhy the constant distance range of van

der Waals long range interactions (i.ex i nm). Again, as observed for the 30 second

incubation time, the nickel ion solution concentratiluming ion-exchange has negligible effects

on the subsequent values/afFap and Awp. These results suggest that 5 minutes of incubation is



sufficient for nickel ions to attach onto all possible bigdsites on mica and further that they
stay firmly on the surface without being washed awayerritising step. Moreover, the amount
of water adsorption of the 5 min incubation/12 h aging daiat 5 comparable to the amount of
the 30 sec incubation/96 h aging set, which means that the edaxater layer thickness can be
reached within 12 hours by prolonging the Ni ion incubatiime. This phenomenon can be also
explained by means of normalized force of adhesionp(Fh Fig. 5, as they decrease to 40%
and 60% of the value at 12 h for 30 sec and 5 min treatmespiectively. Comparing the ion-
exchanging mica to the mica control, one observesnitisant difference in reaching
thermodynamic equilibrium with the vapour atmoseh&he untreated mica surface reached
equilibrium within 12 hours, while the treated ones took at &s$o 48 hours to reach stable
states. The decrease ifpHs a reflection of the accumulation of water thattmues until
thermodynamic equilibrium with the vapour atmospheredshed. This growing water layer
screens the van der Waals interaction between mictparebulting in a reduction inds with
time. Moreover, the & in the 5 min incubation set remains relatively constarthe range of
0.8-1.5 nN. However, theab in the 30 sec group dropped drastically from 3 nN to near 1 nN.
This agrees with the interpretation that the waterrlgtyiekness remains, for the 5 minute case,

rather constant with time as presented in Fig. 4.
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Figure 4. Normalized force profiles of mica surface incubated wit 1.0 mM NiCl, solution for 5

minutes versus d. (a) shows thadFap and (b) shows the Ap at 12 hours (red) and 96 hours (blue)

after ions treatment. Comparable values (cAdFap (d) Aap are observed at different time points. Each

bar represents 15 force curves taken at different regions dlfie surface.
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Figure 5. Evolution in time of the normalized force of adhesion ofica treated with 5.0 mM NiCl

solution for 30 seconds and 5 minutes as compared with a micantrol, not treated with NiCl..

CONCLUSION

The accumulation of water on muscovite mica surfasesekchanged with nickel ions has been
probed at the nanoscale by a combination of atomic foiceoseopy techniques using silicon
tips, where the physico-chemical state of those tigsiisfully monitored. Non-contact imaging
of the surfaces in combination with double-stranded DNZAeaghi calibration markers (molecular
dip-sticks) allows the water layer thickness to be detexchiAmplitude-distance measurements
in the dynamic mode allow direct detection of the watgerldy avoidance of the cantilever bi-

stability and reconstruction of the force profile.



We have demonstrated that in addition to ion species, imeceotration, and pH of the

solutiofif1°’| the time-dependent incubation and aging process ofthpls also play important

roles in determining the ion distribution on mica suefad/Vhen the sample was treated with' Ni
solution for a shorter period (30 seconds), the tip-samperaction underwent a long time-scale
dependent transition related to the accumulation of watéhe@mica surface and possibly as a
consequence of surface compositional change and spati@bution. Meanwhile, if the sample
was treated for a longer period (5 minutes), this agingtefiedonger existed. The thickness of
the water layer reached a maximum as thermodynamiclaguriti was met immediately after ion
deposition. Note that this phenomenon is independent of thexmmange concentration in the
range tested, implying that the affinity of the Ni ioodhe available sites in the mica is sub-mM.
The thickness of the water layer was confirmed by extrgd¢hie van der Waals adhesion force
(Fap) between the silicon tip and mica, where a decawingkignifies increased screening of the
water. Based on the force profiles of tip-sample atteon at the nanoscale, we conclude that ions
attract water onto to the mica surface in a time-dependamiengboth in the incubation and aging

period after sample preparation.
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