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Abstract. In this work, we present new results of Atomic d@Microscopy (AFM) force curves over pure ice iffedent
temperatures, performed with two different enviremtal chambers and different kind of AFM tips. Qasults provide
insight to resolve the controversy on the integien of experimental AFM curves on the ice-aienface for determining
the thickness of the quasi-liquid layer (QLL). Timee of a mini environmental chamber, that provalesccurate control of
15 the temperature and humidity of the gases in contéb the sample, allowed us for the first timeget force curves over
the ice-air interface withoyump-in (jumps of the tip onto the ice surface, widely etved in previous studies). These
results suggest a QLL thickness below 1 nm withie éxplored temperature range (-7 °C to -2 °C)s Tipper bound is
significantly lower than most of the previous AFMsults, which suggests that previous authors otmer@® the
equilibrium QLL thickness, due to temperature geats, or indentation of ice during the jump-in. Addhally, we proved
20 that the hydrophobicity of AFM tips affects siguiintly the results of the experiments. Overalk thork shows that, if one
chooses properly the experimental conditions, the thicknesses obtained by AFM lay over the loweuid of the highly
disperse results reported in the literature. Thisws estimating upper boundaries for the QLL timiekses, which is relevant

to validate QLL theories, and to improve multiphas@ospheric chemistry models.

1. Introduction

25 Slightly below the melting temperatur€,, surface premelting has been observed in manyadlipe solids. This melted
layer is commonly called in the literature “quaguid layer” (QLL), since many of its propertiesffdr from those
corresponding to the bulk supercooled liquid atgheme temperature. The existence of a QLL at thaiicinterface has
been thoroughly discussed in the literature, madolysidering that this layer plays an importanérial the flow behavior of
ice and snow, the adsorption of substances ontcaiue the low friction of solids on ice (Petrend®94; Wettlaufer and

30 Dash, 2000; Anderson and Neff, 2008).
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The relevance of the QLL in the atmospheric chamisf clouds, polar regions, glaciers, and otheld c@gions is
paramount, and it has been widely discussed ifitdrature.

As an example, Molina and coworkers (McNeill et28l07) studied the interaction of HCI with polarasbspheric cloud ice
particles and found that the solute can inducddhmation of a QLL at the characteristic temperesunf these clouds.

5 Grannas et al. (Grannas et al, 2007) emphasizedeth@ of describing the chemistry occurring inglieQLL for modeling
the snow photochemistry. Following this line, Bexed Saiz-Lopez (Boxe and Saiz-Lopez, 2008) devel@peultiphase
model (CON-AIR) to deal with the condensed phasenthtry and photochemistry in the QLL, and appliedo the
photochemistry of nitrate (N9, in the Artic and coastal Antartic snowpack.

The model developed by Kuo et al. (Kuo et al., I0fbllow a different approach and focuses on thenfation of a brine
10 layer (BL) as a consequence of freezing of agusolgions with high solute contents. The authorpleasized that under
relatively pristine conditions for which a brineyé is not predicted, a quasi-liquid layer mayl di# present and can
significantly affect interfacial chemistry.
The physics of the premelting phenomena in iceitsndeophysical consequences have been review&hbly et al. (Dash
et al, 2006) and Bartels-Rausch et al. (BartelssRfaet al, 2014), who reported a comparison betveedculated and
15 measured QLL thicknesses.
Measurements of the ice QLL layer thickness wepemted in the literature using different experinsgnéchniques such as
Brewster reflectometry (Elbaum et al., 1993), slimetry (Beaglehole and Nason, 1980; Furukawa.efl@87), X-Ray
scattering (Lied et al., 1994; Dosch et al., 1988 2996), proton channeling (Golecki and Jacca®@y}, nuclear magnetic
resonance (NMR) (Ishizaki et al., 1996), infrarpectroscopy (Sadtchenko and Ewing, 2002 and 20@BaRison, 2006),
20 photoelectron spectroscopy (XPS) (Bluhm et al.,20@nd atomic force microscopy (AFM) (Petrenko97:9Bluhm and
Salmeron, 1999; Bluhm et al., 2000; DoppenschmidtButt, 2000; Pittenger et al., 2001).
Molecular dynamic simulation results also demornstthe existence of a QLL on the ice-air interf@d&eber and Stillinger,
1983; Kroes, 1992; Furukawa and Nada, 1997; Limemer Chandler, 2002; Carignano, 2007; Conde eDa8R and some
of those works estimate its thickness. Figure 1reanzes experimental and simulation results for@hé thickness as a
25 function of the supercooling degree. As it can bseoved in this Figure, simulations predict sma@éi thicknesses than
all experimental methods. Among the experimentahrigues, the smaller QLL thicknesses corresponahéasurements
such as Brewster reflectometry (Elbaum et al., 198BS (Bluhm et al, 2002), X-ray scattering (Lieidal., 1994; Dosch et
al., 1995 and 1996) and IR spectroscopy techni¢fsadtchenko and Ewing, 2002 and 2003). On the aontellipsometry
(Beaglehole and Nason, 1980; Furukawa et al., 188@)AFM determinations (Petrenko, 1997; Bluhm Satineron, 1999;
30 Doppenschmidt and Butt, 2000; Bluhm et al., 20G@gRger et al., 2001) give thicker QLL values. AFMperiments, for
instance, involve the interaction of a tip with t@mple; thus, it is uncertain whether other phesrarare also involved in
the measurements.
Some of the QLL thickness determinations using AlMre performed by analyzing force curves (Petrerl@f7;

Doppenschmidt and Butt, 2000; Pittenger et al.,120that is, measuring the force experienced by ARM tip as it

2
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approaches the ice. While the tip is away fromstinéace the force between the tip and the samplers At a certain point,
close to the surface, the tip jumps into it, expecing a negative force. The distance tip-surfécehach this occurs is
called jump-in distance, and in some cases ispntéed as the QLL thickness (Petrenko, 1997; Doggiemidt and Butt,
2000), while some corrections were proposed byrs¢eeithors. Distinctively, Bluhm and Salmeron (8tuand Salmeron,
5 1999) analyzed the QLL thickness by comparing Afvitact and non-contact experiments.
Petrenko (Petrenko, 1997) found difficult to expldhe ice-air interface and get reproducible faroeve measurements,
especially due to adhesion of the AFM tips to tbe surface. Some of these measurements were thfsnped by
depositing a drop of decane above the ice surfacerder to overcome these complications. In thiskwihe author
compared the time of interaction of the tip witle ike ,), with the time required to establish thermal &hdum in the
10 contact point ) and estimated,,~ 3 ns andr,; around 50 ms, and concluded that the experimeéwtsngore information
on the tip-ice or tip-QLL interface that on the-&ie interface. Nevertheless, the QLL thicknesstfar ice-air interface for
one temperature was reported, as well as an egiimatthe tip-QLL interfacial energy.
Pittenger et al. (Pittenger et al.,, 2001) analyzbed force curves between the tip and the ice fdferdint
indentation/penetration rates. The ratio betweeoef@nd indentation rate was studied using silios, with and without
15 hydrophobic coating, and evidence of the presefiee@LL between the tip and the ice was found betwe and -10 °C,
based on the observation that the mentioned ratimmstant for a given pit depth. However, belo® 2T, the dependence
of the force with indentation rate changes, sugggshat plastic flow of the ice dominates. In atldli, Pittenger et al. used
a simple model for the viscous flow and observed, tto explain the experimental results, the viggas the ice-tip QLL
should be considerably higher than that for supgecbwater. Another important observation by thasthors is that the
20 thickness of the QLL at the ice-tip interface defermon the hydrophobicity of the tips, obtaining Bemavalues for
hydrophobic tips. Regarding the QLL at the ice4aierface, the authors question the ability of AFEMperiments to
properly measure this thickness, as will be disedi$s more detail in the Results section.
Recent Molecular Dynamics simulations by Gelman stamtin et al. (Gelman Constantin et al., 2015a)wslthat
hydrophobic tips promote the presence of a QLL het tip-ice interface during indentation, supportithg analysis
25 performed by Pittenger et al. (Pittenger et al1)0The authors do not find an effect of the tiptiee thickness of the QLL
on the ice-air interface. However, further simdat by Gelman Constantin (Gelman Constantin, 20Kbtmw that
hydrophilic tips can induce frustrated capillartigtween the tip and the QLL. These results maya@xghe attractive
interactions between ice-air interfaces and AFM t{pe., the jump-in). Additionally, the resultsosh that during the
approach of the tip, the QLL may deform to reaah tip due to a frustrated capillary (Goertz et24l09), leading to an
30 artificially enhanced QLL thickness result. Evenudgh the semi-empirical potentials used in theseilitions need further
validation, these results support the hypothesitsttie hydrophilicity of the tip may modify the nsemed QLL thickness.
Considering the high dispersion in the AFM QLL #niess values reported in the literature it is ofdamental relevance to
analyze which factors may be involved in this dismmn of the data. For instance, the hydrophiliaiythe tips was

considered to influence the thickness results, evinib quantitative measurements of the influenceahef temperature

3
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gradients in the air in contact with the ice sampleere reported in the literature. A systematicigton other factors that
which could possibly affect these determinationse(sf the tips, speed of the force curves) isaduhe scope of this article.
Nevertheless, it should be noted that we chooserttalest available tip sizes, in order to avoidgiole artifacts with larger
tips, as in IFM studies (Goertz et al., 2009). €kplored speed of the force curves, which is nfmrined, did not affect our
5 measurements on QLL thickness, while it does haveffect on ice indentation, which is not detailedhis study (Gelman
Constantin, 2015b).
In the present work we critically analyze previexperimental AFM results in comparison to our neguits. We measured
force curves between the ice-air interface and Algd of varying hydrophilicity, with special cane feducing temperature
gradients at the ice-air interface. This study shdwat the jump-in distances obtained from the Aflekte curves are very
10 sensitive to temperature gradients and tip hydtimityi Our new results for the QLL thickness arebzed and compared
to those reported using other experimental teclasigqlihe discussion is focused in solving previargroversies on how to
determine the thickness of the QLL using AFM tecluei and how the results could be compared withetlob$ained using
other techniques, and establishing reasonableriarifer limiting the large scatter of data previbusbserved for this

important parameter.

15 2. Methods
2.1. Atomic Force Microscopy measurements

QLL thickness measurements were performed with mangercial Atomic Force Microscope (AFM) by Veeco riantly
Bruker), model Multimode, using the NanoScopelltatcoller and the Quadrex module. Force curves wegestered at a
frequency of 1.744 Hz and a sampling of 8192 daimtp per curveMeasurementaere performed with different
20 commercial AFM tips provided by Bruker (siliconJiedn nitride, and Pt/Ir coated silicon), whose mdweristics are
summarized in Table S1 of the Supplement. Addifignave used a commercial silicon nitride tip fuioctalized by
immersion in 1 M chlorotrimethylsilane in heptane.
Raw data generated by the AFM operating softwa@n@$cope 5.30r3, Veeco) was exported with NanoSéopdysis
1.40 (Bruker) and post-processed with an in-hoeseldped software written in Scilab 5.4.0 (ScilatteEprises, 2012). Our
25 software allows a semi-automatic analysis of faree/es and saves individual image files, showirggshape of the curves
and the regions analyzed, and a spreadsheet witfjuidntitative information extracted from the csrve

Calibrations required for a proper analysis of AtkéM force curves are detailed in the Supplement.

2.2. Characterization of AFM tips by EDS

Pt/Ir coated silicon AFM tips (SCM-PIC, Table S1gne characterized by Scanning Electron Microscofth \Energy
30 Dispersive XR Spectroscopy (Carl Zeiss NTS SUPRAatCentro de Microscopias Avanzadas, Facultad idaclas
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Exactas y Naturales, Universidad de Buenos Air€kg goal of this characterization is to compare rif@phology and

composition of the tips before and after usagefMAndentation experiments.

2.3. Humidity and temperature control

The temperature of the sample at the AFM was ctettawith a set of commercial accessories providgdveeco: the
Thermal Applications Controller, the Sample He&edler Peltier, and the Heater/Cooler Scanner HEt8®V. This

allows controlling the sample temperature betweh°C and 100 °C with a precision of + 0.1 °C. Télative humidity

(RH) and temperature of air in contact with the pnwas measured with a Sensirion humidity-tempeeasensor (model
SH71).

Two environmental chambers, which will be furthesdribed in the following paragraphs, were devedopethis work to

control the RH of the sample and, in one caseteifmperature of the air in contact with the ice.

2.3.1. Environmental Chamber (EC).

The in-house developed Environmental Chamber (E@pimposed by two main elements, as shown in Fign2crylic
chamber (A), and an aluminum ring (F). The top sifi¢he aluminum ring has a thread and a groovefoo-ring for the
sealing with the acrylic chamber (A), while the toot side has a groove for an o-ring that compléteseal with the AFM
base (E). Additionally, the ring has several sea@ednections that allow gases inlet and outlet @gctrical connections,
and humidity and temperature sensors. Humidityrobmtithin this chamber was performed by mixing ditrogen (Indura
4.8, with less than 3 ppm of,8) with water saturated nitrogen. This chamberdmase minor gas leaks (due to constraints
imposed by the design of the AFM base), so all mreasents had to be performed under continuouslgas We circulated
between 1 and 6 dimin of dry nitrogen (measured with a flow meteg@nflow, calibrated between 1 and 103nin),
and between 10 and 200 ¥min of water saturated nitrogen (measured witiAlicat flow controller having a maximum
flow rate of 200 criimin).

This chamber allows a good control of humidity, Budoes not provide control of the temperaturehef gases in contact
with the sample. Additionally, the acrylic chambeakes impossible the access to the laser beametadtar adjustment
screws. This is crucial because sometimes both’saséignment and detector’'s position need to bgusidd during
measurement. Hence, as we will show below, we thad our second version (the Mini Environmental @bar) is a much
better accessory to study this kind of systems.eltbeless, a comparison between the results oltaiite both chambers

allows gaining new insight on the ice-air interface

2.3.2. Mini Environmental Chamber (mEC).

The Mini Environmental Chamber (mEC) was desigrededuce the volume of air in contact with the smnphere air
humidity and temperature must be controlled. Thénreéement of the mEC is an AFM glass fluid-celliFFig. 3). This
cell has holes for the inlet (J) and outlet of ga@g and to locate a humidity-temperature seflisothe outlet of gases, ). It

5
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also has a groove in the bottom face for a silioening (D), that seals the space between the cellthe substrate (C).
Humidity control in this space was performed inrailar way than in the EC, but with much lower floates (we used two
Alicat flow controllers, with maximum flow rates @00 cni/min and 50 criimin, for dry and humid airs, respectively).
In order to control the temperature of the gasesoimact with the sample, we designed a copperecdd in Fig. 3), for
5 circulation of cold nitrogen vapor. Liquid nitrogéiows by siphon effect from an insulated flask,tbg overpressure due to
its own evaporation. The flow rate is controlled @yent valve in the insulated flask that conttbls overpressure. Cold
nitrogen vapor, generated by evaporation of thadidpy contact of the tubes with air at room terapare, reaches the glass
fluid cell (F in Fig. 3). The fine temperature caitwas achieved with an in-house developed hébtém Fig. 3), made with
Nichrome (nickel-chromium alloy) wire coiled arouadmica sheet, and electrically isolated with aditiamhal mica sheet
10 on the bottom side, and a glass slide on the g 3ihe total heater resistance was aroun@.IBhe heater was powered by
a PID controller (TERMOLD, NG-2 model), which meeeti the temperature at the copper cooler with tinpla resistance
sensor (Honeywell HEL-777-A-T-0, 100). This systeaifows controlling the temperature of the coppepleo with
fluctuations below * 0.5 °C.

2.4. Ice samples preparation

15 Ice samples to be measured at a working temperéfge (controlled and measured with the Peltier acagsBelow the

sample) were prepared by controlled vapor depasit&ng the following procedure:

1. The humidity in the EC or mEC was maintained be8d®& RH (relative tdi¢) using dry nitrogen gas, in order to
avoid ice or water condensation during calibration.

20 2. When using the mEC, the copper cooler temperafiyrg.) was set between 3 and 6 K abdye This temperature
gradient could not be further reduced, sinceTigg.,closer toT,.. we observed condensation on the fluid cell and/or
on the AFM tip, as we will discuss in the followisgctions.

3. After calibration, we first controlled the desir&H, between 90% and 105% (relativeTig), while keeping the
mica substrate temperaturk)(2 to 5 K above the desired measuring temperdfigg to avoid condensation due

25 to RH fluctuations that may occur during this st€wersaturation conditions made more difficult t@asure
contact images or force curves on the ice-QLL serfedue to condensation on the tip). Hence, in mbshe
experiments we worked at slight under-saturatiam@@®ns.

4. By using the Peltier accessofgwas then lowered 2 to 3 K beldli, reaching oversaturation (RH between 105%
and 120%). Ice deposition was then allowed duririg 8 minutes. It must be noted that inverting st8mnd 4 is

30 not preferred. In order to obtain reproducible,ioium ice layers, one should increase oversdiomaslowly and
steadily. This can be achieved more easily loweflggvith the commercial accessory other than increasing

humidity.
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5. The temperature was raised frdgio T, and the ice was stabilized for 10 to 20 minutesrgo measure the force
curves.

The small volume of the mEC allowed observing tte dhanges during the ice deposition protocol. Figushows the RH
changes during the sample preparation, where aeuatiop of humidity almost immediately after themlin temperature
(due to ice deposition) can be observed. When teatyre raises again, humidity increases too, andd@idhes values close
to 100% (relative tdc).
Another set of experiments were performed in theCnaliring deposition of ice at a RH around 120%.sEhassays allow
comparing the QLL thickness obtained at RH arouf@%, for a stabilized ice sample, with those olgdirupon

oversaturation and a non-stabilized ice sample.

2.5. Preparation of thin layers of glycerol

In order to evaluate the hydrophilicity of AFM tipse prepared thin layers of glycerol on glassesidnd silicon wafers.
The substrates were treated with Piranha soluohb ihixture of concentrated sulfuric acid and 30¢drbgen peroxide
solution) in order to remove organic impurities amcrease hydrophilicity of the surface. We prepate glycerol films by
spin-coating at different velocities, obtaining asttible layers less than 5 pm in thickness (asureshsvith AFM force

curves).

3. Results and Discussion
3.1. AFM measurements with the EC

Force curves on ice obtained with the EC with sili¢ips in the temperature range from -7 °C toG2v&re similar to those
previously described (Petrenko, 1997; Butt et2lQ0; Déppenschmidt and Butt, 2000; Pittenger.e2801). Their general
shape can be seen in the central panel of Figs Sompared with the force curve determined on rftep panel). As
discussed in Introduction and in the Supplemers, ubual interpretation of this kind of force cungethat the jump-in
distance is related to the interaction with theiiterface prior to contact (possibly a frustrategbillarity with a QLL), and
that contact with the solid ice surface beging;at= 0 and extends in the lineal region that follofpesitive z;, values).
Indentation slopes in ice are in the same ordemagnitude to those found in other works in siméanditions, as they
depend on temperature, velocity and tip shapeefitjar et al., 2001, Fig. 4).

Table 1 reports relevant features of the measuwezk fcurves. Force curves measured on the samgoposver the ice
surface show high reproducibility, as previouslypaeed (Petrenko, 1997; Butt et al., 2001; Pittenge al., 2001).
Indentation slopes show standard deviations lowan t1% (it must be noticed that the significanufes reported are
consistent with the propagated uncertainty, whichigher, due to the uncertainty of the spring tamt$. Jump-in distances

show higher standard deviations (around 10%). Septoducibility, also reported by Petrenko (Petenk997), suggests
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that after indentation, the ice surface reconssrgaickly by capillary condensation (Pittengerlet2001) or flow from the
QLL.
Some authors have assigned the observed jumptandesto the thickness of the QLL (Petrenko, 18¥hpenschmidt and
Butt, 2000), on the basis of two assumptions: &)jtimp-in starts just when the tip makes contath whe QLL; 2) the
5 jump-in ends when the tip reaches the solid laygrehth the QLL. These assumptions have been uigt®rsdion in the
community (Doppenschmidt and Butt, 2000; Pitteregeal., 2001). Regarding the first assumption, omehmidt and Butt
apply a small correction on the jump-in distaneertf 1 to 2 nm) considering van der Waals forcesteM al. (Mate et al.,
1989) estimate a larger bias, around 7 nm, ifihéstcovered by a liquid film prior to contact wheneasuring the thickness
of a 22 nm liquid film. Computer simulations (Gelm@onstantin, 2015) have also shown that for hykitigpAFM tips the

10 QLL deforms to reach the tip (frustrated capillgritwhich would produce jump-in distances largarttequilibrium QLL
thicknesses. The second assumption has been quezktis well, and will be discussed in more detathis section.

Jump-in distances obtained in our EC are reportébable 1 and plotted in Fig. 6 together with resédom similar studies
(Petrenko, 1997; Bluhm et al., 1999 and 2000; Dapplemidt and Butt, 2000; Pittenger et al., 2001e@et al., 2009).
Symbols for the same temperature represent measaotemn different positions over the ice surfageotbars correspond

15 to twice the standard deviation of several measargsperformed at a fixed position. The set of meaments exhibit a
weak dependence with temperature, which would becomach weaker if the measurement correspondingedargest
jump-in atT,-T = 2.0 K would be discarded. The dispersion ofrtteasurements at the same temperature may haveediffe
explanations. For instance, temperature gradientsd sample could produce differences in QLL thedses or a patch of
mica with no solid water and only a liquid layemcexist. The effect of temperature gradients wél duantitatively

20 discussed in the section 3.2.

A first order comparison with the literature shawat our QLL thickness results lie in the lowergarof all reported values.
QLL thicknesses reported by Pittenger et al. (R@éz et al., 2001) are in the same range that ailmsreas Doppenschmidt
and Butt (Doppenschmidt and Butt, 2000) reporteghéi values, with a larger temperature dependdritienger et al.
(Pittenger et al., 2001) state that the jump-irtagises determined in their experiments are notesgmtative of the QLL

25 thickness, since they are almost constant (arourmimB over a wide temperature range (1-17 K below thelting
temperature). They also doubt on the reliabilitittaf large QLL thicknesses measured by Doppensclehial. assuming
that the tip penetrates the ice during the jumpHience, the above mentioned assumption that thp-jarends when the tip
reaches the solid layer beneath the QLL, will mow/hlid. In fact, they show that ice indentatiostdnce at zero force has a
strong dependence on temperature (as we foundarienents in the mEC, as we will discuss next).

30 Computer simulations (Gelman Constantin et al.,52@elman Constantin, 2015) suggest that hydraplijis indent ice
more easily (with lower free energy barriers, du¢hie attractive interaction) than their hydropleosmnalogues. In addition,
it was found that the ice layers below the QLL defoprior to contact with the tip. These resultsoaiginforce the
hypothesis by Pittenger et al. (Pittenger et @013 that QLL thicknesses obtained from AFM jumpeistances with
hydrophilic tips are overestimated due to ice indgan. It should be stressed that the same atrtifagld affect Petrenko’s

8
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results, although the author uses stiffer cantiey@hich reduce the ice indentation distance,esincompensates capillary
forces at smaller deflections). In addition, Peteenbtained the deflection sensitivity from theraet portion of force curves
on ice at low temperatures, instead of using a mimiel substrate like mica or glass, as we did hdteerefore, the
procedure adopted by Petrenko could lead to anrestimation of the deflection sensitivity (Attar2Q07), which would
5 imply an overestimation of the jump-in distances.
Results by Bluhm et al. (Bluhm and Salmeron, 188hm et al., 2000) present an opposite trend tstrabthe literature
values, that is, lower QLL thicknesses at highergeratures. However, it should be noted that thegsure QLL thickness
over much thinner layers of ice (0.3 nm to 3 nmere the QLL and the ice thicknesses are comparable
Goertz et al. (Goertz et al., 2009) obtained QLitkhess much higher than the AFM results previoaségussed, by using
10 Interfacial Force Microscopy (IFM). The experimasitvery similar to AFM force curves, but the setumids mechanical
instabilities (jump-in and pull-off) and generaliges larger tips. The difference between IFM antA€sults could be due
to the difference in the size of the tip (150 unhescal tip radius), to the poor control of the gdentemperature
(temperature is only controlled below the samplbilevthe large glass tip was not cooled), or t@ikif the suppositions

required for the analysis of the force curves,escdbed previously.

15 3.2 AFM measurements with the mEC

AFM force curves measurements with the mEC usihigosi tips (SNL, as in the experiments in the E€)kiticon nitride
tips (DNP) over the same temperature range, whemdts are summarized in Table 2, exhibit somesdifices with those
obtained with the EC.
Firstly, with both kinds of tips, many experimefgeven out of twelve) ended with a complete losthefsignal in the laser
20 detector. We found two possible explanations festhobservations. This new configuration (mEC)h \.atver temperature
gradients in the chamber, surely leads to lowep&ature on the tip. This may allow some condeosain the reflecting
back coating of the cantilever, which prevents ldser beam from reaching the detector. Moreover,réduuction of the
temperature gradients could also have an effedthenattractive interactions between the tip anditieesurface due to
condensation on the tip, or changes on the icaserfAn increase of the attractive interactionddtctead to a large bending
25 of the cantilever, with a consequent large deftectf the laser spot out of the area of the detecto
Secondly, some other experiments (four of themylpced force curves with no jump-in (like in the Ewvpanel in Fig. 5).
The absence of jump-in led us to suggest thatdeeltexperiments, the QLL, if present, should hatréckness lower than 1
nm (the minimum jump-in distance that could be dietg in these experiments, due to noise in thesdiédin signal). The
force curves indicate that the tip goes abruptiyrfithe vapor phase (horizontal region, no net ®oethe tip) to indenting
30 the solid ice phase (diagonal linear region). Indéon slopes are reported in Table 2; a compangitin those reported in
Table 1 is out of the scope of this article anddset® take into the account the tip shape and ticertainty of the spring
constant and that of deflection sensitivity. Thhew can we explain the difference with the resulting the EC?

Temperature gradients along the sample in the E@idze the key.
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If the temperature of the air layer in contact wittle ice surface is higher thdp, a liquid layer can cover the sample. A

simple heat transfer calculation (chapter 11, RBirdl., 2007) can provide the thickness of theéstaty state liquid layer:

S(t—o0) = L(l - M)_1 (6h)

Toks

whereS is the thickness of the liquid layer, L is thealothickness of the system (ice + liquid watdr),and T, are the
temperature of the system surface (in contact aiithand the ice bottom (in contact with the Peléiement), respectively,
and«j and ksare the thermal conductivities of liquid and sgiltases. It is evident, from the results displayeBig. 7, that if
the air in contact with the sample is only slighdlyove 0 °C, thick liquid layers appear over tleesierface. Clearly, this will
lead to an overestimation of the QLL thickness. Bemaemperature gradients (where ice surface ptssa temperature
larger than reported, but below 0 °C) could aldecafQLL thickness measurements. It must be noed among the
experimental techniques reviewed in this artidhe, $maller QLL thicknesses measurements were athi@vexperiments
in which ice was only in contact with water vapsuch as Brewster reflectometry (Elbaum et al., J988S (Bluhm et al,
2002), X-ray scattering (Lied et al., 1994; Dostlale, 1995 and 1996) and IR spectroscopy techsig8adtchenko and
Ewing, 2002 and 2003). For these measurements b&l®® the low thermal conductivity in the gas ghasplies lower
heat transfer between the gases and the QLL, wtdchbe easily compensated by the cooling systesnltieg in small
temperature gradients through the sample, and ig@gelto smaller QLL thicknesses. On the contraryipgbmetry
(Beaglehole and Nason, 1980; Furukawa et al., 188@)AFM determinations (Petrenko, 1997; Bluhm Satineron, 1999;
Doppenschmidt and Butt, 2000; Bluhm et al., 200i@teRger et al., 2001) give thicker QLL values. Bwhough in the
ellipsometry experiments the samples were onlyantact with water vapor, Beaglehole and Nason amdikawa et al.
experiments use thick ice samples (several millamgeto centimeters) that are only cooled from belghich might produce
relevant temperature gradients in the samples.rfatance, in one of the experiments (Beaglehole Nasbn, 1980) the
authors report temperature gradients around 0ib i@ ice sample.

For one of the experiments with silicon nitridestifdNP1) using the mEC, we performed force cuntebe sameT;, but
adjustingTor at several temperatures. Table 2 shows the resulta/o of suchT .. temperatures antle = -5 °C. Jump-
in distances do not show a significant differenmelfoth temperatures, although it seems that fgindiT o, the distances
tend to be slightly higher and with a higher disp@n. However, there is a clear difference in thdentation slope: the
lower Teo0es the steeper the indentation slope. In other wosthen the temperature gradient is higher, it Eezéor the tip
to indent the first layers of ice. Even though weuld not extend the measurements with the mEC ¢orémge of
temperature gradients that exist in the experimevith the EC (whereTqe could be considered close to ambient
temperature), one may suppose that the effectesltipe should be even higher. This observati@omsistent with that by

Pittenger et al. (Pittenger, 2001) on the tempeeatiependence of the indentation distance at zeoe fand supports his
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claim that QLL thicknesses obtained from AFM jumpdistances (Petrenko, 1997; Déppenschmidt and, B0A0) are
overestimated, as discussed above.
Figures S3 and S4 of the Supplement show thatdiwe fcurves determined in the mEC with siliconiaértips, as it was
previously mentioned for the EC, are very reprobligci The reproducibility of all the force curvesnche captured by
5 considering the averages and standard deviatioitg @fidentation slopes and jump-in distances dlera.
It can be stressed that experiments with more Ipjtbic tips could be more appropriate for theselistu Petrenko
(Petrenko, 1997) noticed that silicon tips weres lappropriate than more hydrophobic tips to stimyite-QLL interface,
due to high adhesion forces. With lower adhesione®, the biases that affect the jump-in distadcresto capillary forces
would be smaller. Firstly, because using hydroptidipis reduces the deformation of the QLL and #hedéncy to form a
10 neck between the tip and the sample. Secondlyusedareduces the net attractive forces actinthertip, which produces
a lower indentation of the solid ice during the p#n. Hence, we performed further experiments votlr platinum-covered
tips and a silicon nitride tip functionalized witfimethylchlorosilane. In all cases, we obtainedves with no jump-in (type
c curves in Fig. 5). Figure S5 of the Supplementshas mode of example some force curves determiitbdPt coated
tips for the approach and retract branches of tinees, where it can be observed that no adhesicedare present in the
15 retract portions of the curves.
In two cases (PIC1 and DNP-S1, Table 2), afteratgzbuse of the tips, we started to obtain diffeferce curves, similar to
typeb in Fig. 5. We believe that adhesion between theaiid the sample lead to detachment of the covémyey in those
tips, increasing the overall hydrophilicity of ttip, and causing the artifices described abovesiladon and silicon nitride
tips. Figure 8 shows the SEM micrographs of the APMIr coated silicon AFM tips, before and aftedéntation
20 experiments, where it can be observed that, afiege, the roughness of the AFM tip increases mbrk€&dble 3 shows the
EDS results obtained for the AFM tips before antdrafisage. Results show that after usage thevelathount of Pt in the
sample decreases, probably due to a loss of tlever in the tip zone that indents the ice. It $ticae stressed that Pt
content does not reduce to zero. This is probably @ the fact that the EDS experiments collecta)X-radiation that
originates in a volume of approximatelyiin®around the AFM tip apex, which is larger than theieintation volume. Hence,
25 results in Table 3 are probably affected by a megibthe tip not in contact with the sample, whinhy keep its Pt coating.
It can also be observed, that S, Cl and Zn apdesariadentation experiments, probably due to comation of the tip with
residues of these elements in the mica sheet.
Another set of experiments was performed usingrplai covered AFM tips during deposition of ice &°€ and 110 % RH
(with tip PIC6) and at -2.5 °C and 113 % RH (with PIC4). Both experiments show force curves witinp-in (similar to
30 those in the central panel of Fig. 5). QLL thickegalues obtained for these experiments are 18.8 im forT,,. = -5.0 °C,
Teoolem -4 t0 -6 °C and RH 110 %; and 23.8 + 4.1 nmTigy= -2.5 °C,T¢ooer = 5 to 6 °C and RH 113 %. These results are
similar to those obtained with the more hydropHiis, probably because they were obtained upoeatep indentations of
ice samples. Thus, the platinum coverage on thag#x was probably lost during the measurementsiessioned for some

of the experiments previously described. Additibnat should be stressed that in the later expernits force curves were
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determined during deposition of ice under oversdiom conditions, whereas all our previous resctigespond to slight
undersaturation conditions where ice was allowedstabilize 10-20 minutes prior to measurements.sThhe later
experimental conditions could lead to thicker (mopuilibrium) QLL values. Paleico et. al (Paleicoakt 2015) performed
Grand-Canonical MD simulations under condensati@mditions (over-saturation) and found non-equilibmi QLL
thicknesses larger than the equilibrium values.

Summarizing, the absence of a jump-in on some efftice curves measured in this work (more systieaibt with
hydrophobic tips in the mEC) enforces the hypothésat the QLL thickness is below 1 nm in the terapee range of the
experiments (-7 °C to -2 °C). However, a doubtearisould it be the case that the later tips atéhpdrophilic enough and
hence the capillary force with the QLL (if preseistnot strong enough to cause a jump-in? To disttds possible artifact
of our experiments, we studied the hydrophilicifyttee more hydrophobic tips used. We used a spitecdo generate thin
layers of glycerol over glass and silicon slides Uéed glycerol instead of water due to the lonovaguessure of glycerol,
which allows generating thin liquid films of appimately constant thickness. Additionally, glycer®Imore viscous than
water, and hence is a better probe of the QLL (wiscexpected to be more viscous than bulk liquiden) (Goetz et al.,
2009). Figure 9 represents a force curve obtainid @ne of the platinum covered tips over a thigicgrol film. The
approach portion of the curve clearly shows twduess of interest: a vertical contact region, whéeetip reaches the rigid
substrate, at;, = 0; and a jump-in approximately 3 pm away from sbstrate. This force curve proves the presehae3o
um glycerol film on the substrate, and, more imauity, shows that the capillary (or frustrated @apy) force between the
tip and the film is strong enough to cause a jumpFhus, this experiment shows that the tip isicigffitly hydrophilic to
show a jump-in due to the capillary force betwedimaid (or quasi-liquid) film and the tip. This raes that the apparent
absence of the jump-in in most of the experimemts @e with hydrophobic tips is due to a QLL thielss below the limit
of detection of this experimental technique. Coesithy the inherent noise in the deflection signathiese experiments, we
can conclude that the QLL thickness is below 1 Athese results are comparable or even lower thansthellest
experimental QLL thicknesses previously reportetbhdEm et al., 1993; Lied et al., 1994; Dosch et B995 and 1996;
Bluhm et al, 2002; Sadtchenko and Ewing, 2002 ab@3p and are in the same range of computer sifoolaesults
(Furukawa and Nada, 1997; Limmer and Chandler, 200Rde et al, 2008).

4, Conclusions

We present new results of AFM force curves overepioe at different temperatures, performed with tdiferent
environmental chambers and different kind of AFsti Our results provide insight to resolve the @rsy on the
interpretation of experimental AFM curves. (Pet@nk997; Déppenschmidt and Butt, 2000; Pittengerlet 2001)
Moreover, using silicon tips and an Enviromentab@ber (EC) with low control of the temperature foé gases in contact
with the sample, we obtained force curves with jimgistances comparable (in the lower bound) Wwithiography results.
On the other hand, we prove that the use of tha Eivironmental Chamber (mEC), that provides advetbntrol of the

12



Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2017-1213 Atmospheric
Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Discussion started: 8 May 2018 and Physics
(© Author(s) 2018. CC BY 4.0 License.

Discussions

temperature and humidity of gases in contact with $ample, changes qualitatively the results ofetkgeriments. This
allowed us, for the first time, to get force cunee®r the ice-air interface with no jump-in, fomse of the experiments with
silicon or silicon nitride tips. These results segga QLL thickness below 1 nm for the exploredperature range (-7 °C to
-2 °C). This upper bound is significantly lower nhaome of the previous AFM and IFM results (Petoenk997;
5 Ddppenschmidt and Butt, 2000; Goertz et al., 2008)ich suggests that those authors overestimatdibrqum QLL
thickness, due to temperature gradients or indentatf ice during the jump-in (Pittenger et al.,02). Additionally, we
proved that more hydrophobic tips (platinum covesedilanized silicon tips) render consistent focceves with no jump-
in, showing that the chemistry of the tip is veglerant for study the ice-vapor interface.
Overall, this work shows that AFM measurements fef QLL thickness can be consistent with the lowsage of
10 experimental QLL measurements from different teghes (Elbaum et al., 1993; Lied et al., 1994; Dostchl., 1995 and
1996; Bluhm et al, 2002; Sadtchenko and Ewing, 280& 2003), if one chooses properly the experinher@aditions
(especially, the temperature and relative humiditgir and the chemistry of the tip).
This allows constraining the QLL thicknesses valued=ig. 1, which can be of significant relevance vialidate QLL
theories, and for multiphase atmospheric chemistoglels (especially for snow-atmosphere interactiongolar regions,
15 glaciers, etc.). Nevertheless, it should be rentatkat the effect of the QLL thickness on the atphesic reactions is far
from being completely understood. For instance, Hdiowski et al. (Michalowski et al, 2000) used altipphase model
containing a large number of gas phase reactidraplysis reactions and aqueous reactions in sdsukeaerosol particles
and the quasi-liquid component of snow. Their maateldicts much faster ozone depletion when thektigiss of the QLL
estimated by Conklin and Bales (Conklin and Ba@33) is reduced by a factor 10. This is an exaropke system where a
20 thinner QLL, as proposed in our work, would hawdramatic effect on the modeled ozone depletion.
On the contrary, McNeill et al. (McNeill et al. ZD0concluded that the HCI adsorption and surfaekdié flux on polar
stratospheric cloud ice particles is slightly imfliced by the QLL thickness, which is allowed topaetween 1 nm and 300
nm.
A good test for our claim of a low range of QLLdkinesses could be the modeling of the photochgmistmitrate in
25 snowpack at temperatures in the range 250-265 Kgusie multiphase model by Boxe and Saiz-Lopez ¢Bamrd Saiz-

Lopez, 2008). The authors used a QLL thicknes<6fr8n that seems to be an overestimated value &gttt of our results.
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Table 1. Average jump-in distances{mp.in) Obtained from AFM force curves over ice with #8€ using silicon tips. The
dispersion §) obtained for various repeated measurements anéhtientation slopes corresponding to the firsnsf) are
also reported. Different rows at the same tempegatarrespond to different (x,y) positions on tbe sample. The spring

constants for the cantilevers measured at amteemérature are also informed.

5
o Indentation slope
T(C) | dumpin(NmM) K (N/m)
(nm) (nN/nm)
-9.5 7.1 0.4 1.9 0.087
6.1 0.8 34
-5.0 6.2 0.3 7.7 0.12
5.7 0.4 4.6
6.0 0.4 5.7
-3.5 4.9 0.3 0.69 0.079
8.8 0.9 0.95
8.0 0.7 0.65
-2.0 37 3 0.096 0.057
5.5 0.4 0.081
14.3 0.3 0.087
-1.0 8.7 1.3 15 0.079
55 0.2 24
10
15
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Table 2. Average jump-in distances (and their dispersi@nspbtained from AFM force curves over ice with tin&C for

different tips (see the Supplement). The numbersheftips correspond to different tips of equal rekteristics, while

different rows at the san&,qrepresent force-curves measured on different positover the ice surface. The indentation

slopes corresponding to the first 50 nm and thengpmonstant for the cantilevers at the differemt®ed temperatures are
5 also reported.

o Indentation
Tice (°C) | Tcooe(®C) | Giump-in(NM) K (N/m) Tip
(nm) slope (NN/nm)
-3.0 1to2 ND 0.15 0.06 SNL1
ND 0.24
-5.0 -1to 0 SUM SUM SNL2
-7.0 -1to 0 SUM SUM SNL3
-5.0 -0.5t0 0.0 ND 0.021 0.06 SNL3
-5.0 -0.2t0 -0.5 19.0 0.9 0.17 0.06 DNP1
13.9 0.9 0.39
17.0 0.6 5.0
5.3t05.8 22 3 0.067
13 2 0.028
14 6 0.062
-7.0 -1.7t0-1.2 SUM SUM 0.06 DNP2
-3.0 -0.2t0 0.8 SUM SUM 0.06 DNP3
-2.0 1.8t02.3 ND 0.38 0.06 DNP4
ND 0.29
-2.0 1.8t0 2.0 SUM SUM 0.06 DNP5
-2.0 20t0 2.8 ND N 0.06 DNP5
ND N
ND N
-3.0 0.3t0 0.5 SUM SUM 0.06 DNP6
-4.0 -1.5t0-1.0 SUM SUM 0.06
-4.0 -1.0t0 -0.5 SUM SUM 0.06 SNP7
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-6.0 -2to-1.5 SUM SUM
-4.0 0t0o 0.3 ND 0.066 0.21 PIC1
14 1 0.045
16 2 0.076
8 2 0.033
10 1 0.042
-2.0 0.3t00.5 SUM SUM 0.21 PIC1
-3.0 SUM SUM
-6.5 -0.8t0-0.5 ND 0.28 0.23 PIC2
ND 0.25
-2.0 15t01.8 ND 0.15 0.23
ND 0.11
ND 0.14
ND 0.12
-4.0 15t02.0 ND 0.14 0.23 PIC3
-2.0 15t02.0 ND 0.083
-3.0 0.0t0 0.3 ND 0.47 0.15 PIC5
ND 0.3
-2.0 -1.5t0-1.2 ND 0.089 0.12 DNP-S1
ND 0.090

* SUM corresponds to measurements for which theadign the laser detector was lost, ND correspdondsieasurements
where the jump-in was not detected, N correspoadadasurements which could not be quantified dutdmoise in the

determination.
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Table 3.EDS analysis of the Pt/Ir (PIC) tips, before arnerafisage.

Element Wit% Wit%
New tip Used tip
23.18 27.21
O 6.65 16.62
Al 4.96 7.38
Si 45.11 32.70
Cu 0.63 0.73
Pt 19.47 10.20
S 0.37
Cl 0.45
Zn 4.34
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Figure 1: QLL thickness determined with different experimental and simulation techniques: AFM measuremets by Pittenger et
al. (Pittenger et al., 2001) with Si tips () and hydrophobic coated silicon tips ®); by Déppenschmidt et al. (Doppenschmidt et al.,
2000) in air (¥) and vacuum (*); by Petrenko (Petrenko, 1997)M); by Bluhm et al. (BluhmandSalmeron, 1999 and Bluim et al.,
5 2000) (7). IFM measurements by Goertz et al. (Goertz et g12009) @®). Brewster reflectometry by Elbaum et al. (Elbaum etal.,
1993) @ A V; different symbols correspond to different experimets). Ellipsometry by Beaglehole and Nason (Beagleteolnd
Nason, 1980) @), and Furukawa et al. (Furukawa et al., 1987)7). XPS by Bluhm et al. (Bluhm et al., 2002)€). FTIR by
Sadtchenko and Ewing (Sadtchenko and Ewing, 2002) (). Proton dispersion by Golecki and Jaccard (Golekand Jaccard, 1977)
(V). GXRD by Dosch et al. (Dosch et al., 1995 and )9and Lied et al. (Lied et al., 1994)§). Simulation results by Limmer and
10 Chandler (Limmer and Chandler, 2002) = ); Furukawa ard Nada (Furukawa and Nada, 1997)s(====: an@===: ) for the
prismatic and basal planes, respectively, and by @ale et al. (Conde et al., 2008)=== - . . ) for the basalgie.
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H

Figure 2: Scheme of the EC: (A) acrylic chamber, (BAFM head, (C) piezoelectric tube, (D) copper tubeginlet and outlet of
gases), (E) AFM base, (F) aluminum ring, (G) threadgrods, (H) aluminum base.
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Figure 3: Scheme of the front view of the AFM andite mEC: (A) piezoelectric, (B) Peltier element, (Cnica substrate, (D) silicone
o-ring, (E) AFM tip, (F) fluid's glass cell, (G) coper cooler, (H) heating resistance, (I) outlet of @ses and temperature-humidity

sensor, (J) inlet of gases.
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Figure 4: Typical behavior of the humidity during ice deposition on mica in the mEC: @) Water vapor pressure in the chamber,
(M) Substrate temperature.
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Figure 5: Different shapes of AFM force curves. Topanel (a): mica; center (b) and bottom (c) panelsice. Curves in black
represent the approach branches and curves in redhé retract branches.
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Figure 6: AFM jump-in distances obtained with the EG in color symbols. For comparison, results of QLL hicknesses obtained
from literature with similar techniques are plotted in the same figure. Symbols for results by otherwthors are the same as in Fig.

1.
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Figure 7: Thickness of the liquid layer over ice irpresence of a temperature gradient. Total thicknes§ce + liquid water): 100 pm.
Full line: T_= 0.1 °C. Dotted line:T_= 0.01 °C. Dashed lineT = 0.001 °C.
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Figure 8: SEM Micrographs of the PIC1 AFM tip. The upper panels correspond to the micrographs of the pi before usage and the
5 lower panels to those of the tip after usage. Parseh) and c) correspond to a magnification of 3.00 X and panels b) and d) to
magpnifications of 8.00 KX and 15.00 KX, respectivgl
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Figure 9: AFM force curve (approach (blue), and retact (green)) performed with a platinum covered tipover a thin glycerol film
deposited over silicon at a temperature of 5 °C, urgy the mEC.
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