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Icelike Water Monolayer Adsorbed on Mica at Room Temperature
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The structure of a water film formed on mica at room temperature, in equilibrium with water vapor
at various relative humidities (RH), was studied using sum-frequency-generation (SFG) vibrational
spectroscopy and scanning polarization force microscopy (SPFM). Analysis of the O-D stretch modes
in the SFG spectra of O on mica indicates that as RH increases, the submonolayer water structure
evolves into a more ordered hydrogen-bonding network. At full monolayer coveérageé% RH),
the SFG spectrum suggests an icelike film with no dangling O-D groups, in agreement with a recent
molecular dynamics simulation. [S0031-9007(98)08082-X]

PACS numbers: 68.55.—-a, 42.65.Ky, 68.15.+e

Hydrophilic surfaces of solid materials adsorb waterthis structure, the uniformity of the film was perturbed
when exposed to humid environments. These films arby a brief contact (of hanometer dimension) of the tip
thought to play a key role in atmospheric and environmen{~30 nm radius) with the film. This contact served to
tal chemistry, wetting, weathering, and biological phe-locally increase the surface water concentration through
nomena [1-3]. Because of their small film thickness,capillary action. After retraction of the tip and rapid
which can vary from one to several molecular monolay-evaporation of the excess water, metastable, two-
ers, the film structure can be strongly influenced by thelimensional islands (they slowly disappear) with poly-
boundary surfaces associated with the substrate and vapgonal shapes in angular epitaxial relationship with the
on the two sides, respectively. Although adsorbed watemica lattice were left on the surface [14,15]. Based on
films have been the object of extensive investigation fothese findings it was proposed that the water islands are
a long time [4—8], only recently have spectroscopy anctrystalline and possess an icelike structure, as such struc-
microscopy techniques possessing the sensitivity and sédre could be stabilized by approximate lattice matching
lectivity to the last surface atomic layers become availabléetween the mica surface and the hexagonal ice basal
for a more microscopic study. Two such techniques havglane [3]. This result triggered a molecular dynamics
been developed in our laboratories: sum-frequency gersimulation by Odeliuset al. [16], who concluded that
eration (SFG) vibrational spectroscopy [9,10] and scanindeed the stablest configuration of a water monolayer on
ning polarization force microscopy (SPFM) [11]. We mica should resemble a two-dimensional icelike water
have applied these techniques to probe the structure dfilayer, but with no free OH groups. The present studies
a water film condensed on mica in equilibrium with a hu-were conducted to ascertain the nature of such water films.
mid environment. The experiments were conducted in two separate cham-

Recent SFG studies of bulk water interfaces havéers, one for SFG measurements and the other for SPFM.
revealed that-25% of the molecules at the liquid/vapor The chamber used for SFG experiments was equipped
interface have free, non-hydrogen-bonded OH groupsvith Cak, windows for optical input and output. The
pointing towards the vapor phase [12]. This interfacehumidity in the chamber, measured with a hygrometer
is considered hydrophobic because a similar behavior iénodel DH301, Pacer Instruments), was varied by ad-
found at water interfaces with hydrophobic materials [13]justing the flow rate of M gas bubbling through a con-
On the other hand, the mica surface is hydrophilic. Thustainer with water. The SPFM experiments [14,15] were
an adsorbed water film on mica is sandwiched between performed in air, in a chamber that could maintain a
hydrophilic and a hydrophobic interface. controlled humidity level by circulating Ngas bubbling

Some hints to the structure of the water film on micathrough water and/or by using desiccant material to lower
come from recent SPFM imaging studies [14]. Thethe humidity. In both cases the mica sample was cleaved
technique uses a noncontact operation mode of the atomig situ prior to the measurement.
force microscope (the tip scans at a height of about The SFG setup has been described elsewhere [17].
10 nm away from the surface) and relies on the attractiv8riefly, a mode-locked Nd:YAG laser producing pulses
electrostatic force to map the surface topography andf ~25 ps duration with a repetition rate of 20 Hz was
dielectric properties. It has &10 nm resolution in the used to pump an optical parametric system to generate
surface plane, and 0.1 nm resolution in the perpendiculgricosecond infrared pulses tunable in the hydroxyl stretch
direction. Within this resolution, the film formed in region. A nonlinear crystal was used to generate picosec-
equilibrium with the vapor was found to have a uni-ond green pulses at 532 nm. The infrared and green
form structure. In order to gain more information on beams were overlapped on the vapor/mica interface and
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the sum-frequency output was detected. Scanning the imnd HO vapor with an absolute accuracy af5% RH
frared frequency over the hydroxyl stretch resonances reand a relative solution better than 1% RH. In Fig. 1, a
sulted in an SFG spectrum. To avoid interference, thespectrum of the bulk liquid BD/vapor interface is also
back side of mica was roughened. shown (lowest spectrum) for comparison. It is very simi-
SFG spectra of adsorbed,® on mica under various lar to that of the HO/vapor interface except that the
degrees of humidity obtained using tS8P polarization peaks are shifted to lower frequencies. Following what
(S, S, and P polarization for sum-frequency output, vis- we already know about the latter, we can assign the
ible input and infrared input, respectively) are shown inpeaks in the BO/vapor spectrum accordingly [12,13].
Fig. 1. Deuterated watefD,0) was used in the SFG The sharp peak at+2740 cm™! corresponds to the O-D
experiments to avoid confusion of the hydroxyl stretchstretch of the non-hydrogen-bonded O-D groups (“free
modes in the spectrum from both water and mica. Thi€D-D” stretch), while the broad peaks &2375 cm™! and
isotopic substitution should not change significantly the~2510 cm™! are O-D stretch modes associated, respec-
interfacial structure so that our conclusions based on thtvely, with an ordered and disordered tetrahedrally coor-
SFG spectra of BO can be extended to . Spectra dinated hydrogen-bonding network. The peak positions
were obtained as a function of humidity, from less thanagree roughly with those obtained from®@ ice [18,19]
5% relative humidity (RH) (the limit of our hygrome- and liquid [20,21] by Raman and infrared spectroscopy and
ter sensitivity) to RH~ 97% (the upper limit of our hy- with the free O-D stretch of thin ice films in UHV [22].
grometer). The hygrometer was calibrated for bot©OD The SFG spectrum below 5% RH has hardly any
discernible features above the noise background. At
23% RH, however, O-D stretch modes associated with

2375 2510 2740 RH (%) the hydrogen-bonded O-D groups begin to emerge. At
2.2 ———r l. l : l : 40% RH, the bonded O-D peak corresponding to the
- : : ordered structure already appears to be stronger than
' 1 the one connected with the more disordered structure.
20 ot 5 : 7 Further increase of the RH makes the “ordered” O-D peak
SN, : relatively stronger and the spectrum closer to that of ice.
18k ',,‘. .. : | In these spectra, the free O-D peak-a2740 cm™! is
P A Y - rather weak, if present. We also note that the intensity
< ™ | > 97 of the spectrum increases appreciably with an increase of
18 o N : - RH up to 90%. At 90% RH, the spectrum is completely
L :‘ -.“\ {41 dominated by the “ordered” O-D peak with the free O-D
14l ’..- N S aaaa peak clearly absent. This suggests that the water coverage
- AN : on mica has reached a full monolayer and formed an
3 [ T, st 83 ordered icelike structure as predicted by a molecular
S 12f ~ : '*..'E T : 1 dynamics simulation [16]. At even higher RH (see, for
o L e’ s"" E-..~ j__. ~J 70 example, RH> 97% in Fig. 1), the spectrum changes
E%’ 10 ;." R W ~ only slightly, but the free O-D peak now appears cleanly.
® e % The latter observation is an indication that a multilayer
% : A e kb water film must have formed on mica because the free
08 f‘?'**n.,g T . O-D groups can now exist at the water/vapor interface.
R ™ et ] 40 An early ellipsometry measurement [6] indicated that
06 ‘ §\~.o/§ i at RH ~ 70% the average water layer thickness reaches
g : : 0.4 nm which is roughly the thickness expected from
i e P23 one monolayer (often referred to as a buckled bilayer
0.4 [~ : ..\""""""m : as it is composed of two stacked submonolayers). This
: R is different from what we have found. To see whether
02 w"’M""\W...r;" | laser heating of mica (Whigh has a 70% transmission at
R ] 532 nm through 200 wm thick sample) could cause 'Fhe
-~*~.- ~ AN “woum| Vapor/D,0 discrepancy, we have m_easm_Jre_d the temperature rise of
0.0 22'00 . 1;4'00 26loo 4 2a|oo the sample during laser irradiation and found that it was
less than 1 K. This could lead to a humidity change of
IR Frequency (cm™) only 5% at 90% RH. We have also reduced the laser

FIG. 1. SFG spectra ir§SP polarization of a water (BD) pulse trepett)lltlonhrate fr'or‘r:hZOStggulsesffec s#]j fo;md th
film on mica as a function of the relative humidity (RH) at no noliceable change In the Spectra. ereiore the

room temperature (296 K). The bottom trace corresponds t¢aser heating effect in our experiment certainly could
the spectrum of the bulk waver/vapor interface. be neglected. We believe that the discrepancy between
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the ellipsometry findings and ours may have arisen
from determination of absolute film thickness in the
ellipsometry measurement.

The above SFG results shed light on the previous
findings from SPFM. In that earlier study [15] the
water (H,O) coverage on mica was proposed to be
one monolayer at 20% RH, based on the observations
that only above this humidity, polygon-shaped islands
appeared upon contact of the scanning tip with the water-
covered mica and on the large increase of the adhesion
force (pull-off force) of the tip to the surface due to
capillary action. The SFG spectra now indicate that up
to 20% RH, the water coverage is significantly below a
monolayer and the water molecules do not form a well-
ordered structure on the surface. It then appears that
the “monolayer coverage” defined in the earlier SPFM
study simply corresponds to a threshold water coverage ;
above which the polygon-shaped islands can be nucleated 61% RH
and formed on mica by the capillary action of the tip.

Water molecules adsorbed on mica may have aggregat : . . 4

. . - .5 um X 7.5 um), showing 2-dimensional islands of water

into two-dimensional clusters, but they are too small foright patches) produced by a brief contact of the atomic

SPFM to resolve. The tip can pull the molecules oOrforce microscope tip near the center of the image, that induces

clusters together by capillary action to form a macroscopicapillary condensation around the contact point. At relative

monolayer film that has an icelike structure resultinghumidity values below 70%, the clusters show a contrast of

from epitaxial interaction with the mica substrate. As25 * 03 A. The contrast decreases down to the noise level
. . .at high humidity(>80%). Notice the tendency of the clusters

the RH increases one expects that, even without the tiy eyhibit polygonal boundaries.

touching the surface, the coverage of these clusters will

increase and eventually coalesce into a continuous icelike

monolayer film when the RH approaches 90%. This2.5 = 0.5 A when the humidity was in the intermediate

picture is well corroborated by the observed SFG spectrarange of 20% to 60%, and decreased rapidly above this

We have performed new SPFM measurements (withhumidity so that they could not be distinguished from
H,O) to confirm the above picture. The SPFM imagethe noise level of the surrounding area. This is shown in
should be uniform within an island because of its orderedhe image acquired at 80% RH in Fig. 2. This behavior
monolayer structure, and also between islands because precisely what is expected from the picture described
these regions are occupied by water molecules or twoabove. With an increasing fraction of the surface covered
dimensional water clusters of dimensions smaller thary an icelike water film, it will become more difficult
our SPFM resolution (a few tens of nanometers). If theto observe an isolated icelike island (formed either by
above picture is correct, the icelike islands formed by tiptip nucleation or coalescence of two-dimensional clusters)
contact with the surface should no longer be seen whear holes in the film because of the limited resolution
the monolayer film becomes continuous. of SPFM.

In contrast to the previous SPFM experiment performed In conclusion, the present SFG experiment has proven
with a dc bias of the tip, an ac voltage (10 kHz, 10 V conclusively the existence of an icelike water layer
peak to peak) was used in the present experiment. Bgn mica that saturates at room temperature (296 K)
maintaining the second-harmonic amplitude of the levewhen the humidity becomes90%. This layer does not
oscillation constant using feedback control, topographicontain free (non-hydrogen-bonded) OH (O-D) groups.
maps free of contact potential differences were producedt humidities below 20%, the surface water coverage is
[23]. Such contact potential differences due to solvated How, and the SFG spectra are hardly discernible from
ions would make separation of the topographic contrashoise. Above 20% the water coverage increases with
difficult, as they will interfere with the topographic RH and the spectra show that an increasing portion of
image in the dc imaging mode. The results of thethe adsorbed water has an icelike ordered structure. In
new experiment are shown in Fig. 2 for four different this range of RH (up te-80%), large, contiguous icelike
humidity values. islands can be generated by perturbing the surface with a

The islands, which tend to exhibit polygonal shapestip contact that will increase the local surface density of
were generated by tip contact with the surface and coulevater via capillary action. Around 90% RH, the water
be observed from 20% RH up t670% RH, but not at coverage reaches a full monolayer and its structure is
80% RH and above. The height contrast of the image wakelike. That the full water monolayer on mica has an

. 2. Scanning polarization force microscopy images
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icelike ordered structure with, in particular, no free OH [9] Y.R. Shen, Surf. Sci299/30Q 551 (1994).
groups is in good agreement with the predictions of thd10] Y.R. Shen, Proc. Natl. Acad. Sci. U.S.A3 12104
molecular dynamics simulation [16]. (1996).

This work was supported by the Lawrence Berkeleyl11] i?lglzlg(gs? Xiao, and M. Salmeron, Appl. Phys. Lef,
Laboratory through the Director, Office of Energy Re- : _
search, Basic Energy Science, Materials Sciences Divisiot?] Q- DU: R- Superfing, E. Freysz, and Y. R. Shen, Phys. Rev.
of the U.S. Department of Energy under Contract No. DE- Lett. 70, 2313 (1993).

ACO3-76SE00098. [13] 89541; E. Freysz, and Y.R. Shen, Scien2é4, 826

[14] J. Hu, X.-d. Xiao, D.F. Ogletree, and M. Salmeron,
Science268 267 (1995).

[15] L. Xu, A. Lio, J. Hu, D.F. Ogletree, and M. Salmeron,
*Also associated with Department of Physics, University J. Phys. Cheml102, 540 (1998).

of California, Berkeley, CA 94720. [16] M. Odelius, M. Bernasconi, and M. Parrinello, Phys. Rev.
[1] A.W. Adamson,Physical Chemistry of SurfacégViley- Lett. 78, 2855 (1997).
Interscience, New York, 1990), 5th ed. [17] P.B. Miranda, Q. Du, and Y.R. Shen, Chem. Phys. Lett.

[2] A. Ulman, S.D. Evans, Y. Shnidman, R. Sharma, J.E. 286, 1 (1998).
Eilers, and J.C. Chang, J. Am. Chem. S44.3 1499 [18] J.R. Scherer and R.G. Snyder, J. Chem. PBys.4794

(1991). (1997).
[3] J.H. Shen, K. Klier, and A.C. Zettlemoyer, J. Atmos. Sci. [19] M.S. Bergren, D. Schuh, M.G. Sceats, and S.A. Rice,
34, 957 (1977). J. Chem. Phys69, 3477 (1978).
[4] B.V. Derjaguin and N.V. Churaev, J. Colloid Interface [20] J.R. Scherer, M.K. Go, and S. Kint, J. Phys. Chéi8.
Sci. 49, 249 (1974). 13041 (1974).
[5] R.M. Pashley, J. Colloid Interface Sai8, 246 (1980). [21] P.P. Sethna, K.F. Palmer, and D. Williams, J. Opt. Soc.
[6] D. Beaglehole and H.K. Christenson, J. Phys. Chef. Am. 68, 815 (1978).
3395 (1992). [22] I. Engquist and B. Liedberg, J. Phys. Cheb®0 20089
[7] J.R. Zimmerman and J.A. Lasater, J. Phys. ChéR). (1996).
1157 (1958). [23] U.H. Yokoyama and T. Inoue, Thin Solid Filn&12 33
[8] P.A. Thiel and T. E. Madey, Surf. Sci. Rep.211 (1987). (1994).

5879



