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Infrared reflection—absorption spectroscopy has been used to characterize thin ovétlag@esA)

of D,O ice deposited in UHV onto a set of self-assembled alkanethiolate monol8hkss) of
controlled wettabilities on gold. The SAMs were prepared from a series of controlled composition,
mixed solutions of H&CH,),sCH; and HECH,),,OH, making it possible to investigate the whole
wettability range fromd~0° to #=112°, whered is the static contact angle with water. Dosing of

D,0 and infrared measurements were carried out at selected sample temperatures between 82 and
150 K. Experimental spectra of ice overlayers recorded below 100 K on all SAM substrates are in
good agreement with simulated reflection—absorption spectra, derived from the optical constants of
amorphous ice. This agreement allows accurate film thickness determination. In contrast, lack of
correspondence in spectral signature is noted between the spectra of annealed films and simulated
polycrystalline(or amorphougice spectra. We interpret this discrepancy to suggest that significant
substrate-induced differences between thin overlayers and bulk ice persist in the latter case. Spectral
indications of ice—substrate interaction are also seen for amorphous ice, and are especially
prominent in the case of highly hydropholgjfure CH-terminated §=112° substrates. In this case

the substrate effect extends up toaueragefilm thickness(150—200 A corresponding te-50 ice
monolayers, in contrast to highly hydrophilic OH-terminated substrates where the substrate effects
appear to vanish beyond5 monolayers(15-20 A average thicknessAnnealing of thin ice
overlayerg2—3 monolayensclearly demonstrates a strong correlation between the onset as well as
progression of the transition from amorphous to polycrystalline ice and the exact substrate
wettability or chemical composition. The data further suggest the existence of metastable
intermediate forms, that are neither purely amorphous nor polycrystalline. We discuss these
observations in terms of substrate—overlayer interaction. A tentative “phase diagram” summarizing
these results is presented. 97 American Institute of Physids$0021-960807)51408-3

INTRODUCTION studies of the molecular basis of wetting and of hydrogen
bonding interactions, the importance of water as the second-
Since the first report in 1983self-assembled alkanethi- ary adsorbate cannot be overestimafed® For these rea-
olate monolayerSAMs) on gold have received continu- sons, we are performing a series of model experiments to
ously increasing attention as model organic surfaces of corsystematically evaluate the interactions of water with a large
trolled chemical structure and compositioBuring the most  set of SAMs of single and mixed chemical function-
recent years, an increasing number of studies have been deglities?:22 As a matter of further interest, the formation, or-
ing with the potential applications of SAMS, in such diverse gering, and phase behavior of interface-confined solid water
areas as molecular recognitioh, surface biology and fims ie., ice, constitute a research topic in its own
biochemistry>~’ chemical force microscofy® metallization right,’23‘25 with ,possible applications in astrophysical re-

: 2120 - o1
of organic mazter_lalé, corrosion protectlorz, molecular  gearch, hiochemistry, and in the fundamental understanding
crystal growth'? alignment of liquid crystal$® pH-sensing of liquid water

. 4 5,16 H _ i . .
devices'* patterned surfaces on then scalet>*®and litho In a previous stud§* we have investigated £ adsorp-

; iatd?
graphic resists! In several of these areas, a fundamentaclIion on mixed CH-/OH-terminated SAM substrates using

understanding of the interaction between SAMs and secong- . L
. : I . lemperature programmed desorptid#D) and, to a limited
ary adsorbates is crucial. For example, in biochemical appli-

. o o .extent, infrared reflection—absorption spectroscgRAS).
cations where water—organic interfaces are ubiquitous and % .

e concluded that a structural transition from amorphous to
polycrystallinelike ice occurs, with an onset temperature that
dAuthor to whom correspondence should be addressed. Electronic mai\}.aries from~110 K on pure Clgl-terminated substrates to

bol@ifm.liu.se .
PCurrent address: Los Alamos National Laboratory, Chemical Science andvlso'K on pure OH-terminated substrates. Further, the TPD
Technology Division, MS G755, Los Alamos, New Mexico 87545. experiments revealed an almost constargODdesorp-
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tion peak temperature for SAMs with water contact anglesurate to within=2°. Dosing of BO was performed at a
from about 112°(pure CH;; cosé=—0.4) down to ~50°  base pressure 0£2x10° Torr through a capillary tube
(cos#=0.6). Around #=50°, an abrupt increase in the de- ending in front of the sample, enabling repeatable doses to
sorption peak temperature by atb@uK occurs, followed by  within +10%. The actual amount of © on the substrate
constant peak temperature in the40° (cos#=0.8) to §=8° was determined from IRAS spectra, as will be described be-
(pure OH; co¥=1.0) region. We interpret this sudden low. IRAS measurements in the UHV system were made at a
change to represent a limiting case where the adsorbate, dbese pressure 6f2x10 1% Torr, using 82° incidence angle,

to hydrogen bonding to the SAM substrate, is no longer fullyp-polarized light,f/16 optics and 2 cm' resolution. If not
converted to polycrystallinelike ice from its initial amor- stated otherwise, the UHV-IRAS spectra in this study were
phous state before desorption occurs. collected by the following procedurél) cooldown of the

This paper is a continuation of the previous work, wheresample to the measurement temperat(@g reference mea-
we will demonstrate the use of IRAS to characterize the nasurement(3) D,O deposition(4) sample measurement. The
ture of ice overlayers on SAM substrates, addressing botBample and reference spectra are ratioed, yielding a spectrum
overlayer structure and thickness, and how the compositiowhere onlychangesin IR absorption are visible. That is, in
and wettability of the SAM substrate influence the ice over-these “difference” spectra we only expect to see the peaks
layer at different temperatures. To this end, we will comparejue to DO vibrations and the peaks corresponding to fre-
the measured spectra with semiempirical model simulationguency and/or intensity changes of the molecular vibrations
of spectra based on the optical constants of amorphous anrg the SAM serving as substrate.
polycrystalline ice and describe how the comparison may be
used to draw conclusions about overlayer structure and
thickness. Thin ice films, a few monolayers in thickness, are  In order to rigorously interpret spectra in a quantitative
the main objective of this investigation, although some simi-way, it is necessary to construct a physical model of the
larities and differences in relation to bulk ice will be high- interaction of the light with the sample. One approach that
lighted. has proved useful in this regard involves application of clas-
sical electromagnetic theory of wave propagation applied to
a sample, whose structure is described by a parallel stack of
layered media, such that each layer is optically homoge-

A detailed account of preparation and measurement proaeous. This approach allows generation of explicit simula-
cedures has been given elsewReend only a brief descrip- tions of spectra which can be compared with the observed
tion is given here. Gold films were prepared by electronspectra. The detailed description of the method has been pre-
beam evaporation of 10 A of Cr or Ti followed by 2000 A of sented elsewher&;*?and only relevant details will be pre-
Au onto clean silicon wafers. Highly hydrophohié=112°%  sented here.
and completely hydrophili¢6~10°) substrates were made The samples are modeled as three layered structures con-
by immersing these wafers in 2 mM ethandlé9.5% solu-  sisting of the following:(1) D,O film layer, (2) thiolate film
tions of H3CH,);5CH; (TCHy) and HSCH,);cOH (TOH), layer, and(3) gold substrate layer considered to be optically
respectively. Mixed 2 mM solutions of these thiols in con-infinitely thick. Optical constants for gold in the desired
trolled, variable proportions were used to obtain intermediatavavelength regior(2000—2780 cm?®) were obtained from
wettability substrates. the literature®® and spline fitted to generate tables of optical

Static contact angles were measured by imaging a droponstants as a function of wavelength at 2 ¢mesolution.
of deionized (>18 M) cm) water with a video camera The optical properties of the thiolate layer were assumed to
equipped with a microscope lens. Each reported angle is thee wavelength independent with a value equal to the back-
average of six measurements on the same surface. ground refractive indexn..=1.50, k=0) for a high density

Ellipsometric characterization was performed using arphase of polymethylene chafisdue to absence of any in-
automatic null ellipsometefRudolph Research AutoEl )l trinsic resonance absorption in the regig@000—-2780
The measurement outptt and¥) was used to calculate the cm™1). A mean value of 20 A was used for the average film
thiol monolayer thickness, following the algorithm by thickness of all thiolate films. Minor errors in the thiolate
McCrackirf® and assuming a three-layer parallel slab Au/optical constants and the thiolate layer thickness were found
thiol/air model and an isotropic refractive indexm&1.50, to have vanishingly small effects on the simulations pre-
k=0 of the thiol monolayef’ sented below.

For infrared precharacterization of the SAMs a Bruker  In the case of DO, two reference states are available.
IFS113v FTIR spectrometer with a grazing angle acce$8ory Previous studi€é>® have identified two distinctly different
aligned at 83° incidence angle was employpebolarized  sets of optical constants in the relevant spectral region, one
light and f/4 optics were used. Spectral resolution was 2ascribed to amorphous id¢&e Ia) and the other to polycrys-
cm L. talline ice(ice lh). The spectral signatures for the two forms

All water adsorption experiments were made in ultrahighare widely different and easily distinguished. The optical
vacuum(UHV), using a system which has been described inconstants for these two polymorphs are available in the lit-
detail previously*! The sample temperature was variable be-erature and were obtained from Bergrenal®* It was as-
tween 82 and 650 K. Reported sample temperatures are asumed that the molecular oscillators in the adsorbed films are

pectral simulation

EXPERIMENT
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D20 overlayer thickness (A) FIG. 2. Static contact angles with,& on mixed TCH/TOH self-assembled

monolayers on goldf denotes the molar fraction of TOH in the prepara-
FIG. 1. Integrated intensities of simulated reflection—absorption spectra ofion solution.
amorphougla) and polycrystallinglh) D,O ice, vs the overlayer thickness
used in the simulation. The data shown here was used to calculatg@e D
overlayer thickness for all measurements in this paper. The simulations were
made using a reflection geometry with 82° incidence angle and assuming €N foy=0.0 SAMs to 211 A on fon=1.0 SAMs, where
isotropic ice overlayer on top of a 20 A SAM on gold. See text for details. fOH denotes the molar fraction of OH-terminated thiols in the

self-assembly solution. IRAS measurements yield spectra
with the CH, v, [d] peak at 2918—2919 cm, which is
randomly oriented and thus that the films are optically iso‘typical for well-ordered and dense alans SAMs 29:30.36
tropic. o . Characterization of TCHTOH and similar mixed monolay-
Next, we note that for thin filmé<500 A), the simulated g5 has also been performed earlier by us and other investi-
spectral shape is practically independent of film thicknessgatorS, using IRASE40 XpS20.38-43g|linsometry?®*! and
Further, the integrated spectral intensity scales linearly withqntact angle measuremeRigo-44
film thickness below 50 A, as illustrated in Fig. 1, where  The intentionally varied feature of the SAMs used in this
integrated intensities film thickness are shown for simulateqlnvestigation is the wettability. This is shown in Fig. 2 as a
spectra of ice la and Ih under the experimental cpndition?wnction off . The figure clearly shows how SAM samples
used in our measurements. As a consequence, a simple scgf-precisely controlled wettabilities were obtained by simply
ing procedure can be used to obtain the best simulated SPegnanging the solution composition of the self-assembling
tral fit to a measured spectrum. molecules as described in the experimental section. Since
Finally, it should be noted that since the measured IRASyettability is a macroscopic feature, no attempt was made to
spectra are averaged over severaldue to the size of the  measure the extent of phase separation or precise surface
IR beam, the film thicknesses given are average values, 'gjstribution of the component molecules in the mixed SAMs.
vealing little or no information about the D film topogra- e refer to the well-established fact that mixed SAMs of this

phy. type show namacroscopighase separatiofi:*>*?The frac-
tional surface coverage of OH groups was not directly mea-
RESULTS sured, but is known from previous x-ray photoelectron spec-

. troscopy studie$=° to be close to the oy values for the
Assessment of substrate quality TCH/TOH system.
It is well known that alkanethiols must exceed a certain
critical hydrocarbon chain length in order to form well-
ordered, alltrans dense SAMs. Generally, chain lengths in
the range of 11-14 carbons or more are considered Figure 3 shows the IRAS spectra of® on SAMs of
necessary®®’ Thus, our chosen hydrocarbon chain length ofdifferent wettability, deposited and measured at 120 K. Iden-
16 carbon atoms is well in the region where formation oftical dose, yielding about three monolayers of wétet1 A)
high-quality SAMs under appropriate conditions is expectedon an OH-terminated surfadsee below, was used for all
In the mixed monolayers, the use of Tghnd TOH allows measurements. The most intense feature in these spectra is
us to maintain a virtually flat surface topography, since thes¢he broad hydrogen-bonded OD stretching peak between
molecules differ in their fully-extended length by only 1.1 A. 2200 and 2700 cit. There is also a weak peak at 2729
We thus have an ideal system for fabricating SAMs withcm , accompanied on the most hydrophobic surfaces by a
variable wettability, while always maintaining consistentbarely discernible, yet distinct peak at 2704 ¢mBoth
structural ordering, packing, and surface topography. Charpeaks are assigned to free OD stretching vibratfon€ Re-
acterization of the SAMs by ellipsometry reveals that theturning to the dominant absorption feature, we note that this
monolayer thicknesses increase monotonically from1®  peak is obviously composed of several overlapping compo-

D,0O on substrates of varying wettability at 120 K
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FIG. 4. IRAS spectra of varying amounts of® deposited at 120 K onto

1.0 SAM substrates, using) a pure OH-terminated substrate) a 1:1 mixed
’ substrate andc), (d) a pure CH-terminated substrate. Note that different
R 20'00 scales are used i) and(d) to highlight the progression of the peak shape
as the DO dose increases. The average thickness of the smallest and largest
D,0 overlayer is shown for each plot. Note thafay and(d), this thickness
is only an approximation, since it is calculated assuming ice la structure of

FIG. 3. IRAS spectra of BD deposited at 120 K onto mixed SAM sub- the overlayer(see text
strates with different composition, determined Iby,,. The adsorbed
amount of DO varies between approximately 2 and 3 monolayers.

2800 2600 2400 2200

Wavenumber (cm™)

Varying the dose at 120 K

Measurements for varying JO doses were carried out
nents with different relative intensities. These component®n three selected substrates; the pure OH-terminated, the
originate from they; and v, vibrations of the free water pure CH-terminated, and the 1:1 mixture, with the results
molecule?® but their size and shape in ice are dominated byshown in Fig. 4. One immediately recognizes that the shapes
intermolecular coupling®***°Recent computer simulations of the OH and 1:1 spectra are very similar, whereas thg CH
and isotopic dilution experimentsindicate that modes of spectra are significantly different. This observation is consis-
locally symmetric and locally antisymmetric character ap-tent with the data presented in Fig. 3.
pear preferentially at the low- and high-frequency edges of The spectra of BO on the OH and 1:1 substrates are
the band, respectively. also similar in that the frequency of maximum absorption

An inspection of the figure reveals nearly constant linevaries between 2513 and 2519 chwith the exception of
shape in the spectra frofi,;=1.0 to 0.4, indicating similar the lowest coverages, where the variation is larger due to the
structure of the DO film on all substrates. Fromfi,,=0.4  signal to noise limitation. For fD on the CH substratéFig.
(6~80°) and continuing tdof 5,=0.0, there is a distinct, no- 4(c)], on the other hand, this frequency varies between 2457
ticeable change in the line shape, suggesting that @ D and 2464 cm?, again indicating structural differences with
film adopts a different structure when deposited on the highiespect to the more hydrophilic substrates. This difference in
hydrophobicity SAMs the change being largest for the mospeak position persists down to peak intensities as low as
hydrophobic(f 5,=0.0) SAM substrate. While deferring the ~2x10 2 absorbance unitécorresponding to an overlayer
detailed interpretation until the discussion section, we immethickness of about 2 A Below this value the BD peak still
diately note that the line shape of thgy=1.0 to 0.4 spectra can be seen, but is largely featureless with significantly di-
is quite comparable to that of simulated amorphous ice speaninished resolution in the spectral features.
tra [cf. Fig. 7(@)], while the f54=0.4 to 0.0 spectra show If we scale all the spectra in Fig(a@ to the same height,
some features qualitatively, that bear unmistakable resenas is done in Fig. ®), differences in the spectral shape as a
blance to the simulated polycrystalline ice sped¢tth Fig.  function of overlayer thickness become clearly evident. The
7(b)]. The observed peak intensity variations between subincreasing relative intensity of the free OD vibrati(@i729
strates can be understood in terms of an interplay due to twom ) with decreasing overlayer thickness reflects the
simple effects. First, the sticking coefficient of water is lower surface-to-bulk molecular ratio of the,D overlayer and has
on hydrophobic than on hydrophilic substrates at 128" K, been further analyzed in a recent paffetpart from this, we
resulting in varying amounts of JO being deposited on our also see an increasing linewidth in the main OD stretching
substrates. Second, different ice polymorphs are known tpeak as we go towards low-thickneggelow ~9 A) overlay-
have different absorption coefficients for IR radiation, which,ers. The full peak width at half-maximum increases by a
given the structural differences implied by Fig. 3ee factor of 1.5, from 156 cm' for the 31 A overlayer to
above, also will influence the peak intensity. around 235 cm! for the 1 A overlayer, as shown in Fig.
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In order to examine systematically the temperature de-
FIG. 5. () Spectra from Fig. @), scaled to the same height to allow pendence of the structure of adsorbe@®Dannealing experi-
comparison of peak shapes and linewidths. The average thickness of ”’rﬁents were made using substrates of selected different wet-
D,0 ice overlayer is given for each spectrum. The apparently high nOiSPTabilities The substrates were dosed at 82 K. which was the

level of the 1 A spectrum is partly due to the scaling, and partly to the fact . ! ‘
that the 3 A spectrum was recorded by coaddition of 2000 interferometedOowest attainable sample temperature in our UHV configura-

scans instead of the usual 500, which decreases the noise level and makgsn, and then heated to 100, 110, 120, 130, and 140 K,
tmhzxilmﬁnif(’g\‘;\tlﬁl\”;) %Ff’aﬁgrsmé’crf}a”g'rzy's(h"gwt:e full peak widths at half-  ,5)4ing at each temperature for 5 min before measurement.
P ' A holding time of 5 min has in a previous publicatfdieen
shown to be more than sufficient for temperature-driven
structural transitions in the present system to be completed.
Between 140 and 150 K, the water desorbed for all sub-
5(b). A significantly smaller variation is seen when the samestrates. On the most hydrophilic substrates, the rate of de-
type of scaling procedure is applied to the spectra in Figsorption was still relatively low at 145-150 K, making it
4(c). In this case, the free OD vibration intensity and thepossible to record an additional spectrum in this temperature
main peak width both remain approximately the same fointerval. Representative measurements are shown in Fig. 6.
different Over|ayer thicknesséﬂot Showr)_ The peak broad_ At 82 K there are Only minor differences betWeen the IRAS
ening compared to the strongest peaks is less than 15% f§Pectra on different substrates. At higher temperatures how-
all but the loest coveragefbelow ~2 A), where it ap- ©€Ver 'Fhe spect_ra undergo significant changes, the onset and
proaches 30%. eyelutlon of which are highly dependent on substrate wetta-
A further point worthy of notice is that if the f® over- bility. For the most hydrophobic substratéy,=0.0), the

layer thickness on the GHsubstrate is increased above IRAS spectrum begins to alter somewhere between 100 and

~100 A, the IRAS spectrum evolves to a shape similar to the110 K, whereas on théo,=0.3 substrate no changes are

spectrum of DO on the OH substrate, as is evident from Fig.Seen until between 120 and 130 K and on the hydrophilic

. . (fon=1.0 substrate the spectrum remains virtually un-
4(d). The change is continuous, and at an average overlay%rhanged up to around the desorption temperatutsi0 K.

thickness of 150_200_ A, the _spec'gra o_jGD|ce onCHand |, conrol experiments, when at any point during the anneal-

OH substrates are virtually indistinguishable. Thus, as th(ﬁqg sequence the temperature was lowered back to 82 K, the

overlayer is grown thicker, the polycrystallinelike nature of spectra remained unchanged and did not again assume their

the early ice monolayers in close vicinity of the €Bub-  jnjtial 82 K shape.

strate gradually diminishes in favor of amorphous ice struc-

ture for subsequent layers. The exact depth of persistence of
) L . DISCUSSION

the substrate-induced polycrystallinity in,O ice layers

could not be assessed, because of the gradual nature of the At the temperatures and pressures used in these experi-

change. ments, there are three possible solid forms of w4tamor-
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phous ice(ice la), cubic ice(ice Ic), and hexagonal icéce 0.015 . . . .

Ih). The amorphous form can be further subdivided into a ?Tice 1a

high- and low-density form® and a third, “restrained” 140K L

amorphous form has also been suggestatthen discussing 0.01 | 1

the results in this paper, we will in turn consider amorphous O_L/IL
2800 2400 2000

ice, polycrystalline ice, and intermediate forms. High-density
ice la exists only at temperatures below 77 K, so the amor- 0.005
phous ice in this study must be of the low-density or the
restrained forn?>°3The two crystalline forms, ice Ih and Ic,
cannot be distinguished using IR dafasso we will refer to
these forms only as “polycrystalline ice,” although our

-Iog(RIRO)

preparation conditions suggest that ice Ic rather thanice lhis 0.02 T oo '.,, '

formed on our substratéd?+53 140 K n\/\
Although we cannot claim that our experiments have 00151 , " 1

been conducted at thermal equilibrium, any spontaneous O_L/LL

structural transformation from amorphous to polycrystalline 0.01 ¥ 2800 2400 2000 |

ice is very slow in the temperature range use®>8Previ- By

ous studie¥ have reported measurements showing that only 0.005 .

a mere 2%—-3% of an amorphous@®film will crystallize at

140 K during our measurement period10 min). The crys- 0 / 4

tallization rate for QO is known to be even lowéf The 2800 2600 2400 2200 2000

observed transitions therefore will be regarded as entirely
temperature-driven phenomena, which is further supported
by the combined TPD and IRAS measurements in our pregig 7. |ras spectrgsolid lines of (a) D,O on an OH-terminated substrate

Wavenumber (cm™)

vious study?! at 140 K, (b) D,O on a CH-terminated substrate at 140 K, compared with
. simulated spectra of equal integrated area of amorphous and polycrystalline
Amorphous ice D,0 ice. In(a), comparison is made only to amorphous {beoken line,

. h . b h . whereas in(b) comparison is made both to amorphaisoken ling and
Figure 1a) shows a comparison between the exper'r‘nen'polycrystalIine ice(dotted ling. The insets show the optical constaffef.

tal spectrum and the simulated best-fit amorphous ice speg4) of (a) ice Ia and(b) ice Ih, that were used in the simulations.
trum for afyy=1.0 substrate at 140 K. Except for a rela-
tively minor mismatch in the line shape on the high
frequency side of the spectrum, the simulated spectrum is idensity amorphous ice is formed on all substrates at low
excellent agreement with the experimental one. This corret~82 K) temperatures. Minor yet distinct differences how-
spondence strongly proves that the spectral features of thever are observed upon a careful comparison. These are ex-
D,O film are very well described in terms of the optical emplified in Fig. 8, where spectra of ice la at 82 K @ a
constants of amorphous solid,®. We regard this to be ex- fo4=1.0 and(b) a fo4=0.0 surface have been scaled to a
tremely positive evidence suggesting amorphous structure afommon height to allow direct visual comparison. It is evi-
the adsorbed D film and of other DO overlayers in this dent that spectrum 8b is somewhat more intense in the
study which give rise to comparable IRAS spectra. 2300-2500 cm’ region. A comparison with the simulated
The excellent agreement between simulated and meaee la spectrum does not yield any clues to the reasons for
sured spectra in Fig.(@ enables us to determine the®  this discrepancy, since the simulated spectrum is not signifi-
overlayer thickness with high accuracy, using integrated incantly closer to either of the two measured spectra. However,
tensities and the calibration curves presented in Fig. 1. Fathe subdivision of the OD stretching region into surface
example, the calculated film thickness for which the best-fimodes (above 2500 cm') and bulk modes(below 2500
spectrum in Fig. @) was obtained is 13.9 A. Thus, under the cm %) as suggested by Rowlared al.*” implies that the ra-
experimental conditions at hand, IRAS is demonstrated to b&o of bulk to surface DO molecules is higher on the
a useful method for thickness estimation. Further, the IRAS 54=0.0 surface. Since the average ice overlayer thickness is
data can be employed to calibrate dosing procedures. Wequal in the two cases, this inference directly indicates a
stress however that for the evaluation to be accurate, thehange in ice cluster shape, favoring clusters of three-
angle of incidence must be controlled and accurately meadimensional, dropletlike shape on the hydrophobic
sured. A change from, e.g., 82° to 83° will result in an over-(f,4=0.0) SAMs and flatter, two-dimensional clusters on
all intensity increase of the simulated spectrum by a factor ohydrophilic (fo4=1.00 SAMs. This conclusion is in direct
1.12. agreement with that made from TPD data in an earlier
Next, we bring to attention the fact that at sufficiently investigatior?* and is further in agreement with previous
low temperatures, the spectral shapes appear nearly indepanelecular dynamics simulatiottsand previous IR investiga-
dent of macroscopic sample wettabilities and correlate weltion of H,0 films on methyl terminated thiol monolay€fs.
with simulated amorphous ice spectfig. 7(a)]. These ob- The experimental spectra of ice la become increasingly
servations allow us to conclude that predominantly low-similar to the simulated ones as coverage increases. For the
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FIG. 8. IRAS spectra of amorphous,D ice at 82 K on(a) an OH- e 2 b
terminated substrate aril) a CH;-terminated substrate. The spectra were (] \
scaled to the same size to allow a direct comparison. C(gves the dif- "; 20 | e b
ference between spectra a and b. g R
[ 15| e 4
2
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two largest peaks in Fig.(d) (18 and 31 A DO), all main e
features are strikingly well reproduced by the simulated 5 s Tt
spectrum. The residual error is estimated by subtracting the 0 . , .
simulated spectrum from the measured one and comparing 0 50 100 150 200
the area of the residual with that of the original spectrum. D,0 overlayer thickness (A)

From the plot of residual error vs overlayer thickness in Fig.
g(a), we see that above 15—20 A of ice, the error is consisFIG. 9. Difference between simulated ice la spectra and measured spectra of
fenly at ~4% in contrast to the rapicly increasing values 00 % 915 e Oieraies s s Chotenad w
obtained for thinner ice layers. Assuming an ice monOIayeBy (1) subtracting a simulated spectrum, scaled to minimize the residual
thickness of 3.66 &% we conclude that at coverages aboveafter subtraction, from the measured spectr@;integrating the residual;
~5 monolayers, BO ice la formed on hydrophilic substrates 3 ratioing the residual area against the area of the initial me(_cxsured spec-
at low temperature is spectroscopically indistinguishablér“m' Dosing aqd measurement were performed at 120 K. The lines are only
) . . intended as guides to the eye.
from bulk amorphous ice. The spectra for the thinner films,
on the other hand, tend to be slightly differetiarger
linewidths. We believe the most plausible reason for this to
be the highly delocalized nature of the vibrations of hydro-duency range as predicted by the polycrystalline model. We
gen bonded water molecules in f%eWhen the QO film  believe therefore that the film structure is in some perturbed
thickness is smaller than an equiva|entr95 mono|ayer51 state of the pOlnyySta”ine reference state. More detailed
we can expect an increased localization of the vibrationafnalysis of the nature of the perturbation in terms of possible
excitations, since the |Ong-range Coup”ng in the direction Offactors such as orientation and inter- and intramolecular in-
the surface normal would require several monolayers D teractions is clearly desirable. Such analyses, however, are
to be comparable to that in bulk ice. Such an increased loProhibitively difficult since the exact assignment of different
calization would lead to a broadening of the spectral Iittes, cOmponent modes, their description in terms of free molecu-
a prediction consistent with the observed spectra in Fig. 5iar vibrational modes, and assignment of correct force con-
Of course, some accuracy is lost in the thickness estimatioftants and directions of transition dipole moments in the mid-
for the thinnest overlayers due to this broadening. infrared frequency range, are known to be impossibiks a
result, we are forced to resort to a less quantitative, semi-
empirical analysis of data.
The simulated spectral pattern due to the polycrystalline
In Fig. 7(b), a comparison of the best-fit simulated spec-model clearly shows three distinct shoulders or peak-
trum for each of the two available reference stdtes lh and maxima. Similar shoulders, although significantly less pro-
la) and the experimental spectrum fof §,=0.0 substrate at nounced, at identical peak positions are observed in the ex-
140 K is shown. It is clear that the disparities between theperimental spectrum. We argue that these similarities point
experimental and the calculated spectra are very large, come the possibility of representing the experimental sample
firming that neither amorphous nor polycrystalline ice opticalwith a polycrystalline model. In order to add some credence
constants accurately describe the observed spectral patteto,this argument, we have subtracted the two simulated spec-
which in turn implies that the structure of the,® layers tra in Fig. 1b) from the experimental one, using a least-
formed on a CH lattice is different from both bulk forms. squares algorithm to choose subtraction factors that mini-
One hint, however, is inescapable, namely that the spectrahize the residual. By this method, the experimental spectrum
envelope in the measured spectra spans nearly the same fig-best represented by a mix of 18% of the ice la spectrum

Polycrystalline ice
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and 68% of the ice Ih spectrum, plus a nonzero residualseem surprising, given the strong hydrogen-bonding interac-
Application of the same method to the spectra in Fig) 4 tion expected between the ice and the OH groups of the
(D,0O ice onfoy=0.0 substrates at 120)Kndicates that the foy=1.0 substrate. However, molecular dynamics simula-
polycrystalline nature of the film can be identified for cover-tions of water near highly hydrophilic and highly hydropho-
ages down to~2.5 A (2/3 monolayer using IRAS spectra. bic walls have been presented that also indicate much more
Films thinner than 2.5 A yield IRAS spectra that are moreextensive changes near the hydrophobic wlland thus
similar to the simulated ice la spectrum than to the ice Ihsupport our results. The data presented in Fig. 9 allow us to
spectrum. The above conclusion confirms a previous predidnfer the existence of an interfacial layer which is dependent
tion by Nuzzo and co-worketswhere it was proposed that a on the substrate and spans the innermost monolayers of ice,
critical thickness of the ice overlayer on the order of 3 A iswith structural properties that differ from those of bulk ice.
required to induce temperature-driven crystallization on hy-  Thickness estimation from the spectra of polycrystalline
drophobic templates. ice is more difficult than in the amorphous case, because of

The mismatch between measured and simulated spectthe larger discrepancy between simulated and measured
could be due to contribution from several factors. For ex-spectra. As an example, the amorphoy®Dverlayer on the
ample, anisotropy of the deposited fillwaused by preferen- fou=0.0 substrate at 82 K in Fig. 6 has an average thickness
tial interaction with the SAM substratecould lead to the of 10.6 A by the method of peak integration. If we use simu-
reduction in peak-heights of vibrational components whoséated ice Ih spectra to calculate the thickness of shene
transition dipole moments have a major component in thé@verlayer at 140 K, the result is 13.6 A. The background
plane of the metal surface, due to the surface selection rul@ressure of BO in the UHV system is negligible, so the
Another possibility is changes in the relative strengths of théesult is not due to further adsorption of,® onto the
contributing oscillators, caused by structural perturbations ofample, but must be attributed to the misfit mentioned above.
lack of long-range order, both of which may be due to inter-Hence, absolute thickness estimations from the spectra of
action with the substrate and to the low thickness of thePolycrystalline ice using the IR simulations above are to be
deposited films. Last, the experimental spectrum may be regreated with caution until after calibrations using an indepen-
resentative of a mixed la/Ic species rather than of pure polydent technique are made. Overlayer thicknesses given in this
crystalline ice. Combinations of these effects are of cours@aper have therefore, whenever possible, been evaluated
highly probable. from low temperature spectra of ice la.

Another interesting observation in this regard is that
when the film thickness is increased aboev&00 A [cf. Fig.
4(d)], the spectrum of BD ice onf5,=0.0 substrates at 120
K changes to a shape very close to the amorphous ice spectra When amorphous ice is annealed, our IRAS measure-
in Fig. 4@). The semblance to amorphous ice can be estiments suggest a smooth, continuous transition towards poly-
mated in the same way as for ice la bg,=1.0 substrates, crystalline ice, with the BO film taking on a number of
by subtracting a simulated amorphous ice spectrum anthtermediate forms in the transition temperature interval,
evaluating the area of the remainder. A plot of the result iswhich apparently may be of considerable widti0-140 K,
shown in Fig. 9b). Note that the decreasing difference val- cf. Fig. 6. As mentioned above, this transition region does
ues seen for the lowest coverages are real, signifying the log®t signify a situation of thermodynamic equilibrium; how-
of polycrystalline ordering for thin filmécf. the lowest cov- ever, as discussed earlier any spontaneous annealing that oc-
erages in Fig. @)]. From the plot, we estimate the influence curs at constant temperature is too slow to be detectable in
of the SAM substrate upon the ice overlayer structure to endur experiments, and we therefore find it meaningful to refer
when an average overlayer thickness of 150-20@ofighly  to the intermediate forms as metastable. Other investigators
40-55 monolayers of igehas been reached. The exact depthhave observed that upon heating ice la, it coexists metastably
of persistence of the substrate-induced polycrystallinity inwith ice Ic in certain temperature intervafs>® which leads
D,0 ice layers cannot be assessed for two reasons. First, thus to believe that our intermediates are of similar origin. This
change is gradual, not abrupt. Second, cluster formation is also an indication that the polycrystalline ice formed in our
expected orf 5;,;=0.0 substrate$-*° The latter would leave experiments is ice Ic rather than Ih. The maximum observed
parts of the SAM substrate bare, providing two kinds of sitegercentages of ice la converted to Ic in the cited papers were
for further ice adsorption(1l) on top of clusters, where amor- 30% (Ref. 59 and around 509%° respectively.
phous ice structure is expecte@) on the still bare parts of The assumption of mixed la/lc ice provides no immedi-
the SAM, where polycrystallinelike ice structure is expected.ate explanation of the observed IRAS spectra, though. It is
This situation may persist up to equivalent ice thicknesses ampossible to generate matches to our intermediate spectra
several monolayers, depending on cluster size and shape, abyl linear combination of the simulated ice la and Ih spectra
clearly is an obstacle to the evaluation of the depth of theor optical constants, or by combination of one amorphous-
surface-induced polycrystallinity. We may conclude, how-like and one polycrystallinelike experimental spectrum, such
ever, that there is anpperlimit at ~50 ice monolayers for as those in Figs. (@ and 7b). Hence, we are unable to
the influence of the SAM substrate upon the ice structurequantify the relative amount of ice la in the intermediate
This is about 10 times the limit of5 monolayers that was films, or even to confirm whether the intermediates are mix-
found above for ice la orfg,=1.0 substrates, which may tures of amorphous and polycrystalline ice, or “true” inter-

Intermediate forms
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mediate forms, which are neither amorphous nor polycrystal- 0.012 . . . . . ——

line. .01k or ]
As can be seen from Fig. 6, the molecular composition

of the SAM substrate has a large influence on the transition __ %% 1

onset temperature and on the extent to which polycrystalline E° 0.006 .

ice is formed before the overlayer desorbs. The direct cause% 0.004 1

of this is the hydrogen bonds that form betweeyODmol- L)

ecules and the surface hydroxyls of the SAM. The hydrogen 0.002 1

bonds cannot be verified directly from IRAS spectra, but o

strong evidence of their existence in a similar sys{&yO -0.002 4

on Au—SCH,);sCOOCH,; SAMs] has been put forward in a 2800 2600 2400 2200 2000

recent paper by u<. As a result of the hydrogen bond for-
mation, the ice overlayer will be pinned to the SAM sub-
strate, more strongly for SAMs with larde,y (hydrophilic  FiG. 10. An annealing experiment, identical to the ones presented in Fig. 6,
monolayer$ than with smallf 5 (hydrophobic monolayeys  showing IRAS spectra at 82, 100, 120, 130, and 140 K. Further included are
Since the lattice structure of the SAM is incommensuratdour curves, showing the difference between the 100, 120, 130, and 140 K
. . Lo . measurements and the initial 82 K measurement.
with the ice Ic(and Ih structure, such a pinning will impede
the structural rearrangement from amorphous to polycrystal-
line ice. The number of hydrogen bonds that must be broken
to achieve the rearrangement should, in a first approximain this report, we have arbitrarily chosen a value of 10%. By
tion, be proportional td,,. The above scenario is consistent linear interpolation between the actual measurements, the
with the observed transition onset which occurs at increasingample temperature at which the phase transition onset oc-
temperature for increasinflpy as can be concluded from curs may then be approximately determined and plotted vs
Fig. 6. fon In & tentative phase diagram, as shown in Fig. 11, where
In the interpretation of the structural transition, differ- filled circles indicate onsets calculated with the 10% limit.
ence spectra can be used to highlight the successive changes The end of the phase transition is more elusive, and dif-
from the initial amorphous state. An example is shown inficult to pinpoint using the same approach. Indeed, since we
Fig. 10, where the spectra of,0 on af 5,=0.6 substrate are cannot with certainty identify a 100% polycrystalline ice
plotted for 82, 100, 120, 130, and 140 K, together with theoverlayer in any of the measurements performed, the concept
difference spectra which result when the 82 K spectrum iof an end of the phase transition is irrelevant and unjustifi-
subtracted from the four other ones obtained at higher temably speculative under the present experimental conditions.
peratures(subtraction factor 1.000 Any interpretation of However, it is easily seen from the measured spectra that at
these difference spectra must be viewed very critically, sincany given temperature above the transition onset, the transi-
we are comparing ice overlayers having different structuretion towards polycrystalline ice has evolved further for
However, some aspects deserve to be mentioned. It is evémaller than for largefy. Thus, if we indicate the gradual
dent from the difference spectra that as the band shapansition towards polycrystalline ice by increasingly darker
evolves towards a polycrystallinelike ice spectrum, there is a&hades of gray in the phase diagram of Fig. 11, a qualitative
lowering of intensity in the region above 2530 chend an  view emerges where the highest crystallinity is found for low
increase below 2530 cm. Adopting the assignment of the fg, values and high temperatures.
region above 2500 cnit to surface vibrational modes of ice Next, we consider the results of previous TPD
and the region below 2500 c¢rhto bulk modes, as suggested measurements. The TPD peak temperature on substrates
in a recent papeY, this means a reduction of surface modeswith different f,, is drawn as a thick line at the rightmost
and an increase of bulk modes as the ice is annealed. end of the phase diagram. The reader is cautioned that the
Aside from the direct interpretation, the difference spec-peak temperature varies with initial coverage, and thus that
tra in Fig. 10 also provide a means of determining how farthe line in Fig. 11 only indicateepresentativenot absolute,
from the original amorphous state that the ice overlayer hasalues. To enable comparison, care has been taken to evalu-
evolved. For example, the 82 and 100 K spectra, which arate the peak temperature for identical initial coverages
practically identical, generate a difference spectrum that ishroughout thef o, range. We have interpreted the sudden
almost a straight line. The integrated area of the absolutencrease around,y=0.6 as reflecting the limit where the
value of this difference spectrum, ratioed against the area gihase transition, from being complete at ldyy, no longer
the amorphous 82 K spectrum, then yields a measure of the completed prior to desorption from the substrate. Direct
change. For the 100 K spectrum, this change is a mere 2%upport of this interpretation from the present IRAS mea-
for the 140 K spectrum, it is 32%. As a comparison, thesurements is not possible to obtain though, since the rate of
difference between simulated ice la and lh spectra by théesorption above 150 K is too high to allow collection of
same method is 34%. In view of the subdivision of overlayerlRAS spectra. IRAS measurements arotigd=0.6 at lower
structures into amorphous-transition-polycrystalline formstemperatures reveal no,D film characteristics different
discussed above, it seems reasonable to define the onsetfodm those on otheff 5,,#0.6) substrates. The TPD data and
the phase transition at a certain spectral change percentagbeir interpretation, together with the rest of the tentative

Wavenumber (cm™)
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. age coverages below5 monolayers. We believe that these
pDee:'?rptlon values of 5 vs 50 monolayers reflect the importance of clus-
temperature ter size and shape for the ice structure.

Annealing experiments show that the onset of the struc-
tural transition is highly dependent on the composition of the
SAM substrate. This seems reasonable, since the investigated
ice overlayers mostly are in the range of 2—3 monolayers in
thickness, and thus can be expected to be influenced in their
entirety by hydrogen bonding or other interaction with the
SAM. One must consequently consider the possibility that
the structural progression caused by annealing of these thin
e S films may differ from that of bulk ice. This substrate-induced
80 100 120 140 160 effect could then account for the “intermediate” forms seen

Temperature (K) in the annealing experiments. Further experiments are
needed to establish whether the substrate—overlayer interac-

FIG. 11. Tentative phase diagram for thin@ice overlayers on mixed tion is prominent enough to make these intermediate forms

TCH3/TOH substrates. The diagram is divided into two SeCtiOI"IS—thermodynamica”y Stab'e, or if they should be considered

amorphous ice and a transition region where the structure gradually chang . . . _
towards polycrystalline ice. The thick line in the 150-160 K region indi- ?ﬁetaStable’ with a large time constant governing the progres

cates the thermal desorption peak temperature & foom these surfaces, SION towards polycrystalline ice. The tentative phase diagram
as it has been presented in a previous publicafRef. 21). The onsetofthe  in Fig. 11, summarizing our findings for thin ice overlayers

transition region was arbitrarily defined as the temperature where the IRA% N mixed SAMSs. is therefore only valid for the experimental
spectrum of the overlayer has evolved to differ with 10% from its initial . . . . .
conditions used in this investigation.

shape(characteristic of amorphous icat 82 K, and is indicated by filled ) . : . .
circles. Further investigations of the JO ice/mixed SAM sys-

tem, covering aspects like ice—SAM interaction, sticking,
and clustering, have recently been presented in another
phase diagram, would mean that there is a triangular regiolﬂélpel“-18
in the lower right corner of Fig. 11, approximately defined
by a line from the increase &7 =153 K; f5,=0.6) to (T
=134 K; fou=0.0, where the phase transition has pro-
ceeded to completion. However, since the TPD peak tem- This work was supported by a grant from the Swedish
peratures are not absolute, the region can not b&esearch Council for Engineering Sciences.
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