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Infrared reflection–absorption spectroscopy has been used to characterize thin overlayers~1–200 Å!
of D2O ice deposited in UHV onto a set of self-assembled alkanethiolate monolayers~SAMs! of
controlled wettabilities on gold. The SAMs were prepared from a series of controlled composition,
mixed solutions of HS~CH2!15CH3 and HS~CH2!16OH, making it possible to investigate the whole
wettability range fromu'0° to u5112°, whereu is the static contact angle with water. Dosing of
D2O 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 amorphous! ice 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 hydrophobic~pure CH3-terminated,u5112°! substrates. In this case
the substrate effect extends up to anaveragefilm thickness~150–200 Å! corresponding to;50 ice
monolayers, in contrast to highly hydrophilic OH-terminated substrates where the substrate effects
appear to vanish beyond;5 monolayers~15–20 Å average thickness!. Annealing of thin ice
overlayers~2–3 monolayers! clearly 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. ©1997 American Institute of Physics.@S0021-9606~97!51408-5#
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INTRODUCTION

Since the first report in 1983,1 self-assembled alkaneth
olate monolayers~SAMs! on gold have received continu
ously increasing attention as model organic surfaces of c
trolled chemical structure and composition.2 During the most
recent years, an increasing number of studies have been
ing with the potential applications of SAMs, in such diver
areas as molecular recognition,3,4 surface biology and
biochemistry,5–7 chemical force microscopy,8,9 metallization
of organic materials,10 corrosion protection,11 molecular
crystal growth,12 alignment of liquid crystals,13 pH-sensing
devices,14 patterned surfaces on themm scale,15,16 and litho-
graphic resists.17 In several of these areas, a fundamen
understanding of the interaction between SAMs and seco
ary adsorbates is crucial. For example, in biochemical ap
cations where water–organic interfaces are ubiquitous an
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studies of the molecular basis of wetting and of hydrog
bonding interactions, the importance of water as the seco
ary adsorbate cannot be overestimated.18–20 For these rea-
sons, we are performing a series of model experiments
systematically evaluate the interactions of water with a la
set of SAMs of single and mixed chemical functio
alities.21,22As a matter of further interest, the formation, o
dering, and phase behavior of interface-confined solid wa
films, i.e., ice, constitute a research topic in its ow
right,23–25 with possible applications in astrophysical r
search, biochemistry, and in the fundamental understan
of liquid water.

In a previous study,21 we have investigated D2O adsorp-
tion on mixed CH3-/OH-terminated SAM substrates usin
temperature programmed desorption~TPD! and, to a limited
extent, infrared reflection–absorption spectroscopy~IRAS!.
We concluded that a structural transition from amorphous
polycrystallinelike ice occurs, with an onset temperature t
varies from;110 K on pure CH3-terminated substrates t
;150 K on pure OH-terminated substrates. Further, the T
experiments revealed an almost constant D2O desorp-
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3039Engquist et al.: Infrared of D2O ice in monolayers
tion peak temperature for SAMs with water contact ang
from about 112°~pure CH3; cosu520.4! down to ;50°
~cosu50.6!. Around u550°, an abrupt increase in the d
sorption peak temperature by about 4 K occurs, followed by
constant peak temperature in theu540° ~cosu50.8! to u58°
~pure OH; cosu51.0! region. We interpret this sudde
change to represent a limiting case where the adsorbate
to hydrogen bonding to the SAM substrate, is no longer fu
converted to polycrystallinelike ice from its initial amo
phous state before desorption occurs.

This paper is a continuation of the previous work, whe
we will demonstrate the use of IRAS to characterize the
ture of ice overlayers on SAM substrates, addressing b
overlayer structure and thickness, and how the composi
and wettability of the SAM substrate influence the ice ov
layer at different temperatures. To this end, we will comp
the measured spectra with semiempirical model simulati
of spectra based on the optical constants of amorphous
polycrystalline ice and describe how the comparison may
used to draw conclusions about overlayer structure
thickness. Thin ice films, a few monolayers in thickness,
the main objective of this investigation, although some sim
larities and differences in relation to bulk ice will be hig
lighted.

EXPERIMENT

A detailed account of preparation and measurement
cedures has been given elsewhere21 and only a brief descrip-
tion is given here. Gold films were prepared by electr
beam evaporation of 10 Å of Cr or Ti followed by 2000 Å o
Au onto clean silicon wafers. Highly hydrophobic~u>112°!
and completely hydrophilic~u;10°! substrates were mad
by immersing these wafers in 2 mM ethanolic~99.5%! solu-
tions of HS~CH2!15CH3 ~TCH3! and HS~CH2!16OH ~TOH!,
respectively. Mixed 2 mM solutions of these thiols in co
trolled, variable proportions were used to obtain intermed
wettability substrates.

Static contact angles were measured by imaging a d
of deionized ~.18 MV cm! water with a video camera
equipped with a microscope lens. Each reported angle is
average of six measurements on the same surface.

Ellipsometric characterization was performed using
automatic null ellipsometer~Rudolph Research AutoEl III!.
The measurement output~D andC! was used to calculate th
thiol monolayer thickness, following the algorithm b
McCrackin26 and assuming a three-layer parallel slab A
thiol/air model and an isotropic refractive index ofn51.50,
k50 of the thiol monolayer.27

For infrared precharacterization of the SAMs a Bruk
IFS113v FTIR spectrometer with a grazing angle accesso28

aligned at 83° incidence angle was employed.p-polarized
light and f /4 optics were used. Spectral resolution was
cm21.

All water adsorption experiments were made in ultrah
vacuum~UHV!, using a system which has been described
detail previously.21 The sample temperature was variable b
tween 82 and 650 K. Reported sample temperatures are
J. Chem. Phys., Vol. 106, N
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curate to within62°. Dosing of D2O was performed at a
base pressure of,231029 Torr through a capillary tube
ending in front of the sample, enabling repeatable dose
within 610%. The actual amount of D2O on the substrate
was determined from IRAS spectra, as will be described
low. IRAS measurements in the UHV system were made
base pressure of,2310210 Torr, using 82° incidence angle
p-polarized light,f /16 optics and 2 cm21 resolution. If not
stated otherwise, the UHV-IRAS spectra in this study we
collected by the following procedure:~1! cooldown of the
sample to the measurement temperature,~2! reference mea-
surement,~3! D2O deposition,~4! sample measurement. Th
sample and reference spectra are ratioed, yielding a spec
where onlychangesin IR absorption are visible. That is, in
these ‘‘difference’’ spectra we only expect to see the pe
due to D2O vibrations and the peaks corresponding to f
quency and/or intensity changes of the molecular vibrati
of the SAM serving as substrate.

Spectral simulation

In order to rigorously interpret spectra in a quantitati
way, it is necessary to construct a physical model of
interaction of the light with the sample. One approach t
has proved useful in this regard involves application of cl
sical electromagnetic theory of wave propagation applied
a sample, whose structure is described by a parallel stac
layered media, such that each layer is optically homo
neous. This approach allows generation of explicit simu
tions of spectra which can be compared with the obser
spectra. The detailed description of the method has been
sented elsewhere,29–32 and only relevant details will be pre
sented here.

The samples are modeled as three layered structures
sisting of the following:~1! D2O film layer, ~2! thiolate film
layer, and~3! gold substrate layer considered to be optica
infinitely thick. Optical constants for gold in the desire
wavelength region~2000–2780 cm21! were obtained from
the literature,33 and spline fitted to generate tables of optic
constants as a function of wavelength at 2 cm21 resolution.
The optical properties of the thiolate layer were assumed
be wavelength independent with a value equal to the ba
ground refractive index~n`51.50, k50! for a high density
phase of polymethylene chains27 due to absence of any in
trinsic resonance absorption in the region~2000–2780
cm21!. A mean value of 20 Å was used for the average fi
thickness of all thiolate films. Minor errors in the thiola
optical constants and the thiolate layer thickness were fo
to have vanishingly small effects on the simulations p
sented below.

In the case of D2O, two reference states are availab
Previous studies34,35 have identified two distinctly differen
sets of optical constants in the relevant spectral region,
ascribed to amorphous ice~ice Ia! and the other to polycrys
talline ice~ice Ih!. The spectral signatures for the two form
are widely different and easily distinguished. The optic
constants for these two polymorphs are available in the
erature and were obtained from Bergrenet al.34 It was as-
sumed that the molecular oscillators in the adsorbed films
o. 8, 22 February 1997
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3040 Engquist et al.: Infrared of D2O ice in monolayers
randomly oriented and thus that the films are optically i
tropic.

Next, we note that for thin films~,500 Å!, the simulated
spectral shape is practically independent of film thickne
Further, the integrated spectral intensity scales linearly w
film thickness below 50 Å, as illustrated in Fig. 1, whe
integrated intensities film thickness are shown for simula
spectra of ice Ia and Ih under the experimental conditi
used in our measurements. As a consequence, a simple
ing procedure can be used to obtain the best simulated s
tral fit to a measured spectrum.

Finally, it should be noted that since the measured IR
spectra are averaged over several mm2 due to the size of the
IR beam, the film thicknesses given are average values
vealing little or no information about the D2O film topogra-
phy.

RESULTS

Assessment of substrate quality

It is well known that alkanethiols must exceed a cert
critical hydrocarbon chain length in order to form we
ordered, alltrans, dense SAMs. Generally, chain lengths
the range of 11–14 carbons or more are conside
necessary.36,37Thus, our chosen hydrocarbon chain length
16 carbon atoms is well in the region where formation
high-quality SAMs under appropriate conditions is expect
In the mixed monolayers, the use of TCH3 and TOH allows
us to maintain a virtually flat surface topography, since th
molecules differ in their fully-extended length by only 1.1 Å
We thus have an ideal system for fabricating SAMs w
variable wettability, while always maintaining consiste
structural ordering, packing, and surface topography. Ch
acterization of the SAMs by ellipsometry reveals that t
monolayer thicknesses increase monotonically from 1961 Å

FIG. 1. Integrated intensities of simulated reflection–absorption spectr
amorphous~Ia! and polycrystalline~Ih! D2O ice, vs the overlayer thicknes
used in the simulation. The data shown here was used to calculate the2O
overlayer thickness for all measurements in this paper. The simulations
made using a reflection geometry with 82° incidence angle and assumin
isotropic ice overlayer on top of a 20 Å SAM on gold. See text for deta
J. Chem. Phys., Vol. 106, N
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on fOH50.0 SAMs to 2161 Å on fOH51.0 SAMs, where
fOH denotes the molar fraction of OH-terminated thiols in t
self-assembly solution. IRAS measurements yield spe
with the CH2 nas @d2# peak at 2918–2919 cm21, which is
typical for well-ordered and dense alltrans SAMs.29,30,36

Characterization of TCH3/TOH and similar mixed monolay-
ers has also been performed earlier by us and other inv
gators, using IRAS,38–40 XPS,20,38–43ellipsometry,39–41 and
contact angle measurements.20,39–44

The intentionally varied feature of the SAMs used in th
investigation is the wettability. This is shown in Fig. 2 as
function of fOH. The figure clearly shows how SAM sample
of precisely controlled wettabilities were obtained by simp
changing the solution composition of the self-assembl
molecules as described in the experimental section. S
wettability is a macroscopic feature, no attempt was mad
measure the extent of phase separation or precise su
distribution of the component molecules in the mixed SAM
We refer to the well-established fact that mixed SAMs of th
type show nomacroscopicphase separation.38,40,42The frac-
tional surface coverage of OH groups was not directly m
sured, but is known from previous x-ray photoelectron sp
troscopy studies38,39 to be close to thefOH values for the
TCH3/TOH system.

D2O on substrates of varying wettability at 120 K

Figure 3 shows the IRAS spectra of D2O on SAMs of
different wettability, deposited and measured at 120 K. Id
tical dose, yielding about three monolayers of water~'11 Å!
on an OH-terminated surface~see below!, was used for all
measurements. The most intense feature in these spec
the broad hydrogen-bonded OD stretching peak betw
2200 and 2700 cm21. There is also a weak peak at 272
cm21, accompanied on the most hydrophobic surfaces b
barely discernible, yet distinct peak at 2704 cm21. Both
peaks are assigned to free OD stretching vibrations.45–48Re-
turning to the dominant absorption feature, we note that
peak is obviously composed of several overlapping com

of

re
an
.

FIG. 2. Static contact angles with H2O on mixed TCH3/TOH self-assembled
monolayers on gold.fOH denotes the molar fraction of TOH in the prepar
tion solution.
o. 8, 22 February 1997
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3041Engquist et al.: Infrared of D2O ice in monolayers
nents with different relative intensities. These compone
originate from then1 and n3 vibrations of the free wate
molecule,49 but their size and shape in ice are dominated
intermolecular coupling.23,49,50Recent computer simulation
and isotopic dilution experiments51 indicate that modes o
locally symmetric and locally antisymmetric character a
pear preferentially at the low- and high-frequency edges
the band, respectively.

An inspection of the figure reveals nearly constant l
shape in the spectra fromfOH51.0 to 0.4, indicating similar
structure of the D2O film on all substrates. FromfOH50.4
~u;80°! and continuing tofOH50.0, there is a distinct, no
ticeable change in the line shape, suggesting that the2O
film adopts a different structure when deposited on the h
hydrophobicity SAMs the change being largest for the m
hydrophobic~fOH50.0! SAM substrate. While deferring th
detailed interpretation until the discussion section, we imm
diately note that the line shape of thefOH51.0 to 0.4 spectra
is quite comparable to that of simulated amorphous ice sp
tra @cf. Fig. 7~a!#, while the fOH50.4 to 0.0 spectra show
some features qualitatively, that bear unmistakable res
blance to the simulated polycrystalline ice spectra@cf. Fig.
7~b!#. The observed peak intensity variations between s
strates can be understood in terms of an interplay due to
simple effects. First, the sticking coefficient of water is low
on hydrophobic than on hydrophilic substrates at 120 K21

resulting in varying amounts of D2O being deposited on ou
substrates. Second, different ice polymorphs are known
have different absorption coefficients for IR radiation, whic
given the structural differences implied by Fig. 3~see
above!, also will influence the peak intensity.

FIG. 3. IRAS spectra of D2O deposited at 120 K onto mixed SAM sub
strates with different composition, determined byfOH . The adsorbed
amount of D2O varies between approximately 2 and 3 monolayers.
J. Chem. Phys., Vol. 106, N

Downloaded¬25¬Mar¬2006¬to¬169.237.215.179.¬Redistribution¬subjec
ts

y

-
f

h
t

-

c-

-

b-
o
r

to
,

Varying the dose at 120 K

Measurements for varying D2O doses were carried ou
on three selected substrates; the pure OH-terminated,
pure CH3-terminated, and the 1:1 mixture, with the resu
shown in Fig. 4. One immediately recognizes that the sha
of the OH and 1:1 spectra are very similar, whereas the C3
spectra are significantly different. This observation is cons
tent with the data presented in Fig. 3.

The spectra of D2O on the OH and 1:1 substrates a
also similar in that the frequency of maximum absorpti
varies between 2513 and 2519 cm21 with the exception of
the lowest coverages, where the variation is larger due to
signal to noise limitation. For D2O on the CH3 substrate@Fig.
4~c!#, on the other hand, this frequency varies between 2
and 2464 cm21, again indicating structural differences wit
respect to the more hydrophilic substrates. This differenc
peak position persists down to peak intensities as low
;231023 absorbance units~corresponding to an overlaye
thickness of about 2 Å!. Below this value the D2O peak still
can be seen, but is largely featureless with significantly
minished resolution in the spectral features.

If we scale all the spectra in Fig. 4~a! to the same height
as is done in Fig. 5~a!, differences in the spectral shape as
function of overlayer thickness become clearly evident. T
increasing relative intensity of the free OD vibration~2729
cm21! with decreasing overlayer thickness reflects t
surface-to-bulk molecular ratio of the D2O overlayer and has
been further analyzed in a recent paper.48 Apart from this, we
also see an increasing linewidth in the main OD stretch
peak as we go towards low-thickness~below;9 Å! overlay-
ers. The full peak width at half-maximum increases by
factor of 1.5, from 156 cm21 for the 31 Å overlayer to
around 235 cm21 for the 1 Å overlayer, as shown in Fig

FIG. 4. IRAS spectra of varying amounts of D2O deposited at 120 K onto
SAM substrates, using~a! a pure OH-terminated substrate,~b! a 1:1 mixed
substrate and~c!, ~d! a pure CH3-terminated substrate. Note that differe
scales are used in~c! and~d! to highlight the progression of the peak shap
as the D2O dose increases. The average thickness of the smallest and la
D2O overlayer is shown for each plot. Note that in~c! and~d!, this thickness
is only an approximation, since it is calculated assuming ice Ia structur
the overlayer~see text!.
o. 8, 22 February 1997
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3042 Engquist et al.: Infrared of D2O ice in monolayers
5~b!. A significantly smaller variation is seen when the sa
type of scaling procedure is applied to the spectra in F
4~c!. In this case, the free OD vibration intensity and t
main peak width both remain approximately the same
different overlayer thicknesses~not shown!. The peak broad-
ening compared to the strongest peaks is less than 15%
all but the loest coverages~below ;2 Å!, where it ap-
proaches 30%.

A further point worthy of notice is that if the D2O over-
layer thickness on the CH3 substrate is increased abov
;100 Å, the IRAS spectrum evolves to a shape similar to
spectrum of D2O on the OH substrate, as is evident from F
4~d!. The change is continuous, and at an average overl
thickness of 150–200 Å, the spectra of D2O ice on CH3 and
OH substrates are virtually indistinguishable. Thus, as
overlayer is grown thicker, the polycrystallinelike nature
the early ice monolayers in close vicinity of the CH3 sub-
strate gradually diminishes in favor of amorphous ice str
ture for subsequent layers. The exact depth of persistenc
the substrate-induced polycrystallinity in D2O ice layers
could not be assessed, because of the gradual nature o
change.

FIG. 5. ~a! Spectra from Fig. 4~a!, scaled to the same height to allo
comparison of peak shapes and linewidths. The average thickness o
D2O ice overlayer is given for each spectrum. The apparently high n
level of the 1 Å spectrum is partly due to the scaling, and partly to the f
that the 3 Å spectrum was recorded by coaddition of 2000 interferom
scans instead of the usual 500, which decreases the noise level and m
the 1 Å spectrum appear more noisy. In~b!, the full peak widths at half-
maximum~FWHM! of the spectra are shown.
J. Chem. Phys., Vol. 106, N
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Annealing

In order to examine systematically the temperature
pendence of the structure of adsorbed D2O, annealing experi-
ments were made using substrates of selected different
tabilities. The substrates were dosed at 82 K, which was
lowest attainable sample temperature in our UHV configu
tion, and then heated to 100, 110, 120, 130, and 140
holding at each temperature for 5 min before measurem
A holding time of 5 min has in a previous publication21 been
shown to be more than sufficient for temperature-driv
structural transitions in the present system to be comple
Between 140 and 150 K, the water desorbed for all s
strates. On the most hydrophilic substrates, the rate of
sorption was still relatively low at 145–150 K, making
possible to record an additional spectrum in this tempera
interval. Representative measurements are shown in Fig
At 82 K there are only minor differences between the IRA
spectra on different substrates. At higher temperatures h
ever, the spectra undergo significant changes, the onset
evolution of which are highly dependent on substrate we
bility. For the most hydrophobic substrate~fOH50.0!, the
IRAS spectrum begins to alter somewhere between 100
110 K, whereas on thefOH50.3 substrate no changes a
seen until between 120 and 130 K and on the hydroph
~fOH51.0! substrate the spectrum remains virtually u
changed up to around the desorption temperature,;140 K.
In control experiments, when at any point during the anne
ing sequence the temperature was lowered back to 82 K
spectra remained unchanged and did not again assume
initial 82 K shape.

DISCUSSION

At the temperatures and pressures used in these ex
ments, there are three possible solid forms of water;24 amor-

the
e
t
r
kes

FIG. 6. Annealing of D2O on mixed SAM substrates. The deposition tem
perature was 82 K and consecutive IRAS spectra were taken at increa
temperatures up to 150 K. A selection of spectra at relevant temperatur
shown for each sample. See text for details.
o. 8, 22 February 1997
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3043Engquist et al.: Infrared of D2O ice in monolayers
phous ice~ice Ia!, cubic ice~ice Ic!, and hexagonal ice~ice
Ih!. The amorphous form can be further subdivided in
high- and low-density forms,52 and a third, ‘‘restrained’’
amorphous form has also been suggested.53When discussing
the results in this paper, we will in turn consider amorpho
ice, polycrystalline ice, and intermediate forms. High-dens
ice Ia exists only at temperatures below 77 K, so the am
phous ice in this study must be of the low-density or t
restrained form.52,53The two crystalline forms, ice Ih and Ic
cannot be distinguished using IR data,54 so we will refer to
these forms only as ‘‘polycrystalline ice,’’ although ou
preparation conditions suggest that ice Ic rather than ice I
formed on our substrates.23,24,53

Although we cannot claim that our experiments ha
been conducted at thermal equilibrium, any spontane
structural transformation from amorphous to polycrystall
ice is very slow in the temperature range used.53,55–58Previ-
ous studies57 have reported measurements showing that o
a mere 2%–3% of an amorphous H2O film will crystallize at
140 K during our measurement period~,10 min!. The crys-
tallization rate for D2O is known to be even lower.58 The
observed transitions therefore will be regarded as enti
temperature-driven phenomena, which is further suppo
by the combined TPD and IRAS measurements in our p
vious study.21

Amorphous ice

Figure 7~a! shows a comparison between the experim
tal spectrum and the simulated best-fit amorphous ice s
trum for a fOH51.0 substrate at 140 K. Except for a rel
tively minor mismatch in the line shape on the hig
frequency side of the spectrum, the simulated spectrum
excellent agreement with the experimental one. This co
spondence strongly proves that the spectral features of
D2O film are very well described in terms of the optic
constants of amorphous solid D2O. We regard this to be ex
tremely positive evidence suggesting amorphous structur
the adsorbed D2O film and of other D2O overlayers in this
study which give rise to comparable IRAS spectra.

The excellent agreement between simulated and m
sured spectra in Fig. 7~a! enables us to determine the D2O
overlayer thickness with high accuracy, using integrated
tensities and the calibration curves presented in Fig. 1.
example, the calculated film thickness for which the bes
spectrum in Fig. 7~a! was obtained is 13.9 Å. Thus, under th
experimental conditions at hand, IRAS is demonstrated to
a useful method for thickness estimation. Further, the IR
data can be employed to calibrate dosing procedures.
stress however that for the evaluation to be accurate,
angle of incidence must be controlled and accurately m
sured. A change from, e.g., 82° to 83° will result in an ov
all intensity increase of the simulated spectrum by a facto
1.12.

Next, we bring to attention the fact that at sufficient
low temperatures, the spectral shapes appear nearly inde
dent of macroscopic sample wettabilities and correlate w
with simulated amorphous ice spectra@Fig. 7~a!#. These ob-
servations allow us to conclude that predominantly lo
J. Chem. Phys., Vol. 106, N
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density amorphous ice is formed on all substrates at
~;82 K! temperatures. Minor yet distinct differences how
ever are observed upon a careful comparison. These are
emplified in Fig. 8, where spectra of ice Ia at 82 K on~a! a
fOH51.0 and~b! a fOH50.0 surface have been scaled to
common height to allow direct visual comparison. It is ev
dent that spectrum 8b is somewhat more intense in
2300–2500 cm21 region. A comparison with the simulate
ice Ia spectrum does not yield any clues to the reasons
this discrepancy, since the simulated spectrum is not sig
cantly closer to either of the two measured spectra. Howe
the subdivision of the OD stretching region into surfa
modes ~above 2500 cm21! and bulk modes~below 2500
cm21! as suggested by Rowlandet al.,47 implies that the ra-
tio of bulk to surface D2O molecules is higher on the
fOH50.0 surface. Since the average ice overlayer thicknes
equal in the two cases, this inference directly indicate
change in ice cluster shape, favoring clusters of thr
dimensional, dropletlike shape on the hydrophob
~fOH50.0! SAMs and flatter, two-dimensional clusters o
hydrophilic ~fOH51.0! SAMs. This conclusion is in direc
agreement with that made from TPD data in an ear
investigation,21 and is further in agreement with previou
molecular dynamics simulations59 and previous IR investiga
tion of H2O films on methyl terminated thiol monolayers.60

The experimental spectra of ice Ia become increasin
similar to the simulated ones as coverage increases. Fo

FIG. 7. IRAS spectra~solid lines! of ~a! D2O on an OH-terminated substrat
at 140 K,~b! D2O on a CH3-terminated substrate at 140 K, compared w
simulated spectra of equal integrated area of amorphous and polycrysta
D2O ice. In ~a!, comparison is made only to amorphous ice~broken line!,
whereas in~b! comparison is made both to amorphous~broken line! and
polycrystalline ice~dotted line!. The insets show the optical constants~Ref.
34! of ~a! ice Ia and~b! ice Ih, that were used in the simulations.
o. 8, 22 February 1997
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3044 Engquist et al.: Infrared of D2O ice in monolayers
two largest peaks in Fig. 4~a! ~18 and 31 Å D2O!, all main
features are strikingly well reproduced by the simula
spectrum. The residual error is estimated by subtracting
simulated spectrum from the measured one and compa
the area of the residual with that of the original spectru
From the plot of residual error vs overlayer thickness in F
9~a!, we see that above 15–20 Å of ice, the error is con
tently at ;4% in contrast to the rapidly increasing valu
obtained for thinner ice layers. Assuming an ice monola
thickness of 3.66 Å,24 we conclude that at coverages abo
;5 monolayers, D2O ice Ia formed on hydrophilic substrate
at low temperature is spectroscopically indistinguisha
from bulk amorphous ice. The spectra for the thinner film
on the other hand, tend to be slightly different~larger
linewidths!. We believe the most plausible reason for this
be the highly delocalized nature of the vibrations of hyd
gen bonded water molecules in ice.51 When the D2O film
thickness is smaller than an equivalent of;5 monolayers,
we can expect an increased localization of the vibratio
excitations, since the long-range coupling in the direction
the surface normal would require several monolayers of D2O
to be comparable to that in bulk ice. Such an increased
calization would lead to a broadening of the spectral line51

a prediction consistent with the observed spectra in Fig
Of course, some accuracy is lost in the thickness estima
for the thinnest overlayers due to this broadening.

Polycrystalline ice

In Fig. 7~b!, a comparison of the best-fit simulated spe
trum for each of the two available reference states~ice Ih and
Ia! and the experimental spectrum for afOH50.0 substrate a
140 K is shown. It is clear that the disparities between
experimental and the calculated spectra are very large,
firming that neither amorphous nor polycrystalline ice opti
constants accurately describe the observed spectral pa
which in turn implies that the structure of the D2O layers
formed on a CH3 lattice is different from both bulk forms
One hint, however, is inescapable, namely that the spe
envelope in the measured spectra spans nearly the sam

FIG. 8. IRAS spectra of amorphous D2O ice at 82 K on~a! an OH-
terminated substrate and~b! a CH3-terminated substrate. The spectra we
scaled to the same size to allow a direct comparison. Curve~c! is the dif-
ference between spectra a and b.
J. Chem. Phys., Vol. 106, N
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quency range as predicted by the polycrystalline model.
believe therefore that the film structure is in some perturb
state of the polycrystalline reference state. More deta
analysis of the nature of the perturbation in terms of poss
factors such as orientation and inter- and intramolecular
teractions is clearly desirable. Such analyses, however,
prohibitively difficult since the exact assignment of differe
component modes, their description in terms of free mole
lar vibrational modes, and assignment of correct force c
stants and directions of transition dipole moments in the m
infrared frequency range, are known to be impossible.50 As a
result, we are forced to resort to a less quantitative, se
empirical analysis of data.

The simulated spectral pattern due to the polycrystall
model clearly shows three distinct shoulders or pe
maxima. Similar shoulders, although significantly less p
nounced, at identical peak positions are observed in the
perimental spectrum. We argue that these similarities p
to the possibility of representing the experimental sam
with a polycrystalline model. In order to add some creden
to this argument, we have subtracted the two simulated s
tra in Fig. 7~b! from the experimental one, using a leas
squares algorithm to choose subtraction factors that m
mize the residual. By this method, the experimental spect
is best represented by a mix of 18% of the ice Ia spectr

FIG. 9. Difference between simulated ice Ia spectra and measured spec
D2O ice on~a! and OH-terminated substrate and~b! a CH3-terminated sub-
strate at 120 K, plotted vs overlayer thickness. The difference was evalu
by ~1! subtracting a simulated spectrum, scaled to minimize the resid
after subtraction, from the measured spectrum;~2! integrating the residual;
~3! ratioing the residual area against the area of the initial measured s
trum. Dosing and measurement were performed at 120 K. The lines are
intended as guides to the eye.
o. 8, 22 February 1997
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3045Engquist et al.: Infrared of D2O ice in monolayers
and 68% of the ice Ih spectrum, plus a nonzero resid
Application of the same method to the spectra in Fig. 4~c!
~D2O ice on fOH50.0 substrates at 120 K! indicates that the
polycrystalline nature of the film can be identified for cove
ages down to;2.5 Å ~2/3 monolayer! using IRAS spectra.
Films thinner than 2.5 Å yield IRAS spectra that are mo
similar to the simulated ice Ia spectrum than to the ice
spectrum. The above conclusion confirms a previous pre
tion by Nuzzo and co-workers35 where it was proposed that
critical thickness of the ice overlayer on the order of 3 Å
required to induce temperature-driven crystallization on
drophobic templates.

The mismatch between measured and simulated spe
could be due to contribution from several factors. For e
ample, anisotropy of the deposited film~caused by preferen
tial interaction with the SAM substrate!, could lead to the
reduction in peak-heights of vibrational components wh
transition dipole moments have a major component in
plane of the metal surface, due to the surface selection
Another possibility is changes in the relative strengths of
contributing oscillators, caused by structural perturbations
lack of long-range order, both of which may be due to int
action with the substrate and to the low thickness of
deposited films. Last, the experimental spectrum may be
resentative of a mixed Ia/Ic species rather than of pure p
crystalline ice. Combinations of these effects are of cou
highly probable.

Another interesting observation in this regard is th
when the film thickness is increased above;100 Å @cf. Fig.
4~d!#, the spectrum of D2O ice onfOH50.0 substrates at 12
K changes to a shape very close to the amorphous ice sp
in Fig. 4~a!. The semblance to amorphous ice can be e
mated in the same way as for ice Ia onfOH51.0 substrates
by subtracting a simulated amorphous ice spectrum
evaluating the area of the remainder. A plot of the resul
shown in Fig. 9~b!. Note that the decreasing difference va
ues seen for the lowest coverages are real, signifying the
of polycrystalline ordering for thin films@cf. the lowest cov-
erages in Fig. 4~c!#. From the plot, we estimate the influenc
of the SAM substrate upon the ice overlayer structure to
when an average overlayer thickness of 150–200 Å~roughly
40–55 monolayers of ice! has been reached. The exact dep
of persistence of the substrate-induced polycrystallinity
D2O ice layers cannot be assessed for two reasons. First
change is gradual, not abrupt. Second, cluster formatio
expected onfOH50.0 substrates.21,59 The latter would leave
parts of the SAM substrate bare, providing two kinds of si
for further ice adsorption;~1! on top of clusters, where amor
phous ice structure is expected;~2! on the still bare parts o
the SAM, where polycrystallinelike ice structure is expect
This situation may persist up to equivalent ice thicknesse
several monolayers, depending on cluster size and shape
clearly is an obstacle to the evaluation of the depth of
surface-induced polycrystallinity. We may conclude, ho
ever, that there is anupper limit at ;50 ice monolayers for
the influence of the SAM substrate upon the ice structu
This is about 10 times the limit of;5 monolayers that was
found above for ice Ia onfOH51.0 substrates, which ma
J. Chem. Phys., Vol. 106, N
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seem surprising, given the strong hydrogen-bonding inte
tion expected between the ice and the OH groups of
fOH51.0 substrate. However, molecular dynamics simu
tions of water near highly hydrophilic and highly hydroph
bic walls have been presented that also indicate much m
extensive changes near the hydrophobic walls,61 and thus
support our results. The data presented in Fig. 9 allow u
infer the existence of an interfacial layer which is depend
on the substrate and spans the innermost monolayers of
with structural properties that differ from those of bulk ice

Thickness estimation from the spectra of polycrystalli
ice is more difficult than in the amorphous case, becaus
the larger discrepancy between simulated and meas
spectra. As an example, the amorphous D2O overlayer on the
fOH50.0 substrate at 82 K in Fig. 6 has an average thickn
of 10.6 Å by the method of peak integration. If we use sim
lated ice Ih spectra to calculate the thickness of thesame
overlayer at 140 K, the result is 13.6 Å. The backgrou
pressure of D2O in the UHV system is negligible, so th
result is not due to further adsorption of D2O onto the
sample, but must be attributed to the misfit mentioned abo
Hence, absolute thickness estimations from the spectr
polycrystalline ice using the IR simulations above are to
treated with caution until after calibrations using an indep
dent technique are made. Overlayer thicknesses given in
paper have therefore, whenever possible, been evalu
from low temperature spectra of ice Ia.

Intermediate forms

When amorphous ice is annealed, our IRAS measu
ments suggest a smooth, continuous transition towards p
crystalline ice, with the D2O film taking on a number of
intermediate forms in the transition temperature interv
which apparently may be of considerable width~110–140 K,
cf. Fig. 6!. As mentioned above, this transition region do
not signify a situation of thermodynamic equilibrium; how
ever, as discussed earlier any spontaneous annealing tha
curs at constant temperature is too slow to be detectabl
our experiments, and we therefore find it meaningful to re
to the intermediate forms as metastable. Other investiga
have observed that upon heating ice Ia, it coexists metast
with ice Ic in certain temperature intervals,53,55 which leads
us to believe that our intermediates are of similar origin. T
is also an indication that the polycrystalline ice formed in o
experiments is ice Ic rather than Ih. The maximum obser
percentages of ice Ia converted to Ic in the cited papers w
30% ~Ref. 55! and around 50%,53 respectively.

The assumption of mixed Ia/Ic ice provides no imme
ate explanation of the observed IRAS spectra, though. I
impossible to generate matches to our intermediate spe
by linear combination of the simulated ice Ia and Ih spec
or optical constants, or by combination of one amorpho
like and one polycrystallinelike experimental spectrum, su
as those in Figs. 7~a! and 7~b!. Hence, we are unable t
quantify the relative amount of ice Ia in the intermedia
films, or even to confirm whether the intermediates are m
tures of amorphous and polycrystalline ice, or ‘‘true’’ inte
o. 8, 22 February 1997
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3046 Engquist et al.: Infrared of D2O ice in monolayers
mediate forms, which are neither amorphous nor polycrys
line.

As can be seen from Fig. 6, the molecular composit
of the SAM substrate has a large influence on the transi
onset temperature and on the extent to which polycrystal
ice is formed before the overlayer desorbs. The direct ca
of this is the hydrogen bonds that form between D2O mol-
ecules and the surface hydroxyls of the SAM. The hydrog
bonds cannot be verified directly from IRAS spectra, b
strong evidence of their existence in a similar system@D2O
on Au–S~CH2!15COOCH3 SAMs# has been put forward in a
recent paper by us.22 As a result of the hydrogen bond fo
mation, the ice overlayer will be pinned to the SAM su
strate, more strongly for SAMs with largefOH ~hydrophilic
monolayers! than with smallfOH ~hydrophobic monolayers!.
Since the lattice structure of the SAM is incommensur
with the ice Ic~and Ih! structure, such a pinning will imped
the structural rearrangement from amorphous to polycrys
line ice. The number of hydrogen bonds that must be bro
to achieve the rearrangement should, in a first approxi
tion, be proportional tofOH. The above scenario is consiste
with the observed transition onset which occurs at increas
temperature for increasingfOH as can be concluded from
Fig. 6.

In the interpretation of the structural transition, diffe
ence spectra can be used to highlight the successive cha
from the initial amorphous state. An example is shown
Fig. 10, where the spectra of D2O on afOH50.6 substrate are
plotted for 82, 100, 120, 130, and 140 K, together with t
difference spectra which result when the 82 K spectrum
subtracted from the four other ones obtained at higher t
peratures~subtraction factor 1.000!. Any interpretation of
these difference spectra must be viewed very critically, si
we are comparing ice overlayers having different structu
However, some aspects deserve to be mentioned. It is
dent from the difference spectra that as the band sh
evolves towards a polycrystallinelike ice spectrum, there
lowering of intensity in the region above 2530 cm21 and an
increase below 2530 cm21. Adopting the assignment of th
region above 2500 cm21 to surface vibrational modes of ic
and the region below 2500 cm21 to bulk modes, as suggeste
in a recent paper,47 this means a reduction of surface mod
and an increase of bulk modes as the ice is annealed.

Aside from the direct interpretation, the difference spe
tra in Fig. 10 also provide a means of determining how
from the original amorphous state that the ice overlayer
evolved. For example, the 82 and 100 K spectra, which
practically identical, generate a difference spectrum tha
almost a straight line. The integrated area of the abso
value of this difference spectrum, ratioed against the are
the amorphous 82 K spectrum, then yields a measure of
change. For the 100 K spectrum, this change is a mere
for the 140 K spectrum, it is 32%. As a comparison, t
difference between simulated ice Ia and Ih spectra by
same method is 34%. In view of the subdivision of overlay
structures into amorphous-transition-polycrystalline for
discussed above, it seems reasonable to define the ons
the phase transition at a certain spectral change percen
J. Chem. Phys., Vol. 106, N
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in this report, we have arbitrarily chosen a value of 10%.
linear interpolation between the actual measurements,
sample temperature at which the phase transition onset
curs may then be approximately determined and plotted
fOH in a tentative phase diagram, as shown in Fig. 11, wh
filled circles indicate onsets calculated with the 10% limit

The end of the phase transition is more elusive, and
ficult to pinpoint using the same approach. Indeed, since
cannot with certainty identify a 100% polycrystalline ic
overlayer in any of the measurements performed, the con
of an end of the phase transition is irrelevant and unjus
ably speculative under the present experimental conditio
However, it is easily seen from the measured spectra tha
any given temperature above the transition onset, the tra
tion towards polycrystalline ice has evolved further f
smaller than for largerfOH. Thus, if we indicate the gradua
transition towards polycrystalline ice by increasingly dark
shades of gray in the phase diagram of Fig. 11, a qualita
view emerges where the highest crystallinity is found for lo
fOH values and high temperatures.

Next, we consider the results of previous TP
measurements.21 The TPD peak temperature on substra
with different fOH is drawn as a thick line at the rightmos
end of the phase diagram. The reader is cautioned that
peak temperature varies with initial coverage, and thus
the line in Fig. 11 only indicatesrepresentative, not absolute,
values. To enable comparison, care has been taken to e
ate the peak temperature for identical initial coverag
throughout thefOH range. We have interpreted the sudd
increase aroundfOH50.6 as reflecting the limit where th
phase transition, from being complete at lowfOH, no longer
is completed prior to desorption from the substrate. Dir
support of this interpretation from the present IRAS me
surements is not possible to obtain though, since the rat
desorption above 150 K is too high to allow collection
IRAS spectra. IRAS measurements aroundfOH50.6 at lower
temperatures reveal no D2O film characteristics differen
from those on other~fOHÞ0.6! substrates. The TPD data an
their interpretation, together with the rest of the tentat

FIG. 10. An annealing experiment, identical to the ones presented in Fi
showing IRAS spectra at 82, 100, 120, 130, and 140 K. Further included
four curves, showing the difference between the 100, 120, 130, and 14
measurements and the initial 82 K measurement.
o. 8, 22 February 1997

t¬to¬AIP¬license¬or¬copyright,¬see¬http://jcp.aip.org/jcp/copyright.jsp



io
ed

o-
em
b
at

n
es
e

th

t
d
T
p
st
a
A
y

ye

e
o

ve

e
us-

uc-
the
ated
in

their
he
hat
thin
d
en
are
rac-
rms
red
res-
am
rs
tal

g,
ther

ish

sen,

G.

r,

r,

dv.

—
ng
di-
,

RA
ial

3047Engquist et al.: Infrared of D2O ice in monolayers
phase diagram, would mean that there is a triangular reg
in the lower right corner of Fig. 11, approximately defin
by a line from the increase at~T5153 K; fOH50.6! to ~T
5134 K; fOH50.0!, where the phase transition has pr
ceeded to completion. However, since the TPD peak t
peratures are not absolute, the region can not
unambiguously determined. Our IRAS data, which indic
significant progression of the transition betweenT5130 and
140 K for fOH50.0, suggest a smaller window. Further, co
sidering the above discussion of mixed Ia/Ic ice, we str
that completion of the phase transition under our experim
tal conditions does not necessarily mean that the D2O over-
layer is 100% polycrystalline. Consequently, we prefer
label polycrystallinelike ice for this region.

CONCLUSIONS

Simulated IRAS spectra may successfully be used
identify amorphous D2O ice on mixed SAM substrates, an
to determine the average thickness of the ice overlayer.
structural transition towards polycrystalline ice as the sam
is annealed can be monitored, but for the thin films inve
gated here, the agreement with simulated ice Ih spectr
poor, suggesting at best polycrystallinelike overlayers.
possible reason for this is interaction between the overla
and the SAM substrate. Hydrophobic~pure CH3-terminated!
SAMs are shown to structurally influence the ice overla
up to an average coverage of;50 monolayers, which may
be why the spectral signature of bulk polycrystalline ic
which is known to be highly dependent on long-range m
lecular interaction, is not reproduced for D2O on these
SAMs. Hydrophilic ~pure OH-terminated! SAMs also influ-
ence the ice structure, but this effect seems limited to a

FIG. 11. Tentative phase diagram for thin D2O ice overlayers on mixed
TCH3/TOH substrates. The diagram is divided into two sections
amorphous ice and a transition region where the structure gradually cha
towards polycrystalline ice. The thick line in the 150–160 K region in
cates the thermal desorption peak temperature for D2O from these surfaces
as it has been presented in a previous publication~Ref. 21!. The onset of the
transition region was arbitrarily defined as the temperature where the I
spectrum of the overlayer has evolved to differ with 10% from its init
shape~characteristic of amorphous ice! at 82 K, and is indicated by filled
circles.
J. Chem. Phys., Vol. 106, N
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age coverages below;5 monolayers. We believe that thes
values of 5 vs 50 monolayers reflect the importance of cl
ter size and shape for the ice structure.

Annealing experiments show that the onset of the str
tural transition is highly dependent on the composition of
SAM substrate. This seems reasonable, since the investig
ice overlayers mostly are in the range of 2–3 monolayers
thickness, and thus can be expected to be influenced in
entirety by hydrogen bonding or other interaction with t
SAM. One must consequently consider the possibility t
the structural progression caused by annealing of these
films may differ from that of bulk ice. This substrate-induce
effect could then account for the ‘‘intermediate’’ forms se
in the annealing experiments. Further experiments
needed to establish whether the substrate–overlayer inte
tion is prominent enough to make these intermediate fo
thermodynamically stable, or if they should be conside
metastable, with a large time constant governing the prog
sion towards polycrystalline ice. The tentative phase diagr
in Fig. 11, summarizing our findings for thin ice overlaye
on mixed SAMs, is therefore only valid for the experimen
conditions used in this investigation.

Further investigations of the D2O ice/mixed SAM sys-
tem, covering aspects like ice–SAM interaction, stickin
and clustering, have recently been presented in ano
paper.48
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