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Abstract 

The amorphous to crystalline ice phase transition is studied by measuring the water desorption rate from nanoscale thin films of 
water vapor deposited on A u ( l l l )  and Ru(001) single crystal metallic substrates. The desorption kinetics are substrate dependent 
and suggest strongly that the film morphology is governed by the hydrophilicity of the substrate. The crystallization kinetics are 
independent of substrate but depend strongly on both temperature and film thickness and are consistent with a spatially random 
nucleation and isotropic growth model. 
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1. Introduction 

Amorphous and glassy materials have important 
applications in many areas of physical, biological 
and materials science and extensive reviews have 
appeared recently [ 1,2]. In particular, amorphous 
water ice has been the focus of considerable diverse 
and interdisciplinary research. The reasons include 
its applicability as a model for liquid water [-3-8], 
its existence as a major component in cometary 
and interstellar ice [9-12], and the current debate 
over its physical and thermodynamic properties 
[ 13-25 ]. The experiments described here, although 
germane to all of these areas, were designed to 
help understand the structure and molecular level 
interactions of nanoscale thin films of water ice 
with the underlying substrate. 
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There is a wealth of literature on water adsorp- 
tion on surfaces (see Ref. [26] for a review), but 
despite its importance the microscopic details of 
the structure and energetics are not fully under- 
stood. The prevailing interpretation is that water 
deposited on surfaces forms a smooth ice-like 
bilayer structure and evaporates with zero-order 
kinetics suggestive of layer-by-layer desorption 
[26]. Zero-order kinetics are expected if sublima- 
tion occurs from a smooth film of constant exposed 
surface area. Surprisingly, we find that the desorp- 
tion kinetics are not consistent with zero-order 
evaporation, and are strongly dependent on the 
hydrophilicity of the substrate. The kinetics for the 
amorphous to crystalline ice phase transformation 
are also studied. These experimental results are 
completely accounted for by a quantitative kinetic 
model. The results provide information about 
water-substrate interactions and fundamental data 
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e transformation mechanisms in glasses 
and amorphous materials. 

Water vapor deposited on cold substrates (< 145 
K) is known to form a metastable amorphous 
phase [3,10,13,14,16,17,20,22,23,27-31]. The 
metastable amorphous ice has a higher free energy 
than the crystalline ice, and as a result, the water 
desorption rate from the amorphous ice is higher. 
This has been observed previously [28,30]. Hinch 
and Dubois have observed metastable water 
growth for films less than ten layers thick on 
Cu( 1 l 1) [ 32, 33 ]. The enthalpy difference between 
the amorphous and crystalline phases is about 
1.3 kJ mo1-1 [29], but a direct measure of the free 
energy difference has been difficult. Recently, we 
have used the difference in the desorption rates to 
determine the relative free energy of the two phases 
[24,25]. In this Letter we use the time dependent 
desorption rate to quantitatively follow the kinetics 
of crystallization. Related and independent studies 
are reported by LOfgren et al. in the following 
Letter. 

2. Experimental 

The experimental technique and apparatus have 
been described elsewhere and are only summarized 
here [34,35]. An effusive molecular beam having 
a flux of 0.06 ML s -x (1 layer~ 1015. molecules 
cm -z) was used to grow precise thicknesses of the 
ice films on both Ru(001) and Au( l l l )  single 
crystal substrates at 85 K. After ice film growth, 
the substrates were resistively heated at a linear 
ramp rate of 0.6 K s -1 from 85 K to the desired 
desorption temperature, after which the temper- 
ature was held constant. A quadrupole mass spec- 
trometer was used to measure the angle-integrated 
desorption rate as a function of time. 

3. Results and discussion 

Isothermal desorption spectra for D20 ice thin 
films grown on Ru(001) and Au( l l l )  are shown 
in Fig. 1. The dose on both substrates was 56 
layers. Similar experiments with H20 gave ana- 
logous results. The desorption rate exhibits an 
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Fig. 1. Isothermal desorption spectra for amorphous D20 ice 
grown at 85 K on Ru(001) and Au( l l  1). The initial time depen- 
dence of the desorption rate is the result of the conversion from 
amorphous to crystalline ice. The late-time difference in the 
desorption kinetics is believed to reflect the morphologies of the 
ice films on the two substrates. 

initial rapid increase due to ramping the temper- 
ature from 85 to 160 K. At 160 K, the desorption 
rate decreases rapidly to a value approximately 
half the initial rate, followed by a much slower 
decrease. The small oscillations in the experimental 
spectra are due to small fluctuations (_+ 0.05 K) in 
the isothermal temperature control. 

Initially, desorption is from ice that is predomi- 
nately amorphous, but as the phase transition 
proceeds, there is a rapid decrease in the desorption 
rate because the amorphous ice is being converted 
to the more stable crystalline phase. After the 
phase transition is complete, the decrease in the 
desorption rate slows. The time it takes to complete 
the phase transition is labeled as z. Although z is 
the same for both the Ru(001) and Au( l l l )  sub- 
strates, there are clear differences in the slopes of 
the desorption rate after the phase transition. The 
non-zero slopes indicate that the desorption kinet- 
ics are non-zero order and suggest that the mor- 
phologies of films grown on the two substrates are 
different. These differences in the slopes persist for 
film thicknesses up to 150 layers (~ 500 A). Above 
150 layers, the Au( l l l )  spectra begin to appear 
more like that of Ru(001). 

The observed differences between Ru(001) and 
Au( l l l )  can be understood by considering the 
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strength of the water-substrate interaction. Water 
is known to wet the hydrophilic Ru(001) surface 
and form an ice-like bilayer structure [26]. The 
water-Au(l l l )  interaction is weaker than the 
water-water interaction and leads to hydrophobic 
non-wetting [34]. As a consequence, ice films 
grown on Ru(001) are expected to be smooth and 
extended, exhibiting desorption kinetics close to 
zero-order, whereas ice films grown on Au( l l l )  
may tend to form sphere-like, three-dimensional 
nanoclusters, and the desorption kinetics will be 
markedly non-zero order. Analysis of the isother- 
mal desorption spectra yield apparent orders of 
~0.2 and ~0.6 for the Ru(001) and Au( l l l )  
substrates, respectively. 

Isothermal desorption spectra for various initial 
thicknesses of D20 on Au( l l l )  are displayed in 
Fig. 2 and clearly indicate that the crystallization 
kinetics are thickness dependent. Similar behavior 
is observed for films grown on Ru(001). Fig. 3A 
displays the observed crystallization time z as a 
function of film thickness for both Ru(001) and 
Au(l l l ) .  The data show that z increases with 
thickness to a saturation value independent of the 
substrate. Fig. 3B displays the observed crystalliza- 
tion time ~ as a function of substrate temperature 
for both Ru(001) and Au(l l l ) .  The observed 
temperature dependence shows Arrhenius-like 
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Fig. 2. Isothermal desorption spectra for various thickness 
D20  ice films deposited on Au( 111 ). The crystallization time r 
increases with increasing film thickness. The initial film thick- 
nesses are 5, 10, 15, 30 and 56 ML. 

behavior with a substrate independenl , ,  
activation energy of 84 kJ mol- 1 

The substrate independent, nonlinear, saturable 
thickness dependence of r argues against substrate 
catalyzed crystallization. If the crystallization were 
catalyzed at the substrate/ice interface, then 
z would increase linearly with film thickness 
and be expected to be substrate dependent. 
Our data can be described by the equation 
z=roo(1-exp(-L/L*)) where zoo and L* are fit 
parameters and L is the film thickness in layers. 
The L* parameter is related to the spatial distribu- 
tion of nucleation embryos and can be interpreted 
as the average distance between embryos in the 
amorphous ice material. When the thickness of the 
film is small compared to L*, r will increase linearly 
with thickness because the volume of material a 
given nucleation embryo must crystallize increases 
linearly with thickness. When the films are thick 
compared to L*, then the volume of material a 
given nucleation embryo must crystallize is con- 
stant, and as such, z becomes indeigendent of 
thickness. The thickness dependence data from 
both substrates give a similar value for L*. Our 
interpretation that L* is a measure of the spacing 
between nucleation embryos is consistent with 
these embryos being located within the ice and 
independent of substrate. 

The desorption time dependence can be simu- 
lated by a kinetic model that assumes that the 
total desorption rate is the sum of the amorphous 
and crystalline desorption rates weighted by their 
respective volume mole fractions. Because desorp- 
tion occurs from the surface, this assumption 
means that the surface mole fraction must equal 
the volume mole fraction. Such a situation can 
arise if the amorphous phase exhibits mobility on 
a length scale exceeding L* during crystallization. 
Experimental evidence for such mobility will be 
presented in a future publication. The crystalliza- 
tion kinetics are contained in the time dependence 
of the crystalline mole fraction. This time depen- 
dence is best described using a classical nucleation 
and growth kinetic model [36-38]. The iso- 
thermal time dependence of the crystalline mole 
fraction is given by the Avarmi equation, 
Z(t)=(1 - e x p  (-(kt)")), where X is the mole frac- 
tion, k is a phenomenological rate constant, and n 
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Fig. 3. (A) The dependence of the crystallization time z upon initial ice film thickness for D20 films deposited on both Ru(001) 
(squares) and Au(l l l )  (circles) substrates. The solid line is a fit to the equation ~= T~o(1- exp ( -  L/L*)), where v~ and L* are fit 
parameters and Lis the thickness in molecular layers. The same parameters describe the • versus thickness dependence for films grown 
on both Ru(001) and Au( l l l )  substrates. The L* parameter is related to the average distance between nucleation embryos and 
corresponds to a distance of about 15 molecular layers (~ 50 ,~). (B) Arrhenius plot of • versus substrate desorption temperature for 
33-layer-thick films grown on Ru(001) (squares) and Au( l l l )  (circles) substrates. The observed temperature dependence shows 
Arrhenius-like behavior with a substrate independent apparent activation energy of 84 kJ mol-l. 

is a p a r a m e t e r  dependen t  on the nuc lea t ion  and  
g rowth  mechan i sm of  the crysta l l ine  phase.  The  
best  fit to the exper imenta l  d a t a  yields n = 4, which 
co r re sponds  to a spa t ia l ly  r a n d o m  cons tan t  nucle- 
a t ion  ra te  and  spa t ia l ly  i so t rop ic  th ree -d imens iona l  
g rowth  1-37,38]. The  kinet ic  pa rame te r s  are  all 
ob ta ined  direct ly  f rom the exper imenta l  data .  The 
mode l  t rea ts  the  coupled  c rys ta l l i za t ion /desorp t ion  
kinet ics  assuming  an a p p a r e n t  deso rp t ion  o rde r  of  

~ 0 . 2  and  ~ 0 . 6  for the Ru(001)  and  A u ( l l l )  
substrates ,  respectively.  The ma thema t i ca l  detai ls  
of  the kinet ic  mode l  and  the origin of  the observed  
non-zero  o rde r  deso rp t ion  will be discussed in a 
future publ ica t ion .  

Fig. 4 shows a c o m p a r i s o n  of  the exper imenta l  
results  and  the kinet ic  mode l  for  three different 
deso rp t ion  tempera tures .  The  to ta l  deso rp t ion  rate  
and  the c o m p o n e n t  deso rp t ion  rates f rom the 
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Fig. 4. Comparison of the experimental isothermal desorption 
spectra with model simulations for various temperatures. The 
smooth line through the experimental data is the simulated total 
desorption rate. The contributions to the total rate from amor- 
phous ice is shaded \ \ \ \  and from crystalline ice is shaded////. 
The decomposition of the total desorption rate into the 
amorphous and crystalline contributions clearly indicates the 
autocatalytic nature of the crystallization kinetics. 

amorphous and crystalline phases are displayed. 
The results indicate that the model accurately 
describes the time and temperature dependence of 
the crystallization and desorption kinetics. The 
simulation provides a clear explanation for the 
overall time dependence of the desorption rate. 
The initial rapid decay in the desorption rate is 
the result of the transformation of the amorphous 

phase into the crystalline phase. The a~ 
crystallization kinetics are clearly evident fromthe 
time evolution of the crystalline component and 
reflect the increasing crystalline grain surface area 
as a function of time [37,38]. Fitting the experi- 
mental data to the kinetic model yields 67 kJ 
tool -1 for the apparent crystallization activation 
energy, which is consistent with a prior spectro- 
scopic study on hyperquenched glassy water [ 31 ]. 
The simulations show that the higher value of 
84kJ mo1-1 obtained from Fig, 3B arises from 
partial crystallization that occurs during the tem- 
perature ramp up to the isothermal desorption 
temperature. 

The crystallization kinetics are substrate inde- 
pendent and consistent with a random nucleation 
and isotropic growth model in which the mean 
distance between nucleation embryos, I*, is about 
50 A. The substrate dependence of the desorption 
kinetics can be understood by considering the 
hydrophilic (Ru(001)) versus hydrophobic 
(Au(111)) nature of the substrate. The hydrophilic 
substrate yields smoother extended films, while the 
hydrophobic substrate yields three-dimensional 
sphere-like nanoclusters. Desorption from an 
ensemble of identical spherical droplets would 
exhibit a desorption order of 2/3, in accord with 
the apparent order of ~0.6 for Au( l l l )  observed 
experimentally. The substrate independence of the 
crystallization kinetics suggests that the morpho- 
logical differences responsible for the substrate 
dependent desorption occur on length scales 
exceeding L*, the mean distance between nucle- 
ation embryos. 

The present work and the following Letter by 
L/Sfgren et al. reveal that the interfacial ice-sub- 
strate interaction plays a critical role in determin- 
ing the nanoscale morphology and macroscopic 
evaporation kinetics of ice films. These findings 
should have important applications in the diverse 
areas of astrophysics, atmospheric science, materi- 
als science, wetting phenomena, and the physics 
and chemistry of liquids. 
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