
Thickness dependent homogeneous crystallization of 
ultrathin amorphous solid water films

Journal: Physical Chemistry Chemical Physics

Manuscript ID CP-ART-11-2019-005981.R1

Article Type: Paper

Date Submitted by the 
Author: 31-Dec-2019

Complete List of Authors: Harada, Kuniaki; Kyoto University
杉本, 敏樹; Institute for Molecular Science, ; JST,  
Kato, Fumiaki; Kyoto University; Institute for Molecular Science
Watanabe, Kazuya; Kyoto University, Chemistry
Matsumoto, Yoshiyasu; TPCRI

 

Physical Chemistry Chemical Physics



1

Thickness dependent homogeneous crystallization of 

ultrathin amorphous solid water films

Author names

Kuniaki Harada,a Toshiki Sugimoto,*bc Fumiaki Kato,ab Kazuya Watanabe,a and Yoshiyasu 

Matsumotd 

Author address

a Department of Chemistry, Graduate School of Science, Kyoto University, Kyoto 606-8502, 

Japan. 

b Institute for Molecular Science, Okazaki, Aichi 444-8585, Japan. 

c Precursory Research for Embryonic Science and Technology (PRESTO), Japan Science and 

Technology Agency (JST), Saitama 332-0012, Japan. 

d Toyota Physical and Chemical Research Institute, Nagakute, Aichi 480-1192, Japan.

Page 1 of 33 Physical Chemistry Chemical Physics



2

Abstract

The crystallization mechanism and kinetics of amorphous materials are of paramount importance 

not only in basic science but also in the application field because it is closely related to their 

thermal stability. In the case of amorphous nanomaterials, thermal stability distinctively different 

from that of bulk materials often emerges. Despite intensive studies in the past, a thorough 

understanding of the stability at the molecular level has not been reached particularly on how 

crystallization processes depend on size and are influenced by their surface and interface. In this 

article, we report the film-size-dependent crystallization of thermally relaxed nonporous ASW 

ultrathin films on a Pt(111) surface as a benchmark system of amorphous molecular films. The 

crystallization processes at the surface and interior of the ASW ultrathin films are monitored 

simultaneously with thermal desorption and infrared reflection absorption, respectively, as a 

function of the film thickness. Here, we demonstrate that the crystallization is initiated solely by 

“homogeneous nucleation” irrespective of the film thickness while the crystallization rate 

remarkably depends on the thickness; the rate of 5-layer (~1.5 nm) ASW films is one order of 

magnitude higher than that of 20-layer (~6 nm) films. Moreover, we found a clear correlation 

between the film-thickness-dependent crystallization kinetics and microscopic structural disorder 

associated with the broad distribution of hydrogen-bond length between water molecules.
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1. Introduction

The crystallization of amorphous materials is generally triggered by spontaneous creation 

of crystalline nuclei. Two processes are distinguishable in terms of the place where crystallized 

nuclei are formed: heterogeneous nucleation at the surface of material or the interface with the 

other material, and homogeneous nucleation in the bulk. Moreover, the crystallization processes 

depend on the system size. In particular, amorphous nanofilms,1-16 nanoparticles,17,18 and 

nanowires19-21 often show thermal stability distinctively different from thick films and bulk 

solids. Despite the intensive studies in the past, it has been poorly understood at the molecular 

level how the crystallization mechanism and the kinetics of amorphous nanomaterials depend on 

the size and are affected by the presence of surface and interface. This stems from the inherent 

difficulty in investigating the microscopic structure of interfacial amorphous nanomaterials with 

conventional experimental techniques such as x-ray and neutron diffraction. Therefore, it is 

highly challenging to obtain detailed molecular-level insights into the crystallization processes of 

nanoscopic amorphous solids. 

In the case of water ice, the amorphous nanofilms are typically prepared by vapor 

deposition on cooled substrate below 110 K. Such a metastable form of ice is commonly referred 

to as amorphous solid water (ASW).22-25 For over a quarter century, ASW film has been the 

subject of intense studies for unveiling anomalous physical and thermodynamic properties of 

liquid water26-35 as well as for exploring crystallization processes of interfacial water.1-6,36-44 

ASW film is also known as a dominant solid substance covering dust particles in interstellar 

space,45,46 where the ASW mantle with a typical thickness of 5 nm coexists with a partially 

crystallized form of ice.47,48 Surfaces of the ultrathin ASW and crystalline ice (CI) mantles play 

crucial roles in stimulating molecular evolution and spin-isomer conversion49-51 which are 
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particularly important in astrochemical and astrophysical environments. Because the interaction 

of molecules with ice significantly depends on the surface local structure, it is of crucial 

importance whether the surface of nanoscopic ice film is amorphous or crystallized.

In a vast body of mechanistic studies, atomically flat substrates have been typically used 

as a model support for ASW films.1-7,26,27,36-40,42,43,49,52-65 In particular, the most stable face of 

platinum, Pt(111), on which ASW film is grown smoothly in the layer-by-layer mannar,7,57-59 has 

provided a key platform for investigating the unique physicochemical properties of ASW films.1-

4,7,26,37,52,55-62 In the case of ASW films thicker than ~50 monolayer (ML), it has been typically 

reported that the crystallization proceeds via homogeneous nucleation followed by three-

dimensional growth of the generated nuclei.2,5,26,36,61,66 In contrast, the crystallization kinetics and 

the mechanism of ASW ultrathin films (< ~50 ML) have been poorly understood at the 

molecular level. In particular, it remains ambiguous how the finite film size affects the 

crystallization kinetics,6,7 and the crystallization mechanisms proposed so far are contradictory to 

each other.1-5,44,67 Namely, heterointerface-induced nucleation was proposed on the basis of 

thickness-dependent behavior of the isothermal desorption (ITD) rate of ASW ultrathin films,1-4 

while surface-induced nucleation was proposed on the basis of the temperature-programmed 

desorption (TPD) rate of CHCl3 from ASW films with 45 ML thickness.44 In contrast, a 

molecular-dynamics simulation predicted homogeneous nucleation on flat substrates such as 

Pt(111) that strongly interacts with water molecules.67 Therefore, further experimental studies 

are required for a comprehensive understanding of the crystallization mechanism of ASW 

ultrathin films. 

In this paper, we report a firm mechanism of crystallization for the ASW ultrathin films 

on the benchmark model Pt(111) substrate on the basis of systematic observation of the 
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crystallization kinetics of the ASW films as a function of film thicknesses from 5 to 50 ML using 

in-situ infrared reflection absorption spectroscopy (IRAS) and thermal desorption measurements 

(TPD and ITD) simultaneously. IRAS has great advantages over conventional diffraction 

techniques in sensitivity and non-invasive characterization of the amorphous and crystalline 

structure of ultrathin ice films.6,26,27,36,38,42,44,52,53,56,63,64,66,68-85 The simultaneous measurements of 

IRAS and thermal desorption enable us to investigate the crystallization kinetics of the entire 

ASW film and of its surface. With this approach, we succeeded in elucidating the crystallization 

mechanism of the ASW nanofilms definitely: the crystallization proceeds via homogeneous 

nucleation irrespective of the film thickness while the crystallization rate depends on film 

thickness remarkably. Moreover, we demonstrate that the observed film-thickness-dependent 

kinetics is well correlated with microscopic structural disorder associated with the broad 

distribution of hydrogen-bond length between water molecules. 

2. Experimental

The experiments were performed in an ultrahigh vacuum (UHV) chamber pumped down 

to a base pressure of < 5 10-8 Pa. A Pt(111) disc with 10 mm in diameter and 1 mm thickness ×

was spot-welded to two Ta wire leads attached on a liquid nitrogen cooled sample holder. The 

sample can be heated to 1200 K by resistive heating and cooled to 105 K. The temperature was 

monitored within an experimental error less than ±1 K by a calibrated type-K thermocouple spot-

welded to the back of the sample disc. The Pt(111) surface was cleaned by cycles of Ar+ ion 

sputtering with 0.5 keV followed by annealing to 1000 K for 10 minutes, annealing at 750 K in 2

10-5 Pa of O2 for 30-60 minutes, and flash annealing to 1030 K. The surface cleanliness and ×

structure of the substrate were checked by using X-ray photoelectron spectroscopy (XPS), low-
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energy electron diffraction (LEED), respectively. XPS spectra revealed that the substrate was 

chemically clean without any trace of oxygen and carbon contaminants; LEED revealed a clear 

1×1 pattern with the three-fold symmetry characteristic of a (111) surface of face-centered cubic 

metal. 

As water gas sources, we used pure H2O (milli-Q) and isotopically diluted HDO water. 

D2O water with an isotopic purity of 99.96 atom % D purchased from ISOTEC and H2O were 

mixed to obtain H diluted HDO water. HDO concentration in the D2O rich water vapor was 

estimated to be ~10 mol% ([OH]/[OD] ratio ~0.05) with a quadrupole mass spectrometer (QMS: 

Balzers/Pfeiffer Vacuum QME-200 Prisma). These water samples were carefully pre-degassed in 

a UHV gas line by repeating freeze-pump-thaw cycles. Thermally relaxed nonporous ASW and 

CI films were grown on Pt(111) by backfilling water-vapor deposition at the substrate 

temperatures of 110 and 135 K, respectively, with a deposition rate of ~0.02 ML/s. In this article, 

the adsorbed amount of water molecules is expressed in the monolayer (ML) unit in which 1 ML 

corresponds to the amount of water adsorbed in the saturated first layer with the 

 superstructure on Pt(111);57,86,87 this is nearly equivalent to the amount of 1.16)3939( R

water molecules in a layer of the ASW film with a thickness of ~0.3 nm58 and a density of 

~1×1015 molecules/cm2.59 

The amount of water molecules adsorbed on Pt(111) was carefully determined by the 

TPD technique.68,88 TPD measurements were conducted using a QMS with a home-built small 

cup extended from QMS at ~3 mm in front of the sample surface. Water adsorbates at a 

saturation coverage of the first layer showed a quasi-zero order desorption peak at ~162 K for 

H2O under a heating rate of 0.1 K/s; this result is consistent with previous studies.57,68,86-89 

Desorption of water at around 200 K that is derived from the dissociated water molecules on 
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Pt(111)60,90 has never been observed. Because the area of a desorption peak is proportional to the 

amount of adsorbed water molecules, the adsorbed amount of a multilayer ASW and CI film was 

derived by comparing the peak area of the TPD curve for the saturated first layer. The 

uncertainty in film thickness with this method was evaluated to be less than 10 %.88 

IRAS was conducted with a Fourier transform infrared spectrometer (Brucker IFS 

66v/S).88 The non-polarized IR light was focused on the sample surface by a concave mirror 

through a BaF2 view port at an incident angle of 84°. The reflected light from the sample was 

detected with a mercury cadmium telluride detector (Teledyne Judson Technologies). The light 

path outside the UHV chamber was evacuated below 1 Pa to avoid unfavourable IR absorption 

by H2O and CO2 gas in air. IRAS spectra  were measured with a resolution of 4 1 ― 𝑅(𝜔) 𝑅0(𝜔)

cm-1, where  and  are the reflected signals from the surface with and without 𝑅(𝜔) 𝑅0(𝜔)

adsorbed water, respectively. Any appreciable IRAS spectra derived from contaminants have 

never been observed during the ice-film deposition and crystallization experiments. 

3. Results and discussion

3.1. Crystallization mechanism

Figure 1a shows the TPD traces of 18 ML ASW and 20 ML CI films at a heating rate of 

0.1 K/s. The desorption rate of the ASW film suddenly decreases at ~150 K, and the TPD trace 

follows that of the CI film above 154 K. Because the activation energy for desorption Edes of 

ASW films is lower than that of CI films by ~1.4 kJ/mol,26,52,55,91 the desorption rate declines 

when the surface is crystallized. The significant drop so called “bump” in the TPD trace has thus 

been considered as a signature of crystallization at the surface of ASW films.6,26,37-41,52,55,56,63,91-93 

Although the crystallization of ASW films was accompanied with dewetting,94,95 it was reported 
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that the contribution of dewetting to the observed sudden drops of the desorption rate is much 

smaller than that of crystallization.36,57 Thus, Figure 1a indicates that water molecules desorb 

from amorphous surface below 150 K while they desorb from crystalline surface above 154 K; 

the surface crystallization of the ASW film with 18 ML initial thickness starts at ~150 K and 

completed at ~154 K. This crystallization process also manifests itself in spectral changes in 

IRAS. Figure 1b shows the peak normalized IRAS spectra of the OH-stretching band measured 

for the ASW sample with initial thickness of 18 ML in the temperature range from 110 to 158 K. 

The spectral shape of the ASW film starts to change at ~150 K and converges toward that of CI 

films above ~154 K. Note that the crystallized ice show the same IRAS spectrum as the 

crystalline ice film with the same thickness grown on 135 K; this is because ASW films 

crystallize to form the same microscopic structure and morphology with the as-grown crystalline 

ice film.1 Therefore, our results clearly indicate that crystallization occurs at surface and inside of 

the 18 ML ASW film almost simultaneously in the experimental time scale of 40 s during the 

heating from 150 to 154 K at 0.1 K/s.

To quantitatively compare the temperature dependence of crystallinity at surface with 

that in bulk, we evaluated a fraction crystallized at surface, xsurf(T), from TPD traces and that in 

bulk, xbulk(T), from IRAS spectra as follows.26,36,42,44,53,66,69 The temperature dependence of the 

desorption rate, R(T), is expressed with a linear combination of the two desorption rates of water 

from ASW surface RASW(T) and from CI surface RCI(T) obtained independently,26,53

𝑅(𝑇) = 𝑥surf(𝑇) ∙ 𝑅CI(𝑇) + {1 ― 𝑥surf(𝑇)} ∙ 𝑅ASW(𝑇).                　　　　　(1)

From eq 1, xsurf(T) is derived as, . Similarly 𝑥surf(𝑇) = (𝑅ASW(𝑇) ―𝑅(𝑇))/(𝑅ASW(𝑇) ― 𝑅CI(𝑇))

IRAS spectra, S(ω, T), is expressed with a linear combination of ASW and CI components as

S(𝜔, 𝑇) = 𝑥bulk(𝑇) ∙ 𝑆CI(𝜔) + {1 ― 𝑥bulk(𝑇)} ∙ 𝑆ASW(𝜔),   　　　　　        (2)
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where SCI(ω) and SASW(ω) are IRAS spectra of CI and ASW films, respectively. xbulk(T) is 

derived from the curve fitting (Figure S1), in which the thickness dependence of the spectral 

shape of each component (Figure S2) is taken into account (see Supplementary information Sec. 

1 for details). The IRAS spectra measured during the crystallization process were well 

reproduced by a sum of the contributions from ASW and CI domains (Figure S1). 

Figure 2 shows how xsurf and xbulk change with temperature for 9, 18, 27, and 45 ML 

ASW films; xsurf and xbulk varied with temperature very similarly in all the films investigated. For 

these thin films, no temperature gradient is expected across the sample under the heating 

Figure 1. Simultaneous monitoring of surface and bulk crystallization processes. (a) TPD 

traces of 18 ML H2O ASW film grown at 110 K (solid line) and 20 ML H2O CI film grown at 

135 K (dotted line) on Pt(111). The heating rate is 0.1 K/s. (b) Peak normalized IRAS spectra 

for the 18 ML ASW film simultaneously measured during the TPD process. Accuracy of the 

temperature is within 1 K. 
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condition (0.1 K/s) and on the experimental time scale.96,97 If the crystallization rate were 

dominated by heterogeneous nucleation at the vacuum/ASW interface (ASW surface) or at the 

ASW/Pt(111) interface, the temperature dependence of xsurf should be different from that of xbulk.  

On the contrary, the temperature dependence of xsurf derived from TPD rates is similar to xbulk 

derived from the IRAS spectra. Moreover, similar time evolutions of xsurf and xbulk were observed 

in the isothermal crystallization process (Figure S3b). These results firmly indicate that the ASW 

ultrathin films crystallize via homogeneous nucleation. 

 Note that the microscopic structure including porosity does not affects crystallization 

kinetics and mechanism; Kay et al. have demonstrated that the porous and non-porous ASW 

films (100 ML) deposited on Pt(111) at 20 K and 80 K, respectively, show almost the same 

crystallization kinetics as the thermally relaxed non-porous ASW film (100 ML) deposited on 

Figure 2. Temperature dependence of the fraction crystallized at the surface xsurf obtained 

by TPD (dashed lines) and that in the entire film xbulk obtained by IRAS (symbols) for 9 

ML (red triangle), 18 ML (green circle), 27 ML (blue diamond) and 45 ML (purple 

square). (inset) Thickness dependence of crystallization temperature Tc defined as a 

temperature at xbulk = xsurf  = 0.1. 
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Pt(111) at 110 K.52 In addition, we confirmed that the deposition rate does not affect the 

crystallization kinetics and mechanism of ASW ultrathin films; the ASW ultrathin film deposited 

with a rate of 0.3 ML/s show almost the same homogeneous nucleation and crystallization 

process as those deposited with a rate of 0.02 ML/s (Figure S4).

The heterogeneous nucleation mechanism initiated at the ASW/Pt(111) interface was 

proposed only on the basis of the ITD measurements,1-4,41 in which the completing time of 

surface crystallization τc was substantially extended as the thickness of ASW films increases 

from ~5 to ~50 ML. In fact, the isothermal measurements of the current study well reproduced 

their results as shown in Figure S5a. However, we emphasize here that these results do not 

contradict the homogeneous nucleation mechanism; it is not possible to determine the nucleation 

mechanism only by the thermal desorption measurements because they provide the information 

of crystallization only at the surface of ASW films. Note that the current study probed 

crystallization not only at the surface by thermal desorption (ITD and TPD) but also that of the 

entire film by IRAS. Therefore, the simultaneous changes in xsurf and xbulk are firm evidence to 

conclude that the crystallization of ultrathin ASW films on Pt(111) is initiated simultaneously in 

the film and at the surface via homogeneous nucleation rather than via heterogeneous nucleation. 

The crystallization mechanisms of ASW ultrathin films grown on Au(111) and Ru(0001)5 were 

assumed to be in line with our homogeneous-nucleation mechanism although simultaneous 

monitoring of xsurf and xbulk was not conducted for these ASW films.

Theoretical studies of ice nucleation at interface with metal67,98,99 have reported that 

heterogeneous nucleation is significantly affected by the structure of interfacial water; if water 

molecules near the interface form a hexagonal hydrogen-bond network (6-membered rings) 

similar to the crystalline phase, the interfacial nucleation can be substantially promoted at the 
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interface.67,98,99 However, this is not the case for the ASW films on Pt(111). It has been 

demonstrated that the interfacial water molecules, i.e. first-layer water interacting directly with 

Pt(111), form a topologically highly deformed superstructure with 5- and 7-membered rings as 

well as 6-membered rings.1,100-103 The vibrational signature derived from the strong hydrogen 

bonds of the superstructure was observed at ~1965 cm-1 in the water monolayer grown at 110 K 

(Figure S7).100,101,104 Thus, the strong hydrogen bonds with topologically deformed network of 

first-layer water on Pt(111) would suppress the preferential nucleation at the ASW/Pt(111) 

interface as theoretically predicted.67 The preferential nucleation at the vacuum/ASW interface 

(surface) can also be inhibited due to the significant deviation from the hexagonal structure, i.e. 

most of water molecules at the surface of the ASW form 4- and 5-membered rings.70 Moreover, 

we have recently demonstrated that the topmost surface layer of CI forms disordered amorphous-

like hydrogen-bond network between 120 and 200 K.105 Therefore, heterogeneous nucleation is 

not the right crystallization mechanism for the ASW ultrathin films below 50 ML on Pt(111). 

A couple of studies have proposed the surface-induced (heterogeneous) nucleation 

mechanism for ASW films. First, Backus et al. claimed that this mechanism is operative for the 

ASW nanofilms (45 ML) grown on a slanted platinum substrate with wide terraces of (111) 

face44 on the basis of the TPD of CHCl3 molecules adsorbed on the ASW surfaces. It should be 

emphasized that the desorption temperature of CHCl3 (130-145 K) is much higher than those of 

N2 (Td: 25-45 K)61 and CHF2Cl (Td: 85-105 K)54,65 typically used for probing xsurf. The relatively 

strong interaction of CHCl3 with the ASW surface stimulates nucleation at the ASW film 

surface62 as HCl molecule does;56 thus, TPD of CHCl3 is not suitable for the probe of the 

crystallinity at ice surfaces.62 Second, surface-initiated heterogeneous nucleation was recently 

proposed for thick ASW films (100-1000 ML) grown on a 50-ML thick substrate of decane 
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molecules on Pt(111),53,64 in contrast to the previous reports suggesting that thick ASW films 

(~100 ML) grown directly on metal substrates, including Pt(111) substrate, typically crystallize 

via homogeneous nucleation.2,5,26,36,52,61,66 Although the heterogeneous nucleation has been 

discussed to be an inherent nucleation mechanism of thick ASW films in ref. 53 and 64, such a 

thick decane substrate may have significant impact on heat accumulation and crystallization 

kinetics in the upper ASW films.78,106 Much lower thermal conductivity of thick decane substrate 

than metal substrates may cause less efficient dissipation of heat of adsorption of water 

molecules during water-vapor deposition, resulting in local heating and some thermal annealing 

around the growing surface of the thick ASW films.106 Thus, the upper side of the thick ASW 

films on the decane substrate would accelerate crystallization preferentially around the film 

surface, resulting in “top-down” crystallization.53,64 In the case of ASW films directly grown on 

metal substrates, this heat accumulation would be significantly suppressed. Therefore, the 

homogeneous nucleation is the most plausible mechanism for the crystallization of the thin ASW 

films on Pt(111).

3.2. Thickness dependent homogeneous crystallization

The other notable feature is that the onset temperature of crystallization markedly depends 

on film thickness below ~20 ML (Figure 2) although nucleation itself proceeds homogeneously 

in all the films investigated; the crystallization temperature Tc defined as a temperature at xbulk = 

xsurf  = 0.1 markedly increases with film thickness and levels off at around ~20 ML (inset of 

Figure 2). Almost the same thickness dependence of the crystallization temperature was 

observed for D2O ASW films below ~20 ML (Figure S6), indicating that nuclear quantum 

effects is not relevant to the overall thickness dependent profiles of the crystallization kinetics. 

Page 13 of 33 Physical Chemistry Chemical Physics



14

To gain deeper insights into this size effect on the crystallization kinetics, we analyzed the 

kinetics of isothermal crystallization of ASW films with the Avrami equation107-109 given by 

        　　　　　　　　　　     (3)𝑥(𝑡) = 1 ― exp[ ― (𝑘𝑡)𝑛],

where x, t, and k represent the fraction crystallized, the elapsed time, and the crystallization rate 

constant, respectively. The Avrami index n is a parameter related to the crystallization 

mechanism. The Avrami theory describes isothermal homogeneous crystallization with two 

growth rates: J, the formation rate of crystalline nuclei and G, the volume growth rate of 

crystalline nuclei, i.e. , where m and  represent the  𝑥(𝑡) = 1 ― exp[ ―𝛼(𝐽𝑡) ×  (𝐺𝑡)𝑚] 𝛼

dimensionality of crystalline domain growth and the geometrical factor of crystalline nuclei, 

respectively. Thus,  is proportional to  and n = m + 1. 𝑘𝑛 𝐽𝐺𝑚

Figure 3a displays the thickness dependence of xbulk at 145 K as a function of elapsed 

time, indicating that the crystallization process markedly depends on film thickness; the time 

required for completing crystallization, τc, increases with film thickness (Figure S5). All the 

crystallization curves were well fitted by the Avrami equation. Figure 3b shows the thickness 

dependence of n. For the ASW films thicker than ~20 ML, n is about 4; the crystallization 

proceeds via homogeneous nucleation followed by the three-dimensional growth of the 

generated nuclei, which is in good agreement with the results reported in previous works for 

ASW films thicker than 50 ML,2,5,26,36,52,61,66 including 100- and 150-ML thick ASW films on ~

Pt(111).26,52,61

In contrast, n decreases monotonically from 4 to 1 below ~20 ML. This decrease in n is 

reasonable because crystalline domains in the ultrathin films grow and reach soon the surface 

and/or the interface of the films and the three-dimensional growth would be inhibited.110-113 In 

particular, n becomes 1 as the thickness is 5 ML, indicating 0 dimensional growth in which 
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overall crystallization is completed only at the stage of generating crystalline nuclei. From this 

result, the critical size (diameter) of crystalline nuclei is estimated to be about 5 molecules (~1.5 

nm). Our estimation is in good agreement with the prediction of classical nucleation theory and 

molecular dynamics simulations of amorphous ice and liquid water,2,98,114-117 indicating that the 

crystalline nuclei is formed by cooperative rearrangement of sizeable ensembles of the order of 

~53 molecules.114,118 

Figure 3. Isothermal crystallization of ASW ultrathin films on Pt(111). (a) Time evolution of the fraction 

crystallized at 145 K obtained by IRAS for various thicknesses. Results of curve fitting with Avrami 

equation is shown by black lines. Thickness dependence of (b) Avrami index n, (c) crystallization rate 

constant k, and (d) apparent activation energy EA obtained by the Arrhenius plot of k shown in Figure S8a. 
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In addition to n, k also depends on film thickness as shown in Figure 3c. While n 

increases monotonically from 1 to 4 with increasing film thickness, k decreases dramatically. 

The substantial increases in Tc (inset of Figure 2) and  (Figure S5) with film thickness 𝜏c

correspond to the dramatic decrease in k (Figure 3c). Thickness dependence of the apparent 

activation energy EA (Figure 3d) was derived from the Arrhenius plots of k (Figure S8a). 

Because kn is proportional to JGm, EA is given by the sum of the activation energy for nucleation 

EN and crystalline growth EG as

𝐸A =
𝐸N + 𝑚𝐸G

𝑛 =
𝐸N + (𝑛 ― 1)𝐸G

𝑛 .            　　　　　　　　　　 (4)

Although the present experiments do not allow us to determine EN and EG independently, EN = 

43 3 kJ/mol is derived from EA at the 5 ML ASW film (n =1) because the relation EN = EA is ±

satisfied for n =1. This value is by a factor of ̴4 smaller than EN = 155±15 kJ/mol reported 

previously for thick ASW films,36,61,65 suggesting that EN and possibly EG for the thermally 

relaxed ASW ultrathin films are not constant and dependent on the film thickness (see also 

Supplementary Information Sec. 5). 

3.3. Correlation between microscopic structure and crystallization rate

On the basis of our experimental results, a fundamental question arises: why does the rate 

of homogeneous-nucleation induced crystallization markedly depend on the ASW film 

thickness? Because thermodynamics and kinetics of nucleation are influenced sensitively by 

local hydrogen-bond environments, this question is pertinent to the hydrogen-bond network in 

the ultrathin ASW films. To shed light on the microscopic hydrogen-bond structure, we 

conducted IRAS measurements of isotope diluted HDO ASW ultrathin films with various 

thicknesses. In contrast to neat H2O ice, intramolecular vibrational coupling in HDO and 

Page 16 of 33Physical Chemistry Chemical Physics



17

intermolecular coupling among OH moieties are negligibly small in the isotope diluted HDO ice; 

thus, this makes the hydrogen-bonded OH-stretch bands of ice very simple,68,71-73 and the 

wavenumber of a localized OH oscillator of isotope diluted ice has been well correlated to the 

intermolecular distance of O-H…O hydrogen-bond (RO-O).74-76

Figure 4a shows the peak normalized IRAS spectra of the hydrogen-bonded OH-

stretching band of the thermally relaxed HDO ASW films grown on Pt(111) at 110 K. The peak 

position is almost independent of the film thickness while the band becomes broader as the film 

is thinner. The spectral deformation due to the optical interference is not responsible for the 

ultrathin films below 50 ML.71,88 In general, as a O-H … O hydrogen-bond connecting a 

neighboring molecule becomes stronger, the stretching frequency of the OH bond involved in the 

hydrogen bond decreases.68,71,76,119 Using the relation between the stretching frequency and RO-O 

(Figure 4b), the distributions of spectral intensity is converted to those of RO-O as shown in 

Figure 4c, in which the oscillator strength of OH stretch of HDO molecule is assumed to be 

independent of the local hydrogen-bond structure in the films.73 This thickness dependent 

distribution of RO-O (Fig. 4d) indicates that the thinner films contain a larger fraction of water 

molecules whose RO-O is shorter or longer than the average hydrogen-bond distance,  ~ 〈𝑅O ― O〉

2.78 Å, than the thicker films. Therefore, the hydrogen-bond networks are more disordered and 

fluctuated35,118 in the thinner films; the hydrogen-bond structure in the entire films changes 

flexibly and cooperatively with their film thickness below ~20 ML as was typically reported in 

small metal clusters.120 These pronounced features can be responsible for the high values of k and 

the resultant small Tc and  for the thinner ASW films. 𝜏c
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4. Conclusions

In summary, some important outcomes have emerged from the simultaneous 

measurements of thermal desorption (TPD and ITD) and IRAS regarding the crystallization of 

ultrathin ASW films grown on a model Pt(111) substrate at 110 K. First, the crystallization of 

these ultrathin films proceeds via homogeneous nucleation with a critical diameter of the nuclei 

of about five molecules (~1.5 nm); these findings unambiguously resolve the conflict on the 

Figure 4. (a) Peak normalized IRAS spectra of isotope diluted HDO ASW ultrathin films 

on Pt(111) grown and measured at 110 K. (b) Relation between frequency of the hydrogen-

bonded OH stretching mode of isotope diluted HDO molecule and the intermolecular 

hydrogen-bond distance.74-76 (c) Peak normalized distribution of RO-O for 5 ML (thick solid 

line), 10 ML (dotted line) and 30 ML (thin solid line). (d) Correlation between thickness 

dependent crystallization temperature Tc (diamond), crystallization rate constant k at 145 K 

(triangle), and dispersion of hydrogen-bond distance δRoo (circle) derived from the full 

width of half maximum of IRAS spectra. 
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nucleation mechanism in the benchmark ASW ultrathin films on Pt(111). Second, the rate of 

crystallization initiated by the homogeneous nucleation markedly increases with decreasing the 

film thickness below 20 ML, accompanying significant decrease in crystallization temperature ~

Tc and the completing time of surface crystallization τc. Third, the thickness dependences of Tc, 

 and the crystallization rate constant k are well correlated with that of the band width of the 𝜏c

isotope diluted OH stretching band, i.e., the distribution of intermolecular distance Roo. This 

implies that the thermally relaxed hydrogen-bond structures of ASW ultrathin films are more 

disordered and fluctuated as the film is thinner. The pronounced structural disorder and 

fluctuation in the ultrathin hydrogen-bond network facilitates homogeneous nucleation and 

destabilizes the ASW films thermally. Our results provide a new insight into the film-size-

dependent crystallization of ASW thin films.
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TOC one sentence of text
Film-size-dependent homogeneous crystallization phenomenon of nanoscopic 
amorphous films is demonstrated with a clear relationship between crystallization 
kinetics and microscopic structural changes.
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