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Abstract 

Protons in Amorphous Solid Water 

- Proton Transfer and Acid-Promoted Crystallization - 

 

Du Hyeong Lee 

Department of Chemistry, Physical Chemistry 

The Graduate School 

Seoul National University 

 

In this study, the properties of protons in amorphous solid water (ASW) films were 

investigated. In particular, the study focused on the proton-facilitated crystallization 

of ASW and proton hopping in ASW at cryogenic temperatures, using surface-

sensitive analysis methods in an ultra-high vacuum (UHV) environment. The 

fundamental properties of protons interacting with ASW will help elucidate the 

chemistry of naturally existing ASW on interstellar dust and the characteristics of 

analogous aqueous acid solutions. 

Chapter 1 introduces various ice phases and the properties of protons. The 

structures and relations of some crystalline and amorphous ice phases are explained. 

In addition, the literature on the proton transfer in liquid and solid water is provided.  

The fundamental principles of surface analysis methods are presented in 

Chapter 2. The methods used in this work—reflection-absorption infrared 

spectroscopy (RAIRS), temperature-programmed desorption (TPD), Cs+ reactive ion 

scattering (RIS), and low energy sputtering (LES)—are reviewed. In addition, the 
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configuration of the UHV chambers equipped with the instruments and the 

experimental procedures are described.  

Chapter 3 presents the effect of excess protons on the crystallization of 

ASW. Excess protons from the dissociation of HCl promoted the crystallization of 

ASW, in contrast to NaCl, which hindered the crystallization. Such acceleration was 

observed when the protons were adsorbed on the surface and incorporated in the bulk 

of ASW. Regardless of proton location, crystallization commenced near the place 

where the acid was injected. The presence of 0.1 ML (monolayer) HCl decreased the 

activation energy of the crystallization from 63.4 kJ·mol-1 without the acid to 48.5 

kJ·mol-1. A possible mechanism for the decrease in crystallization activation energy 

in the presence of excess protons is discussed. 

In Chapter 4, proton hopping lengths in ASW at different cryogenic 

temperatures are compared. The efficiencies of proton transport between the proton 

donor HCl and the proton acceptor NH3 in ASW were measured at ~10 K and 80 K, 

at which proton hopping is permissible for proton transfer, by measuring the NH4
+ 

formed after the proton transfer. At the surface of ASW, due to the stabilization of 

protons, more than half of the protons were not transferred at ~10 K while most 

protons were transferred at 80 K. On the other hand, in bulk ASW, the difference in 

proton hopping at ~10 K and 80 K was too small to confirm a temperature 

dependence. The average hopping distances of the protons were 11.2±1.1 and 

9.4±1.4 ML at 80 K and ~10 K, respectively. This implies that proton hopping at low 

temperatures occurs mainly by quantum tunneling. 

 

Keywords: proton, amorphous solid water, crystallization, proton hopping, 

reflection-absorption infrared spectroscopy 

Student Number: 2011-23235  
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Chapter 1 

Introduction 

 

Amorphous solid water (ASW) is a kind of solid water phases that lack long-range 

order. It has been extensively studied because of its possible occurrence in interstellar 

ice and its analogous structure to that of liquid water. Its properties are essential to 

the study of the chemistry of cosmic dust [1-4] and important in contributing to the 

understanding of the dynamics of liquid water [5, 6]. In ASW and other kinds of ice, 

excess protons can significantly affect the electrical properties [7, 8] and chemical 

reactivity [9, 10] of these water solids. Accordingly, the investigation of the 

interaction of protons with ASW is an essential aspect for understanding the 

properties of ASW with impurities, which is more probable in space. 

The aim of this dissertation is the investigation of proton properties in 

ASW. In this regard, many studies have been conducted on the structure, transport 

kinetics, and reactions of protons inside and on the surface ASW [9-14], but many 

of the properties are still unknown. In this investigation, some of the properties of 

ASW with protons were studied with particular emphasis on the proton-promoted 

crystallization and proton migration in these water solids at cryogenic temperatures. 

This dissertation is outlined as follows: In the remaining part of this 

chapter, a brief introduction to the crystalline and amorphous phases of water solids 

and the properties of protons in these solids is presented. Chapter 2 is a review of the 

fundamental principles of surface analysis methods and the experimental setup. 

Chapter 3 presents the investigation of the crystallization of ASW accelerated by the 
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presence of excess protons. In Chapter 4, proton transport efficiencies in ASW at 

different temperatures below 100 K are compared. 

 

1.1. Crystalline and Amorphous Ice Phases 

Ice is well known for its various phases. Seventeen crystalline phases have been 

discovered to date [15]. However, many of them are produced at very high pressure 

by the compression of ice. At a pressure less than 105 Pa (1 bar) and a temperature 

less than 273 K, only ice Ih (and ice XI at very low temperatures) is the most stable 

phase. Thus, only ice Ih with its related crystalline and amorphous phases are 

introduced in this dissertation. 

Ice Ih is the most common and familiar phase of crystalline ice. Most of 

the ice present on earth has the ice Ih structure. Its hexagonal crystal structure and 

oxygen positions were determined by Barnes [16]. However, X-ray crystallography 

could not determine the exact positions of the protons since it is only sensitive to 

electron density. The possible arrangement of the protons was suggested by Bernal 

and Fowler [17] and reinforced by Pauling [18] as ice rules or Bernal-Fowler rules. 

The rules state the following:  

1. In ice, a water molecule consists of one oxygen atom, and the atom 

has two covalently-bonded hydrogen atoms.  

2.  The two hydrogen atoms are directed to two of four nearby oxygen 

atoms and hydrogen-bonded to them. They determine the orientation 

of each water molecule. 

3.  There is only one hydrogen atom per each oxygen-oxygen axis. 
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4. Configurations satisfying the preceding conditions are not 

energetically affected by non-adjacent molecules; All the 

configurations are equally probable [19]. 

From the oxygen arrangement and the ice rules, the ice Ih structure with ordered 

oxygen atoms and disordered hydrogen atoms is well established. In this structure, 

there are four nearby water molecules that are tetrahedral to each water molecule. 

This water molecule is hydrogen bonded to the four water molecules by donating 

two hydrogen bonds and accepting two hydrogen bonds.  

Any proton configuration satisfying the ice rules is allowed, so there is no 

long-range proton order. This disorder generates residual entropy, which was first 

estimated by Pauling [18]. If an ice crystal consists of N molecules, there are (3/2)N  

possible proton configurations, and the residual entropy of the crystal per mole is 

3.371 J·K-1·mol-1 from Boltzmann’s entropy formula. This value is almost the same 

as the experimentally measured residual entropy by Haida et al. [20].  

In contrast, if the stabilization energy from the ordering of the protons is 

larger than the free energy from the residual entropy at a low temperature, the ice 

would have a proton-ordered structure. Such a structure has not been observed in 

pure ice, but it can be made from KOH-doped ice, which has a shorter relaxation 

time than pure ice due to impurity-induced defects. Kawada first observed the 

dielectric constant change of KOH-doped ice annealed for a long time at 70 K [21]. 

Later, heat capacity measurement by Tajima et al. showed that the first-order phase 

transition of ice Ih doped with an alkali hydroxide occurred at 72 K, and the transition 

was a proton order-disorder transition [22]. This proton-ordered ice is named Ice XI. 

It has a similar oxygen arrangement to ice Ih, and the protons have an ordered 

arrangement. As a result, ice XI has an orthorhombic crystal structure. 
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Ice Ic is a cubic variant of ice Ih. In this structure, oxygen atoms have a 

face-centered cubic arrangement unlike the hexagonal close-packed organization in 

ice Ih. More precisely, Ice Ih has the stacking sequence of ABABAB… of ice layers, 

and ice Ic has the sequence of ABCABC…. Hence, water molecules in both 

structures have the same configuration of the four closest molecules, but different 

configurations from the second closest molecules. Cubic ice can be formed by the 

deposition of water vapor onto cold substrates with temperatures ranging from 130–

150 K, or the phase transition from amorphous ice. Because ice Ih is 13–50 J·mol-1 

more stable than ice Ic, depending on the preparation method of the latter [23], ice 

Ic is in a metastable state. Consequently, Ice Ic transforms into ice Ih at higher 

temperatures, but ice Ih does not transform into ice Ic. Because the two phases have 

similar properties except for their diffraction patterns, the experimental instruments 

used in this investigation could not distinguish between them [24]. Thus, both ice Ih 

and Ic are called crystalline ice (CI) in this dissertation. 

Amorphous ices are solids that do not exhibit long-range order in the 

arrangement of oxygen. Unlike liquid water, however, water molecules in 

amorphous ices have limited mobility because of the low temperature. There are 

several kinds of amorphous ices, and they are classified based on their densities. 

There are three kinds of low-density amorphous ices including low-density 

amorphous (LDA), hyperquenched glassy water (HGW), and ASW. The different 

names originate from the different preparation methods. For example, LDA is 

formed by the compression and expansion of ice Ih. Compression of ice Ih at 10 kbar 

at 77 K generates high density amorphous (HDA) [25]. The expansion of HDA at 

atmospheric pressure at 126 K produces LDA. HGW is formed by the rapid cooling 

of liquid water to a cryogenic temperature to avoid crystallization. ASW is produced 

by vapor deposition onto very cold substrates [26]. These three forms have the same 
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density (0.94 g·cm-3) and identical structural distributions [27]. However, they 

exhibit different glass transition temperature [28] and Raman spectral change [29]. 

The formation and transition among amorphous and crystalline phases of ice are 

summarized in Figure 1-1. Recent investigations suggest the occurrence of variants 

of HDA, and their preparation methods and transition properties are reviewed in Ref. 

[30, 31].  

Water vapor deposition onto a solid substrate can result in various 

amorphous and crystalline phases depending on the temperature of the substrate. Ice 

Ih is produced at temperatures higher than 150 K [3], whereas ice Ic is produced at 

130–150 K. ASW is produced at lower temperatures below 120 K, and its porosity 

is determined by the temperature and angle of incidence [32]. Deposition of vapor at 

temperatures higher than 80–90 K produces nonporous ASW. Porous ASW (PASW) 

is formed at lower temperatures, and it forms more pores when it is generated at 

lower temperatures and higher deposition angles from the surface normal. At 

temperatures lower than ~30 K, high-density ASW can be formed [1, 33-35]. Its 

density is 0.82 g·cm-3 including pores [33] and 1.1 g·cm-3 calculated from the local 

density of oxygen atoms [1, 34]. High-density ASW changes into low-density ASW 

at 38–70 K [1, 3]. The pores in PASW collapse at < 120 K [36], and it becomes 

nonporous ASW. ASW changes its phase into CI at > ~140 K (depending on the 

transition timescale). The crystallization of ASW with excess protons is studied in 

Chapter 3. 
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1.2. Protons in Ice 

Violations of the ice rules generate defects. As shown in Figure 1-2, ionic defects 

(H3O+ and OH-) violate the rule of two hydrogen atoms per oxygen atom, and 

Bjerrum L- and D-defects violate the rule of one hydrogen atom per oxygen-oxygen 

axis. Both ionic and Bjerrum defects are called protonic defects of ice. As can be 

seen in Figure 1-2(a), perfect ice crystals satisfying the ice rules do not have any 

protonic defect. On the other hand, thermal excitation can hop or turn protons and 

form intrinsic defects (Figure 1-2(b)). Also, the incorporation of doping impurities 

such as HF, HCl, NH3, and SO2 into or on ice can introduce extrinsic defects. Such 

protonic defects play a major role in determining the properties of ice. Among the 

four kinds of protonic defects, this dissertation focuses on the extrinsic H3O+ which 

results from the ionization of HCl on ASW.  

Protons migrate much faster than water molecules. In liquid water, the 

proton diffusion coefficient (9.3×10-9 m2·s-1) is about four times larger than the self-

diffusion coefficient of water (2.3×10-9 m2·s-1) [37]. More surprisingly, protons 

diffuse a few orders faster than water molecules as shown in Tables 1-1, 1-2, and 

Figure 1-3 [11, 38-49]. This fast diffusion kinetics occurs because protons in liquid 

water ice do not diffuse by the vehicle-type mechanism whereby protons diffuse 

together with water molecules, but by the Grotthuss-type mechanism whereby 

protons hop through a hydrogen bond network [50]. Nevertheless, proton hopping 

cannot explain everything about the experimental observations related to proton 

migration. 

In liquid water, the solvation structure of protons is not fully understood 

as yet. Among the various suggested structures, Eigen cation (H9O4
+) and Zundel 

cation (H5O2
+) are the most commonly adopted structures. An Eigen cation has a 
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structure whereby a hydronium ion is hydrogen bonded to three water molecules. A 

Zundel cation consists of two water molecules and a shared proton between the 

molecules. The “Eigen–Zundel–Eigen (E–Z–E)” mechanism is a widely accepted 

mechanism of proton transport in liquid water. In the E–Z–E proton transport 

mechanism proposed by Agmon [51], proton hopping requires hydrogen bonds to be 

broken at the second solvation shell of a proton because hydronium ions prefer three 

hydrogen bonds while water molecules prefer four hydrogen bonds. Hence, the 

cleavage of the hydrogen bond between a water molecule of an Eigen cation and a 

neighboring water molecule is the first step of the mechanism. Subsequently, a 

Zundel cation is temporarily formed by the sharing of the proton between the 

hydronium ion and the water molecules, both of which have three hydrogen bonds. 

After this step, a water molecule is hydrogen-bonded to the original hydronium ion, 

and the proton hops to the water molecule to form a new Eigen cation. The key point 

of the mechanism is that the reorganization of the solvation structure is required 

before proton hopping can occur. This model is consistent with computational and 

experimental observations [52, 53]. 

In solid ices, proton migration is conducted in a different manner because 

of limited rearrangement of the water molecules. Accordingly, proton hopping is 

most important for proton transport. However, other factors can affect the proton 

migration in ice. For example, a sequential proton hopping through a hydrogen bond 

chain reverses the polarization of water molecules in the chain, and the next proton 

cannot migrate through the chain. A Bjerrum defect migration restores the 

polarization to the original state. Therefore, proton hopping and Bjerrum defect 

motion should be coupled for continuous proton conduction. Similarly, pre-existing 

protonic defects may block proton hopping chains, and the removal of these defects 

is required for long-range proton migration. Ionic and Bjerrum defect motions can 
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be separated by temperature regulation. At a temperature below ~100 K, protons 

migrate only by hopping through the hydrogen bond chain of water molecules, but 

at a temperature above ~130 K, Bjerrum defect motions coupled with proton hopping 

are permissible [54-56].  

The possibility of proton hopping at low temperatures implies a low energy 

barrier for this process. A very small activation energy of ~6 kJ mol-1 was predicted 

in a quantum calculation [42]. However, experimental observations of proton 

hopping at low temperatures are required to understand this phenomenon fully. In 

Chapter 4, a short-range proton hopping was investigated at different cryogenic 

temperatures. 
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Figure 1-1. Relationships between various crystalline and amorphous phases of 

water ice. Rectangles with double lines indicate stable phases.  

*There are some studies that claimed that different phases of glassy water exist.  

 

  



16 

 

Figure 1-2. (a) A perfect ice crystal structure. (b) Ice with protonic defects. Arrows 

in (b) indicate proton motions to make defects. Scheme adapted from Ref. [8]. 
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Figure 1-3. Proton diffusion coefficients and H2O self-diffusion coefficients in ice 

and ASW. Abbreviations: QENS, Quasielastic neutron scattering; MD: Molecular 

dynamics; LITD: Laser-induced thermal desorption; TPD: Temperature 

programmed desorption; RIS: Reactive ion scattering; MC: Kinetic Monte Carlo 

method. 
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Table 1-1. Proton diffusion coefficients in crystalline ice and ASW 

Author Method Sample 
Activation 

Energy (kJ/mol)
Diffusion 

Constant (cm-2/s) 

Experiments     

Collier [38] 
Transmission 

IR 
Bulk – Ice Ih 40 ± 3  

Uritski [39] 
Time-resolved 
fluorescence 

Bulk – Ice Ih 22 (175-242 K) ~10-5 (≤175 K) 

Presiado [40] QENS Bulk – Ice Ih 17 (140-170 K) ~10-7 (140 K) 

Moon [41] RIS 
Polycrystalline 

ice 
10 ± 3 (90-110 K)  

Calculations     

Kobayashi [42] QM/MM Ice Ic 6.3  

Park [11] MD 
Surface – Ice Ih
Surface – ASW

Bulk – Ice Ih 

 
 
 

1.8×10-8 (190 K) 
1.5×10-8 (190 K) 
5.2×10-5 (190 K) 

 

Abbreviations: QENS, Quasielastic neutron scattering 

 RIS, Reactive ion scattering 

 QM/MM, Quantum mechanics/molecular mechanics 

 MD: Molecular dynamics 
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Table 1-2. H2O self-diffusion coefficients in crystalline ice and ASW 

Author Method Sample 
Activation 

Energy (kJ/mol)
Diffusion 

Constant (cm-2/s) 

Experiments     

Goto [43] 
X-ray  

tomography 
CI 54 

1.53×10-11 (260 
K) 

Livingstone [44] LITD Bulk – Ice Ih 71 ± 4 
2.2×10-16 (153 K) 
3.9×10-14 (170 K) 

Smith [45] TPD Bulk – ASW 170 ± 40 
1×10-16 (147 K) 
1×10-13 (155 K) 

Jung [46] RIS Surface  13.7 ± 1.4 
7×10-19 (100 K) 
8×10-17 (140 K) 

Nie [47] STM Surface 40 ± 10 . 

Xu [48] IR Bulk – ASW . 
6×10-15 (126 K) 
5×10-18 (151 K) 

Calculations     

Pedersen [49] MC Surface 15–21 6×10-10 (175 K) 

 

Abbreviations: LITD, Laser-induced thermal desorption 

 RIS, Reactive ion scattering 

 STM, Scanning tunneling microscopy 

 TPD, Temperature programmed desorption 

 MC, Kinetic Monte Carlo method 
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Chapter 2 

Methods 

 

2.1. Reflection Absorption Infrared Spectroscopy (RAIRS) 

Reflection absorption infrared spectroscopy (RAIRS) is a kind of vibrational 

spectroscopy that can be used to analyze adsorbates on reflective surfaces. It 

measures the intensity of reflected infrared lights on metal surfaces with adsorbed 

chemical species. The observed spectral changes after adsorption provide vibrational 

information on the chemical species on the surfaces. Any changes that induce 

variations of molecular vibrations can be detected by RAIRS. In addition, this 

technique has a high sensitivity and resolution that can detect signals from chemicals 

that are less than 0.01 monolayer [1]. Another advantage of this technique is that it 

detects only the transition dipole moments perpendicular to the metal surface. From 

this surface selection rule, molecular orientation can be determined from the 

resulting spectra. This rule is applied to other vibrational techniques for surfaces such 

as high resolution electron energy loss spectroscopy (HREELS). However, such 

methods are destructive due to the presence of particles with high energy and 

momentum [2]. Consequently, RAIRS has been widely adopted to investigate thin 

amorphous solid water (ASW), crystalline ice (CI) films, and adsorbed chemical 

species on various films [3-6].  

In RAIRS, incident light is reflected and transmitted at interfaces. Figure 

2-1 illustrates a simple three-phase model to describe the RAIRS experimental 

system. Before considering the three-phase model, the reflectance at the interface 
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between two phases i and j is considered. The ratio of reflected and transmitted light 

to the incident light at the interface can be described by Fresnel equations. When the 

incident light enters from phase i to the interface between i and j with an incident 

angle θi, the Fresnel reflection coefficients of p and s-polarized lights are given in 

Equations 2-1 and 2-2 [7].  

      r         (Equation 2-1)  

       r        (Equation 2-2) 

where ñ is the complex refractive index of each phase, and θt is the refraction angle 

described by Snell’s law. The p- (s-) polarization states of light is defined as the light 

polarized parallel (perpendicular) to the plane of incidence or perpendicular 

(parallel) to the interface plane, respectively. The Fresnel coefficients are the ratio of 

electric wave amplitude, so reflectance, which is the ratio of light intensity, is 

determined as Equation 2-3.  

     R r         (Equation 2-3) 

Using the two-phase Fresnel coefficients, the equivalent Fresnel reflection 

coefficient for the three-phase systems is defined as the ratio of the reflected wave 

amplitude to the incident wave amplitude [8]. In the system of Figure 2-1, phases 1, 

2, and 3 represent vacuum, ice film, and metal, respectively, and the equivalent 

Fresnel coefficient for p-polarized light is given as:  

       r ,       (Equation 2-4) 

and the coefficient for s-polarized light is given as: 

       r .       (Equation 2-5) 

In Equations 2-4 and 2-5, β is a term which represents the change in phase during 
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one traversal of the ASW or CI film, i.e., phase 2.  

          𝛽        (Equation 2-6) 

where d is the film thickness and λ is the wavelength of the light. The reflectance is 

determined from the coefficients. Practically, researchers measure the ratio of the 

reflectance of sample films (Rp) to the reference reflectance without the film phase 

2 (R0
p) as a form of absorbance at a spectrometer instead of the absolute reflectance. 

For a p-polarized light, the absorbance becomes Equation 2-7.  

   A log log .      (Equation 2-7) 

In this case, R0
p is same as the reflectance R13

p between phase 1 and 3. The 

absorbance in case of unpolarized light is also calculated similarly, but the s-

polarized light is not absorbed. During the reflection of s-polarized light, its phase 

changes by 180°, and the incident and reflected light interact to produce destructive 

interference [9]. In this situation, the electromagnetic radiation at the surface is zero, 

and it cannot interact with the adsorbed chemical species. However, the phase change 

of the p-polarized light after reflection from a metal differs as a function of the 

incident angle. When the p-polarized light grazes the surface, the absorbance has a 

maximum value [9].  

In the RAIRS spectra, only vibrational modes for which the transition 

dipole moment are perpendicular to the metal surface appear because an image 

dipole is induced in the metal opposite to the dipole on the surface. When a dipole is 

perpendicular to the surface (Figure 2-2(a)), the image dipole has the same direction, 

and the net dipole moment becomes larger. In contrast, the dipole parallel to the 

surface induces an opposite image dipole, and they cancel out each other, as shown 

in Figure 2-2(b). This phenomenon is called the surface selection rule. Using this 

rule, RAIRS can be used to monitor the direction of vibrational modes, in addition 
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to the determination of the orientation of chemical species adsorbed on the surface. 

There are several examples of studies that observed the orientations of molecules in 

thin films on metal surfaces and their changes by RAIRS [10-13].  

 

2.2. Temperature Programmed Desorption (TPD) 

When a chemical species adsorbed on a surface is heated from low to high 

temperatures, it will gain enough energy to escape from the surface at a certain 

temperature and desorbs from the surface. Temperature programmed desorption 

(TPD), also referred to as thermal desorption spectroscopy (TDS), is a method that 

measures desorption rates of adsorbates from a surface with a linearly increasing 

temperature. A quadrupole mass spectrometer (QMS) is usually used to identify and 

quantitate desorbing molecules and ions from the surface.  

From the Arrhenius equation, the desorption rate of a chemical species 

with surface coverage θ can be written as the Polanyi–Wigner equation [14].  

         r ν𝜃 exp         (Equation 2-8) 

where R is the gas constant (8.3145 J·mol-1·K-1), ν is the pre-exponential factor of 

desorption, n is the order of the desorption reaction, and Ed is the activation energy 

of desorption. The temperature T during TPD measurements can be expressed as T 

= T0 + βt where T0 is the start temperature, and β is the temperature ramp rate. Then 

Equation 2-8 can be rewritten as a function of temperature.  

       r 𝑇 exp       (Equation 2-9) 

Figure 2-3 displays a thermal desorption spectrum of water adsorbed on 

Pt(111). Two different peaks attributed to multilayer and monolayer desorption at 

146 and 168 K, respectively, appeared in the spectrum. The peak area of each peak 
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is proportional to the coverage of each state as confirmed by integrating Equation 2-

9. After the integration, the absolute coverage can be determined by using peaks of 

known coverage for calibration such as the monolayer peak of water in Figure 2-3.  

The TPD spectra also provide kinetic information of desorption. At the 

desorption peak maximum at Tp, the derivative of the desorption becomes zero. 

Therefore, by assuming that the kinetic parameters, Ed and ν, are independent of 

coverage, differentiation of Equation 2-9 with respect to T gives the relationship 

between Tp, Ed and ν. If n = 1, the equation becomes Equation 2-10. 

         exp       (Equation 2-10) 

From this equation, researchers have developed various methods to determine the 

desorption activation energy, Ed (and pre-exponential factor ν). The simplest method 

was suggested by Redhead [15]. Equation 2-11 is obtained by taking the natural 

logarithm of Equation 2-10 and solving for Ed in the exponential term. 

          𝐸 𝑅𝑇 ln ln          (Equation 2-11) 

Redhead estimated the term ln(Ed/RTp) as 3.64. Using Equation 2-11, the activation 

energy can be determined after assuming ν. 

A more accurate approach for measuring the activation energy involves the 

analysis of the TPD spectra at various ramp rates β. By rearranging Equation 2-11, 

it can be expressed as a linear function to 1/Tp.  

   2 ln 𝑇 ln β ln        (Equation 2-12)  

Thus, plotting (2 ln Tp – ln β) as a function of 1/Tp provides a linear relationship, and 

the slope is the activation energy of desorption. Similar equations can be derived for 

desorption with higher order. 
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These two methods assumed that Ed and ν are independent of coverage. 

However, these kinetic parameters usually depend on the coverage. This is mainly 

due to the repulsion between adsorbates on the surface. A simple method to 

determine Ed as a function of coverage is a leading-edge analysis. It uses an 

Arrhenius plot of an initial data in the TPD spectra that the coverage is almost not 

changed. This method provides quite accurate results over the range that the 

assumption is valid.  

The most accurate method is the complete analysis of the TPD spectra. 

From the desorption spectra with various coverages, the desorption rates of specific 

coverage at various temperatures are obtained. The Arrhenius plot of the rates gives 

the kinetic parameters at the coverage. There are additional methods for the analysis 

of TPD spectra, and their benefits and drawbacks are reviewed in Ref. [16]. 

From the TPD spectra, the amount of chemical species adsorbed on 

surfaces can be measured, and the desorption kinetics of the species can be analyzed 

by the aforementioned methods. Moreover, TPD can detect changes of chemical state 

in the surface adsorbates during desorption such as chemical reactions or phase 

transitions. Subsequent to phase transitions, desorption rates usually decrease 

because the new phase is more stable than the previous phase. In this dissertation, 

TPD experiments were used to determine surface coverage/thickness and detect 

amorphous–crystalline phase transitions. 

 

2.3. Cs+ Reactive Ion Scattering (RIS) and Low-Energy 

Sputtering (LES) 

Ion scattering is a useful method to analyze molecular and ionic species adsorbed on 

surfaces. Various scattering processes occur between colliding ions and surfaces 
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depending on the kinetic energy of the ion beams. Among them, hyperthermal (<100 

eV) ion projectiles can break the intermolecular bonds of surface-adsorbed species 

without ion implantation or secondary ionization. Reactive ion scattering (RIS) with 

Cs+ ions and neutral molecules occurs on the surfaces, due to the collision of Cs+ 

ions with the surfaces, resulting in cluster ions of Cs+ and molecules. The ion 

collision induces not only the RIS processes but also the detachment and sputter of 

ionic species on the surfaces. The latter is called low energy sputtering (LES). Both 

RIS and LES have been developed and applied to analyze surface-adsorbed neutral 

and ionic species on ice surfaces [17, 18].  

In the RIS process, projectile Cs+ ions collide with a solid surface, pulls 

neutral molecules (X) on the surface, and instantaneously (<1 ps) produces cluster 

ions, CsX+ as shown in Figure 2-4(a). The ejected cluster ions can be detected using 

a mass spectrometer with its ionizer switched off, so that the identification and 

quantitation of neutral species on the surface are possible. During the process, most 

molecules are detected without fragmentation. A typical ratio of intensities, 

I(CsX+)/I(Cs+), was in the order of 10-3–10-4 for chemisorbed species and 0.1–1 for 

physisorbed species [19].  

Kang and coworkers conducted a mechanistic study of RIS processes 

using computational simulations [20, 21] and experiments [22]. According to their 

results, Cs+ ions lose their kinetic energy after a collision with a solid surface and 

bounce off. During the process, the ions attract neutral adsorbates by ion-dipole 

interactions and form cluster ions. The whole process occurs in a very short time, so 

it is classified as an Eley–Rideal (ER) mechanism. The mechanistic studies [20-22] 

confirmed that heavy and slow ions like Cs+ are effective for producing RIS cluster 

ions and are useful for surface analysis. 
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LES also occurs with the RIS process. As shown in Figure 2-4(b), the 

collision of Cs+ ions transfers their momentum to the surface adsorbates, and the 

surface-adsorbed species eject from the surface if they have enough energy to 

overcome the adsorption energy. These ions can be detected by a mass spectrometer 

without further ionization. This process is called sputtering. The use of low collision 

energy suppresses secondary ion formation. In a research article by Park et al. [23], 

existing H3O+ and NH4
+ ions on an ice surface were ejected at Cs+ impact energies 

above 17–19 eV, but the ions were detected on pure H2O and NH3 surfaces at the 

impact energies above 60 eV due to collision-induced ionization. Therefore, an 

appropriate kinetic energy of the projectiles allows for the analysis of surface-

residing ions without ionization of neutral species. 

In conclusion, Cs+ RIS and LES are applicable techniques to analyze 

chemicals adsorbed on solid surfaces. Neutral and ionic species can be detected 

simultaneously using a hyperthermal Cs+ ion gun and a mass spectrometer. Both RIS 

and LES are very surface-sensitive to probe the outermost layer [24], and they can 

detect absorbates with high sensitivity because further ionization, which has a very 

low yield, is not required. 

 

2.4. Instruments 

The experiments were conducted in two ultra-high vacuum (UHV) chambers 

equipped with instruments for TPD, Cs+ RIS, LES, and RAIRS as illustrated in 

Figure 2-5. The two UHV chambers have similar configurations, but some of the 

instruments installed on the chamber are different. Turbomolecular pumps (TMP; 

Leybold, Turbovac 361) backed by rotary vane pumps (Edwards, E2M18) were used 

to evacuate the chambers down to the order of 10-8 Pa (~10-10 Torr). The chamber 
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pressure was monitored by Bayard-Alpert UHV vacuum gauges (Granville–Phillips, 

274 Gauge/ 350 Controller).  

In each chamber, a disk-shaped Pt(111) single crystal (MaTecK GmbH) 

was used for the substrate for film deposition. The single crystal was fixed on a 

sample holder using two 0.4–0.5 mm Ta wires by electric resistance spot welding. 

The sample holder was attached to a cooling apparatus, a closed-cycle He cryostat. 

Thin sapphire plates (UQG Optics) were inserted between the sample holder and the 

cooling apparatus for electric isolation and thermal conduction. An XYZ 

manipulation stage and a 360° rotatable axis stage were used to control the position 

and direction of the sample.  

Different cooling and heating systems were used in the two chambers, so 

they will be described individually. In one of the chambers which are highlighted in 

Chapter 3, the substrate was cooled using a closed-cycle He cryostat (CTI 

Cryogenics, Cryodyne Refrigerator 1020) and heated using resistive heating of 

attached Ta wires. A proportional–integral–derivative (PID) temperature controller 

(Eurotherm, 2404) was used to adjust the output current of a regulated DC power 

supply (Daedo Powertronics, DDP-2050) to supply an appropriate electric current to 

the filaments to control the temperature. The temperature was measured using a Type 

N thermocouple directly attached to the single crystal. This heating, cooling and 

temperature control instruments can control the sample temperature in the range of 

70–1300 K.  

In the other chamber which is highlighted in Chapter 4, the substrate was 

cooled using a closed-cycle He cryostat (Sumitomo Heavy Industries, CH-204N) 

and heated using a homemade electron gun attached behind the substrate. The 

electron gun did not directly contact the sample or the sample holder to avoid heat 

conduction from the outside of the chamber to the sample through thick copper 
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current lines. Therefore, it allowed the sample to achieve low cryogenic temperatures. 

A PID temperature controller (Eurotherm, 3504) was used to adjust the output 

current of an electron gun power supply (Daedo Powertronics, DRP-2240D), which 

can provide a maximum electron beam energy of 2 keV and a 50 mA emission 

current. The temperature was measured using a Type N thermocouple directly 

attached to the single crystal. Using these instruments, the sample temperature was 

adjusted between ~10 K and 1300 K. In both chambers, the surface of the sample 

was thoroughly cleaned by Ar+ sputtering (2 keV, ~5 μA, 25 min), heating to 800 K 

in an O2 environment (2 ×10-7 Torr, 20 min), and flash annealing to 1200 K. 

For the investigations presented in this dissertation, various chemical 

species were adsorbed onto the single crystal substrate. They can be classified into 

three groups: water (H2O and D2O), corrosive gases (HCl, NH3), and a solid (NaCl). 

Water in a liquid state under atmospheric conditions was degassed by repetitive 

freeze–pump–thaw cycles, and the purity of the water was tested using a residual gas 

analysis (RGA). The water vapor was adsorbed onto the substrate through variable 

leak valves by backfilling. During the adsorption, the partial pressure of water was 

less than 2×10-7 Torr. The thickness of the water layers was determined from the 

integrated desorption intensity divided by the intensity obtained from the water 

monolayer on Pt(111) surface [25]. 

Corrosive gases (HCl, NH3) were handled with great care. To maintain 

their purity and to prevent a leak to the atmosphere, only CF flanges and VCR fittings 

were used for connecting the gas lines. They were stored in a stainless still cylinder 

directly connected to leak valves, and the purity was checked using RGA. The gases 

were deposited onto the sample surface using a tube doser connected to the leak 

valves. During deposition, the partial pressures of the gases were less than 1×10-9 

Torr to avoid contamination of the UHV chambers. The coverages of adsorbed HCl 
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and NH3 were determined by comparing the desorption peak area to the peak of a 

known coverage [26-28].  

NaCl was adsorbed onto the sample surface by evaporation. A homemade 

NaCl evaporator that was used in this study consisted of an alumina tube (3 mm outer 

diameter, 2 mm inner diameter, 2.5 cm length), a Ta filament tightly wound on the 

tube, a Type K thermocouple, and a shutter. The tube was filled with NaCl powder 

and heated by supplying a current to the filament using a regulated DC power supply. 

A thermocouple was used to monitor the temperature of the evaporator, and the 

power supply was manually adjusted to maintain the temperature near 700 K during 

the deposition. NaCl exposure was controlled by the evaporation time using the 

shutter, and the coverage of NaCl on the substrate was determined by TPD [29]. Prior 

to using the evaporator, it was completely degassed by heating with the shutter closed 

until the pressure was close to the base pressure. 

The chemical species on the surface were analyzed by Cs+ RIS and LES. 

For these techniques, a low-energy alkali metal ion gun (Kimball Physics) and a 

QMS (Extrel) attached to the UHV chambers were utilized. The trajectory of the Cs+ 

ions is marked as a dashed line in Figure 2-5. The ion gun produced a focused Cs+ 

ion beam with an energy in the range of 1–100 eV. Cs+ ions collided with the sample 

surface and surface species were emitted as ions through RIS and LES processes. 

The QMS analyzed the mass and intensity of the emitted ions, so the identification 

and quantitation of surface species were possible. During the measurement, the ion 

current was limited to less than a few nA to avoid surface contamination and ion 

charging, and the voltage was maintained below 35 eV to prevent secondary ion 

formation. The ionizer of the QMS was turned off because the emitted ions were 

already charged. The angle between the ion gun and the QMS was fixed at 135°.  
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TPD was conducted to measure the quantity of chemical species in sample 

films and to monitor the phase transition of thick ASW films. It was performed last 

because the sample films were desorbed after heating. The sample crystal and the 

QMS entrance were approached as close as possible to minimize the background gas 

signal, and the sample temperature was increased at a uniform rate with the QMS 

ionizer turned on. Collected results were plotted and analyzed to measure the amount 

of adsorbed species and detect phase transition temperatures. 

Vibrational spectra of the sample films were obtained by RAIRS. The 

direction of an IR light beam from an FTIR spectrometer (PerkinElmer, Spectrum 

100 or Bruker, Vertex 70) was adjusted using flat mirrors, and the beam was focused 

by a parabolic mirror and polarized using a wire-grid polarizer (not shown in Figure 

2-5). After the entrance into the UHV chamber through a ZnSe window, the 

reflection and absorption occurred on the Pt(111) surface with the grazing geometry. 

Then the reflected beam was transmitted through the window and entered an external 

mercury cadmium telluride (MCT) detector (Infrared Associates, Inc). The beam 

path is shown as a dotted line in Figure 2-5. Its path outside the vacuum chamber 

was isolated using acrylic boards and purged with nitrogen gas to remove H2O and 

CO2 in the air, which can absorb IR light.  

  



32 

References 

 

1. Hoffmann, F. M. Infrared Reflection-Absorption Spectroscopy of 

Adsorbed Molecules. Surf. Sci. Rep. 1983, 3, 107-192. 

2. Allara, D.; Stapleton, J. Methods of IR Spectroscopy for Surfaces and Thin 

Films. In Surface Science Techniques; Bracco, G., Holst, B., Eds.; Springer: 

Berlin, Heidelberg, 2013; pp 59-98. 

3. Maté, B.; Medialdea, A.; Moreno, M. A.; Escribano, R.; Herrero, V. J. 

Experimental Studies of Amorphous and Polycrystalline Ice Films Using 

FT-RAIRS. J. Phys. Chem. B 2003, 107, 11098-11108. 

4. Ogasawara, H.; Horimoto, N.; Kawai, M. Ammonia Adsorption by 

Hydrogen Bond on Ice and Its Solvation. J. Chem. Phys. 2000, 112, 8229-

8232. 

5. Ayotte, P.; Marchand, P.; Daschbach, J. L.; Smith, R. S.; Kay, B. D. HCl 

Adsorption and Ionization on Amorphous and Crystalline H2O Films 

Below 50 K. J. Phys. Chem. A 2011, 115, 6002-6014. 

6. Yuan, C.; Smith, R. S.; Kay, B. D. Communication: Distinguishing 

between Bulk and Interface-Enhanced Crystallization in Nanoscale Films 

of Amorphous Solid Water. J. Chem. Phys. 2017, 146, 031102. 

7. Hecht, E. Optics, 5th ed.; Pearson Education, Inc.: Boston, 2017; pp 88-

150. 

8. McIntyre, J. D. E.; Aspnes, D. E. Differential Reflection Spectroscopy of 

Very Thin Surface Films. Surf. Sci. 1971, 24, 417-434. 

9. Griffiths, P. R.; de Haseth, J. A. Specular Reflection. In Fourier Transform 

Infrared Spectrometry; Griffiths, P. R., de Haseth, J. A., Eds., 2007; pp 



33 

277-301. 

10. Trenary, M. Reflection Absorption Infrared Spectroscopy and the 

Structure of Molecular Adsorbates on Metal Surfaces. Annu. Rev. Phys. 

Chem. 2000, 51, 381-403. 

11. Shin, S.; Kim, Y.; Kang, H.; Kang, H. Effect of Electric Field on 

Condensed-Phase Molecular Systems. I. Dipolar Polarization of 

Amorphous Solid Acetone. J. Phys. Chem. C 2015, 119, 15588-15595. 

12. Park, Y.; Kang, H.; Kang, H. Brute Force Orientation of Matrix‐Isolated 

Molecules: Reversible Reorientation of Formaldehyde in an Argon Matrix 

toward Perfect Alignment. Angew. Chem. Int. Ed. 2016, 56, 1046-1049. 

13. Shin, S.; Park, Y.; Kang, H.; Kang, H. Electric Field Effect on Condensed-

Phase Molecular Systems. IV. Conformational Change of 1,2-

Dichloroethane in a Frozen Molecular Solid. J. Phys. Chem. C 2017, 121, 

25342-25346. 

14. Kolasinski, K. W. Thermodynamics and Kinetics of Adsorption and 

Desorption. In Surface Science: Foundations of Catalysis and 

Nanoscience; 2nd ed.; John Wiley & Sons: Chichester, England, 2008; pp 

207-254. 

15. Redhead, P. A. Thermal Desorption of Gases. Vacuum 1962, 12, 203-211. 

16. de Jong, A. M.; Niemantsverdriet, J. W. Thermal Desorption Analysis: 

Comparative Test of Ten Commonly Applied Procedures. Surf. Sci. 1990, 

233, 355-365. 

17. Kang, H. Chemistry of Ice Surfaces. Elementary Reaction Steps on Ice 

Studied by Reactive Ion Scattering. Acc. Chem. Res. 2005, 38, 893-900. 

18. Kang, H. Reactive Ion Scattering of Low Energy Cs+ from Surfaces. A 

Technique for Surface Molecular Analysis. Bull. Korean Chem. Soc. 2011, 



34 

32, 389-398. 

19. Lahaye, R. J. W. E.; Kang, H. Reactive Ion Scattering Study of 

Physisorbed Adsorbates: Experiment and Theory. Curr. Appl. Phys. 2003, 

3, 25-29. 

20. Lahaye, R. J. W. E.; Kang, H. Mechanism for the Efficient Abstraction of 

an Adsorbate by Cs+ Scattering at Hyperthermal Energies. Phys. Rev. B 

2003, 67, 033401. 

21. Lahaye, R. J. W. E.; Kang, H. Reactive Ion Surface Scattering as an Eley–

Rideal Process: A Molecular Dynamics Study into the Abstraction 

Reaction Mechanism by Low Energy Cs+ from Pt(111). ChemPhysChem 

2004, 5, 697-705. 

22. Lee, C.-W.; Lee, P.-R.; Lahaye, R. J. W. E.; Kang, H. Effect of Adsorbate 

Mass on an Eley-Rideal Reaction. Reactive Scattering of Cs+ from Noble 

Gases and N2 Adsorbed on Ru(0001) Surfaces at Hyperthermal Energy. 

Phys. Chem. Chem. Phys. 2009, 11, 2268-2271. 

23. Park, S. C.; Maeng, K. W.; Pradeep, T.; Kang, H. Unique Chemistry at Ice 

Surfaces: Incomplete Proton Transfer in the H3O+-NH3 System. Angew. 

Chem. Int. Ed. 2001, 40, 1497-1500. 

24. Jung, K.-H.; Park, S.-C.; Kim, J.-H.; Kang, H. Vertical Diffusion of Water 

Molecules near the Surface of Ice. J. Chem. Phys. 2004, 121, 2758-2764. 

25. Hodgson, A.; Haq, S. Water Adsorption and the Wetting of Metal Surfaces. 

Surf. Sci. Rep. 2009, 64, 381-451. 

26. Daschbach, J. L.; Kim, J.; Ayotte, P.; Smith, R. S.; Kay, B. D. Adsorption 

and Desorption of HCl on Pt(111). J. Phys. Chem. B 2005, 109, 15506-

15514. 

27. Fisher, G. B. The Electronic Structure of Two Forms of Molecular 



35 

Ammonia Adsorbed on Pt(111). Chem. Phys. Lett. 1981, 79, 452-458. 

28. Gland, J. L.; Kollin, E. B. Ammonia Adsorption on the Pt(111) and Pt(S)-

6(111) × (111) Surfaces. Surf. Sci. 1981, 104, 478-490. 

29. Kim, J. H.; Kim, Y. K.; Kang, H. Interaction of NaF, NaCl, and NaBr with 

Amorphous Ice Films. Salt Dissolution and Ion Separation at the Ice 

Surface. J. Phys. Chem. C 2007, 111, 8030-8036. 

 

 

  



36 

 

Figure 2-1. A schematic diagram of the RAIRS system with three phases. ñ2 and ñ3 

denote the complex refractive indices of phase 2 and 3, respectively. θi, θr, θi is the 

angle of incidence, reflection, and refraction, respectively. 
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Figure 2-2. A surface selection rule on metal surfaces. (a) A dipole is perpendicular 

to the surface. The image dipole in metal has the same dipole direction, and the 

dipole moment is amplified by the image dipole. (b) A dipole is parallel to the surface. 

The image dipole has the opposite direction and the dipoles cancel out each other. 
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Figure 2-3. A typical TPD spectrum of water multilayer and monolayer at a Pt(111) 

surface. The peak at 146 K is the multilayer peak, and the peak at 168 K is the 

monolayer peak of water directly adsorbed on Pt surface. The thickness of water 

monolayer is 1.24 ML from the peak area ratio. 
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Figure 2-4. Illustrations of (a) Cs+ RIS and (b) LES processes.  
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Figure 2-5. A configuration of a UHV chamber equipped with instruments for TPD, 

Cs+ RIS, LES and RAIRS. A dashed line is a trajectory of Cs+ ions for RIS and LES 

experiments, and a dotted line is an IR beam path for RAIRS. 
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Chapter 3 

Acid-Promoted Crystallization of  

Amorphous Solid Water 

Abstract 

Amorphous solid water (ASW) has attracted much attention in the ice research 

community because of its unique properties as a solid form of water and possible 

existence in interstellar clouds. ASW is metastable and undergoes a phase transition 

to crystalline ice (CI) upon heating; these phenomena have been extensively studied 

in recent years. However, little work has been done for studies about the ASW 

crystallization with impurities. This chapter presents an investigation into the effect 

of excess protons on the crystallization of ASW. ASW films were prepared in ultra-

high vacuum environment, and their phase transitions were analyzed using surface 

analysis methods including reflection absorption infrared spectroscopy (RAIRS). 

Protons from the dissociation of hydrogen chloride (HCl) promoted the 

crystallization of ASW in contrast to normal solutes that retard the crystallization. 

This acceleration phenomenon was observed regardless of HCl location, at the 

surface or in the bulk of ASW. In both cases, the crystallization was started near the 

place where the acid was adsorbed. The presence of excess protons lowered the 

activation energy of the crystallization from 63.4 kJ·mol-1 without the acid to 48.5 

kJ·mol-1. A promotion mechanism for the proton-accelerated crystallization of ASW 

is discussed. The investigation of the crystallization of ASW with excess protons 

may offer an understanding of the phase transition of amorphous ices in nature 

including comets and interstellar clouds, and freezing of acidic aqueous solutions. 
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3.1. Introduction 

Amorphous solid water (ASW) is a disordered, metastable solid form of water. ASW 

is usually generated by condensing water vapor on a very cold solid substrate, lower 

than ~130 K. ASW has been commonly investigated in the ice research community 

mostly for two reasons: similarity in structure to supercooled liquid water and 

possible existence in interstellar clouds. Water molecules in the interstellar dust 

predominantly exist in an ASW state, so it is essential to understand its property to 

understand the chemical reactions in the interstellar medium. Also, because of the 

structural resemblance of ASW and liquid water, some properties may be considered 

analogous between them, for example, crystallization of ASW and freezing of liquid 

water. 

ASW is metastable and changes into crystalline ice (CI) when it is heated 

above ~135 K in a laboratory timescale. A brief background is given here about 

crystallization kinetics for liquid-solid or gas-solid phase transition. Certain features 

of the kinetics may well apply to the ASW-CI transition. Crystallization consists of 

two steps, nucleation and growth, and the total crystallization rate depends on the 

rates of both steps. Nucleation kinetics can be described by classical nucleation 

theory (CNT), which is applied to various condensed-phase transformation processes. 

Thermal fluctuation of molecules allows them to move to the new positions for the 

other phase (ordered positions in crystallizations), but the new phase is unstable 

when the region (embryo) is less than a critical size because of the interfacial free 

energy between two phases. The free energy change after the formation of a spherical 

crystalline embryo is described by Equation 3-1 upon neglecting the difference in 

density and strain of the structure [1, 2]. 

     𝛥𝐺 𝜋𝑟 ΔG 4𝜋𝑟 γ       (Equation 3-1) 
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where r is the radius of the embryo, ΔGV is the bulk free energy change after phase 

transition per unit volume, and γ is the interfacial free energy between the amorphous 

and crystalline phases. The interfacial free energy γ has a positive value, and ΔGV 

should be negative for the occurrence of phase transition. Then ΔG has a maximum 

when the surface energy increase and the bulk energy decrease are the same. At this 

point, the radius of the embryo is called the critical size. The radius and the energy 

at this size are given by Equation 3-2. 

     𝑟∗ , 𝛥𝐺∗          (Equation 3-2) 

When the size of the region exceeds the critical size, the region is called a nucleus. 

So the nucleation rate is affected by ΔG*. The other factor is the activation energy of 

transport Et. Thus, ignoring pre-exponential terms for describing the impingement 

rate of molecules toward the embryo, the homogeneous nucleation rate R becomes 

    𝑅 const ∙ exp 
∗

        (Equation 3-3) 

When the temperature T is close to the melting point Tm, at which the free energies 

of the two phases are same, ΔGV
 becomes ΔS 𝑇 T  from Gibbs free energy 

equation (At 𝑇 T , ΔG ΔH T ΔS 0, 𝜕Δ𝐺 /𝜕𝑇 ΔS ). Then from 

Equation 3-2, ΔG* is inversely proportional to the square of (Tm – T) and approaches 

to infinity as the temperature T lower than Tm increases to Tm, On the other hand, 

when the temperature is low enough, ΔG* change is negligible relative to 1/T, and 

the behavior of R becomes similar to a normal Arrhenius kinetics. This explains why 

liquid water freezes slower as a temperature increases to 273 K, and ASW 

crystallizes faster at a higher temperature less than ~200 K.  

After nucleation, molecules near the interface convert to the new phase, 

and its region grows. The growth rate is the flux difference between the two phases. 

Except the free energy difference, the two fluxes have a common transport rate, so 
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the growth rate is described as   

    𝑢 const ∙ exp 1 exp     (Equation 3-4) 

where ΔGM
 is the molar free energy difference between crystalline and amorphous 

phase and E12 is the activation energy of crossing the interface between two phases. 

Similar to the nucleation rate, ΔGM
 and the growth rate becomes 0 near T = Tm. At 

low temperatures, the value in the square bracket of the Equation 3-4 becomes 1, and 

the growth rate is governed by the activation energy of the transfer between two 

phases and goes to zero as the temperature approaches the absolute zero temperature. 

As a result, both nucleation and growth rates of crystallization have maximums at 

certain temperatures, but they behave similarly to Arrhenius equation kinetics at very 

low temperatures.  

For the description of crystallization rate at isothermal conditions, there 

are various cases for nucleation sites. When crystalline nuclei are formed during a 

phase transition, the nuclei may be generated at any place in the bulk ASW 

(homogeneous nucleation) or only at limited locations such as vacuum/ASW 

interfaces or ASW/metal interfaces (heterogeneous nucleation). In both cases, the 

crystallization fraction, x(t) is expressed as 

         𝑥 𝑡 1 e         (Equation 3-5) 

and in a homogeneous nucleation case,  

       𝑘 , 𝑛 4         (Equation 3-6) 

Equation 3-5 is called the Avrami equation [3, 4] and it applies to various cases 

including heterogeneous nucleation and pre-existing nuclei [2, 5]. For example, 

when nuclei already exist before the phase transition starts and no newer nucleus 

forms during the phase transition, n becomes three. If nucleation initiates at the grain 

boundaries only, and nuclei grow in 3-dimension at first, then n becomes four at the 
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initial phase. However, after the nucleation at grain boundaries ceases and only the 

growth occurs perpendicular to the boundaries, n becomes one at later stages [5]. In 

case of homogeneous nucleation in very thin films, the crystallized region can grow 

in two-dimension effectively, and hence n is three [6]. Geometrical model studies for 

the phase transition of thin films showed the phase transition kinetics is very 

complicated including third and fourth-order terms to t, and the apparent n has the 

value between three and four [7, 8]. Consequently, fitting the crystallization kinetics 

to the Avrami equation can be used to study the nature of the crystallization process 

including the nucleation sites. 

The crystallization kinetics of thin ASW films has been experimentally 

measured using various methods including electron diffraction [9-11], desorption 

rate change [12-18], changes of probe molecules [14, 19-21], and vibration 

frequency change after phase transition [15-18, 21]. The researchers measured the 

isothermal crystallization rates at various temperatures and calculated the activation 

energy [12, 15, 17, 18, 20]. The reported activation energies of crystallization are in 

the range from 60 [17] to 77 kJ·mol-1 [20] to the best of the author's knowledge. Also, 

strategies to separate nucleation and growth rates have been suggested. Dohnálek 

and coworkers [14] measured the growth rate of the crystallization using ASW films 

on already crystallized ice films and determined the activation energies of growth 

and nucleation to be 56 and 140 kJ/mol, respectively. Safarik and Mullins [20] used 

a pre-nucleation method. By exposing ASW films at a higher temperature in a short 

time for nucleation and crystallizing the films at lower temperatures in a long time 

for growth, they estimated the activation energy of crystallization and nucleation to 

be 47 and 168 kJ/mol, respectively. Their results showed that the nucleation is the 

bottleneck of the crystallization process. They tried to connect the nucleation rate to 

the freezing of liquid water, but it is experimentally inaccessible to measure the 
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crystallization kinetics in the temperature region of 160–230 K, so-called “no man’s 

land [22]” because of the very high crystallization rate in the temperature region. 

Computational chemists have been trying to simulate crystallization to 

observe the molecular picture of the process and to access the “no man’s land”. In 

spite of the difficulty in modeling hydrogen bond appropriately with a large number 

of water molecules at low temperature, some studies have been reported [23-26]. For 

example, Matsumoto and coworkers [23] demonstrated that water molecules formed 

an ice nucleus after a long time of thermal fluctuation, and the nucleus rapidly grew 

toward an entire system in molecular dynamics (MD) simulation. Sanz et al. [24] 

claimed that the homogeneous nucleation rate of supercooled liquid water to ice was 

very low at supercooled temperatures slightly (~20 K) below the melting point, from 

the nucleation rate they predicted by MD calculation. Moore and Molinero [25, 26] 

simulated the procedure of water crystallization near ~180 K in “no man’s land”.  

To specify the nucleation sites of pure ASW films, various strategies have 

been proposed [7, 8, 16, 17, 19, 21]. One method is the measurement of 

crystallization rates with various film thickness, demonstrated by Safarik and 

coworkers [7, 19]. In homogeneous nucleation, crystalline grain size becomes larger 

for thicker films, and they crystallized faster than thin films. On the other hand, in 

case of surface nucleation, thicker films require more time for the growth into the 

interior. As a result, comparing the crystallization time of ASW films with various 

thickness reveals nucleation sites. Another method is using probe molecules for 

monitoring the crystallization fractions at various locations. In particular, Backus 

and coworkers measured the extent of crystallization at the surface, in the bulk, and 

at the water/metal interface by CHCl3 desorption, O–H stretch vibration monitoring, 

CO vibration at the water/metal interface, respectively [8, 21]. In a recent study 

performed by Yuan et al. [16, 17], dilute HDO was used as a probe for monitoring 



47 

crystallization at a specific site using O–D stretch frequency shift, and crystallization 

fraction changes at various locations of ASW films were investigated. 

A few studies reported the effect of impurities on the crystallization of 

ASW. One study by Souda indicated that methanol-incorporated ASW crystallized 

at a lower temperature [27]. McClure and coworkers showed that HNO3 accelerated 

the crystallization and reduced film fracture during crystallization [28]. In their study, 

as the ratio of HNO3 in the acid-doped ASW film increased, the crystalline bump 

from the desorption spectrum appeared at a lower temperature. They also observed 

the morphology change during the crystallization using the adsorption and 

desorption of CClF2H on the film surface, and HNO3-doped ASW films did not 

change its surface area substantially during the crystallization, while the surface area 

of pure ASW films increased due to the fracture formation during crystallization. 

However, in their work, little attention has been paid to understanding the cause of 

the acceleration, especially for protonic defects, which are expected to affect the 

properties of ASW strongly. 

This work investigated the accelerated crystallization of ASW by doped 

acids. This chapter is organized as follows: After the description of experimental 

methods, the observed evidence of rapid crystallization by excess protons is provided, 

and the phase transition kinetics is quantitatively measured. In the next section, the 

process of the acid-promoted crystallization is analyzed, and it reveals that the 

protons facilitate the formation of crystallizing nuclei in ASW. The discussion 

section deals with the mechanism and implications of the crystallization induced by 

protons.  
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3.2. Experimental Section 

Experiments were carried out using an ultra-high vacuum (UHV) chamber equipped 

with a quadrupole mass spectrometer (QMS; Extrel, Model 5221), a low energy Cs+ 

ion gun (Kimball Physics, ILG-4/IGPS-4), a Fourier transform infrared (FTIR) 

spectrometer (PerkinElmer, Spectrum 100), which are able to perform temperature 

programmed desorption (TPD), low energy sputtering (LES), reactive ion scattering 

(RIS), and reflection absorption infrared spectroscopy (RAIRS) measurements. 

A Pt(111) single crystal surface (1 ML = 1.5 × 1019 Pt atoms·m-2) was 

cleaned by Ar+ ion sputtering with 2 keV kinetic energy at a room temperature for 

25 minutes every day and by heating to 1200 K three times before starting each 

experiment set. On the cleaned Pt(111) surface, ASW films were grown by 

backfilling the chamber with water vapor through a leak valve. The partial pressure 

of water in the chamber was maintained at ~2 × 10-7 Torr during deposition. The 

thickness of ASW films was ~180 ML (1 ML = 1.1 × 1019 water molecules·m-2), 

much thicker than the minimum thickness (~50 ML) required for generating CI 

surfaces on Pt(111) surfaces without roughening transition [29-31]. Hydrogen 

chloride (HCl, Aldrich, ≥99% purity) gas was exposed onto the ASW films through 

a tube doser connected to a leak valve. To reduce the contamination of the UHV 

chamber, its partial pressure was kept less than 10-9 Torr during the deposition. 

TPD measurements were performed to detect the crystallization 

temperature of ASW films and to estimate the thickness of the films and the coverage 

of hydrogen chloride. For HCl coverage determination, the acid was adsorbed onto 

the Pt(111) surface, and the desorbed peak area was integrated and divided by the 

area of the clearly separated 0.2 ML HCl peak from 150 K to 400 K [32]. For water, 

thick ASW films were prepared on the Pt(111) surface and heated. The water 
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desorption curve had a nearly zeroth-order shape. Usually, thick solid films without 

phase transition show the zeroth order desorption. However, a bump appeared at 

~155 K, and it indicates the reduction of desorption rate due to the amorphous–

crystalline phase transition of the films. When a metastable amorphous phase 

transforms into the more stable crystalline phase, the vapor pressure decreases. The 

film thickness of ASW was computed by dividing the integrated peak area of the 

thick films by the peak area of water monolayer on the Pt(111) surface.  

For the measurement of ionic and neutral species on the sample surface, 

LES and RIS analyses were used. A Cs+ beam with 35 eV kinetic energy collided 

with the sample surface, and the surface species were emitted from the surface. 

Specifically, preexisting positive and negative ions on the surface were desorbed as 

ions by the collision (LES), and the desorbing neutral molecules (M) made a cluster 

with cesium ions (RIS product; CsM+). The mass and the quantity of emitted ions 

were measured by QMS with its ionizer filament off. Because of the low energy of 

the ion beam, secondary ionization of neutral species did not occur, and the probing 

depth of LES and RIS processes was limited to approximately one monolayer [33]. 

A very low ion current (~1 nA) was used to avoid surface charging due to sticking 

cesium ions [34]. 

RAIRS measurement was conducted in a grazing angle (84°) reflection 

geometry. IR light from the FTIR spectrometer passed a wire-grid polarizer (Edmund 

Optics) with perpendicular polarization to the sample surface (p-polarized), and the 

light was reflected on the Pt(111) sample surface. After the interaction with the 

sample film, the IR light entered an external mercury cadmium telluride (MCT) 

detector for intensity measurement. The beam path outside the vacuum chamber was 

purged using nitrogen gas from liquid N2 supply tanks to remove water and carbon 
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dioxide in the air. The resolution of spectra was 4 cm-1, and the spectra were averaged 

256 times.  

To estimate the extent of crystallization at specific temperatures, RAIR 

spectra were analyzed. First, pure ASW or HCl-doped ASW film samples were 

prepared at 80 K, and the temperature was increased to the desired temperature by 1 

K·s-1. At the temperature, isothermal measurement was conducted by collecting 

RAIR spectra as a function of time until no more perceptible changes were observed. 

Then the first spectrum of the collection (the red spectrum in the inset of Figure 3-1) 

is from an entirely amorphous film, and the last spectrum (the blue spectrum in the 

inset of Figure 3-1) is from an entirely crystalline film. The spectra between two are 

the mixture of ASW and CI. Hence the crystallization fraction x(t) of each spectrum 

was calculated from Equation 3-7 by a linear combination at any wavenumber except 

an isosbestic point, at which ASW and CI have the same absorbance.  

     𝑥 𝑡       (Equation 3-7) 

Practically, the wavenumber with the largest absorbance change during 

crystallization (usually 3283 cm-1) was used. The crystallization fractions from the 

spectra in the inset of Figure 3-1 are calculated using Equation 3-7 and displayed as 

black points in Figure 3-1. The crystallization half-time, t1/2, is defined as the time 

when the crystallization fraction becomes 0.5, and it is used for the analysis of the 

crystallization rate. 
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3.3. Results 

3.3.1. Confirmation of Chemical Species on the Surface of HCl/ASW 

Films  

The chemical state of adsorbed hydrogen chloride on ASW films was checked. This 

is a prerequisite for studying the effect of HCl on the crystallization of ASW. Figure 

3-2(a) shows the surface species measured from the positive LES and RIS 

experiment of an HCl/ASW film at 80 K. In a positive LES spectrum, singly and 

doubly hydrated protons, H3O+ and H3O+·H2O, were detected at m/z = 19 and 37. 

Chloride ions also appeared at m/z = 35 and 37 in a negative LES spectrum (not 

shown). RIS experiments showed the neutral molecules clustered with cesium ions. 

A Cs(H2O)+ peak at m/z = 151 appeared by the pickup of a water molecule during 

the cesium ion scattering on the ice surface. However, Cs(HCl)+ was not detected in 

the RIS spectrum. If HCl molecules would exist in a molecular state, Cs(H35Cl)+ and 

Cs(H37Cl)+ should appear. There was a peak at m/z = 169, but none of the signals 

were detected at m/z = 171. So the m/z 169 peak is not from Cs(H35Cl)+ but from 

Cs(H2O)2
+. From the spectra, HCl molecules adsorbed on the ASW surface 

dissociated into protons and chloride ions. These results are consistent with previous 

studies of HCl on ASW films [35]. 

Dissociation of HCl molecules was also confirmed by IR spectroscopy. 

Figure 3-2(b) displays the difference spectra after HCl adsorption on ASW films. 

When HCl was deposited on ASW at ~10 K, a peak at 2500 cm-1 appeared, and this 

is attributed to the stretch of H–Cl molecules hydrogen bonded to one water molecule 

[36-38]. This peak disappeared from the spectra when HCl adsorbed on ASW at 80 

K. Two peaks at 1225 and 1750 cm-1, related to the symmetric and antisymmetric 
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bending motions of H3O+ respectively, and a broad region from ~1000 to 3000 cm-1, 

so-called Zundel continuum, also increased in the 80 K spectrum, with an 

accompanying decrease of O–H stretch at ~3500 cm-1. The appearance of Zundel 

continuum indicates that the acid molecules are dissociated and water molecules are 

protonated [39, 40]. Therefore, when adsorbed onto ASW films at 80 K, HCl 

molecules completely dissociate into protons and chloride ions, and protons are 

solvated in the ASW.  

 

3.3.2. Promotion of ASW Crystallization by Protons 

The main focus of this work is the investigation of the crystallization of HCl-

adsorbed ASW films. First, TPD was used for measuring the crystallization 

temperature. As shown in the solid curve in Figure 3-3(a), the desorption rate of a 

pure (without HCl) ASW film with 180 ML thickness had a bump at ~155 K. The 

bump structure was more clearly visible in the TPD curves displayed in a linear 

intensity scale (inset of Figure 3-3(a)). This bump indicates the occurrence of phase 

transition. On the other hand, if the ASW films were exposed to HCl gas, the bump 

shifted to a lower temperature. It evidenced that the crystallization of ASW films was 

promoted by HCl. As the coverage of HCl on ASW increased, the crystallization 

temperature decreased and the bump structure became weaker. The bump almost 

disappeared at 0.4 ML HCl coverage. It may indicate that the phase transition 

occurred when water desorption was insignificant (below ~140 K). 

To examine which of H+ and Cl- ions promote the crystallization, ASW 

films with NaCl adsorbate instead of HCl were studied. As shown in Figure 3-3(b), 

ASW films with NaCl crystallized at a higher temperature as the coverage of NaCl 

increased. It shows that adsorbed NaCl impedes the crystallization. Because chloride 
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ions are common in both HCl and NaCl-doped samples, protons must be responsible 

for the accelerated crystallization of ASW. 

The crystallization kinetics of ASW films was monitored using RAIR 

spectroscopy at the isothermal condition as described in the experimental section. 

The spectral change at O-H stretch before and after crystallization is shown in the 

inset of Figure 3-1, and the calculated crystallization fraction is displayed as data 

points in Figure 3-1. It shows that crystallization proceeded faster at higher HCl 

coverage. Crystallization half-time, t1/2. was reduced from 430 s for a pure ASW film 

to 130 s for 0.2 ML HCl/ASW. For fitting the crystallization fraction, the Avrami 

equation (Equation 3-5) was used. The fitted values are listed in Table 3-1, and the 

curves are shown as the solid lines in Figure 3-1. One noticeable point is the decrease 

of exponent value n with an increase of HCl coverage. This phenomenon is reflected 

in the change of the curve shape from sigmoidal to exponential. As described in the 

introduction section of this chapter, low n values suggest that nucleation occurs at 

the surface where the acid is located [2, 5]. When the crystallization initiates at 

random nucleation sites in bulk and expands toward all directions, n is four for bulk 

samples, and about three for thin film samples. In this experiment, the determined n 

value for a pure ASW film was 3.43. On the other hand, when the nucleation occurs 

at a surface, such as a vacuum/film interface and a film/metal interface, the growth 

direction will be limited perpendicular to the surface [5], and n will be close to one. 

For example, in a study of Smith et al., the crystallization of ASW on CI substrate 

started at the ASW/CI interface with n ≈ 1.4 [41]. So n = 1.52 for 0.2 ML HCl/ASW 

indicates that the nucleation started preferentially from the surface, where HCl is 

adsorbed.  

Temperature dependence of crystallization kinetics was measured for pure 

and HCl-doped ASW films at temperatures near 140 K. As displayed in Figure 3-4, 
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for both samples, like most chemical reactions, the crystallization was faster at a 

higher temperature. The addition of 0.1 ML HCl made the crystallization roughly 

twice faster. HCl adsorption also changes the shape of the crystallization curve. 

Unlike pure samples, the crystallization fraction curve of HCl/H2O samples did not 

have a sigmoidal pattern like the ones in Figure 3-1. This shape change induced the 

change of the fitting parameters as listed in Tables 3-2 and 3-3. One of the 

parameters, n, was 3.19 ± 0.20 for pure ASW and 1.81 ± 0.19 for HCl-doped ASW. 

As explained above, the decrease of n emphasizes the limited nucleation sites.  

The activation energy (Ea) of crystallization was determined using the 

Arrhenius plot of the crystallization half-time, shown in Figure 3-5. The 

crystallization activation energy of pure ASW films was 63.4 ± 2.8 kJ/mol. This 

value is in the range of previously reported values (60–77 kJ/mol) from various 

groups with diverse experimental methods [12, 15, 17, 18, 20]. On the other hand, 

when 0.1 ML HCl was adsorbed on ASW films, the crystallization activation energy 

was 48.5 ± 0.6 kJ/mol. This result clearly shows that excess protons from HCl 

lowered the activation energy of ASW crystallization. Interestingly, the activation 

energy of HCl-doped ASW films is close to the activation energy of the growth step 

for pure ASW films, 47–56 kJ/mol [14, 20]. As implied from Equation 3-6, the 

activation energy of the whole crystallization process consists of the activation 

energy of the nucleation and the activation energy of growth. Therefore, the decrease 

in the activation energy of crystallization without changing the activation energy of 

growth indicates that the nucleation step requires less energy. This result suggests 

that protons facilitate the nucleation step, making the growth step the bottleneck of 

crystallization in the presence of acid impurities. 
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3.3.3. Nucleation Sites  

The nucleation sites in the crystallization of ASW films was studied with two 

approaches: the use of probe molecules [16, 17, 21] and the change of film thickness 

[7, 19]. First, the thickness-dependent crystallization fraction measurement, 

demonstrated by Safarik and coworkers [7, 19], was applied to HCl/ASW film 

samples. If the crystallization of the films initiated at the vacuum/ASW interface, 

thick films would take a longer crystallization time than thin films because of the 

long distance for the growth of the crystallized region. As displayed in Figure 3-6, a 

film with 90 ML thickness crystallized faster than 180 ML and 360 ML films. This 

result indicates that the crystallization starts at the surface where protons are located. 

Of course, if the ASW/Pt interface were the nucleation site, similar results would be 

obtained. However, ASW/Pt interfaces exist both in HCl/ASW/Pt(111) samples and 

pure ASW/Pt(111) samples, and in pure ASW, thicker films crystallized faster [19]. 

Therefore, crystalline nuclei are formed at the surface of HCl/ASW samples. 

Second, a probe species (HDO) was embedded in the sample to determine 

the nucleation sites with the method called “selective placement” [16, 17]. A liquid 

mixture of 5% D2O and 95% H2O was prepared. Because of the H/D exchange at 

room temperature, this liquid consists of ~10% HDO and ~90% H2O with only 

0.25% D2O. So, the ν(O–D) stretch intensity mostly comes from HDO molecules, 

with only small contributions of symmetric and asymmetric O–D bands of D2O. 

Crystallization of the thin films narrows the width of the ν(O–D) peak and shifts the 

peak frequency to a lower wavenumber as shown in the inset of Figure 3-7(b). 

Consequently, deposition of the HDO layer at a specific location of H2O-ASW film 

and monitoring the change of O–D stretch allows the measurement of the 

crystallization progress. This insertion of HDO layer in HCl/ASW samples at various 
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locations showed that the crystallization started at the film surfaces. As detailed in 

Figure 3-7(a), the monitoring of the bulk ν(O-H) signal (from H2O and HDO) 

showed that the rate of crystallization (t1/2 ≈ 190 s) was independent of the location 

of HDO in the sample. On the other hand, the measurement of the ν(O-D) signal of 

HDO showed that the crystallization rate was faster when the HDO layer was closer 

to the surface. (Figure 3-7(b)) Therefore, the crystallization mainly initiated near the 

surface where HCl was dosed and propagated into the interior of the films, and the 

two different methods gave the consistent result of the crystallization process in 

HCl/ASW films. 

The location of HCl in the sample was varied to measure the effect of the 

location of nucleation site on crystallization rate (Figure 3-8). The crystallization rate 

was fastest when HCl was adsorbed at the center of the ASW film. As shown in 

Figure 3-8(b), when HCl was located away from the film center, crystallization took 

place more slowly. The crystallization half-time of the HCl-on-top film was almost 

twice as long as that of the HCl-sandwich film [H2O(90 ML)/HCl/H2O(90 

ML)/Pt(111)]. It indicates that the nucleation started where HCl was injected.   

Protons prefer to stay on the surface of ice films and move from bulk to 

the surface [35, 42-44]. So when an HCl layer was incorporated in the interior of 

ASW films, two scenarios are possible. The first scenario is that the migration of 

protons toward the surface of the film occurs first, and then crystallization starts at 

the surfaces. The other scenario is the opposite; the crystallization starts first in the 

interior near the place where HCl was injected, and protons migrate to the surface 

later. If the first scenario were correct, ASW films with HCl in the interior of the film 

would take more time for migration of protons to the surface. However, the 

experiment showed the opposite result. From the result, HCl-induced crystallization 

started near the place where HCl was injected and then propagated into the whole 
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film toward both interfaces. Combining with the conclusion of Section 3.3.2, protons 

promote the formation of crystalline nuclei in the nearby region, regardless of 

whether they are at the surface and in the bulk. 

One interesting case is when HCl was located at the ASW/Pt interface. 

This sample crystallized as slowly as the pure ASW film, which is indicated by the 

dotted line in Figure 3-8(b). One surmise is that protons form fully-hydrated proton 

structures at the water/metal interface [45], and as a result of the stabilization, 

protons cannot have enough mobility to affect the surrounding water molecules to 

initiate crystallization. 

I compared the crystallization rate and the migration speed of protons 

located in bulk toward the surface. In Figure 3-9, an HCl-sandwich ASW film sample 

consisting of H2O(45 ML)/HCl(0.1 ML)/H2O(135 ML)/Pt(111) was prepared and its 

crystallization was measured with RAIRS during a slow temperature increase (0.1 

K/s). At the same time, the surface population of hydronium ions was measured with 

LES. HCl was intentionally located closer to the vacuum/ASW surface to avoid 

hydronium ions trapped at the ASW/Pt interface after diffusion across the whole film 

[45]. The surface population of hydronium ions was determined by dividing the m/z 

19 intensity of LES ions from the sample by the intensity of an HCl-on-top film 

[HCl(0.1 ML)/H2O(180 ML)/Pt(111)] for calibration. For the crystallization fraction, 

it was not possible to use one wavenumber in this case because absorbance decreased 

as a result of film desorption at high temperatures. Thus, the crystallization fraction 

of the HCl-sandwich sample was determined by analyzing the spectral shape in the 

4000–3000 cm-1 region in terms of a linear combination of ASW and CI spectra. As 

indicated in Figure 3-9, the crystallization initiated at 146 K, and the crystallization 

fraction was almost a half at 152 K. At this temperature, hydronium ions started to 

appear on the surface and its population increased later. Both values were close to 1 
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at ~165 K, and the films were completely desorbed in this temperature. This result 

suggests that the surface migration of protons occurs after the crystallization.  

 

3.4. Discussion 

Previous works studied the mechanism and kinetics of phase transition from ASW 

to CI in UHV environment extensively, but most of them were limited to the pure 

ASW. In this study, the properties of ASW crystallization induced by excess protons 

were investigated. The presence of excess protons accelerated the crystallization of 

ASW, and the crystallization initiated near the place of the excess protons, regardless 

of surface or interior. 

An outstanding question is how protons promote the crystallization of 

ASW. It is well known that acids in ice accelerate protonic isotope mixing [46-48] 

and the polarization of hydrogen bonds between water molecules [49]. However, 

crystallization of ASW requires movement of oxygen atoms as well as protons. 

Accordingly, an important question is how oxygen (or whole water molecule) can be 

moved with the help of excess protons. One hypothesis is that protons try to extend 

the regions that they can move [50]. This hypothesis assumes that protons assist to 

make stronger and ordered hydrogen-bond network between water molecules, but its 

molecular mechanism remains unanswered.   

The other possibility is that the crystallization is driven by entropy. If 

protons can migrate over a wider region of ice (or ASW), the entropic effect will 

favor crystallization because protons in crystalline phases ramble more than in 

amorphous phases. This effect will decrease the free energy of CI to a larger extent 

than that of ASW. The free energy of CI is only 1–2 kJ mol-1 lower than the energy 
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of ASW [12, 15, 51]. Mobile protons in the ice lattice will increase the 

configurational entropy of the system by ΔSconf = k ln W, where W is the number of 

accessible positions in the lattice by the protons. Assume that a proton can move 

across four water molecules in the crystallizing nuclei and each water molecule has 

two possible positions to accept a proton, then it can lower the free energy by ΔG = 

–RT ln (4×2) = -2.4 kJ mol-1 at 140 K. This amount of further stabilization can 

produce a significant effect. From Equation 3-2, the free energy of activation of 

nucleus formation is inversely proportional to the square of the free energy difference 

between two phases. As a result, even a small further stabilization of CI nuclei could 

significantly lower the activation energy of nucleation. 

The spectral changes of the O–H stretch band associated with the 

crystallization of ASW are discussed. During crystallization, the absorbance of the 

band for HCl-adsorbed ASW films change less than that of the pure ASW film. 

(Figure 3-10(a)) As the coverage of the acid increased, the absorbance change 

decreased. The spectral shapes of both pure and HCl-doped ASW films were very 

similar, but in Figure 3-10(b), the shape of an HCl/ASW film after crystallization 

looked less crystallized than pure CI films. Two effects may cause this result. One is 

less ordered water molecules near hydronium and chloride ions. Ions in water and 

ice solutions are solvated. The solvation is the surrounding of ions by water 

molecules, and the structure among water molecules are disturbed. Such disturbed 

water would show vibration features similar to the amorphous state rather than the 

crystalline state. Similarly, in the experiment of the NaCl-adsorbed ASW films, the 

absorbance after crystallization was less changed than the absorbance from pure 

films. The other effect is the disturbance of O–H bonds by protons. As shown in 

Figure 3-2 and the work by Shin et al. [40], the addition of acids to ice films 

decreased the intensity of O–H stretch and as the increase of Zundel continuum. 



60 

After crystallization, released protons can move more region, and O–H stretch 

absorbance is expected to decrease as Zundel continuum increases. Regardless of the 

origins of the spectral shape, acid-promoted crystallization is still clearly observed 

as the faster change of absorbance at the initial phase (< 200 s) of acid-doped films 

in Figure 3-10(a). 

The interpretation of surface accumulation in the study of Park and 

coworkers [35] should reflect the acceleration of crystallization. They claimed that 

the driving force of the hydronium migration is the thermodynamic preference after 

random diffusion, and crystallization during sample heating was not considered 

seriously. However, hydronium and chloride ions might have migrated onto the 

surface during or after crystallization. If the ions might move to the surface by 

exclusion, the surface-segregation ratio of hydronium and crystallization fraction 

increase simultaneously. However, the surface-segregation ratio of hydronium ions 

increased later than the crystallization fraction as shown in Figure 3-9. Therefore, 

the migration of ions mainly occurred after the crystallization of ice films, and the 

conclusion of the study, the thermodynamic affinity of hydronium ions on ice 

surfaces, is still maintained. 

Ice particles with acid impurities probably exist in the interstellar dust, so 

their crystallization phenomena may be affected by the impurities. There are various 

chemical species in and on the surface of the solid water in the interstellar medium, 

and future studies for the impurity effect on the crystallization would be promising. 

Especially, it would be beneficial to investigate the crystallization with chemical 

species that is related to generating protonic defects such as hydroxide ions. Also, 

most liquid water in nature is not pure liquid but aqueous solutions with dissolved 

ions and molecules. Therefore, these future studies would be helpful to understand 

the chemistry of icy dust in space and freezing of aqueous solutions in nature. 
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3.5. Conclusion 

In summary, the crystallization of ASW in the presence of excess protons was studied 

using TPD and RAIRS. The addition of HCl on ASW films promoted the 

crystallization of the films, in contrast to the adsorption of NaCl on ASW films, 

which hindered the crystallization analogous to freezing point depression of normal 

solutions. The measurement of crystallization rate showed that excess protons 

lowered the activation energy of crystallization to a value close to the activation 

energy of crystal growth. This suggests that the kinetic bottleneck of the ASW-CI 

phase transition changed from the nucleation step for pure ASW to the crystal growth 

step in the presence of acids. The acid-promotion effect was observed regardless of 

whether the acid was added on the surface or in the interior of ASW films. These 

experiments reveal that the crystallization was initiated near the location of the 

injected protons, which further supports that protons promote the crystallization by 

facilitating the formation of crystallizing nuclei. The present discovery may be 

applicable to the phase transition of amorphous ices in various low-temperature 

environments in nature, including comets and interstellar clouds. The fundamental 

phenomena underlying the promotion of ASW crystallization by excess protons may, 

to a certain extent, also affect the freezing of acidic aqueous solutions.  

 

  



62 

References 

  

1. Jena, A. K.; Chaturvedi, M. C. Nucleation. In Phase Transformation in 

Materials; Prentice Hall: Englewood Cliffs, NJ, 1992; pp 132-180. 

2. Rao, C. N. R.; Rao, K. J. Various Kinds of Phase Transitions. In Phase 

Transitions in Solids: An Approach to the Study of the Chemistry and 

Physics of Solids; McGraw-Hill: New York, 1978; pp 81-173. 

3. Avrami, M. Kinetics of Phase Change. I General Theory. J. Chem. Phys. 

1939, 7, 1103-1112. 

4. Avrami, M. Kinetics of Phase Change. II Transformation‐Time Relations 

for Random Distribution of Nuclei. J. Chem. Phys. 1940, 8, 212-224. 

5. Jena, A. K.; Chaturvedi, M. C. Diffusional Transformation in Solid: Short-

Range Diffusion. In Phase Transformation in Materials; Prentice Hall: 

Englewood Cliffs, NJ, 1992; pp 240-299. 

6. Avrami Equation. https://en.wikipedia.org/w/index.php?title=Avrami_equ 

ation&oldid=825299574 (June 7, 2018). 

7. Safarik, D. J.; Mullins, C. B. Surface Phase Transformation Kinetics: A 

Geometrical Model for Thin Films of Nonvolatile and Volatile Solids. J. 

Chem. Phys. 2002, 117, 8110-8123. 

8. Backus, E. H. G.; Bonn, M. Theory of Bulk, Surface and Interface Phase 

Transition Kinetics in Thin Films. J. Chem. Phys. 2004, 121, 1038-1049. 

9. Jenniskens, P.; Blake, D. F. Crystallization of Amorphous Water Ice in the 

Solar System. Astrophys J. 1996, 473, 1104-1113. 

10. Jenniskens, P.; Blake, D. Structural Transitions in Amorphous Water Ice 

and Astrophysical Implications. Science 1994, 265, 753-756. 



63 

11. Jenniskens, P.; Blake, D. F.; Wilson, M. A.; Pohorille, A. High-Density 

Amorphous Ice, the Frost on Interstellar Grains. Astrophys. J. 1995, 455, 

389-401. 

12. Löfgren, P.; Ahlström, P.; Lausma, J.; Kasemo, B.; Chakarov, D. 

Crystallization Kinetics of Thin Amorphous Water Films on Surfaces. 

Langmuir 2003, 19, 265-274. 

13. Smith, R. S.; Huang, C.; Wong, E. K. L.; Kay, B. D. Desorption and 

Crystallization Kinetics in Nanoscale Thin Films of Amorphous Water Ice. 

Surf. Sci. 1996, 367, L13-L18. 

14. Dohnálek, Z.; Kimmel, G. A.; Ciolli, R. L.; Stevenson, K. P.; Smith, R. S.; 

Kay, B. D. The Effect of the Underlying Substrate on the Crystallization 

Kinetics of Dense Amorphous Solid Water Films. J. Chem. Phys. 2000, 

112, 5932-5941. 

15. Smith, R. S.; Matthiesen, J.; Knox, J.; Kay, B. D. Crystallization Kinetics 

and Excess Free Energy of H2O and D2O Nanoscale Films of Amorphous 

Solid Water. J. Phys. Chem. A 2011, 115, 5908-5917. 

16. Yuan, C.; Smith, R. S.; Kay, B. D. Surface and Bulk Crystallization of 

Amorphous Solid Water Films: Confirmation of “Top-Down” 

Crystallization. Surf. Sci. 2016, 652, 350-354. 

17. Yuan, C.; Smith, R. S.; Kay, B. D. Communication: Distinguishing 

between Bulk and Interface-Enhanced Crystallization in Nanoscale Films 

of Amorphous Solid Water. J. Chem. Phys. 2017, 146, 031102. 

18. Kondo, T.; Kato, H. S.; Bonn, M.; Kawai, M. Deposition and 

Crystallization Studies of Thin Amorphous Solid Water Films on Ru(0001) 

and on CO-Precovered Ru(0001). J. Chem. Phys. 2007, 127, 094703. 

19. Safarik, D. J.; Meyer, R. J.; Mullins, C. B. Thickness Dependent 



64 

Crystallization Kinetics of Sub-Micron Amorphous Solid Water Films. J. 

Chem. Phys. 2003, 118, 4660-4671. 

20. Safarik, D. J.; Mullins, C. B. The Nucleation Rate of Crystalline Ice in 

Amorphous Solid Water. J. Chem. Phys. 2004, 121, 6003-6010. 

21. Backus, E. H. G.; Grecea, M. L.; Kleyn, A. W.; Bonn, M. Surface 

Crystallization of Amorphous Solid Water. Phys. Rev. Lett. 2004, 92, 

236101. 

22. Mishima, O.; Stanley, H. E. The Relationship between Liquid, 

Supercooled and Glassy Water. Nature 1998, 396, 329. 

23. Matsumoto, M.; Saito, S.; Ohmine, I. Molecular Dynamics Simulation of 

the Ice Nucleation and Growth Process Leading to Water Freezing. Nature 

2002, 416, 409. 

24. Sanz, E.; Vega, C.; Espinosa, J. R.; Caballero-Bernal, R.; Abascal, J. L. F.; 

Valeriani, C. Homogeneous Ice Nucleation at Moderate Supercooling from 

Molecular Simulation. J. Am. Chem. Soc. 2013, 135, 15008-15017. 

25. Moore, E. B.; Molinero, V. Ice Crystallization in Water’s “No-Man’s 

Land”. J. Chem. Phys. 2010, 132, 244504. 

26. Moore, E. B.; Molinero, V. Structural Transformation in Supercooled 

Water Controls the Crystallization Rate of Ice. Nature 2011, 479, 506. 

27. Souda, R. Effects of Methanol on Crystallization of Water in the Deeply 

Supercooled Region. Phys. Rev. B 2007, 75, 184116. 

28. McClure, S. M.; Barlow, E. T.; Akin, M. C.; Tanaka, P. L.; Safarik, D. J.; 

Truskett, T. M.; Mullins, C. B. Effect of Dilute Nitric Acid on 

Crystallization and Fracture of Amorphous Solid Water Films. J. Phys. 

Chem. C 2007, 111, 10438-10447. 

29. Hodgson, A.; Haq, S. Water Adsorption and the Wetting of Metal Surfaces. 



65 

Surf. Sci. Rep. 2009, 64, 381-451. 

30. Thurmer, K.; Bartelt, N. C. Nucleation-Limited Dewetting of Ice Films on 

Pt(111). Phys. Rev. Lett. 2008, 100, 186101. 

31. Thurmer, K.; Bartelt, N. C. Growth of Multilayer Ice Films and the 

Formation of Cubic Ice Imaged with STM. Phys. Rev. B 2008, 77, 10. 

32. Daschbach, J. L.; Kim, J.; Ayotte, P.; Smith, R. S.; Kay, B. D. Adsorption 

and Desorption of HCl on Pt(111). J. Phys. Chem. B 2005, 109, 15506-

15514. 

33. Jung, K.-H.; Park, S.-C.; Kim, J.-H.; Kang, H. Vertical Diffusion of Water 

Molecules near the Surface of Ice. J. Chem. Phys. 2004, 121, 2758-2764. 

34. Shin, S.; Kim, Y.; Moon, E.-s.; Lee, D. H.; Kang, H.; Kang, H. Generation 

of Strong Electric Fields in an Ice Film Capacitor. J. Chem. Phys. 2013, 

139, 074201. 

35. Park, E.; Lee, D. H.; Kim, S.; Kang, H. Transport and Surface 

Accumulation of Hydroniums and Chlorides in an Ice Film. A High 

Temperature (140–180 K) Study. J. Phys. Chem. C 2012, 116, 21828-

21835. 

36. Buch, V.; Sadlej, J.; Aytemiz-Uras, N.; Devlin, J. P. Solvation and 

Ionization Stages of HCl on Ice Nanocrystals. J. Phys. Chem. A 2002, 106, 

9374-9389. 

37. Devlin, J. P.; Uras, N.; Sadlej, J.; Buch, V. Discrete Stages in the Solvation 

and Ionization of Hydrogen Chloride Adsorbed on Ice Particles. Nature 

2002, 417, 269-271. 

38. Ayotte, P.; Marchand, P.; Daschbach, J. L.; Smith, R. S.; Kay, B. D. HCl 

Adsorption and Ionization on Amorphous and Crystalline H2O Films 

Below 50 K. J. Phys. Chem. A 2011, 115, 6002-6014. 



66 

39. Dahms, F.; Costard, R.; Pines, E.; Fingerhut, B. P.; Nibbering, E. T.; 

Elsaesser, T. The Hydrated Excess Proton in the Zundel Cation H5O2
+: The 

Role of Ultrafast Solvent Fluctuations. Angew. Chem. Int. Ed. 2016, 55, 

10600-10605. 

40. Shin, S.; Park, Y.; Kim, Y.; Kang, H. Dissociation of Trifluoroacetic Acid 

in Amorphous Solid Water: Charge-Delocalized Hydroniums and Zundel 

Continuum Absorption. J. Phys. Chem. C 2017, 121, 12842-12848. 

41. Smith, R. S.; Dohnálek, Z.; Kimmel, G. A.; Teeter, G.; Ayotte, P.; 

Daschbach, J. L.; Kay, B. D. Molecular Beam Studies of Nanoscale Films 

of Amorphous Solid Water. In Water in Confining Geometries; Buch, V., 

Devlin, J. P., Eds.; Springer: Berlin Heidelberg, 2003; pp 337-357. 

42. Cowin, J. P.; Tsekouras, A. A.; Iedema, M. J.; Wu, K.; Ellison, G. B. 

Immobility of Protons in Ice from 30 to 190 K. Nature 1999, 398, 405-407. 

43. Moon, E. S.; Lee, C. W.; Kang, H. Proton Mobility in Thin Ice Films: A 

Revisit. Phys. Chem. Chem. Phys. 2008, 10, 4814-4816. 

44. Lee, C. W.; Lee, P. R.; Kang, H. Protons at Ice Surfaces. Angew. Chem. Int. 

Ed. 2006, 45, 5529-5533. 

45. Kim, Y.; Noh, C.; Jung, Y.; Kang, H. The Nature of Hydrated Protons on 

Platinum Surfaces. Chem. Eur. J. 2017, 23, 17566-17575. 

46. Collier, W. B.; Ritzhaupt, G.; Devlin, J. P. Spectroscopically Evaluated 

Rates and Energies for Proton-Transfer and Bjerrum Defect Migration in 

Cubic Ice. J. Phys. Chem. 1984, 88, 363-368. 

47. Devlin, J. P.; Buch, V. Evidence for the Surface Origin of Point Defects in 

Ice: Control of Interior Proton Activity by Adsorbates. J. Chem. Phys. 

2007, 127, 091101. 

48. Moon, E. S.; Yoon, J.; Kang, H. Energy Barrier of Proton Transfer at Ice 



67 

Surfaces. J. Chem. Phys. 2010, 133, 044709. 

49. Ueda, M.; Matsuo, T.; Suga, H. Calorimetric Study of Proton Ordering in 

Hexagonal Ice Catalyzed by Hydrogen Fluoride. J. Phys. Chem. Solids 

1982, 43, 1165-1172. 

50. Peng, Y.; Swanson, J. M. J.; Kang, S.-g.; Zhou, R.; Voth, G. A. Hydrated 

Excess Protons Can Create Their Own Water Wires. J. Phys. Chem. B 2015, 

119, 9212-9218. 

51. Ahlstrom, P.; Lofgren, P.; Lausma, J.; Kasemo, B.; Chakarov, D. 

Crystallization Kinetics of Thin Amorphous Water Films on Surfaces: 

Theory and Computer Modeling. Phys. Chem. Chem. Phys. 2004, 6, 1890-

1898. 

 

 

  



68 

0 200 400 600 800 1000
0.0

0.2

0.4

0.6

0.8

1.0

4000 3500 3000

t=15'

 

A
b

so
rb

an
ce

Wavenumber (cm-1)

t=0
0.1

 

 
C

ry
st

al
liz

at
io

n 
F

ra
ct

io
n

Time (s)

 H
2
O/Pt

 HCl(0.05 ML)/H
2
O/Pt

 HCl(0.10 ML)/H
2
O/Pt

 HCl(0.20 ML)/H
2
O/Pt

 

Figure 3-1. Isothermal RAIRS measurement of crystallization fraction of a pure and 

HCl-adsorbed on ASW H2O(180 ML) films [HCl(0–0.2 ML, deposition at 80 

K)/H2O(180 ML, deposition at 80 K)/Pt(111)]. Measurements were conducted at 143 

K. Solid lines are the Avrami equations fitted to the experimental data. The fitting 

parameters are given in Table 3-1. An inset is the spectral change of ν(O-H) stretch 

of pure ASW film at 143 K, 0–15 min. A dashed line in the inset marks 3283 cm-1 

wavenumber that is used to determine the crystallization fraction. 
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Figure 3-2. (a) LES and RIS spectra of an ASW film adsorbed with HCl [HCl(0.1 

ML, deposition at 80 K)/H2O(180 ML, deposition at 80 K)/Pt(111)]. (b) The RAIRS 

difference spectra obtained before and after the deposition of 0.2 ML HCl on H2O-

ASW film (~ 140 ML deposition at 80 K) at 80 K (solid spectrum) and ~10 K (dotted 

spectrum).  
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Figure 3-3. Water TPD spectra of (a) HCl and (b) NaCl-adsorbed on ASW H2O(180 

ML) films on a Pt(111) single crystal. Temperature ramp rate was 1 K/s for all 

samples. Gray arrows are marked to emphasize the change of crystallization 

temperature as an increase of HCl (NaCl) coverage. A short dotted curve in (a) is the 

desorption curve of CI/Pt(111). An inset in (a) shows desorption curves for selected 

samples displayed in a linear scale to emphasize the crystallization bump.  
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Figure 3-4. Isothermal measurement of crystallization fraction of (a) pure ASW film 

samples [H2O(180 ML, deposition at 80 K)/Pt(111)] and (b) HCl-adsorbed ASW film 

samples [HCl(0.1 ML, deposition at 80 K)/H2O(180 ML, deposition at 80 K)/Pt(111)] 

at various temperatures. Solid lines are the Avrami equations fitted to the 

experimental data. The fitting parameters for (a) and (b) are given in Tables 3-2 and 

3-3, respectively. A discrepancy between the measured and fitted crystallization 

fractions at 137 K in (b) might be an error due to a long measurement time. 
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Figure 3-5. Arrhenius plots of the crystallization half-time according to the 

temperature change measured from the data in Figure 3-4. Solid circles and open 

squares are from the samples of pure ASW [H2O(180 ML, deposition at 80 

K)/Pt(111)] and HCl-adsorbed ASW [HCl(0.1 ML, deposition at 80 K)/H2O(180 ML, 

deposition at 80 K)/Pt(111)] film samples, respectively. Solid lines are the Arrhenius 

fittings to the ASW and HCl/ASW samples. The activation energies are 63.4 ± 2.8 

kJ·mol-1 for pure ASW films and 48.5 ± 0.6 kJ·mol-1 for HCl-adsorbed ASW films. 
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Figure 3-6. Isothermal measurement of crystallization fraction of 0.1 ML HCl 

adsorbed ASW H2O films on Pt(111) sample with various thicknesses monitored by 

RAIRS at 143 K. The thicknesses of the ASW films are 90 ML (■), 180 ML (○) and 

360 ML (▲). 
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Figure 3-7. Isothermal measurement of crystallization fraction of (a) Bulk O-H 

stretch change (~3283 cm-1) and (b) specific location from O-D stretch (2425 cm-1) 

change versus time. A 15 ML HDO layer (95 % H2O + 5 % D2O) was placed at the 

vacuum/ASW H2O interface (black, ■), in the middle of ASW H2O films (red, ●) 
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and at the ASW H2O/Pt(111) interface (blue, ▲). The thickness of pure H2O layers 

in each sample film was 180 ML, so the total thickness of the ASW films was 195 

ML. 0.1 ML HCl was added on all of the ASW films. The crystallization fraction 

was measured at 143 K. An inset in (b) is the spectral change of ν(O-D) stretch versus 

time (0–12 min) when the HDO layer was placed in the middle of ASW H2O films.  



76 

0 500 1000

0.0

0.5

1.0

(a)

 

 

C
ry

st
a

lli
za

tio
n 

fr
ac

tio
n

Time (s)

 H
2
O(180 ML)/Pt

 H
2
O(180 ML)/HCl/Pt

 H
2
O(90 ML)/HCl/H

2
O(90 ML)/Pt

 HCl/H
2
O(180 ML)/Pt

 

0 45 90 135 180
0

100

200

300

400

500

 

 

C
ry

st
al

liz
at

io
n

 H
al

f-
tim

e 
(s

)

HCl distance from ASW surface (ML)

(b)

 

Figure 3-8. (a) Isothermal RAIRS measurement of crystallization fraction versus 

time by changing the locations of HCl in the ASW H2O films. (b) Crystallization 

half-time (t1/2) versus HCl position in films. A dotted line is t1/2 of a pure ASW H2O 

film. For all samples, the coverage of HCl was 0.1 ML, and the thickness of ASW 

H2O films were 180 ML. The crystallization was conducted at 143 K.  
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Figure 3-9. Ratios of hydronium ions segregated on the film surface (■) and 

crystallized fraction (○) of an HCl-sandwich [H2O(45 ML)/HCl(0.1 ML)/H2O(135 

ML)/Pt(111)] sample film as a function of temperature. The ratio of surface-

segregated hydronium ions was determined from dividing m/z 19 LES intensities of 

the sample by the m/z 19 intensities from the HCl-on-top [HCl(0.1 ML)/H2O(180 

ML)/Pt(111)] reference film. All chemicals were deposited at 80 K. Crystallization 

fraction was measured by the change of O-H stretch region of RAIR spectra. 

Temperature ramp rate was 0.1 K/s. 
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Figure 3-10. (a) Isothermal measurement of absorbance change at 3283 cm-1 (a 

dotted line in the inset of Figure 3-1) of a pure ASW films [H2O(180 ML, deposition 
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at 80 K)/Pt(111)] and HCl-adsorbed ASW films [HCl(0.1 ML, deposition at 80 

K)/H2O(180 ML, deposition at 80 K)/Pt(111)] on Pt(111) sample versus time 

monitored by RAIRS. Measurements were conducted at 143 K. (b) RAIR spectra 

before and after crystallization of pure and 0.1 ML HCl-adsorbed ASW films. 
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Table 3-1. Fitting parameters for crystallization fraction of pure and HCl-adsorbed 

ASW films on Pt(111) surfaces at 143 K in Figure 3-1. 

HCl coverage (ML) 0 0.05 0.1 0.2 

ln(k) -21.17 ± 0.29 -12.56 ± 0.59 -11.4 ± 0.61 -7.72 ± 0.39 

n 3.43 ± 0.05 2.14 ± 0.1 2.08 ± 0.11 1.52 ± 0.08 

 

 

Table 3-2. Fitting parameters for crystallization fraction of pure ASW films on Pt(111) 

surfaces at various temperatures in Figure 3-4. 

Temperature (K) 139 141 143 145 

ln(k) -23.96 ± 0.53 -23.07 ± 0.39 -17.14 ± 0.26 -17.14 ± 0.28 

n 3.19 ± 0.07 3.41 ± 0.06 2.92 ± 0.05 3.25 ± 0.05 

 

 

Table 3-3. Fitting parameters for crystallization fraction of HCl(0.1 ML)/ASW films 

on Pt(111) surfaces at various temperatures in Figure 3-4. 

Temperature (K) 137 139 141 143 

ln(k) -11.42 ± 0.82 -12.59 ± 0.54 -12.08 ± 0.66 -9.37 ± 0.47 

n 1.59 ± 0.11 1.92 ± 0.08 2.01 ± 0.11 1.72 ± 0.09 
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Chapter 4 

Proton Transfer in Amorphous Solid Water  

at Low Temperatures (10-80 K) 

Abstract 

Proton dynamics is an important factor to determine the chemical and electrical 

properties of amorphous solid water (ASW). However, a simple proton hopping 

mechanism suggested by Grotthuss long ago does not fully explain the whole process 

of proton transfer. Hence, in this chapter, proton transport lengths in ASW at different 

cryogenic temperatures were compared to study the proton hopping mechanism. 

Proton transport efficiency between hydrogen chloride and ammonia in ASW was 

determined as a function of the distance between the two species at ~10 K and 80 K 

by measuring the quantity of ammonium ions formed by proton transfer, using 

reflection-absorption infrared spectroscopy. At the surface of ASW, the apparent 

proton transfer efficiency at ~10 K was almost half of the efficiency at 80 K because 

of the energy barrier of trapped protons at the surface. On the other hand, in bulk 

ASW, the average hopping distance of the protons was 11.2 ± 1.1 ML at 80 K and 

9.4 ± 1.4 ML at ~10 K, and the difference was too small to observe the temperature 

dependence of proton hopping. This implies that proton hopping at low temperature 

occurs by quantum tunneling with a small influence of thermal rearrangement of 

neighboring molecules. 
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4.1. Introduction 

A proton is not just a constituent of water molecules in the ice lattice but also an 

important player that affects the electrical properties [1, 2] and chemical reactivity 

[3-6] of ice. Accordingly, various aspects associated with the motion of protons in 

ice have attracted much attention of researchers for more than two hundred years. 

Since first suggested by Theodor Grotthuss in 1806, proton hopping between two 

nearby water molecules has been the major understanding of proton migration to 

explain its unusual high mobility in liquid water and ice. However, such simple 

proton hopping alone cannot explain the whole processes of proton migration in 

liquid water [7-9] or ices [10-14]. 

The mechanism of proton migration in ice is quite different from that in 

liquid water in detailed features, although both mechanisms commonly involve 

proton hopping. To understand the proton migration in ice, the proton transfer 

mechanism has been investigated by using electrical measurements [1, 2, 15] and 

spectroscopic methods [10, 11, 16-19]. At a temperature below ~100 K, protons 

migrate by hopping through the hydrogen bond chain of water molecules. On the 

other hand, Bjerrum defect motions coupled with proton hopping can occur at 

temperatures above ~130 K [10, 19], and protons can diffuse over longer ranges. 

According to quantum calculations, proton hopping in ice has very small activation 

energy, ~6 kJ mol-1 [12]. This is much lower than the experimentally measured 

activation barrier of Bjerrum defect motion and water self-diffusion, 51 kJ mol-1 and 

71 kJ mol-1, respectively [10, 20]. Hence, it is expected that proton migration occurs 

only via hopping at cryogenic temperatures. However, it has not been experimentally 

verified whether proton migration occurs at temperatures of a few Kelvin yet, to the 

author’s best knowledge.  
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Owing to limitations in the presently available experimental methods, the 

proton hopping study can be conducted only in amorphous solid water (ASW), which 

has relatively shorter hydrogen-bonded chains than crystalline ice (CI). Protons 

migrate toward the surface during the deposition of CI or the crystallization of ASW 

films because of their surface preference and high mobility at the high temperature 

of crystallization [21, 22]. Thus, proton hopping study is available only for ASW. In 

a recent study using film voltage measurement, both H+ and OH– ions, generated at 

ASW surfaces, penetrated a shallow region of the ASW surfaces. Also, H+ penetrated 

about three times deeper than OH– [23]. This result implies that the proton hopping 

is possible over a short distance in ASW. Moon et al. compared the transport 

efficiency of hydronium and hydroxide ions in ASW at 80–90 K [24]. Their method 

is used in this study to investigate the temperature dependence of proton hopping at 

temperatures lower than ~100 K. 

The purpose of this chapter is to compare the proton transport in ASW at 

different temperatures below 100 K at which only proton hopping is available for 

proton migration. This chapter is organized as follows. Section 4.2 explains 

instruments and experimental methods. The result section consists of two 

subsections. The first subsection describes the step-by-step preparation of sample 

films, which have proton donors (HCl) and acceptors (NH3) with a controlled 

distance between the donors and acceptors, and the next subsection analyses the 

result and compares the proton migration distance at different temperatures in ASW. 

Sections 4.4 and 4.5 discuss and summarize the achievements and limitations of this 

work  
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4.2. Experimental Section 

The experiment was performed using an ultra-high vacuum (UHV) chamber. The 

chamber was equipped with a quadrupole mass spectrometer (QMS; Extrel, MAX-

500HT), a Fourier transform infrared (FTIR; Bruker, Vertex 70) spectrometer with 

an external mercury cadmium telluride (MCT) detector opposite to the spectrometer, 

and other devices including a Cs+ ion gun (Kimball Physics, ILG-6/IGPS-1016) and 

a Kelvin workfunction probe (McAllister Technical Services, KP6500), as described 

previously [25-27] and shown in Figure 2-5 in Chapter 2. A Pt(111) single crystal 

sample was cooled by a closed-cycle He cryostat (Sumitomo Heavy Industries, CH-

204N). The lowest temperature achieved in this system could not be directly 

measured due to the limitation of a temperature controller (Eurotherm 3504) with a 

type N thermocouple, so it was estimated to be ~10 K from the extrapolation of the 

temperature change rate right after the cryostat turned off. For heating, the Pt crystal 

was bombarded with high energy electrons from an electron gun attached behind the 

crystal, and the temperature could be raised more than 1200 K. 

Chemical species were adsorbed on the Pt(111) sample surface as follows. 

The sample surface was cleaned by Ar+ ion sputtering daily and heating to 1200 K 

three times before the start of each experiment. On the fresh Pt surface, ASW films 

were grown by backfilling the chamber with water vapor at a growth rate less than 

0.2 ML/s. The growth temperature was 80 K, which is low enough to avoid 

molecular diffusion of water or other species [28] and high enough to compare the 

result with the previous literature [24]. HCl and NH3 gases for a proton donor and an 

acceptor were adsorbed through separate tube dosers, and the increase of background 

pressure during the deposition of HCl or NH3 was limited below 3 × 10-10 Torr to 

prevent chamber contamination. 
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Temperature programmed desorption (TPD) experiments were conducted 

to measure the thickness of ASW films and the surface coverage of adsorbates. The 

thickness of the films was determined by the integrated intensity of desorbed water 

(m/z 18) divided by the intensity of a water monolayer peak on Pt(111) (1 ML = 1.1 

× 1019 molecules·m-2). Similarly, HCl and NH3 coverages were calculated by 

dividing the integrated desorption intensity by the intensity of known coverages from 

references [29-31] (1 ML = 1.5 × 1019 molecules·m-2). 

Reflection absorption infrared spectroscopy (RAIRS) monitored the 

proton migration from HCl to NH3 molecules in ASW. Incident IR light from the 

FTIR spectrometer was polarized perpendicular to the sample surface (p-polarized) 

by passing a wire-grid polarizer, and the light was reflected at the sample film on the 

Pt surface in a grazing angle (87°). The reflected beam intensity was measured using 

the external MCT detector. Dry nitrogen gas was used to purge H2O vapor and CO2 

gas from the beam path outside the UHV chamber. Reflection absorption spectra 

were recorded after each deposition step, and the difference spectra after the step 

were calculated. All spectra were measured at ~10 K to maintain uniform baseline. 

They were averaged 1024 scans, and the resolution of the spectra was 4 cm-1.  

 

4.3. Results 

4.3.1. Preparation of Sample Films to Measure Proton Transport 

The vertical transport of protons was investigated using sample films on the Pt(111) 

surface constructed in the structure shown in Figure 4-1(iv). These films consist of 

four regions from the bottom: a substrate ASW layer, HCl as a proton donor, an ASW 

layer as a proton transport medium, and NH3 as a proton acceptor (HCl-sandwich 
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structure). Such structure allows one to study proton movement from the interior 

HCl to the surface-adsorbed NH3. This structure has several advantages for studying 

the temperature dependence of proton transfer over the NH3-sandwich films used 

previously [24]. First, it is able to control the proton quantity accurately because HCl 

molecules are completely dissociated in this sample [32-34]. In the NH3-sandwich 

films, HCl adsorbate molecules may not dissociate completely at a very low 

temperature (~10 K). 

Second, in NH3-sandwich structure, the low sticking probability of water 

molecules on NH3 (~0.14 at ~90 K) makes the ASW overlayer thickness 

inhomogeneously and the associated interpretation difficult. Therefore, a 

complicated model is required to correct the problem [24]. In the HCl-sandwich 

structure, unlike ammonia, hydronium and chloride ions are covered uniformly by 

water overlayer. Therefore, analyses of results of this sample become easier.  

Third, the adsorption of NH3, the last step of sample preparation, produces 

less heat than the adsorption of HCl. For example, the enthalpy changes of solvation 

of gas-phase NH3 and HCl to aqueous phases are -34 and -61 kJ·mol-1, respectively. 

The heat dissipation during the adsorption may induce proton transfer. Thus, the 

adsorption of NH3 in the last step can reduce the unwanted proton transfer due to the 

heat of adsorption. 

The sample films were prepared in the procedure shown in Figure 4-1, 

parts (i) to (iv), and corresponding RAIRS spectra are shown in Figure 4-1, parts (a) 

to (d). The bottom ASW layer directly contacted on the Pt(111) surface, labeled as a 

substrate layer, had a thickness of ~70 ML (Figure 4-1, (i) and (a)). The infrared 

spectrum in Figure 4-1(a) had characteristic features of ASW films [35, 36]. The 

strongest peak at 3400 cm-1 is from O-H stretch vibrations. Because the water 

molecules in ASW are hydrogen-bonded, the wavenumber of O-H stretch is lower 
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than the symmetric and antisymmetric stretch of gas-phase H2O molecules, but 

higher than the vibration in crystalline ice that has an ordered hydrogen bond 

structure. Other peaks including an intermolecular libration mode at ~900 cm-1 (not 

shown) [37, 38], an H-O-H bend mode (1660 cm-1), and the combination of bend 

and libration (2230 cm-1) were also observed.  

Following the deposition of the substrate ASW layer, 0.2 ML of HCl was 

adsorbed as presented in Figure 4-1(ii). HCl was deposited at 80 K to dissociate into 

protons and chloride ions completely. In the spectra shown in Figure 4-1(b), negative 

peaks near 3400 cm-1 are due to the conversion of water molecules into hydronium 

ions and hydrated protons. Peaks at 1225 and 1760 cm-1 are the symmetric and 

asymmetric vibration modes of H3O+, respectively [39]. The absence of ~2500 cm-1 

peak (H-Cl stretch with one hydrogen bond) indicates the complete dissociation of 

HCl [32-34]. Such molecular HCl stretch appeared in the dashed spectrum of Figure 

3-2(b) in Chapter 3, which is the difference spectra before and after the adsorption 

of HCl on ASW at ~10 K. Slightly higher absorbance from ~3000 to ~1000 cm-1 is 

the Zundel continuum absorption from polarizable hydrogen bonds of water with 

protons [40, 41].  

The third layer, an ASW layer with a variable thickness between 0 and 30 

ML, is named a spacer layer. Its thickness, controlled by the exposure of water vapor, 

defines the distance between the proton donor (HCl) and the proton acceptor (NH3). 

The spacer layers in all samples were grown at 80 K to have the same ASW porosity, 

which affects the upward migration of protons identically for all samples. As shown 

in the difference spectra Figures 4-1(a) and 4-1(c), the substrate and spacer ASW 

layers showed similar ASW structures because they were prepared at the same 

temperature. 
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The last step was the adsorption of 0.25 ML ammonia as a proton acceptor 

(Figure 4-1(iv)). 0.25 ML ammonia was adsorbed at the desired temperature for 

proton transfer (~10 K or 80 K). As presented in Figure 4-1(d), various changes in 

vibrational features were detected after ammonia adsorption at 80 K. Changes at 

2800–3600 cm-1 are due to the increased N-H absorbance and the changed O-H 

stretch vibrations. The negative peaks at 1760 and 1210 cm-1 imply the decrease of 

H3O+. The asymmetric vibrational mode of NH4
+ appeared at 1480 cm-1, and the 

symmetric NH3 mode appeared at 1100 cm-1 [39]. These changes indicate that the 

proton transfer (Reaction 4-1) occurred right after the ammonia adsorption. 

     H3O+(b) + NH3(s) → H2O(b) + NH4
+(s)      (Reaction 4-1) 

where (s) and (b) are used to designate surface and bulk species, respectively.  

 

4.3.2. Temperature Dependence of Proton Transfer in ASW 

The proton transport distance through ASW was measured by changing the spacer 

layer thickness and ammonia adsorption temperature. For different spacer layer 

thicknesses, the spectral changes after ammonia adsorption at 80 K were displayed 

in Figure 4-2(a), and the spectra at ~10 K in Figure 4-2(b). Gray-shaded regions 

around 1500 cm-1 in both figures indicate the NH4
+ asymmetric bending (ν4), and the 

regions near 1100 cm-1 indicate the NH3 wagging motion (ν2). In contrast, hydronium 

peaks (1220, 1760 cm-1) decreased after ammonia adsorption. These changes 

indicate that some of the adsorbed ammonia molecules reacted with mobile protons 

and ammonium ions were produced (Reaction 4-1). The reaction yield was higher as 

the thickness of the spacer layer was thinner. Also, more NH4
+ molecules were 

produced when the ammonia was adsorbed at 80 K than ~10 K. Unreacted ammonia 

molecules were detected at ~1100 cm-1 in RAIR spectra. This vibration peak was 



89 

larger for a thicker spacer layer and at the lower temperature. A peak appeared near 

~1630 cm-1 in the ~10 K spectra may be interpreted as the symmetric bending of 

NH4
+ or the scissoring of NH3 [42, 43]. The symmetric NH4

+ bend is basically IR 

inactive in a gas phase, but it may be IR active after the symmetry breaking by 

hydrogen bonding to the ASW surfaces.  

Calibration experiments were carried out to convert the absorbance of 

ammonia and ammonium ion signals to their populations. The absorbance of 

ammonia and ammonium bend peaks was measured by coadsorbing HCl and NH3 

on ASW surfaces. To estimate the conversion factor, the measurements were carried 

out through the repeated addition of 0.1 ML HCl on the 0.25 ML NH3/ASW film. As 

shown in Figure 4-3(a), the repetitive addition of HCl increased the NH4
+ absorbance 

and decreased the NH3 absorbance. The relationship between the absorbance of NH4
+ 

and NH3, of which the sum of the coverages was 0.25 ML, is given in Figure 4-3(b), 

and the absorbance at 0.25 ML coverage was estimated. From the graph, the 

conversion factors for NH3 (1050–1160 cm-1) and NH4
+ (1380–1540 cm-1) were 

evaluated as 0.2365 A·cm-1·ML-1 and 0.3788 A·cm-1·ML-1 at 80 K and 0.2604 A·cm-

1·ML-1 and 0.3789 A·cm-1·ML-1 at ~10 K, respectively. Using these values, the 

absorption peaks in Figure 4-2 were converted into the coverages.  

From the ammonium ion coverages determined at various spacer layer 

thicknesses as shown in Figure 4-2, the proton transfer efficiency (η) was calculated. 

The efficiency η is defined as the ratio of amounts of the transported protons to the 

initial protons in ASW. The initial amount of proton was determined as the NH4
+ 

coverage after the reaction of HCl and NH3 on the ASW surface went to completion.  

       𝜂 𝑥  
,  

      (Equation 4-1) 

where θA is the population of chemical species A in the sample film, regardless of its 
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location. Figure 4-4 plots the proton transfer efficiency as a function of spacer layer 

thickness measured at 80 K and ~10 K. At both temperatures, η decreased as the 

thickness increased and dropped quickly even when the spacer layer was only two 

or three monolayers.  

The apparent efficiency at ~10 K without the spacer layer, which was 

defined as the ratio of the amounts of produced NH4
+ from a reaction of HCl and 

NH3 on ASW surfaces at ~10 K to the NH4
+ from the same reaction at 80 K, was 

0.43. This low transport efficiency indicates that the proton transfer was limited on 

the ASW surface. On the surface, protons are energetically trapped, and they should 

overcome the energy barrier for proton transfer. The activation energy barrier for 

proton transfer was estimated to be 10 ± 3 kJ mol-1 [44]. To compensate this limited 

occurrence of proton transfer of surface protons, we normalized the transfer 

efficiency η(x) at ~10 K such that η(0 ML) = 1 in Figure 4-4. After the normalization, 

the transport efficiencies at 10 K were similar to the efficiencies at 80 K with the 

same spacer layer thickness. 

The experimental proton transfer efficiency required correction because 

water molecules in spacer layers were deposited randomly and have a distribution of 

local thickness. Considering this distribution, the corrected transport efficiency η’ as 

a function of distance was estimated from the experimental efficiency η. When the 

average thickness of a spacer layer was x monolayers, the coverage of the region of 

local thickness l in the spacer layer is given by Θl (x) in Equation 4-2. Again, Θl (x) 

is equal to the probability that the distance between a proton donor and an acceptor 

to l, P(l; x) [24].  

         𝑃 𝑙; 𝑥 𝛩 𝑥
!

exp 𝑥       (Equation 4-2) 
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Then the experimental and corrected efficiencies η and η’ are related by Equation 4-

3 [24].  

               (Equation 4-3) 

η’(l) was obtained by fitting Equation 4-3 to the experimental η(x) points in Figure 

4-4. In the fitting process, I selected values of η’(l) at l = 0 and 2n (n is an integer less 

than 7) and adjusted them by the least square method to have a minimum of the sum 

of (error)2 between the experimental points in Figure 4-4 and Equation 4-3. The 

shape of η’(l) between 2n and 2n+1 was exponentially interpolated during the fitting 

using Equation 4-4. 

    𝜂 𝑙 𝜂 2 𝜂 2 𝜂 2 log 𝑙 𝑛   (Equation 4-4) 

Figure 4-5 presents the fitting result, which is the corrected transport efficiency 

versus proton migration distance l. As expected, η’ decreases as l increases at both 

80 K and ~10 K.  

The average distance of proton migration can be calculated by integrating 

the proton transfer efficiency η’(l). This distance was 11.2 ± 1.1 ML (ML: molecular 

layer as a unit of length) at 80 K and 9.4 ± 1.4 ML at ~10 K. The errors were 

estimated by transferring the error bars in Figure 4-4 to those for η’(l).  

Before comparing the proton migration distance at different temperatures, 

it is necessary to check the contribution of proton migration even before the 

adsorption of ammonia molecules. It is well known that protons move to the surface 

during the deposition of water on hydronium ions in sample preparation [21, 22]. In 

this experiment, the growth of spacer layer may induce such migration of protons. 

However, spacer layers were deposited at the same temperature, 80 K for all samples, 

which made the extent of proton transport maintained about the same for all sample 

𝜂H 𝑥 𝑃 𝑙; 𝑥 𝜂H ′ 𝑙

∞

𝑙 0
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films. Therefore, although this effect may influence the absolute distance of average 

proton migration, it does not affect the difference between those at ~10 K and 80 K.  

The distance of proton migration to the surface from the spacer layer can 

be estimated from the experimental result of Lee et al. [23]. Using the data in Figure 

5 of their article, the migration distance can be estimated to be 3.5 ML at ~95 K for 

HCl amount of 0.04 ML by analyzing the ion distribution shape of the figure. As the 

coverage of HCl increases, this distance decreases due to the dielectric screen 

between H+ and Cl– ions. Accordingly, in the present sample with higher HCl 

content, the proton migration distance during the deposition of spacer layer should 

be less than 3.5 ML. Another value to compare is the proton migration distance 

measured by Moon [45]. He determined the value by doing a similar experiment 

except the locations of HCl and NH3 were reversed, where the proton migration 

distance was not affected by proton migration to the surface. In this experiment, the 

average proton migration distance was 11.3 ML at 90 K. It is virtually the same as 

the distance in my work. Therefore, it can be concluded that the present migration 

distance, 11.2 ML at 80 K and 9.4 ML at ~10 K, is not significantly affected by the 

surfacing of proton during sample preparation. 

The difference of the proton migration distances between ~10 K and 80 K 

is 1.8 ± 1.8 ML. Because this difference is similar in magnitude to the uncertainty of 

the measurements, this value is ambiguous to verify that the proton transfer process 

depends on the temperature.  
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4.4. Discussion 

At the experimental temperatures, ~10 K and 80 K, molecular rotation and Bjerrum 

defect movement do not occur in ASW; these motions require a high temperature 

above 130 K [10, 11, 19]. Only the proton hopping is the available mechanism for 

proton transfer in this experiment. Therefore, the measured proton transfer efficiency 

and distance are the properties of proton hopping in ASW.  

In bulk ASW, the average migration distance of protons was 11.2 ± 1.1 ML 

at 80 K and 9.4 ± 1.4 ML at ~10 K, and the difference between the two temperatures 

is 1.8 ± 1.8 ML. This difference is too small to determine the temperature dependence 

of proton transport. The result implies that the proton hopping occurs not via thermal 

excitation but via quantum tunneling. The tunneling probability is independent of 

temperature and determined by the height and the width of the potential energy 

barrier. Consequently, calculations and experiments already indicated that protons 

hopped via tunneling for short-distance migration at low temperature [46, 47].  

Proton hopping occurs faster and easier in ices and ASW than in liquid 

water [12, 14, 16]. In liquid water, reorganization of the solvation structure is 

required before proton transfer. In ASW and CI, hydronium ions cannot form stable 

trapping configurations like Eigen complex and Zundel cation due to the fixed lattice 

structure. Thus, they are less stable in solids than in liquid water, and this instability 

is the cause of fast proton hopping.  

Nevertheless, the small difference of proton migration distance at ~10 K 

and 80 K might be from the environmental effect of nearby water molecules, which 

are hydrogen bonded to the hydronium ions. Although molecular rearrangement is 

not required for proton hopping in solid water, calculations showed that O–O 

stretching and shrinking were coupled during the proton hopping [12, 14]. When 
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accepting a proton from the adjacent hydronium ion, water molecules adjust 

hydrogen bond strength by attracting two water molecules and repelling another. It 

is quite different from the Eigen–Zundel–Eigen proton hopping mechanism in liquid 

water [7-9] in that it does not break the hydrogen bonds completely because water 

molecules are almost fixed at original positions due to the limited diffusivity at 

cryogenic temperatures. 

At the surface of ASW, proton transfer reaction between HCl and NH3 

occurred completely at 80 K, but only for 43% at ~10 K. The nonoccurrence of 

surface proton transfer was also observed in a computer simulation of Park et al. [14]. 

They estimated that the diffusion rates of protons at the surface were a few orders 

lower than the rates in bulk ice in their simulations. This limited proton transfer at 

the surface is because protons are thermodynamically trapped [44]. Such surface 

affinity of protons has been observed in several studies [21, 22, 48, 49]. Due to this 

stabilization of hydroniums at the surface, proton transfer at the surface requires 

thermal reorientation of water structure near the proton donor and the acceptor. 

Another cause of the low transport efficiency at the surface might be the 

possibility that the proton accepting ability of ammonia adsorbed on ASW film is 

different at different adsorption temperatures. NH3 molecules adsorbed at ~10 K may 

not form strong hydrogen bonds between N atom and dangling H atoms on ASW 

surfaces, and proton hopping would be inefficient. However, there was no significant 

difference in the decrease of intensity for dangling H peak (~3700 cm-1) after 

ammonia adsorption at different temperatures, 80 K and ~10 K (now shown). This 

observation indicates that NH3 adsorption geometry is not much different at ~10 K 

and 80 K. Therefore, the low apparent transport efficiency is due to the stable, 

surface-trapped protons. 



95 

Here, I would like to mention that the definition of proton transfer 

efficiency is different from proton mobility in literature. Proton mobility is the ratio 

of proton migration speed divided by the strength of an electric field. On the other 

hand, proton transfer efficiency used in this work is defined as the ratio of arrived 

protons to the acceptor molecules to the initial amount of protons. Consequently, it 

is irrelevant to compare the proton mobility with the temperature dependences of 

proton transfer efficiency. For example, in a theoretical model [1], the proton 

mobility is inversely proportional to the ice temperature at low temperatures 

governed by tunneling. 

From this study, it is expected that protons can transport a longer range in 

CI that has less defects than ASW. However, the experiment of proton hopping in CI 

is practically difficult to perform using the current system with thin ASW films 

because proton donor or acceptor molecules desorb or diffuse during the sample 

preparation at high temperatures for crystallization. New experimental techniques or 

ideas to circumvent the problem will be needed to investigate long-distance proton 

hopping. 

 

4.5. Conclusion 

This work examined the temperature dependence of proton transport in ASW films 

at low temperatures, at which only proton hopping occurs for proton transfer. The 

proton hopping efficiency at ~10 K and 80 K did not show a considerable difference. 

The average hopping distance of protons was 11.2 ± 1.1 ML (molecular layer 

distance) at 80 K and 9.4 ± 1.4 ML at ~10 K. This minute difference implies that 

short-distance proton hopping at cryogenic temperatures occurs mainly by quantum 
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tunneling, which does not depend on the temperature. The small difference may be 

caused by the necessity of thermal molecular rearrangement for proton transfer. 

When both the proton donor and acceptor were on the film surface, the apparent 

proton transfer efficiency at ~10 K was less than a half of that at 80 K because the 

protons are stabilized at the surface of ASW and require thermal rearrangement of 

neighborhood molecules to overcome the barrier. This measurement of proton 

transport efficiency at cryogenic temperature may widen the understanding of proton 

transfer mechanism in amorphous ices and possibly in water. 
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Figure 4-1. (i)-(iv) Schematics of sample preparation process of NH3(0.25 

ML)/ASW(x ML)/HCl(0.2 ML)/ASW(~70 ML) on a Pt(111) surface. The first three 

steps were conducted at 80 K. In the last step, (iv), ammonia was adsorbed at ~10 K 

or 80 K, depending on the desired proton transport temperature. (a)-(d) 

Corresponding RAIRS difference spectra before and after each step of (i) to (iv). The 

dotted lines in spectrum (d) are drawn for eye guides for ν4 peak of NH4
+ and ν2 peak 

of NH3 from left to right.  
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Figure 4-2. RAIRS difference spectra after 0.25 ML ammonia adsorption at (a) 80 K 

and (b) ~10 K on ASW(spacer layer)/HCl(0.2 ML)/ASW(~70 ML)/Pt(111) with 

various thickness of spacer layer. Baselines were intentionally adjusted for clarity. 

Gray shades are for emphasizing ν4 peak of NH4
+ (~1480 cm-1) and ν2 peak of NH3 

(~1100 cm-1), which were used to determine their coverages. 
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Figure 4-3. (a) Area of ammonia (~1100 cm-1) and ammonium (~1480 cm-1) peaks 

of NH3(0.25 ML)/ASW(~70 ML)/Pt(111) at 80 K (squares) and ~10 K (circles) as a 

function of the coverage of additional HCl. (b) The relationship between the 

absorbance of ammonia and the absorbance of ammonium. The solid and the dotted 

lines are the linear fitting of the data points at 80 K and ~10 K, respectively.  
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Figure 4-4. Measured transfer efficiency of protons from bulk hydronium to surface-

adsorbed ammonia at 80 K (solid squares) and ~10 K (open circles) as a function of 

the average thickness of the spacer layer. Efficiencies at ~10 K are normalized to η(0 

ML) = 1. Error bars indicate possible inaccuracies from peak area integration. Lines 

are the fitted efficiencies using the method described in the text. 
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Figure 4-5. The corrected proton transfer efficiency from bulk H+ to surface-

adsorbed ammonia at 80 K (solid squares) and ~10 K (open circles) as a function of 

the distance between HCl (proton donor) and NH3 (proton acceptor). Error bars 

indicate the uncertainty of the values transferred from the error bars in Figure 4-4. 
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Abstract in Korean (국문 초록) 

비결정성 얼음에서의 양성자의 성질 

- 양성자 이동과 결정화 촉진 - 

서울대학교 대학원 

화학부 물리화학전공 

이 두 형 

본 학위 논문은 비결정성 얼음 내에서 양성자의 성질에 관한 연구 

결과를 다루었다. 특히 양성자에 의한 비결정성 얼음의 결정화 촉진과 

초저온에서의 양성자 도약에 초점을 맞추었다. 이러한 비결정성 얼음 내 

양성자의 기본적인 성질은 성간 먼지에 존재하는 비결정성 얼음 

표면에서 일어나는 화학 반응이나 액체 산 수용액의 특성을 이해하는데 

도움이 될 것이다. 

1장에서는 다양한 얼음의 상과 얼음 내에서의 양성자의 성질을 

소개하였다. 우선 얼음의 결정성 및 비결정성 상들의 구조와 관계에 

대해 설명하고, 물과 얼음 내에서 양성자의 이동에 관해 지금까지 

연구된 문헌들을 정리하였다. 

2장에서는 연구에서 사용된 표면 분석 실험법들을 설명하였다. 

반사 흡수 적외선 분광법, 온도 프로그래밍 탈착법, Cs+ 반응성 이온 

산란법과 저에너지 스퍼터링의 기본 원리를 정리하고, 또한 초고진공 

챔버 주변 분석 장비의 구성과 실험 과정을 기술하였다.  

3장에서는 초과 양성자가 비결정성 얼음의 결정화에 주는 
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영향을 연구하였다. 염화 소듐이 비결정성 얼음의 결정화를 방해하는 

것과 달리, 염화 수소의 해리에 의해 발생한 양성자는 비결정성 얼음의 

결정화를 촉진하였다. 이러한 가속 효과는 양성자가 비결정성 얼음 

필름의 표면에 있을 때뿐만 아니라, 필름 내부에 있을 때도 관측되었다. 

양성자의 위치에 관계없이 결정화는 산이 위치한 곳 근처에서 

시작하였다. 순수한 비결정성 얼음의 경우 결정화의 활성화 에너지가 

63.4 kJ·mol-1 로 측정된 데 반해, 0.1 ML (monolayer) 염화 수소가 흡착된 

경우 48.5 kJ·mol-1 로 감소하였다. 초과 양성자에 의한 결정화의 활성화 

에너지 감소 메커니즘을 논의하였다. 

4장에서는 초저온에서 비결정성 얼음 내부에 있는 양성자 도약 

거리를 측정하였다. 양성자 주개(염화 수소)와 양성자 받개(암모니아) 

사이의 양성자 이동의 효율은 양성자 도약만이 가능한 ~10 K와 80 K에서 

양성자 이동 반응에 의해 발생한 암모늄 이온의 양을 재는 방법으로 

측정되었다. 표면에서는 양성자가 안정화되기 때문에 80 K에서는 

대부분의 양성자가 이동한 데 반해 ~10 K 에서는 많은 양성자들이 

이동하지 못하였다. 반면에, 내부에서는 두 온도 사이에서 양성자 이동 

효율이 큰 차이를 보이지 않았다. 평균 양성자 도약 거리는 80 K에서 

11.2 ± 1.1 ML 이었으며, ~10 K 에서는 9.4 ± 1.4 ML 로 측정되었다. 

이는 초저온에서 양성자 도약은 주로 터널링에 의해 일어남을 암시한다. 

 

주요어: 양성자, 비결정성 얼음, 결정화, 양성자 도약, 반사-흡수 적외선 

분광법 

학  번: 2011-23235 
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