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Abstract 
 

Surface region of industrially produced silicate glass often contains much higher water 

content due to reaction with its surrounding atmosphere or solution compared with its 

bulk region. Although various hydrous species, such as molecular water (H2O) and/or 

hydroxyl group (SiOH) which have different degree of hydrogen bonding, have different 

influences on the properties of glass, there was no study to differentiate the associated 

speciation of hydrous species in glass surface. It’s because surface-sensitive spectroscopic 

method which can probe the water in thin surface region has not been known previously. 

In this study, we evaluated attenuated total reflection (ATR) – infrared (IR) 

spectroscopy as an analytical method for hydrous species introduced in surface of silicate 

glass monoliths and applied the method to understand effect of the surface treatment 

method, fictive temperature and glass composition on existing state of the species in 

conjunction with several surface analyze technique including X-ray photoelectron 

spectroscopy (XPS), secondary ion mass spectrometry (SIMS), specular reflectance IR 

and nano-indentation. 

In chapter 2 and 3, several industry relevant, surface-treated samples, such as as-

produced float glass, polished glass, leached glass by acid, and treated glass by SO2 gas 

were studied. Ion-exchange between hydrogen in environment and sodium in glass was 

observed through SIMS and XPS depth profiling in the surfaces of the samples and ATR-

IR analysis revealed that the relative speciation of the introduced hydrous species in these 

surfaces were completely different from those in bulk region and varied due to different 

surface treatment. Especially, SO2 gas-treated glass surface was compared with acid-

leached one in detail and found to have higher ratio of SiOH which possess weak 
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hydrogen bonding to molecular water, compared with acid-leached glass surface.  

To understand the mechanism which cause different water speciation, the influence of 

the thermal history, especially fictive temperature, of glasses on water speciation was 

investigated in chapter 4. ATR-IR analyses showed the fictive temperature of the glass 

before leaching affect the relative amounts of SiOH (with weak hydrogen bonding) and 

molecular H2O but the effect on the water speciation was not significant enough to explain 

the difference between SO2 gas-treated and acid-leached surface. Therefore the difference 

in water speciation is expected to be due to the other parameters such as concentration of 

the hydrous species and/or treatment temperature. 

In chapter 5, influence of the glass composition, especially aluminum content in silicate 

glasses, on formation of the altered layer through reaction with strong acid were studied. 

It was showed that in the glass with high aluminum content not only mobile alkali ion, 

such as sodium ion, but also aluminum were leached out from surface. Nano indenter 

experiments indicated that larger decrease of hardness was observed after acid treatment 

in the glass containing high amount of aluminum compared with other glasses with less 

aluminum including soda lime glass. ATR-IR spectra revealed that relative amount of 

weakly associated SiOH decreased and molecular water are increased among hydrous 

species with aluminum content. Moreover our results obtained through multiple surface 

analyses indicated that characteristics of the elemental composition and water speciation 

in the leached layer is similar to those in silica gel. For further investigation other analysis 

with a method which can probe network structure in glass surface, such as UV Raman 

spectroscopy, is needed. This study demonstrated that glass composition affect the 

formation of altered layer through the glass’s reaction with solution. 

In this work, we showed the combined analyses including ATR-IR and other surface-
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sensitive method can provide quantitative and qualitative information of the hydrous 

species in surface of glass monolith, such as SiOH and molecular water. This technique 

was found to be useful to understand a mechanism how hydrous species in glass surface 

affect the properties of glass. 
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1 Introduction 

 

1.1 Water in Bulk and Surface of Glass 

 

While water of hundreds of parts per million are typically retained in bulk of 

commercial silicate glasses from water vapor in the melting atmosphere or from raw 

materials [1], concentration of water introduced to surface of the glasses through reaction 

with ambient humidity and aqueous solutions, especially under acid conditions, or certain 

gas species can be one or two orders of magnitude higher, which is up to several percent 

[2,3]. A typical diffused depth of the water in glass surface ranged from several nanometer 

to hundreds of nanometer. In this thesis, the term “water in glass surface” is referred to 

these hydrous species existing in outermost and inner surface of glass with the depth of 

up to several hundreds of nanometer. 

Water in bulk of glasses have been analyzed through several methods and reported 

that the water can exist as a hydroxyl group (SiOH) or as interstitial molecular water 

(H2O) [4,5] which have different impacts on glass properties as explained in the session 

1.2. Although the concentration of water in glass surface is usually much higher than that 

in the bulk and it should cause critical influence on properties of the overall materials, 

there has not been study revealing the speciation of the water in surface region. This 

should be due to absence of surface sensitive spectroscopy which can detect hydrous 

species existing in glass surface regions. 
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1.2. Effects of Different Hydrous Species in Glass on Its Properties 

 

Incorporated hydrous species in glass influence glass structure, and thereby, glass 

properties [1]. Since the hydroxyl species (SiOH) and the molecular water (H2O) in glass 

have different effects as explained below, on glass properties, it is important to understand 

both concentration and speciation of hydrous species for prediction and control of the 

glass properties. . 

 

The effect of water on the viscosity is significant. 5 wt% of water can cause decrease 

of as much as 40 % for glass transition temperature for same glass compositions (Fig. 1-

1) [6]. This effect is considered as due to weakening of the Si-O-Si network by 

depolymerization through generation of hydroxyl groups upon incorporation of water, i.e., 

the bridging oxygen are converted to non-bridging hydroxyl. Diffused hydrous species 

into silica glass can promote structural relaxation. In this case, small quantity of molecular 

water was suggested to have important role in the relaxation rather than hydroxyl groups 

[7]. These are the examples where the hydroxyl species (SiOH) and the molecular water 

(H2O) cause different influence in glass properties. 

The effect of water on absorption in the infrared (IR) region is known to be very 

important in IR transmitting materials such as optical glass fibers for telecommunication 

systems. Molecular water and hydroxyl species cause absorption in different wavelength, 

respectively, which are extremely detrimental to the application of these fibers requiring 

extremely low loss.  

Water also influences the mechanical properties of glass through reaction between 

glass network and water from environment. Michalske and Freiman suggested that 
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subcritical crack growth is caused by so-called stress corrosion, which is associated with 

the stress-enhanced thermal activation of a dissociative hydrolysis reaction represented 

in Fig. 1-2 for the case of silica glass [8]. This reaction is initiated by the penetration of 

the molecular water from environment to around crack tip while hydrolysis which break 

the Si–O–Si resulted in a couple of hydroxyl groups as the reaction below. 

𝑆𝑆𝑆𝑆 − 𝑂𝑂 − 𝑆𝑆𝑆𝑆 + 𝐻𝐻2𝑂𝑂 → 2 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  

Therefore existence of the molecular water and hydroxyl groups have different meanings 

in this scheme, it is important to differentiate the hydrous species in glass surface and 

crack tip. There have been lots of examples about the influence of hydrous species in 

glass on its mechanical properties in various aspects as well. For example, water 

adsorption and surface hydroxylation were reported to affect mechanical strength [9–12], 

the residual surface compressive stress in chemically strengthened glass can be relaxed at 

a faster rate in the presence of water [13] and diffused water from environment are 

suggested to generate a swollen zone around crack tip resulting in static fatigue of glass 

[14,15] 
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Fig. 1-1 Reduced glass transition temperature Tg
* = Tg /Tg

GN as a function of the total 

water content cw where Tg
GN is the glass transition temperature of glass with very low 

water content (cw = 0.02wt %) [6] 
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Fig. 1-2 Basic mechanism of the stress-corrosion reaction [8] 
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1.3. Analyses of Water in Glass Bulk 

 

Several methods have been reported for the analysis of water and hydrogen in glass, 

but to identify and quantify the hydrous species, such as molecular water and hydroxyl 

group in glass, vibrational spectroscopies such as IR and Raman spectroscopies have been 

mainly utilized. The hydroxyl and molecular water in bulk of glasses can be detected by 

the transmission IR spectroscopies between 8000 and 800 cm-1. The most accepted band 

assignments are those for silica glass reported by Davis and Tomozawa in Fig. 1-3[4]. For 

other multicomponent glasses, several groups studied peak assignment [16–20]. 

The most convenient way to estimate relative water concentration in glass bulk is to 

obtain transmission IR spectrum. The broad band attributed to the OH stretching 

vibration (νOH) of OH and H2O is observed middle IR region within the 3700 - 2500 cm-

1. But this band is caused by both the hydroxyl species (SiOH) and the molecular water 

(H2O) in glass. So to estimate each abundance of these species, combination band 

observed in near IR region were needed to be evaluated.  

Stuke studied the relative concentration of SiOH and H2O in bulk of soda lime glass 

by analyzing 4500 cm-1 band assigned to the combination of OH stretching and bending 

modes of SiOH with weak hydrogen bonding and 5250 cm-1 band assigned to the 

combination band of stretching and bending modes of molecular water groups (Fig. 

1-4)[5]. The ratio of SiOH to molecular water depends on their concentration or 

composition of glass matrix. As shown in Fig. 1-5, when the total water concentration is 

less than 1 wt% in the bulk, the majority of water exist as SiOH, while at higher 

concentration interstitial molecular water is dominant. 



18 
 

Raman spectroscopy can provide important insight of the water speciation in the bulk 

of glasses as well as impacts of water on the glass network. For instance, Le Losq et al. 

demonstrated that temperature has important role in the water speciation in 

aluminosilicate melts and glasses by in situ high temperature Raman experiment. Their 

experiments show the dissociation of molecular water into its ionic products H+ and OH- 

determines the observed evolution of the measured water speciation between hydroxyl 

(OH) groups and molecular water in the melt [21].  

1H nuclear magnetic resonance (NMR) spectroscopy can also be utilized to analyze 

the water speciation in bulk of glass. Yamashita reported analysis of the water speciation 

in several sodium silicate glasses by 1H NMR in conjunction with transmission IR 

spectroscopy with in near IR region [22].  

Although the speciation of the bulk water can be evaluated through those analytical 

method, such as transmission IR spectroscopy, Raman spectroscopy and NMR, it lacks 

the surface sensitivity to reveal the speciation of water in the surface region of a flat 

silicate glass plate.  
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Fig. 1-3 IR difference spectra of a thin Suprasil W2 (silica glass) specimen hydrated for 
4, 58.5 and 144 h at 250°C in saturated water vapor (39.2 atm). 
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Fig. 1-4 Near-infrared absorption spectra of soda-lime silica glass [5] 
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Fig. 1-5 Concentrations of OH groups and H2O molecules as a function of total water 
content for soda lime silica glass [5] 
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1.4. Analyses Methods for Glass Surface 

 

As an analytical method for glass surface, X-ray photoelectron spectroscopy (XPS) 

and secondary ion mass spectrometry (SIMS) have been typically employed for 

evaluation of glass surface composition. XPS is spectroscopy which measures the kinetic 

energy of photoelectron escaped from each element in materials surface irradiated with a 

beam of X-rays. Since the kinetic energy depends on binding energy of the electron which 

is specific to element, XPS can be utilized to analyze the elements in the surface. 

Moreover it can obtain distinctive information from the chemical or electronic state of 

the surface atoms by analyzing peak shift (chemical shift) in the spectra, because the 

binding energy is changed due to the chemical state of the element. Since only 

photoelectron in the depth within typically 10nm can escape from the surface, XPS 

possess high surface-sensitivity, which means it can obtain from very shallow region of 

the surface. The detection limit of XPS is typically around 0.1 at%, depending on the 

element. Combined with Ar ion sputtering of the surface atoms, depth profiling of the 

elemental composition is possible. Although there is a limitation for depth profiling due 

to the Ar ion sputtering damage on glass surface such as the concentration change of 

mobile (alkali and alkaline- earth) ions, by using C60 ion as sputtering gas the precise 

depth profile with the suppression of the migration of mobile ions can be obtained [2,23]. 

However, XPS doesn’t have capability to analyze speciation of hydrous species 

existing in the depth of several hundreds of nanometer in glass surface because of its 

characteristics.  To reveal the speciation of hydrous species in glass surface XPS needs 

to depend on information from chemical state of oxygen ion as a probe since it cannot 

analyze hydrogen ion which does not emit photoelectron. The speciation of water within 
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XPS information depth (typically 10 nm) of the surface region can be analyzed through 

evaluation of oxygen 1s peak which shifts due to the chemical state of oxygen, such as 

bridging oxygen in glass network (Si-O-Si), non-bridging oxygen (Si-O-), oxygen in 

silanol (SiOH) and oxygen in water molecule (H-O-H)  [24,25]. Although the chemical 

state of the oxygen in deeper region than the information depth needs to be analyzed in 

combination with the ion sputtering, chemical state of elements can be altered by the 

sputtering [26], which make difficult to obtain the information of the original distribution 

of the hydrous species by XPS. 

SIMS is another way to obtain the depth profile of elements in glass in combination 

of ion sputtering. In SIMS, materials surface is irradiated with a focused primary ion beam 

and secondary ion ejected by sputtering is collected and analyzed with a mass 

spectrometer to determine the elemental composition of the surface. Especially, the 

technique make possible of depth profiling of elemental composition in several tens of 

um with detection limit of as low as ppm to ppb since it uses the atoms which comprise 

the surface as signals. It detect the atoms through mass spectroscopy, which enables to 

analyze the profile of all elements including hydrogen which cannot be detected by XPS. 

However, this method still does not reveal the speciation of water in deeper region with 

the ion sputtering because, again, the sputtering can change the chemical state of it. 

Nuclear reaction analysis (NRA) can also analyze the profile of hydrogen but we 

cannot know the water speciation through this method because this method uses a 

resonant nuclear reaction as a probe for hydrogen. 

Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) [27] is an IR 

spectroscopic technique that is applicable to glass materials with high surface area, such 

as powder or fiber. IR beam incident onto a sample may be partly reflected regularly 



24 
 

(specular reflection) by the sample surface, but mainly scattered diffusely and penetrates 

into the sample. In DRIFTS, diffusely scattered light in all directions are collected and 

utilized for an analysis. This technique is quite sensitive to the surface and, however, is 

difficult to apply to glass monolith sample which is important in industrialized glass 

product. Moreover, there is no linear relation between the reflected light intensity (band 

intensity) and concentration, in contrast to traditional transmission spectroscopy in which 

the band intensity is directly proportional to concentration. Therefore, quantitative 

analyzes by DRIFTS are rather complicated. 

Although the several methods have been utilized to analyze surface region of glass as 

reviewed in this section, existing state of hydrous species in the surface region of flat 

glass cannot be probed by these methods. 
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1.5. Attenuated Total Reflection (ATR) – IR Spectroscopy 

 

Attenuated total reflection (ATR) - IR spectroscopy is a method that can provide 

surface-sensitive analysis in the outermost micron of the surface of materials [28]. It 

utilizes a crystal made with high-refractive-index materials, such as diamond, germanium 

or ZnSe, through which light is passed. If the crystal is in direct contact with a sample of 

lower refractive index, the light is totally reflected at the interface and the evanescent 

wave of the reflected light penetrates into the sample in contact with the crystal surface. 

The absorption of this evanescent wave by the sample attenuates the total reflection of 

the light at the interface, which is recorded as a function of the wavelength of the reflected 

light. 

 The evanescent wave decays exponentially with the distance from the surface within 

the sample. Its penetration depth is usually expressed as the distance at which the electric 

field intensity in the sample falls to 37 % (e-1) of the surface value, and is calculated as 

shown below for the case of a media with a low extinction coefficient, k:  

 

( )[ ]{ }212
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2
1

p
nnsinn2

d
−

=
θπ

λ ・・・(1) 

 

where λ = wavelength of the IR beam, θ = incident angle of the IR beam, n1 = the 

refractive index of the internal reflection crystal, and n2 = the refractive index of the 

sample. Since the k value is very low (~10-5) and the refractive index changes only slightly 

in the wavenumber range between 4000 and 1600 cm-1 for soda lime glasses [29], the 

ATR spectra of silicate glasses are readily obtained. When diamond crystal with a 

refractive index of around 2.4 is used as the crystals, the penetration depth of the 
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evanescent wave in soda lime glass is about several hundreds of nanometer, which is 

comparable with the diffused depth of the hydrous species in surfaces of acid-leached 

glass [3] and float glass [2]. Therefore, ATR - IR is expected to be appropriate method to 

analyze the existing state of the hydrous species in glass surfaces. There are a few reports 

of ATR-IR for inorganic glasses [30–32], but none address the speciation of water in the 

near surface region. Uchino reported ATR-IR spectra of hydrated Na2O-SiO2 glasses but 

didn’t discussed the speciation of hydrous species but vibration in Si-O network [30]. 

Lowenstern studied water concentration in quartz and melt inclusions in it using ATR-IR. 

They obtained a mapping of the concentration with ATR micro-FTIR which utilized small 

ATR crystal tip of 350 um diameter but didn’t mentioned the effect of surface treatment 

methods on the speciation of the hydrous species.  
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1.6. Scope of This Thesis 

 

Glass surface often contains much higher water content compared to its bulk region, 

which is due to reaction with its environmental atmosphere or solution. Although different 

hydrous species, such as hydroxyl group (SiOH) and/or molecular water (H2O) which 

have different degree of hydrogen bonding, in glass surface have different effects on 

properties of the material, the speciation of hydrous species in glass surfaces with a depth 

of several hundred nanometer has not been studied well so far because adequate surface-

sensitive spectroscopic method which can probe the species has not been known.  

In this research, we first attempted to evaluate ATR-IR spectroscopy as a surface-

sensitive analytical method to investigate water in glass surface. We also compared the 

hydrogen profiles in leached glasses obtained with SIMS for quantitative analysis of the 

OH peak intensity in the ATR spectra (Chapter 2). Then, we measured and evaluated the 

ATR-IR spectra of various surface treated float glass samples (as-produced, polished, 

leached by acid, treated by SO2 gas, and strengthened by thermal or chemical methods) 

to understand the water speciation in there surface (Chapter 3). To understand the 

mechanism which cause different water speciation in acid-leached and SO2 gas-treated 

glass surface, we investigated the effect of fictive temperature of glasses on water 

speciation (Chapter 4). Influence of the glass composition, especially aluminum content 

in silicate glasses, on reaction with strong acid were studied through glass surface 

analyses through SIMS, XPS, ATR-IR and nano-indenter experiments. Correlation 

between hardness and composition of reacted layer were discussed (Chapter 5). Chapter 

6 summarized this study.   
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2 Evaluation of ATR – IR Spectroscopy as Analysis Method 

of Glass Surface 

 

2.1. Introduction 

 

Characterization of the chemical structure of the surface and subsurface region of 

silicate glass is very important. Among various analytical techniques, infrared (IR) 

spectroscopy has been widely used for this purpose. IR can probe BO, and NBO groups 

as well as Si-OH and H2O species inside the glass [33–37]. 

In order to obtain the surface information, IR analysis of glass must be carried out 

in a specular reflection (SR) or attenuated total reflection (ATR) configuration, rather than 

typical transmission mode [38].  

Fig. 2-1 schematically compares these three methods. In the transmission mode, 

the signal intensity is often expressed as absorbance (A) which is defined as –log(It/Io) 

where Io and It are the intensities of the incident and transmitted IR beams, respectively. 

The absorbance follows the Beer-Lambert law, 𝐴𝐴 =  𝑎𝑎𝑎𝑎𝑎𝑎  where a is specific 

absorptivity, b is sample thickness, and c is concentration of the species of interest. Since 

the thickness of the surface region affected by glass manufacturing processes or 

environmental corrosion is much thinner than the total thickness of the sample (bsurface << 

bbulk), the transmission signal is always dominated by the bulk species.  
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Fig. 2-1 Schematic illustration of transmission, specular reflection (SR), and attenuated 

total reflection (ATR) IR spectroscopy of a flat glass sample 
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In SR-IR, the intensity of the reflected beam (Ir) is measured and expressed as a 

reflectance (R=Ir/Io), which is dimensionally equivalent to the transmittance (It/Io) in the 

transmission mode experiment. When the IR frequency resonates with the absorption 

band of the sample, the reflected beam intensity is enhanced in SR-IR. Thus, the peak in 

the R vs. wavenumber (cm-1) plot of SR-IR is positive, while the peak in transmission IR 

is negative when plotted in the percent transmission (It/Io×100%) scale. 

In the case of ATR-IR, a crystal with a refractive index (n1) higher than that of 

sample of interest (n2) is in intimate contact with the sample surface and the IR probe 

beam is irradiated through this crystal. When the IR incidence angle (θi) is higher than 

the critical angle (θc=arcsin(n2/n1)), then IR is totally reflected from the crystal/sample 

interface and only an evanescent wave penetrates into the sample. The interaction of this 

evanescent wave and the absorption band of the sample attenuates the total reflection. 

When the measured reflectance (R) is plotted as log(1/R), then it is dimensionally 

equivalent to the absorbance; thus, peaks in ATR-IR spectra are often interpreted as 

absorption bands as in the case of transmission spectra.  

However, it should be noted that peaks in the transmission IR spectra are governed 

by the absorptivity (a) which is a function of the imaginary (k) part of the complex 

refractive index of glass (n+ik) [i.e., 𝑎𝑎 = 4𝜋𝜋𝜋𝜋 λ⁄  where λ is the IR wavelength], while 

those in the SR-IR and ATR-IR spectra are governed by both the real (n) and imaginary 

(k) parts that vary over a large range [29]. As shown in Fig. 2-2 [29], the real part of the 

glass refractive index is not constant; due to the Kronig-Kramers relationship [39,40], n 

varies significantly along with k especially near the absorption band region. Thus, the SR-

IR and ATR-IR spectra of glass cannot be interpreted in the same manner as the 

transmission IR peaks. The peak position, shape, and relative intensity can be drastically 
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different in the SR-IR and ATR-IR spectra of glass.  

 

 
Fig. 2-2 Real (n) and imaginary (k) components of refractive index of soda lime glass 

shown in blue and red line, respectively [29].  

n 

k 
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Although ATR-IR spectroscopy is a useful and convenient method for evaluation 

of glass surface because it can be more surface sensitive than transmission IR analysis, 

only few studies on ATR-IR for inorganic glasses have been reported [30–32,41] and none 

of them discussed the comparison between theoretical and experimental spectra from 

glass surface. This chapter aims to provide clear explanations of how the spectral features 

in both SR-IR and ATR-IR spectra of glass are altered at various measurement conditions 

and how they should be interpreted. Spectral changes in as-produced float glass and acid 

treated soda lime glass are discussed; the same principles can be applied to other types of 

glass. 

 

2.2. Experiment 

 

2.2.1 Sample preparation 

 

Soda lime float glasses (0.7 mm-thick) were used in this study as as-produced 

sample, which were supplied by AGC Inc. in Japan. The bulk composition of the glasses 

was analyzed by x-ray fluorescence (XRF) and is shown in Table 2-1. In all reflection 

experiments, the air-side of the float glass was used as the top side where incident IR 

beam entered. Some float glass samples were remelted in a Pt crucible in an electric 

furnace and quenched on a carbon plate. The quenched glass blocks were annealed at 600 

oC for 1 hour and cooled slowly at a cooling rate of 1 oC/min to remove residual stress. 

Annealed glasses were then cut and polished with SiC sandpaper and CeO2 dispersed in 

water into 5.0 mm thick slabs. Before IR measurements, all samples were cleaned with 

distilled water and ethanol in an ultrasonic cleaner and then using an UV/ozone cleaner. 
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In order to study changes in the hydrous species and the glass network structure 

in the surface region, the remelted and polished glass samples were treated with a 0.1M 

HCl solution at 90 oC for 1, 5, 20, 80, and 320 hours. The surface area of each sample 

treated with 50 ml HCl solution was 7.5 cm2.  

 

Table 2-1 Glass composition determined by XRF 

 SiO2 Al2O3 MgO CaO Na2O K2O Fe2O3 

mol% 70.8 1.0 6.2 9.1 12.5 0.4 0.04 

 

2.2.2 SR-IR measurements 

 

SR-IR spectra of both as-produced float glass with 0.7 mm thickness and polished 

and leached samples with 5.0 mm thickness were obtained by three instruments: (i) 20o 

incidence angle from the surface normal direction using a Bruker Hyperion 3000 micro-

FT-IR system equipped with a 15x infrared microscope objective lens (Bruker Optics 

Inc.), (ii) ~45o incidence angle using a Thermo-Nicholet 670 FTIR system equipped with 

a custom-arranged optics, and (iii) 43o, 53o, 58o, 63o, and 68o incidence angles using a 

Bruker Hyperion 3000 system equipped with a Pike VeeMAX II ATR accessory. SR-IR 

spectra were obtained in the range of 4000 – 500 cm-1. Spectra were acquired for three 

spots per sample in 400 scan passes at a 4 cm-1 resolution. A gold mirror was used as a 

standard reference for all measurements. 

 

2.2.3 ATR-IR measurements 
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A Bruker Vertex70 FT-IR system was used for ATR-IR analysis of both float 

(0.7mm thickness) and leached (5.0mm thickness) soda-lime glass samples using 

diamond and Ge ATR crystals. For the diamond ATR (MVP-Pro, Harrick Scientific 

Products), the IR beam incident angle was 45°. The sample was contacted against the 

ATR diamond crystal with a force of pushed by 420 N over a 1.5 mm2 sampling area. For 

the Ge ATR (VariGATR, Harrick Scientific Products), the IR incident angle was set at 60o. 

The sample was contacted against the ATR germanium crystal with a force of pushed by 

600 N over 1 cm2 sampling area. Spectra were collected for 100 scans with a spectral 

resolution of 6 cm–1 from 4000 to 400 cm–1 for diamond ATR and from 4000 to 800 cm–

1 in Ge ATR. The diamond ATR crystal absorbs IR in the 2300 and 2000 cm-1 region; so, 

this region cannot be probed. For the same reason, the Ge ATR-IR spectrum cuts off at 

800 cm-1. For the leached samples, peak heights in absorbance units were measured at 

their maximum values near 3450 cm–1 (A3450) utilizing a straight baseline. The typical 

variance in the peak intensity was less than 5 % based on 3 measurements per sample. 

  

2.2.4 Simulations of SR- and ATR- IR spectra  

 

The reflectance of the IR beam was calculated using the Fresnel equations [42] 

and the refractive index of soda lime glass was taken from a literature (Fig. 2-2) [29]. The 

reflection coefficients of p-polarized and s-polarized beams (rp and rs, respectively) at an 

interface between media 1 and 2 are expressed as: 

 

𝑟𝑟𝑝𝑝,12 = 𝑛𝑛2𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃1−𝑛𝑛1𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃2
𝑛𝑛2𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃1+𝑛𝑛1𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃2

 and 𝑟𝑟𝑠𝑠,12 = 𝑛𝑛1𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃1−𝑛𝑛2𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃2
𝑛𝑛1𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃1+𝑛𝑛2𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃2

 (1) 
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where n1 is the refractive index of the media 1, n2 is the complex refractive index of media 

2 (𝑛𝑛2 = 𝑛𝑛(λ) + 𝑖𝑖𝑖𝑖(λ) from Fig. 2-2 [29]), θ1 is the incident angle (θi in Fig. 2-1) and θ2 

is the transmission angle (θt in Fig. 2-1) calculated from Snell’s equation: 𝑛𝑛1𝑠𝑠𝑠𝑠𝑠𝑠𝜃𝜃1 =

𝑛𝑛2𝑠𝑠𝑠𝑠𝑠𝑠𝜃𝜃1. In the case of SR-IR, n1 = 1 (air); in the case of ATR-IR, n1 = ~2.4 diamond and 

~4 for germanium. The exact n1 value as a function of IR wavenumber can be found at  

for diamond [43] and for germanium [44]. Then, the reflectance of p-polarized (electric 

vector polarized parallel to the incidence plane) and s-polarized (perpendicular to the 

incidence plane) component of the IR beam are calculated as: 

 

𝑅𝑅𝑝𝑝 = 𝑟𝑟𝑝𝑝,12𝑟𝑟𝑝𝑝,12
∗  and 𝑅𝑅𝑠𝑠 = 𝑟𝑟𝑠𝑠,12𝑟𝑟𝑠𝑠,12

∗   (2) 

 

and the total reflectance of the unpolarized beam is the average of these two values: 

 

𝑅𝑅 = �𝑅𝑅𝑝𝑝 + 𝑅𝑅𝑠𝑠�/2    (3) 

 

Within the glass sample, the electric filed intensity of IR decreases with an 

exponential function of the distance from the surface. The characteristic attenuation or 

penetration distance is expressed as the distance required for the electric field amplitude 

(transmitted beam in SR-IR or evanescent wave in ATR-IR) to fall to 36.8% (e-1) of its 

value at the surface. The penetration of depth of SR-IR [33] is defined as  

𝑑𝑑𝑝𝑝,𝑆𝑆𝑆𝑆 = λ 4𝜋𝜋𝜋𝜋(λ)⁄      (4) 

The penetration depth in ATR-IR is expressed as  

𝑑𝑑𝑝𝑝,𝐴𝐴𝐴𝐴𝐴𝐴 = λ �2𝜋𝜋Im ��𝑛𝑛22 − 𝑛𝑛12𝑠𝑠𝑠𝑠𝑠𝑠2𝜃𝜃1���     (5) 

where Im[] means the magnitude of the imaginary part [28]. Note that when 𝑘𝑘(λ) ≈ 0, 
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then 𝑑𝑑𝑝𝑝,𝐴𝐴𝐴𝐴𝐴𝐴 can be calculated using only the real part of n2. The information depth from 

which most of IR signal comes from is three times the characteristic penetration depth 

which is wavelength dependent.  

When the glass sample is thin, a small portion of the transmitted IR beam can be 

reflected from the backside of the sample and can be detected along with the beam 

reflected from the front surface (Fig. 2-1). In that case, the total reflectivity of SR-IR can 

be calculated as:
 

 

𝑟𝑟𝑝𝑝,121 = 𝑟𝑟𝑝𝑝,12 + 𝑡𝑡𝑝𝑝,12𝑟𝑟𝑝𝑝,21𝑡𝑡𝑝𝑝,21𝑒𝑒2𝑖𝑖𝑖𝑖 and 𝑟𝑟𝑠𝑠,121 = 𝑟𝑟𝑠𝑠,12 + 𝑡𝑡𝑠𝑠,12𝑟𝑟𝑠𝑠,21𝑡𝑡𝑠𝑠,21𝑒𝑒2𝑖𝑖𝑖𝑖 (6) 

 

where 𝒕𝒕𝒑𝒑,𝟏𝟏𝟏𝟏 and 𝒕𝒕𝒔𝒔,𝟏𝟏𝟏𝟏 is the transmission coefficients at the front surface for the 

beam entering from air,  𝒓𝒓𝒑𝒑,𝟐𝟐𝟐𝟐  and 𝒓𝒓𝒔𝒔,𝟐𝟐𝟐𝟐  is the reflection coefficient at the back 

surface, 𝒕𝒕𝒑𝒑,𝟐𝟐𝟐𝟐 and 𝒕𝒕𝒔𝒔,𝟐𝟐𝟐𝟐 is the transmission coefficient at the front surface for the 

beam reflected from the back surface, and 𝜷𝜷 = 𝟐𝟐𝟐𝟐𝟐𝟐𝒏𝒏𝟏𝟏𝒄𝒄𝒄𝒄𝒄𝒄𝜽𝜽𝟏𝟏 λ⁄  (where b = sample 

thickness; Fig. 2-1 

Fig. 2-1) is the phase of the IR beam propagated through the glass. The transmission 

coefficients are calculated as:  

 

𝑡𝑡𝑝𝑝,12 = 2𝑛𝑛1𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃1
𝑛𝑛2𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃1+𝑛𝑛1𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃2

 and 𝑡𝑡𝑠𝑠,12 = 2𝑛𝑛1𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃1
𝑛𝑛2𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃2+𝑛𝑛1𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃1

  (7) 

 

The 𝑟𝑟𝑝𝑝,21, 𝑟𝑟𝑠𝑠,21, 𝑡𝑡𝑝𝑝,21, and 𝑡𝑡𝑠𝑠,21 terms can be calculated by changing the subscript order 

in the 𝑟𝑟𝑝𝑝,12, 𝑟𝑟𝑠𝑠,12, 𝑡𝑡𝑝𝑝,12, and 𝑡𝑡𝑠𝑠,12 equations, respectively. Then, the total reflectance 

(R121) from both front and back surfaces is calculated using the same equations (2) and 

(3) where 𝑟𝑟𝑝𝑝,121 and 𝑟𝑟𝑠𝑠,121, are used, instead of 𝑟𝑟𝑝𝑝,12 and 𝑟𝑟𝑠𝑠,12. 
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2.2.5 Secondary Ion Mass Spectroscopy (SIMS) 

 

SIMS analyses of the leached samples were carried out using a PHI ADEPT1010 

system. The Cs+ primary beam impact energy was 3 keV and the beam current 200 nA. 

The scanning area was 400 um2 for negative secondary ion detection with an incidence 

angle of 60o to the sample surface normal. The secondary ions, 1H and 30Si, were 

monitored during depth profiling. The samples were charge-neutralized with a metal 

mask on the sample at ground potential. 

 

2.3. Results and Discussion 
 

2.3.1 SR-IR and ATR-IR Spectra of Soda Lime Float Glass 

 

Fig. 2-3 compares the SR-IR and ATR-IR spectra of the soda lime float glass 

samples with 0.7 mm thickness. Two positive peaks at ~1064 cm-1 and ~766 cm-1 in SR-

IR spectra in Fig. 2-3 (a) are attributed to asymmetric and symmetric vibration modes of 

the Si-O-Si (BO) network [33,38]. The shoulder at ~950 cm-1 corresponds to the 

stretching vibration of the Si-O- (NBO) group in the glass [33,35]. It is noted that the BO 

peak at ~1064 cm-1 appears to be missing or red-shifted to ~1000 cm-1 in the Ge-ATR 

spectrum and ~910 cm-1 in the diamond-ATR spectrum shown in Fig. 2-3 (b). ATR-IR 

also shows a broad peak spanning from 3650 cm-1 to ~2500 cm-1 corresponding to 

stretching vibrations of the hydrogen-bonded Si-OH and H2O species, and a sharp peak 

at ~1650 cm-1 corresponding to the bending vibration of the molecular H2O species. 
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Although the ingress of water into the soda lime glass surface is true, it is incorrect to 

interpret the absence or red-shift of the BO peak in ATR-IR compared to the SR-IR as 

changes in the Si-O-Si network structure. This will be explained theoretically in the next 

section. 

  



39 
 

 

 
Fig. 2-3 (a) SR-IR spectra of soda lime float glass with 0.7 mm thickness obtained at an 

incidence angle of 20° (with a 15× IR objective lens) and 45°. (b) ATR-IR spectra of soda-

lime float glass with 0.7 mm thickness obtained with diamond and Ge ATR crystals. The 

inset shows the 4000 - 1200 cm−1 region of the ATR-IR spectra.   
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It is also noted that the SR-IR spectrum of 0.7mm thickness float glass collected 

at the 45o incidence angle appears to show more spectral features than that of the same 

sample collected with the 15x objective lens in which the IR incidence angle is 20o (Fig. 

2-3 (a)). The shoulder peak at ~1180 cm-1 and the negative peaks at ~2240 cm-1, 2800 cm-

1, and 3500 cm-1 are observed only in the 45o SR-IR spectrum, but not in the 20o SR-IR 

spectrum.  

In Fig. 2-3 (a), the negative peaks at ~2240 cm-1, ~2800 cm-1, and ~3400 cm-1 of 

the θi=45o spectrum could be puzzling since, as mentioned earlier, the absorption band in 

SR-IR should show up as a positive peak in the reflectance (R vs. cm-1) plot. It is 

interesting to note that the peak positions of ~2800 cm-1 and ~3400 cm-1 agree well with 

the absorption bands in the transmission IR spectrum [45]. The ~2240 cm-1 is close to the 

peak reported for the Si-H (silane) group [1,46]. However, it should be noted that the 

peaks in SR-IR cannot be interpreted or assigned based on the coincidence of the SR-IR 

peak positions with the IR absorption bands of other materials. 

 

2.3.2 Simulation of SR-IR and ATR-IR Spectra of Glass 

 

In this section, the theoretical SR-IR and ATR-IR spectra are calculated using the 

equations (1) – (7) and the complex refractive index of diamond [43], germanium [44], 

and soda lime glass (Fig. 2-2) [29], and compared with the experimental spectra shown 

in Figure 2-3. This comparison clearly shows that anomaly or artifacts of the SR-IR and 

ATR-IR spectra of glass that should not be considered or interpreted as changes in 

absorption bands. 
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2.3.2a Comparison with simulated SR-IR spectra of glass  

 

Fig. 2-4 displays the calculated SR-IR spectra for soda lime glass. The simulated 

spectra clearly show that the peak shape and position vary with the IR incidence angle, 

as observed experimentally. At near normal incidences (θi ≤ 20o), the peak shape is very 

similar to the shape of the imaginary part (k) of the complex refractive index. However, 

as θi increases to the oblique angle, the peak shape changes drastically and the position 

of the maximum intensity is also blue-shifted. The BO band position is shifted from 

~1065 cm-1 at the near-normal incidence angle to ~1080 cm-1 at higher incidence angles. 

Note that his blue shift is not due to the changes in the strength or energy of the Si-O-Si 

bond (changes in the position of the 𝑘𝑘(λ) maximum); it is simply due to the anomaly 

caused by the change in the real part of the refractive index, 𝑛𝑛(λ) in the wavenumber 

region. The nearly zero reflectance at 1300 cm-1 is simply because the refractive index of 

glass is the same as that of air at this wavelength (see Fig. 2-2).  
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Fig. 2-4 SR-IR spectra of soda lime glass calculated with Eqs. (1)–(3) using the refractive 

index shown in Fig. 2-2 at different incidence angles (θi). 
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It is noted that as the incidence angle increases, the peak near 1180 - 1200 cm-1 

grows. Fig. 2-5 displays the s- and p-polarized spectra of the polished soda lime glass 

sample measured as a function of the angle of incidence. The growth of the 1180~1200 

cm-1 component is observed in both s- and p-polarized spectra. The simulated s- and p-

polarized spectra from the refractive index shown in Fig. 2-2 reproduced the same trend 

observed in the experimental data (insets of Fig. 2-5). The small discrepancy in the peak 

shape must be due to the minor difference in the refractive index of the sample used in 

this study and the literature value shown in Fig. 2-2. This comparison clearly shows that 

the growth of the 1180 - 1200 cm-1 component is due to the anomaly caused by the change 

in the real part (n) of the complex refractive index. This position coincides with the 

minimum of n(λ) in Fig. 2-2.  
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Fig. 2-5 Comparison of (a) s-polarized and (b) p-polarized SR-IR spectra of polished soda 

lime glass at incidence angles θi at the Brewster angle (58°) as well as ±5° and ±10°. The 

main panels are the experimental spectra and the insets are the spectra simulated with Eqs. 

(1)–(3) using the refractive index shown in Fig. 2-2. 
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This simple theoretical calculation of the SR-IR spectra of glass demonstrates how 

the peak shape and position vary with the IR incidence angle due to the wavelength 

dependence of the refractive index. It is not due to the new vibration modes or absorption 

band at an oblique incidence angle. If new absorption bands are involved, then there 

should be new peaks in k(λ); but, the simulated spectra shown in the insets of Fig. 2-5 are 

all produced with the same n(λ) and k(λ) data set of soda lime glass (Fig. 2-2).  

In SR-IR analysis, the contribution from the backside reflection is sometimes 

ignored, which could lead to artifacts in the spectra. Fig. 2-6 (a) plots the IR penetration 

depth, dp, calculated using k(λ) in Fig. 2-2. The penetration depth varies from ~0.65 µm 

at the BO absorption band position to ~2 cm in the >3700 cm-1 region. It is noted that 

when the sample thickness is 700 µm, then the >2200 cm-1 region of the IR beam can be 

reflected from the backside of the glass sample. This backside reflection can contribute 

to the signal intensity in the SR-IR experiment. When a microscope objective lens is used 

(θi=20o data shown in Fig. 2-3 (a)), the backside reflection is negligible since the focal 

depth of the objective lens is only on the order of several microns. However, in the typical 

SR-IR experiment with an elliptical mirror with a long focal distance (θi=45o data shown 

in Figure 2-3 (a)), the backside reflection should be taken into account.  
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Fig. 2-6 (a) IR penetration depth, dp, inside soda lime glass calculated with k(λ) shown in 

Fig. 2-2. (b) SR-IR spectrum calculated for a 700 µm thick soda lime glass using Eqs. 

(1)–(7) at an incidence angle of 40°. The dotted lines are the components calculated for 

the reflection from the front and back surfaces. (c) Experimentally obtained SR-IR spectra 

of soda lime glass with different backside reflection conditions 
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Fig. 2-6 (b) shows how the backside reflection alters the SR-IR spectrum of a 700 

μm thick float glass sample. When the IR beam is reflected from the front surface only, 

the SR-IR spectrum has no features at λ > 2000 cm-1. The reflection from the backside 

has zero signal at λ < ~2240 cm-1, but has non-zero signal at λ > ~2240 cm-1. Since the 

front and backside reflected beams are spatially separated, the interference effect is 

negligible and the signals from these surfaces can be added. When these two components 

are added, the sum spectrum (solid line in Fig. 2-6 (b)) shows negative peaks at ~2240 

cm-1, ~2800 cm-1, and ~3400 cm-1, which is in good agreement with the experimentally 

observed spectrum (Fig. 2-3 (a), inset). This simulation clearly explains that the apparent 

peak at ~2240 cm-1 should not be interpreted as the silane (Si-H) species in the soda lime 

glass; it is simply the onset of the backside reflection contribution in SR-IR of a thin 

optically-flat glass sample. Note that the Si-H peaks are normally very sharp. The 

negative peaks at ~2800 cm-1 and 3400 cm-1 in the SR-IR spectrum are due to the 

absorption by hydrous species in the bulk. In this sense, the region above ~2240 cm-1 in 

the SR-IR spectrum is similar to the transmission absorption spectrum. 

In order to further understand the backside reflection contribution in SR-IR, we 

conducted a few control experiments (Fig. 2-6 (c)). When the sample thickness is changed 

from 700 µm to 5 mm, then the onset of the backside contribution is shifted from ~2240 

cm-1 to ~3600 cm-1. When the backside of the 5mm thick sample is roughened, then this 

contribution is further suppressed. When CCl4 is placed on the back of the 700 µm thick 

sample, then the backside reflection is completely suppressed since the refractive index 

of CCl4 is very close to that of soda lime glass. 

 

2.3.2b Comparison with simulated ATR-IR spectra of glass 
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In ATR-IR, the IR incident beam travels through the high refraction index crystal 

and is reflected from the crystal/glass interface; thus, the reflection behavior can be 

divided into two regimes: (i) θi < θc (SR-IR region) and (ii) θi > θc (ATR-IR region). The 

critical angle (θc) is ~38.7o for the diamond crystal and ~22.0o for the germanium crystal. 

When θi < θc, the peak shapes in the reflection spectra shown in Fig. 2-7 (a) and (b) appear 

to be governed mostly by the real part, n(λ), of the glass refractive index (Figure 2). When 

θi > θc, the signal in the non-absorbing region (>1200 cm-1) is almost zero since the IR 

beam undergoes total internal reflection (i.e., R = Ir/Io = 1; log (1/R) ≈ 0). In the absorbing 

region (<1200 cm-1), k(λ) has non-zero value and the total internal reflection is attenuated 

(i.e., R < 1; log(1/R) > 0). It is noted that the Si-O-Si peak position of the maximum 

intensity is not the same as the absorption band position in k(λ); it is significantly red-

shifted to ~910 cm-1 for the diamond-ATR data in Fig. 2-7 (a) and ~990 cm-1 for the Ge-

ATR data in Fig. 2-7 (b). Such a red-shift in the absorption peak position is insignificant 

for organic materials since k(λ) is very small and thus variance in n(λ) is negligible. 

However, in the case of soda lime glass, both n(λ) and k(λ) vary over a large range, causing 

distortion of the peak shape in the ATR-IR spectrum. Thus, the difference in the peak 

positions of the SR-IR and ATR-IR spectra should not be interpreted as structural 

modification in the surface region [12]. These differences are simply due to the anomaly 

of the IR beam reflection resulting from changes in n(λ).  
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Fig. 2-7 (a) Diamond ATR-IR, and (b) Ge ATR-IR spectra of soda lime glass calculated 

with Eqs. (1)–(3) using the refractive index shown in Fig. 2-2 at different incidence angles 

(θi). Note that the calculated spectra for θi = 1° and 20° correspond to the SR-IR data 

since the incidence angle is lower than the critical angle (θc).  
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2.3.3 SR-IR vs. ATR-IR for Study of Si-O-Si Network Structure 

 

The leaching of sodium via acid treatment is usually observed to shift and alter 

the shape of the broad band in the 1200 – 850 cm-1 region [33]. Fig. 2-8 compares the 

changes observed in the SR-IR and Ge ATR-IR spectra of the acid-treated soda lime glass 

surfaces. In the SR-IR spectra (Fig. 2-8 (a)), it can be seen that, upon acid treatments, the 

peak position of the BO band is slightly blue-shifted (from 1054 cm-1 to 1060 cm-1) and 

the intensity of the NBO region (shoulder peak at ~950 cm-1) is slightly increased. The 

change in the NBO region can be attributed to conversion of the NBO group to the Si-

OH species upon leaching of Na+ into solution and ingress of H+ from the solution. Most 

divalent Ca2+ and Mg2+ ions remained in the surface region after leaching since they have 

less mobility than Na+ [47]. Therefore, they have less effect on the peak position 

compared with leaching of Na+. The glass samples also contain several hundred ppm of 

iron. Even if its oxidation state could be changed, its impact is negligible since its 

concentration is too low [48].  
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Fig. 2-8 SR-IR (θi =20°) and (b) Ge ATR-IR spectra of acid-treated soda lime glass 

samples for 0, 1, 5, 20, 80, and 320 hours. 
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The Ge ATR-IR spectra (Fig. 2-8 (b)) show larger blue-shift of the main peak from 

990 cm-1 to 1010 cm-1. And the intensity of the 950 cm-1 region decreases with acid 

treatment, which is opposite to the trend seen in SR-IR. One may attempt to interpret this 

observation in conjunction with the difference in the information depth of two methods: 

dp = 650 nm at 1060 cm-1 in SR-IR and 490 nm at 1000 cm-1 in Ge ATR-IR. However, it 

should be noted that the peak shape and position of the Ge ATR-IR spectrum implies that 

the ~1000 cm-1 peak are affected by the convolution of n(λ) and k(λ). In other words, the 

anomaly effect of the complex refractive index of glass made the blue-shift larger in the 

Ge ATR-IR spectra, compared to the SR-IR spectra.  

In the case of the diamond ATR-IR analysis, the peak position of the 910 cm-1 

band (Fig. 2-2 (b) and Fig. 2-7 (a)) was blue-shifted by +1 cm-1 after 20 hours of acid 

etching and then red-shifted by -2 cm-1 after 320 hours (data not shown). This difference 

in the peak position change upon the acid etching treatment reiterated that the peaks in 

the Si-O-Si vibration region of the ATR-IR spectra of glass samples are altered by the 

anomaly effect originating from the complex refractive index of glass.  

 

2.3.4 Diamond vs. Germanium ATR-IR for Detection of Hydrous Species 

 

ATR-IR can be used to probe the hydrous species in the near surface region of 

soda lime glass [32,41]. The broad band within the 3800 - 2500 cm-1 region can be 

attributed to the OH stretching vibrations of Si-OH and H2O species with varying degrees 

of hydrogen bonding interactions. Note that the 3450-3200 cm-1 region overlaps with the 

OH stretch vibrations of molecular water species in liquid or adsorbed layers [49]; but 

this does not mean that all peaks in the region can be assigned to the molecular water. The 
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OH stretch peak of molecular water as well as Si-OH could overlap depending on the 

degree of hydrogen bonding interactions [50]. The presence of the H-O-H bending 

vibration peak at ~1650 cm-1 indicates the presence of molecular water in the ATR-IR 

probe depth. Both Ge and diamond ATR-IR spectra clearly show these peaks (Fig. 2-9 (a) 

and (b)). Since the absorptivity of glass itself in this region is very small, the observed 

peaks can be interpreted as absorption bands of the Si-OH and H2O species as in the case 

of transmission analysis. It is noted that the signal intensity is much weaker in the Ge 

ATR-IR spectra compared to the diamond ATR-IR spectra. This is mainly due to the 

difference in the penetration of the evanescent wave. The penetration depth (dp,ATR) at 

3400 cm-1 is calculated through equation (5) to be 600 nm for diamond ATR and 150 nm 

for Ge ATR. Thus, the Ge ATR-IR signal becomes saturated much faster than the diamond 

ATR-IR signal. 
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Fig. 2-9 ATR-IR spectra of acid-treated soda lime glass surfaces obtained with (a) 

germanium and (b) diamond crystals. 
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The penetration depth (dp,ATR) in ATR-IR spectroscopy in various instrumental 

setting have been calculated through equation (5). Here, ATR crystal of diamond (n1 =~ 

2.4) and Ge (n1 =~ 4.0) and incident angle of 45o, 60o, 80o have been considered, 

respectively. The results are shown in table 2-2. As clearly shown in table 2-2, shallower 

penetration depth can be realized by using the ATR crystal with higher refractive index 

and higher incident angle. 

 

Table 2-2 Penetration depth in ATR-IR spectroscopy in various setting 

dp,ATR (nm) 
ATR crystal 

diamond Ge 

incident 
angle 

45o 588 189 
60o 324 145 
80o 255 125 

 

 

 

2.3.5. Quantification of sub-surface OH/H2O species using ATR-FTIR 

 

To quantitatively evaluate the OH signal intensity in the ATR-IR spectra, leached 

samples with various depths of hydration were prepared using an acid solution (pH 1) at 

90 oC for varying periods. Fig. 2-9 (b) shows the ATR-IR spectra from the leached 

samples. Peak shapes are similar to the polished sample for all leaching times up to 320 

hours, while the peak intensities of both broad band around 3450 cm-1 and sharp band at 

1625 cm-1 increase with leaching time.  

 

The SIMS hydrogen depth profiles for the set of acid-leached samples are shown 

in Fig. 2-10 (a). The hydrated depth and amount of diffused hydrogen are presented in 
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Table 2-. The correlation between the 3450 cm-1 peak height in the ATR-IR spectra and 

the hydrogen amount from SIMS are plotted in Fig. 2-10 (b). The peak heights in ATR-

IR can be used for Fig. 2-10 (b) since the peak shapes of the leached samples are almost 

the same, which means water speciation in the leached samples does not vary. The 

horizontal error bars in this graph are based on the accuracy of the SIMS data and the 

vertical error bars by the ATR-IR intensities. Although the data shows good linear 

relationship for the samples with the smaller hydrogen content and shallower hydrated 

depth, there is some deviation for the more deeply leached samples. This is because the 

electric field of the evanescence wave decreases exponentially as a function of distance 

from the surface and contribution to signal intensity by absorption in deeper region are 

weakened due to its attenuation. To understand this behavior, we need to consider the 

attenuation of evanescent wave in sample with depth as discussed below. 

 

 

Table 2-3 Hydrated depth and hydrogen amount obtained from SIMS data 

 leached sample 

 1h 5h 20h 80h 320h 

Hydrated depth  

(nm) 18 32 54 101 163 

Amount of hydrogen  

(a.u.) 0.74 2.24 3.68 8.51 12.23 
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Fig. 2-10 (a) Hydrogen profiles obtained by SIMS of the polished and leached glass 

sample. (b) Correlation between the amount of hydrogen in the SIMS analysis and the 

measured ATR peak height at 3450 cm-1. A line is a guide to the eye. 
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In a homogeneous sample, the absorption intensity in the ATR spectrum is 

proportional to the concentration of relevant species. However, if the sample has a 

compositional gradient in its surface, the amount of light absorbed at each depth in ATR-

IR depends on both the concentration of the species and the intensity of the evanescent 

wave at each depth. Assuming constant refractive index and low extinction coefficient in 

the sample, the intensity of the peak in the ATR absorption spectrum, I, can be expressed 

as below [51], 

 

 ∫
∞

−⋅=
0

)2exp()( dxdxxkI p ・・・(8)
 

 

where x is depth in the sample, k(x) is extinction coefficient as a function of depth, and dp 

is the penetration depth of the evanescent wave. The term exp(-2x/dp) gives the intensity 

of light at each depth, which is calculated as the square of the evanescent wave electric 

field, which decreases exponentially with distance from the surface.  

If the species causing the IR absorption among a series of evaluated samples are 

identical, the extinction coefficient is proportional to the concentration of relevant species. 

Therefore equation (2) can be translated as: 

 

∫
∞

−⋅∝
0

)2exp()( dxdxxCI p ・・・(9) 

 

where C(x) is the concentration profile of relevant species.  

This is schematically illustrated in Fig. 2-11. Profiles of the hydrogen 

concentrations in the leached samples were obtained by SIMS (Fig. 2-10 (b)), while the 
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depth dependence of light intensity was calculated using the penetration depth obtained 

from equation (1). Although independent information about the absorption coefficients 

for water related species in the glass surface is not available, we can assume that they are 

constant because their relative abundance in ATR-IR spectra does not change 

substantially (Fig. 2-9 (a)). Then, the product of the hydrogen concentration (Fig. 2-11 

(a)) and light intensity profiles (Fig. 2-11 (b)) yields the absorption intensity at each depth 

in the sample (Fig. 2-11 (c)). According to equation (3), the relative absorption in the 

ATR-IR spectra is calculated as the integral of absorption at each depth from surface to 

bulk (shaded area in Fig. 2-11 (c)). 
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Fig. 2-11 Schematic illustration of ATR-IR absorption intensity calculation method. (a) 

Concentration profile of hydrogen species obtained by SIMS analysis. (b) Intensity 

profile of light at each depth (c) Absorption intensity at each depth is proportional to the 

product of concentration (a) and light intensity (b) at the depth. Relative absorption 

amount in ATR-IR spectra is calculated as the area under the curve. 
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To validate the absorption peak intensity for quantitative analysis of the ATR-IR 

spectra, the intensities of the 3450 cm-1 peak in the spectra of leached samples were 

simulated using the hydrogen profiles obtained by SIMS shown in Fig. 2-10(a), and then 

compared with the actual intensities in Fig. 2-9 (b) obtained with diamond ATR crystal. 

Although independent information about the absorption coefficients for water related 

species in the glass surface is not available, relative peak intensities can be calculated 

with equation (9) because the series of leached samples show similar shape in ATR-IR 

spectra, which means they have the same ratio of water-related species. 

The correlation between the measured ATR-IR peak heights with diamond ATR 

crystal, A3450, and the relative absorption intensities calculated with equation (9) is 

presented in Fig. 2-12. For same purpose, the correlation between the ATR-IR peak 

heights with obtained Ge ATR crystal and the relative expected absorption intensities is 

calculated with equation (9) and shown in Fig. 2-13. A very good linear relation with 

statistical correlation coefficient better than 0.99 is obtained which validates the 

quantitative relationship between the hydrogen concentration in the glass surface and the 

peak heights in the ATR-IR spectra for a specific hydrogen containing species. 
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Fig. 2-12 Correlation between simulated and measured peak height in ATR spectra with 

diamond ATR crystal. A line is a guide to the eye. 
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Fig. 2-13 Correlation between simulated and measured peak height in ATR spectra with 

Ge ATR crystal. A line is a guide to the eye. 
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Moreover, to evaluate surface-sensitivity of ATR-IR spectroscopy with various 

experimental setting, ratio of contribution in whole ATR-IR spectra due to the signal from 

the high concentration of water diffused into glass surface through surface treatment, I1, 

and the one from the water which have pre-existed in bulk region of glass with low 

concentration before the treatment, I2, can be calculated. Since the purpose of this study 

is to evaluate the exiting state of diffused water into glass surface, contribution originated 

from the water in surface to the whole spectra, that is I1/(I1+ I2), is preferred to be higher. 

Here, I1/(I1+ I2) will be calculated based on equation (9)  

In the sample acid-leached for 320 hours, water concentration in deeper region 

than 300nm is stable at 1H/30Si = (2.3±0.03)×10-3. Here, surface region was defined as 

the region where water concentration is less than stable at 1H/30Si=2.39×10-3, which is 

shallower region than 216 nm for the 320-hour leached sample. Thus I1/(I1+ I2) can be 

calculated as 






 −⋅+−⋅

−⋅
=+ ∫∫
∫

∞

216

216

0

216
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This value was calculated for the sample with various treatment time in the case with dp 

= 588 nm (diamond is used as ATR crystal and incident angle is 45 degree) and dp = 125 

nm (Ge crystal is used as ATR crystal and incident angle is 80 degree) and summarized 

in Table 2-4. 
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Table 2-4 Ratio of signal due to water diffused into glass surface  
   contributed to in whole signal in ATR-IR spectra, I1/(I1+ I2)  

Treatment time 1h 5h 20h 80h 320h 

Surface region 28nm 38nm 79nm 128nm 216nm 

dp=588nm 0.768 0.811 0.844 0.940 0.957 

dp=125nm 0.967 0.976 0.987 0.998 0.999 

 

From this results, it is found that I1/(I1+ I2) is higher for the sample with longer 

treatment time (thicker surface region with high water concentration) or for the 

experimental setting with small information depth, dp. In the case of the sample with 

shallower surface region than 100 nm analyzed with dp of 588 nm, ratio of signal from 

low concentration of pre-existed water in bulk region is considerable, higher than 10%. 

To evaluate the speciation of water in surface region in the sample with shallower surface 

layer than 100 nm, smaller dp, for example 125 nm, is preferred. 

This method to evaluate the contribution of surface layer to the whole ATR-IR 

spectra can be applied to all cases where distribution of related chemical species are 

known. Experimental conditions, such as the refractive index of the ATR crystal and 

incident angle, should be carefully considered to realize appropriate surface-sensitivity 

for purpose of experiments. 

 

2.3.6. Shape of ATR-IR Spectra and Hydrogen Concentration Profiles 

 

Fig. 2-14 displays ATR-IR spectra obtained by normalizing ATR-IR spectra of the 

samples treated for various time shown in Fig. 2-9(b) by maximum intensities around 

3450 cm-1. Shapes of the normalized spectra roughly overlap with each other while 

shoulders around 3600 cm-1 of the spectra for longer treatment time slightly more 
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significant than those for short treatment time. This indicates that water speciation, which 

is distribution of hydrous species in some chemical states, in these samples are quite 

similar but relative ratio of the species corresponding to the region around 3600 cm-1 

which is weakly hydrogen bonded SiOH [4] seems higher in the surfaces of the samples 

treated for longer periods.   



67 
 

 

Fig. 2-14 Normalized ATR-IR spectra of various treatment time by diamond 
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Stuke et al. reported that speciation of water depends on total concentration of 

water; almost all water exist as SiOH in low total concentration (up to 1 wt%) and ratio 

of molecular water increase with the total water concentration and become dominant 

when the concentration is several percent [5]. In this study, since acid treatment of the 

samples have done for various treatment time in same temperature, a factor which can 

affect speciation of diffused water is the concentration of total water at each depth. 

Although the diffusion depth of water are quite different among the samples, if water 

concentration profiles are similar in shape it means that water speciation, distribution of 

hydrous species, among the samples are identical, which is consistent with similar ATR-

IR spectra in shape.  
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To understand this point, we evaluate the similarity of the water concentration 

profiles obtained by SIMS (Fig. 2-10(a)). Although maximum concentration of hydrogen 

in SIMS profiles Fig. 2-10(a) vary in about 20 %, the actual maximum concentrations are 

expected to be similar among the samples. This is because accuracy of the concentration 

measured by SIMS is known as about 30 %, in acid leached samples hydrogen is 

introduced through ion-exchange between hydrogen or oxonium ions in solution and 

alkali ions in glass surfaces which originally same among the samples before leaching. 

Therefore, to make it easier to evaluate the similarity of them, the hydrogen profiles in 

Fig. 2-10(a) were normalized for maximum concentration near outermost surface to be 1 

and shown in Fig. 2-15.  

 

 

Fig. 2-15 Normalized hydrogen concentration profiles 
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Next, to normalized horizontal axis of the Fig. 2-15, depth is normalized for depth 

where normalized water concentration is 0.5 to be 1 and shown in Fig. 2-16.  

 

 

Fig. 2-16 hydrogen concentration profiles normalized both in vertical and horizontal 

axis. 
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From Fig. 2-16 the shape of hydrogen concentration profiles for 1 hour leached 

sample is found to be not consistent with the other profiles. This should be because 

experimental error in SIMS is relatively larger in near surface region and ratio for data 

obtained at shallow region are higher for the samples with shorter treatment time. 

For the samples treated for longer than 5 hours, whereas the shapes of the profile 

are almost identical in the region where normalized concentration are higher than 0.5, the 

curves of the samples with longer treatment time seem steeper in the region where the 

normalized concentration are less than 0.5, which means the volume ratio of the region 

with low hydrogen concentration are smaller in the sample treated for longer time. 

Although Fig. 2-14 indicates that water speciation in the samples with various 

treatment time are quite similar, Fig. 2-16 shows that the shape of SIMS hydrogen profiles 

vary in deeper region. The reason of this is estimated to be that the contribution to the 

ATR spectra from the water in the region with lower concentration is relatively small 

because amount of water itself is small in the region and evanescent wave used in ATR-

IR is decayed in deeper region.  
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2.4. Summary 

 

Infrared spectroscopy is an important and valuable tool for the characterization of 

glass structure, water in glass and water adsorption/reaction at surfaces. Although the 

fundamental vibrational state of the material is the desired information in all of these 

methods, the position, shape and intensity of the measured absorption peaks are 

influenced and sometimes distorted by differences and anomalies associated with how the 

data is acquired. In this study, SR and ATR have been used to acquire spectra of a 

commercial soda lime float glass, to describe and analyze the associated spectral features 

in detail. The observed differences in the wavenumber and shape of the important peaks 

for each method are explained using classical optical theory. The effects of incidence 

angle, backside reflections and information depth are highlighted. For example, the Si-O-

Si BO peak is blue-shifted in SR-IR and red-shifted in ATR-IR simply due to the complex 

nature of the glass refractive index, not due to differences in probe depth. In the case of 

thin and flat glass samples, the IR reflection from the back surface can superimpose the 

transmission spectrum in the SR-IR spectrum in the wavenumber region where the bulk 

absorption coefficient is low. The effect of acid leaching on the Si-O-Si BO network 

should be analyzed by SR-IR, not by ATR-IR. When the ATR-IR intensity of the hydrous 

peaks (Si-OH and H2O) is interpreted, the inhomogeneous depth profile of hydrogen and 

the IR penetration depth must be taken into account. Independent SIMS data for the 

leached samples established the quantitative relationship between the ATR signals and 

hydrogen concentration-depth profiles.  
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3 Analyses of Water in Several Surface-Treated Soda Lime 

Glass 

 

3.1. Introduction 

 

Water and hydroxyl species are often retained in commercial glass from the water 

vapor in the melting atmosphere or from the raw materials. Also, flat glass is sometimes 

surface treated with SO2 gas in the annealing lehr zone during industrial float glass 

manufacture to precipitate sulfate powder on the glass surface for scratch protection from 

the rollers or to improve chemical durability by removing reactive alkali elements from 

glass surface [52,53]. Since the SO2 surface treatment involves reactions with water to 

replace network modifier ions, such as sodium or calcium, with hydrogen derived from 

H2SO4, it can alter the hydration state of glass surfaces [2]. Ambient humidity and 

aqueous solutions, especially under acid conditions, can also introduce water and 

hydroxyl into the near surface [3].  

In this chapter, we measured and evaluated the ATR-IR spectra of various surface 

treated float glass samples (as-produced, polished, leached by acid, treated by SO2 gas, 

and strengthened by thermal or chemical methods) to understand the water speciation in 

there surface. 

 

 

3.2. Experiment 
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3.2.1 Sample preparation 

 

Soda lime silica glasses made by the float method were used in this study. The bulk 

composition of the glasses was analyzed by x-ray fluorescence (XRF) and is within the 

range shown in Table 3-1. These 3.9 mm thick float glass samples were supplied by AGC 

Inc. in Japan. These float glasses were treated by SO2 gas in the production process and 

the composition-depth profiles obtained with x-ray photoelectron spectroscopy (XPS) 

and secondary-ion mass spectroscopy (SIMS) were reported previously [2]. 

 

Table 3-1 Evaluated glass composition by XRF 

 SiO2 Al2O3 MgO CaO Na2O K2O Fe2O3 

mol% 70.4-70.8 0.9-1.0 6.2-7.3 7.8-9.1 12.5-13.6 0-0.4 0.01-0.04 

 

 

In this study, the float glass was evaluated ‘as produced’ and after various surface 

preparation treatments:  

- Float glass sheets were re-melted in an electric furnace and poured onto carbon 

substrate. Following the annealing in the 600 oC and slowly cooling at a cooling 

rate of 1 oC/min to remove residual stress, glasses were lapped with SiC powder 

and polished with CeO2 dispersed in water to 5.0 mm in thickness. All of the 

experiments described below were performed on this polished glass. 

- Leached samples were prepared by acid treatment of the polished glass in a 90 oC 

HCl solution (0.1 mol/l) for 1, 5, 20, 80, 320 hours, respectively. The surface area 

of each sample was 7.5 cm2 and the volume of HCl solution was 50ml. 
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- A lab-scale system for SO2 treatment was used to treat the polished glasses in a 

fused quartz tube furnace (volume of 1700 cm3) heated to 540 oC under a flowing 

mixture of 2.5 vol% SO2, 78 vol% N2 and 19.5 vol% O2 at a constant flow rate of 

1.6 l/min for 10 minutes. After this treatment, the furnace was purged with N2 at 

20 l/min for 5 min and then cooled to room temperature at ~40 oC /min. In this 

condition, surface coverage by sulfate precipitation after treatment is less than 

10 %, which does not make crucial effect on diffusion or reaction between gas and 

glass surface.  

- The thermally-tempered glass samples were also prepared in the lab. Polished glass 

of 5.0 mm thickness was cut to 30×30 mm and chamfered. The sample was hung 

in a conventional electrical furnace heated to 716°C and kept for 15 minutes for 

uniform heating and stress release. Then, the sample was removed from the furnace 

and then quenched with air. In this process, the surface compressive stress is 

expected to be 50 MPa with a case depth of 833 μm (1/6 of the thickness) which 

are typical values [54]. 

- The chemically-tempered glass was also prepared from polished glasses. The ion-

exchange temperature and time were 425 oC and 2.5 hour, and the salt bath 

composition was 10 % NaNO3 / 90 % KNO3. The surface compression stress and 

case depth for this process were 450 MPa and 4.8 μm, which were determined 

directly with a surface stress meter (FSM-6000, Orihara Industry Inc., Japan)  

 

3.2.2. Secondary Ion Mass Spectroscopy (SIMS) 

 

SIMS analyses of the leached samples as well as ‘as-produced’ float glass samples 
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were carried out using a PHI ADEPT1010 system. The Cs+ primary beam impact 

energy was 3keV and the beam current 200 nA. The scanning area was 400 um2 for 

negative secondary ion detection with an incidence angle of 60o to the sample surface 

normal. The secondary ions, 1H and 30Si, were monitored during depth profiling. The 

samples were charge-neutralized with a metal mask on the sample at ground potential. 

 

3.2.3. Fourier Transform Infrared Spectroscopy (FTIR) 

 

A Bruker Vertex70 system equipped with a DTGS detector was used for both 

transmission and ATR FTIR analysis. For FTIR transmission analysis, 100 scans were 

collected for each sample with a spectral resolution of 6 cm–1. Spectra were collected 

from 6000 to 1500 cm–1 and spectra were processed and evaluated as absorbance vs. wave 

number.  

In the ATR-IR measurements, a 45° diamond crystal with a refractive index of 2.4 

(MVP-Pro, Harrick Scientific Products) was used. For this condition, the penetration 

depth of the evanescent wave is about 600 nm at 3450 cm-1 and about 900 nm at 1650 

cm-1. Before the ATR-IR measurements, the samples were cleaned with distilled water 

and ethanol in an ultrasonic cleaner, followed by UV ozone cleaning. The sample was 

pressed against the ATR diamond crystal with a force of 420 N over a 1.5 mm2 sampling 

area. Spectra were collected from 4000 to 1500 cm–1 and were processed and plotted as 

log of the inverse reflectance, log(1/R), which is equivalent to the absorbance (A). 100 

scans were collected for each sample with a spectral resolution of 6 cm–1.  
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3.3. Results and Discussion 

 

3.3.1. Comparison of transmission FTIR and ATR FTIR 

 

Fig. 3-1 (a) and (b) present the near-IR and mid-IR transmittance spectra for the float 

glass and polished glass. In Fig. 3-1 (a), only the 4500 cm−1 absorption band which is 

assigned to the combination band of stretching and bending modes of OH groups is 

observed in both float and polished glass, while the 5200 cm-1 absorption band 

corresponding to the combined stretching and bending modes of H2O molecules is not 

observed. The broad background spanning from ~4700 cm-1 to 5700 cm-1 is due to the 

iron impurity in the glass [48]. Thus, it can be concluded that almost all the hydrogen in 

the bulk is not associated with molecular water, but with dissolved OH groups. 
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Fig. 3-1 Transmission spectra from float and polished samples in the (a) near-IR and (b) 

mid-IR regions. 
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The two broad peaks in Fig. 3-1 (b) centered at 3500 cm-1 and 2800 cm-1 are assigned 

to stretching vibrations of the Si-OH which are weakly and strongly bound to non-

bridging oxygen sites in alkali silicates, respectively [16,20]. Utilizing the intensity of 

these two peaks, and published values for the relevant extinction coefficient [20], the 

amount of hydrogen (present as OH) in the bulk region can be calculated with the two-

band method proposed by Scholze [16] to be around 2.3 - 2.8 × 10-3 as a H/Si ratio for 

both the float glass and the polished glass. For these low concentration values, it has been 

reported that almost all the hydrogen is not associated with molecular water, but with 

dissolved OH groups [5], which is consistent with the absence of 5200 cm-1 absorption 

band in near-IR transmission spectra shown in Fig. 3-1 (a).  

The hydrogen content in the surface region is much higher than in the bulk region. Fig. 

3-2 shows the hydrogen depth profiles of the as-received float glass surfaces (both air- 

and tin-sides) and the glass surface prepared by polishing and leaching with acid for 5 

hours. The data shows that for the as-received float glass, the H/Si ratio of the surface 

region is about one order of magnitude higher than the bulk value determined from the 

transmission FTIR. In the case of the leached glass, the thickness of the hydrogen-

enrichment region is much thinner than the as-received float glass, but its local maximum 

just beneath the surface is much higher than that the as-received glass.  

Here, origin of the hydrogen concentration profile is discussed in terms of diffusion 

coefficient. Although the soda lime glasses were treated by SO2 gas at high temperature 

around glass transition temperature, 540 oC, diffusion coefficient of water, DH2O, in soda 

lime glass around the temperature range are not reported previously. Therefore, we 

reference DH2O in rhyolitic glass which is similar to soda lime glass in that it contains 

more than 70 mol% of SiO2 and other elements constitutes the glass are Al2O3 and alkali 
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and alkaline earth elements. DH2O in rhyolitic glass reported by Zhang et al. as 1.1×10-12 

(m2/s) < DH2O < 1.1×10-14 (m2/s) [55]. Moreover, as index of diffusion distance after 600 

seconds, �𝐷𝐷𝐻𝐻2𝑂𝑂𝑡𝑡 is calculated as 2.6 (um) < �𝐷𝐷𝐻𝐻2𝑂𝑂𝑡𝑡 < 2.6×10 (um).  

Hydrogen concentration in Fig. 3-2 is decreased by half at 50 nm, which is deeper than 

that of 5 hour acid-leached sample because of higher treatment temperature in SO2 gas 

treatment but seems much shorter than expected from the value of �𝐷𝐷𝐻𝐻2𝑂𝑂𝑡𝑡 calculated 

above. This is possibly because the diffused water would be evaporated from the sample 

to atmosphere since the sample was exposed to dry air after SO2 gas treatment in the 

process.   

 

 

Fig. 3-2 Hydrogen concentration profiles evaluated by SIMS for the air- and tin-side 

surfaces of float glass and the polished and acid-leached glass sample. The data for an as-

produced float sample was taken from Ref. [2].  
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The corresponding ATR-FTIR spectra obtained from each side (air and tin) of the float 

glass and the polished sample leached for 5 hours are presented in Fig. 3-3 (a) and (b), 

respectively. The ATR-IR spectra in the region between 2300 and 1900 cm-1 were deleted 

in the plot because the IR transmission in this region is very weak due to the absorption 

by the diamond ATR crystal itself. In Fig. 3-3 (a), the air side of float glass shows a larger 

OH peak than the tin side, which agrees well with the SIMS data shown in Fig. 3-2 [2]. 

Since these surfaces were treated by SO2 gas and only briefly exposed to humidity, this 

difference in OH could be attributed mainly to surface dealkalization and ion exchange 

reaction due to SO2 gas treatment. A difference is noted in the shape of the broad peak at 

the 3700-2500 cm-1 and the sharp peak at the 1650 cm-1 for the as-received float glass 

(Fig. 3-3 (a)) and the polished and leached sample (Fig. 3-3 (b)). These differences are 

discussed in detail in the next section. 
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Fig. 3-3 ATR-IR spectra of (a) air and tin sides of the float sample and (b) surface of the 

polished and leached sample. 
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3.3.2. Water speciation in glass surfaces by ATR-IR 

 

The broad band within the 3800-2500 cm-1 region can be attributed to the OH and 

H2O species with varying degrees of hydrogen bonding interactions [4]. In transmission 

IR analysis, the hydroxyl versus molecular water species can be differentiated by two 

bands in the near IR region: 4500 cm−1 originating from the combination the OH stretch 

and the Si-OH bending vibrations and 5200 cm−1 from the combination of the OH stretch 

and the H-O-H bending vibrations of H2O (Fig. 3-1 (a)). However, the combination and 

overtone bands in the near IR region (>4000 cm-1) have very low absorption coefficients; 

thus, these bands cannot be detected in the ATR-IR analysis where the probe depth is only 

on the order of several hundred nm, which is much thinner than the entire sample 

thickness (3.9 mm for float glass or 5.0 mm for polished sample in our case) in the 

transmission analysis. Instead, the presence of the H-O-H bending vibration peak at 

~1650 cm-1 can be used to check for the presence of molecular water in ATR-IR (Fig. 3-3) 

[32]. Note that this H2O bending mode cannot be detected in the transmission analysis 

because the bulk glass absorbs strongly below 2000 cm-1 (Fig. 3-1 (b)). In any case, all 

ATR-IR spectra of as-received float glass and polished samples indicate the presence of 

molecular H2O in the near-surface region (Fig. 3-3), which is absent or negligible in the 

bulk region (Fig. 3-1). 

In contrast to the transmission mid-IR spectra showing two bands with comparable 

intensities at ~3500 cm-1 and ~2800 cm-1 (Fig. 3-1 (b)), the ATR spectra exhibit quite 

different shapes in Fig. 3-3 (a) and (b), which are dominated by the broad band spanning 

from 3700 cm-1 to 2500 cm-1. The broad band is strong in the high wave number region 

and becomes weaker in the lower wave number region. It is known that the 2800 cm-1 
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band is prominent in the IR spectra of the glasses containing non-bridging oxygen such 

as alkali silicate glasses, but very weak in those of silica and aluminosilicate glasses where 

non-bridging oxygen is negligible [4,20]. Thus, the difference in relative intensities of the 

weakly- and strongly-associated OH bands (3500 cm-1 and 2800 cm-1) in the ATR spectra 

(Fig. 3-3 (a) and (b)) and the transmission spectra (Fig. 3-1 (b)) might be related to the 

difference in distribution of non-bridging oxygen species between the surface and bulk 

regions. This interpretation is reasonable since the SO2, polishing and leaching treatments 

reduce the concentration of the network modifiers (primarily, sodium ions) in the surface 

region. Also the concentration of Si-OH groups in the bulk is so low (H/Si < 0.003; from 

Fig. 3-1 (b)) that all OH groups are isolated from each other and have hydrogen bonding 

with the network oxygen atoms or the non-bonding oxygen ions. But in the surface region, 

the population of the Si-OH and H2O groups are so high (H/Si > 0.02; from Fig. 3-2) that 

some of them are hydrogen-bonded with each other. Thus, the distribution of hydrogen 

bonding interactions is expected to be much broader for the surface region than the bulk 

region. 

It is intriguing to note that the shape of the OH stretching peak in the ATR spectra of 

the air and tin side of float glass (Fig. 3-3 (a)) is quite different from that of the leached 

sample (Fig. 3-3 (b)), which indicates that the degree of hydrogen bonding interactions 

of OH and H2O species in the glass surface varies with the processing and environmental 

history of the surface. Fig. 3-4 shows the spectral difference between the air-side of the 

float sample and the 5 hour leached sample. The difference spectrum reveals that the 

weakly and strongly hydrogen-bonded species (~3600 cm-1 and ~2750 cm-1) are more 

abundant in the float glass surface and the hydrogen-bonded species with intermediate 

strengths are more prominent in the polished and leached glass surface. It is reasonable 
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that the degree or distribution of hydrogen bonding interactions would vary with the 

silicate network connectivity and network modifier concentration as well as the H2O and 

OH concentration.  

 

 

Fig. 3-4 The difference spectrum obtained by subtracting the ATR spectrum of the 5 hour 

leached sample (Fig. 3-3 (b)) from that of the air side of float sample (Fig. 3-3 (a)). 
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Davis and Tomozawa reported that for silica glass, the bands near 3673 cm-1 and 2820 

cm-1 can be assigned to the OH stretching of silanol groups, while the band extending 

from 3450 cm-1 to 3225 cm-1, as well as the band at 1611 cm-1, to the stretching and 

bending modes of molecular water [4]. Studying alkali silicate glasses, Efimov assigned 

the peak at 3600 cm-1 to the stretching vibration of SiOH with weak hydrogen bonding to 

an oxygen from the neighboring hydroxyl group and the 2750 cm-1 peak to the stretching 

vibration of SiOH with strong hydrogen bonding to the non-bridging oxygen [56,57]. He 

also assigned other bands near 3400 cm-1 and 3200 cm-1 to symmetric stretching of 

interstitial molecular H2O and the band at 1674 cm-1 to bending vibration of interstitial 

molecular H2O. If, in Figure 3-4, the negative portion in the 3500-3000 cm-1 region is 

solely due to the decrease in the molecular H2O content, then the 1650 cm-1 H2O bending 

peak should also be negative; but that is not the case. Thus, the negative portion in Figure 

3-4 must be due to the decrease in the SiOH species whose hydrogen bonding interaction 

strengths are similar or comparable to molecular water in the liquid state. 

 

3.3.3. Effects of SO2, thermal tempering, and chemical strengthening treatments 

 

The as-received float glass is treated with SO2 in the continuous production line 

[2,52,53]. This could be the reason for the difference in the OH stretching peak shape in 

the 3600-2500 cm-1 region. In order to test this hypothesis, we treated the polished glass 

sample with SO2 in a laboratory furnace. Fig. 3-5 (a) compares the ATR-IR spectra of the 

polished glass sample before and after the SO2 treatment. It is noted that after the SO2 

treatment, the ATR-IR spectrum becomes similar to that of the ‘as-received’ float glass 

(Figure 3-3 (a)). The difference spectrum in Fig. 3-5 (b) clearly shows that the weakly 
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bound SiOH species are increased after the SO2 treatment. This must be a consequence 

of the ion exchange reaction of sodium with hydrogen in the SO2 treatment process at a 

temperature (540 oC) near the glass transition temperature. It has been reported that in 

hydrous silicate glasses, the SiOH/H2O ratio increases significantly if the glass is treated 

at temperatures higher than its glass transition temperature [58]. There is also a 

densification effect in the high temperature reaction which could alter the ratio of strong 

to weak hydrogen bonding. In acid leached samples, both molecular water and SiOH exist 

and hydrogen bonding between them can possibly be formed. On the other hand, most 

water exist as SiOH in SO2 treated sample and hydrogen bonding between SiOH and 

molecular water cannot be formed, which can cause higher ratio of weakly associated 

SiOH in SO2 treated sample.  
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Fig. 3-5 (a) ATR-IR spectra of before (dash line) and after (solid line) SO2 gas treated  

samples. (b) The differential spectrum obtained by subtracting the polished sample 

spectrum from the SO2 treated sample spectrum 

  

after SO2 treatment 
before SO2 treatment 
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Fig. 3-6 shows that the thermal tempering process causes a decrease in water content 

in the glass surface. It is expected that this decrease of water is caused by evaporation to 

the gas phase or diffusion into the bulk at high temperature during the tempering process. 

Also the peak shape after the process is somewhat closer to those of float glass and SO2 

treated samples. It can be speculated that it is due to the high process temperature which 

the thermally tempered sample has experienced. 
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Fig. 3-6 (a) ATR-IR spectra of before (dash line) and after thermally tempered (solid line) 

samples. (b) The difference between thermally tempered and polished samples. 

  

before tempering 
after tempering 
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In the case of the chemically tempered/strengthened samples, the OH peak intensity 

change in the ATR-IR spectrum (Fig. 3-7) was much smaller compared to the SO2 and 

thermal tempering cases. It is known that the exchange of Na+ with K+ could increase the 

refractive index by 0.003 in typical strengthening condition [59]; but, this change is too 

small to reduce the ATR-IR probe depth. Thus, its refractive index effect on the ATR-IR 

intensity would be negligible. Instead, it is more likely that a small fraction of water is 

dissolved into the molten salt during the chemical strengthening process.  
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Fig. 3-7 (a) ATR-IR spectra of before (dash line) and after chemically strengthened (solid 

line) sample. (b) The differential spectra between chemically strengthened and polished 

samples. 

  

before tempering 
after tempering 
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3.4. Summary  

 

Qualitative and quantitative evaluation of water speciation in glass surfaces has been 

conducted with ATR-IR. Transmission spectra were used to differentiate bulk versus 

surface contributions to the ATR spectra, and confirm the surface sensitivity of ATR for 

determination of water speciation. It was demonstrated that differences in water 

speciation could be detected in the ATR spectra for various surface treatments. 

 The ATR-IR analyses show that the concentration of strongly bound SiOH 

species are decreased in the surface of these glasses due to depletion of network modifier 

elements by SO2 treatment, polishing or leaching processes. The SiOH and H2O species 

in the glass surface showed a wide range of hydrogen bonding interactions and their 

distributions varied with SO2, polishing, acid leaching, thermal tempering, and chemical 

strengthening treatments.  
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4 Effect of Fictive Temperature on Formation of Surface 

Layer on Soda Lime Glass 

 

4.1. Introduction 

 

Silicate glass surfaces often contain a high concentration of hydrous species, 

including silanol groups (Si-OH; also called ‘hydroxyl’ broadly without distinction) and 

interstitial molecular water (H2O), due to the glass-forming conditions used in industrial 

manufacturing processes [2,52,53], as well as to polishing, acid treatment [3,41] or 

weathering [3]. Silanol groups and interstitial molecular water in silicate glasses can have 

different degrees of interaction, so-called hydrogen bonding, in the disordered network 

and surface of glass [60]. In Chapter 3, we have shown that the degree of hydrogen 

bonding interactions of these species in the glass surfaces varies with the surface 

formation and/or treatment history [41]. For example, soda lime silica glass treated by 

SO2 gas was found to contain more free-OH (or weakly associated OH) compared to the 

polished surface of the same glass composition. The ratios of SiOH to molecular water in 

silicate glasses are known to depend on the local concentration of water in the glass [5], 

temperature [15,61] and glass composition [22]. However, the mechanism causing this 

difference in speciation of hydrous species in the glass surface is unclear. The fictive 

temperature of a glass is a measure of the disorder (entropy) frozen into the glass at the 

glass transition. Glasses cooled at different rates have different fictive temperatures; in 

general, a glass cooled at a higher rate has a higher fictive temperature. Industrially 

manufactured flat glasses have different fictive temperatures depending on the forming 
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and cooling processes. For example, a glass produced by the float method is known to 

have a lower fictive temperature than the one produced by the fusion process due to its 

lower cooling rate [62]. This difference can affect the dimensional stability of the glass 

upon re-heating and perhaps surface chemical reactivity.  

Behrens and Nowak [61] conducted experiments by quenching glasses, containing 

different amounts of water, at various cooling rates. Their results showed that the ratio of 

SiOH/H2O is higher in glasses with higher fictive temperature. This indicates that the 

speciation of hydrous species is coupled to the degree of relaxation of the silicate network 

during cooling through the glass transition. In the case of commercially manufactured 

glass, the fictive temperature can vary with the production process. When these glasses 

are exposed to ambient air or subjected to secondary processing such as polishing, acid 

treatment and weathering, additional hydrous species can be introduced. The speciation 

of the hydrous products formed via reactions of glass with water in ambient conditions 

may depend on the fictive temperature of the glass, i.e. the disorder frozen in the glass 

network during the cooling. The effect of fictive temperature on the distribution of the 

water-related species in surfaces has not been studied and is an objective of the work 

reported here.  

In this chapter, we investigated the effect of fictive temperature on water reactivity 

by leaching in pH 1 acid. The samples with different fictive temperatures were prepared 

by quenching soda lime silica glasses from different temperatures. ATR analyses in both 

the mid-IR and near-IR regions, along with specular reflectance (SR) IR and secondary 

ion mass spectrometry (SIMS), were used to quantitatively evaluate the effect of fictive 

temperature on leaching rate and the resulting water speciation. 
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4.2. Experiment 

 

4.2.1. Sample preparation 

 

Soda lime silica float glasses, supplied by AGC Inc. (Tokyo, Japan), were used in this 

study. The glass samples with original thickness of 0.7 mm were thinned to 100 um 

thickness by etching with HF and strong acid at 35 oC for 1 hour. This reduced the heat 

capacity of the sample, enabling the sample cooling at a high rate in the quenching 

experiment described below.  

The thin glass samples were annealed at 600 oC for 5 hours and slowly cooled to room 

temperature at a cooling rate of 1 oC/min. The fictive temperature of this sample would 

be close to the glass transition temperature. For preparation of samples with higher fictive 

temperatures than glass transition temperature, two of the samples were hung by a wire 

in an electric furnace and heated to 600 oC and 700 oC, respectively. The heated samples 

were kept there for 15 min to relax their network structures. The samples were then taken 

out of the furnace and quenched in air to room temperature. To fabricate the samples with 

lower fictive temperatures than glass transition temperature, the thin glass samples were 

annealed at 500 oC for 36 and 60 hours. The refractive indices measured for the 36 hours 

and 60 hours samples were the same within the accuracy of the measurement, indicating 

the fictive temperature of the sample reached an equilibrium state at 500 oC after the 36 

hour treatment. The 60-hour-annealed sample was used as the sample with the fictive 

temperature of 500 oC in other experiments. 

These samples with different fictive temperatures ranging from 500 oC to 700 oC were 

then reacted in HCl acid (pH = 1, 90 oC) for 600 hours to incorporate hydrous species in 
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the glass surface. The surface area of each sample was 7.5 cm2 and the volume of HCl 

solution was 50 ml. 

  

4.2.2. Refractive index measurement 

 

Refractive indices at the He d-emission line, nd, of the samples with different thermal 

histories were measured to evaluate the effect of fictive temperature. The measurements 

were done by the Becke line method using a series of standard matching oils (Cargille 

Laboratories, Cedar Grove, NJ), with refractive indices varying from 1.500 to 1.520, 

separated by increments of 0.0005 (all with standard error of ±0.0002). The accuracy of 

the measurement is estimated as 0.0003. The measured refractive index was used to 

estimate the density of the sample using the Clausius–Mossotti relation. 

 

4.2.3. Secondary Ion Mass Spectroscopy (SIMS) 

 

SIMS analyses of the leached samples with different fictive temperatures were carried 

out using a PHI ADEPT1010 system (ULVAC-PHI Inc., Chigasaki, Japan). The 

acceleration voltage of the Cs+ primary beam was 5 kV and the beam current was 100 nA. 

The scanning area was 60 × 60 µm2 for negative secondary ion detection with an 

incidence angle of 60o to the sample surface normal. The secondary ions, 1H and 30Si, 

were monitored during depth profiling. The samples were charge-compensated with an 

electron gun. 

 

4.2.4. Fourier Transform - Infrared Spectroscopy (FT - IR) 
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4.2.4.1. Specular reflectance (SR) - IR measurements 

 

SR-IR spectra of the samples described above were collected in order to evaluate 

fictive temperature before leaching and to investigate an effect of acid treatment on the 

spectra after the treatment. Bruker Hyperion 3000 micro-FT-IR system equipped with a 

15× infrared microscope objective lens and MCT detector (Bruker Optics Inc., Billerica, 

MA) was used for the measurement. Incidence angle was 20o from the surface normal 

direction. SR-IR spectra were obtained in the range of 600 – 1300 cm-1. Spectra were 

acquired for three spots per sample in 400 scan passes at a 4 cm-1 resolution. Each SR-IR 

spectrum was normalized by its largest peak around 1050 cm-1 for comparison. Peak 

positions around 1050 cm-1 were obtained from the intercept in the first differential curve 

of each spectrum. A gold mirror was used as a standard reference for all measurements. 

 

4.2.4.2. Attenuated total reflectance (ATR) - IR measurements 

 

A Bruker Vertex70 system (Bruker Optics Inc., Billerica, MA) equipped with a MCT 

detector was used for ATR-IR analysis. In the ATR-IR measurements, an attachment 

using a diamond crystal with incident angle of 45° (MVP-Pro, Harrick Scientific Products 

Inc., Pleasantville, NY) was used. Spectra were collected from 6000 to 1500 cm–1 and 

were processed and plotted as the log of the inverse reflectance, log (1/R), which is 

dimensionally equivalent to the absorbance as explained in chapter 2. Each spectrum was 

obtained by averaging 3200 scans with a spectral resolution of 6 cm–1. Before the ATR-

IR measurements, the samples were cleaned with distilled water and ethanol in an 
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ultrasonic cleaner, followed by UV ozone cleaning. The samples were pressed against the 

ATR diamond crystal with a force of 420 N over a 1.5 mm2 sampling area during analyses. 

All measurements were conducted at room temperature. 

 

4.3. Results and Discussion 

 

4.3.1. Density of glass samples with different thermal history 

 

The results of the Becke line measurements for the samples cooled at different 

temperatures are shown in Table 1. The samples treated at higher temperature have lower 

indices, which indicates that the soda lime glasses with higher fictive temperature have 

lower density [64]. The density of the samples were estimated using the Clausius–

Mossotti relation between refractive index and density [65] as shown in Table 4-1. 

Hereafter, the density values in Table 4-1 will be used for sample identification. 
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Table 4-1 Analyzed samples with different fictive temperature. The error associated with 

the refractive indices and densities are approximately ±0.00025 and 0.001 g/cm3, 

respectively. 

Sample ID Description 
Refractive index 

(nd)  

Estimated density 

(g/cm3) 

SLG700Q 
Air-quenched after annealing 

in 700oC for 15 min. 
1.51425  2.486 

SLG600Q 
Air-quenched after annealing 

in 600oC for 15 min. 
1.51525  2.490 

SLG600S 

Annealed in 600 oC  

for 5 hours 

and cooled to RT at 1 oC/min. 

1.51675  2.496 

SLG500A 
Annealed in 500 oC  

for 60 hours 
1.51775  2.500 
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4.3.2. Hydrogen depth profiles of glass samples with different thermal history 

 

The hydrogen depth profiles obtained for the leached glass samples with different 

fictive temperatures were normalized by the maximum concentration observed at the 

outermost surface and shown as symbols in Fig. 4-1. The near-surface data (within 20 nm 

from the surface) were deleted in the plot because SIMS analysis in this region is 

considered unreliable [66]. In all samples, the hydrogen concentrations in the surface 

regions are much higher than in the bulk regions, which indicates that the acid treatment 

introduced a significant amount of hydrogen as a result of the interdiffusion reaction 

between sodium and water. The data shows that the hydrogen concentrations in the 

surface, to a depth of ~300 nanometers, are about two orders of magnitude higher than 

those in the bulk of the glass.  
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Fig. 4-1 (Symbols) normalized hydrogen concentration profiles evaluated by dynamic 

SIMS for the acid treated samples with different fictive temperatures. (Solid lines) the 

fitted curves obtained from numerical calculation. 
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To evaluate the rate-limiting diffusion coefficient during the leaching of the samples, 

the hydrogen depth profiles from the SIMS analyses were fit to an inter-diffusion model. 

The inter-diffusion model for soda lime silica glass, reported by Doremus [67] and 

Lanford [3], has been shown to describe the leaching process of soda lime glass very well. 

In this model, the effective diffusion coefficient D~  is given by:  
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where HD and NaD  are the diffusion coefficient of hydrogen and sodium ions, 

respectively; HC is the normalized concentration of hydrogen ions by the maximum 

concentration at the surface in each profile. Then, based on Lanford’s study, the diffusion-

driven acid leaching process can be described as follows [3]:  
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where y is the Boltzmann transform using leaching depth, x, and leaching time, t, as 

tD4xy H=   (3) 

Therefore, the hydrogen depth profiles for the glasses with different fictive temperatures 

can be fit numerically with equation (2) by assuming a NaH DD /  ratio. We fit the data 

using NaH DD /  ratios ranging from 0.001 to 0.01 with increments of 0.0001. These ratios 

are within the acceptable range reported previously [3]. The best fitting curves were 

obtained when NaH DD /  ratio was from 0.003 to 0.005; it was difficult to differentiate 

the fit quality within this NaH DD /  range because the SIMS hydrogen profiles were 
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scattered in the surface region and the variance with NaH DD /  was small in this range.  

The best-fit curves are displayed as solid lines in Fig. 4-1 while the diffusion 

coefficients of hydrogen determined for the best NaH DD /  ratio range (0.003~0.005) are 

plotted against the estimated densities of the samples in Fig. 4-2. The results clearly show 

that the diffusion is faster in the glass samples with lower densities which correspond to 

higher fictive temperatures. To the best of our knowledge, this is the first experimental 

data reporting direct correlation between the diffusion coefficient and the fictive 

temperature. Since the soda lime silica glass with a higher fictive temperature has a lower 

density value [64], they must have a more open structure which facilitates higher diffusion 

coefficients. 
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Fig. 4-2 Diffusion coefficients of hydrogen plotted against the estimated densities of the 

samples as measures of their fictive temperatures. A line is a guide to the eye. 
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3.3 FTIR analyses of the glasses with different fictive temperature 

 

3.3.1 SR-IR analysis of silicate network 

 

To analyze the effects of fictive temperature and sodium leaching on the network 

structures, we evaluated the SR-IR spectra of the samples with different fictive 

temperatures before and after acid treatment. Fig. 4-3 (a) presents the SR-IR spectra for 

glass samples listed in Table 4-1 before and after acid leaching treatment. It is shown that 

after leaching the peak around 1050 cm-1, which is assigned to asymmetric vibration 

modes of the Si-O-Si network [33,35], shifts towards high wavenumber while the 

shoulder at 940 cm-1, which corresponds to the stretching vibration of the Si-O- (NBO) 

and Si-OH groups [33,38], grows and becomes more distinct. These changes can be 

considered to be the result of dealkalization in the glass surfaces during the leaching 

[33,35]. The band around 770 cm-1, which is attributed to symmetric vibration mode of 

the Si-O-Si network [38], does not show a significant shift with acid treatment. 
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Fig. 4-3 (a) SR-IR spectra of samples with different fictive temperature before (thin 

lines) and after (bold lines) leaching. Spectra are plotted with an offset for clarity. (b) 

Peak position of 1050cm-1 band in the samples before and after leaching versus the 

estimated densities of the samples. Lines are guides to the eye.  
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For the further investigation of the network structure, we evaluated the positions of 

the Si-O-Si vibration peak around 1050 cm-1 in each sample in more detail. Agarwal and 

Tomozawa showed empirically that the Si-O-Si peak position shifts to high wavenumber 

with the increase of fictive temperature, although the mechanism of the peak shift is still 

not been fully understood [68]. The open symbols in Fig. 4-3 (b) plot the peak position 

of Si-O-Si vibrations of the samples before leaching against their density. The samples 

with higher fictive temperatures (lower densities) show higher peak positions, which 

confirms that the samples annealed at higher temperatures have higher fictive 

temperatures. 

The closed symbols in Fig. 4-3 (b) display the peak positions of the Si-O-Si vibrations 

of the acid-treated samples. The peak position shifts to higher wavenumber in the leached 

glass surfaces, which can be attributed to dealkalization during acid leaching [35]. 

Interestingly, the extent of the peak shift before and after leaching is larger for higher 

fictive temperature samples. It seems likely that this is associated with the more intense 

dealkalization in the samples with higher fictive temperatures, as revealed by the SIMS 

hydrogen profiles shown in Fig. 4-1. 

 

 

3.3.2 ATR-IR analysis of hydrous species in the leached glass surfaces 

 

Fig. 4-4 (a) presents the ATR-IR spectra obtained from the samples with different 

fictive temperatures after acid treatment. The ATR-IR spectra in the region between 2300 

and 1900 cm-1 are not shown in the plot because the IR signal in this region is very weak 

due to the absorption by the diamond ATR crystal itself. In the mid-IR region, the H-O-
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H bending (δHOH) vibration peak at 1650 cm-1 is evidence for the presence of molecular 

water in the glass surface [4]. The 1650 cm-1 peak shape is not changed much. The broad 

band spanning over the 3700 - 2500 cm-1 region (centered at ~3400 cm-1) can be attributed 

to the OH stretching vibration (νO-H) of SiOH and H2O species with varying degrees of 

hydrogen bonding interactions [4,41,60]. 
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Fig. 4-4 (a) ATR mid-IR spectra of the leached samples with different fictive temperatures. 

The spectra are plotted with an offset for clarity. The tangential baseline for 1650 cm-1 

bands is shown as solid thin lines. (b) Absorption peak area of 1650 cm-1 and 3400 cm-1 

band plotted against the estimated densities of the samples. Lines are guides to the eye.  
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To measure intensities of the absorption bands, we used baselines consisting of two 

linear tangents which were reported previously as a TT baseline by Withers et al [69]. To 

evaluate the intensities of the H-O-H bending vibration peaks at 1650 cm-1, we drew a 

tangent line connecting the minimum on the lower wavenumber side and its inflection 

point on the higher wavenumber side (shown as thin lines in Fig. 4-4). The intensities of 

the δHOH peak at 1650cm-1 and the νO-H peak centered at 3400 cm-1 are plotted against the 

sample density in Fig. 4-4 (b). The data shows more hydrous species in the samples with 

lower densities (higher fictive temperatures), which is consistent with the SIMS hydrogen 

profiles shown in Fig. 4-1. The amount of molecular H2O, as measured from the 1650 

cm-1 peak intensity, is higher for glasses with higher fictive temperature because the peak 

at 1650 cm-1 is only due to H-O-H bending vibrations. It is difficult to measure the amount 

of SiOH or determine the SiOH/H2O ratio from the mid-IR analysis (Fig. 4-4) because 

both the νO-H bands of both SiOH and molecular water H2O contribute to the peak in the 

3700 - 2500 cm-1 region.  

The spectral overlap in the νO-H region can be avoided in the near-IR analysis. Fig. 4-5 

displays ATR spectra in the near-IR region from 6000 cm-1 to 4000 cm-1. The peak around 

5250 cm-1 is the combination of stretching and bending modes (νO-H + δHOH) of molecular 

water [17]. The small peak at 4500 cm-1 is attributed to the combination of O-H and Si-

OH stretch modes (νO-H + νSi-OH) of the Si-OH species [17]. Since the νSi-OH peak is at 

~940 cm-1, the main νO-H contributor to the 4500 cm-1 appears to be the OH band at ~3360 

cm-1, which might suggest that OH groups with weak hydrogen bonding interactions can 

contribute to this combination band in near IR [18]. The combination band of the strongly 

hydrogen bonded OH groups (which appears at ~2800 cm-1 in the mid-IR region [18,20]) 

proved difficult to identify (data not shown).  



112 
 

 

 
Fig. 4-5 (a) ATR near-IR spectra including H2O and SiOH combination band of the 

leached samples with different fictive temperature. The spectra are plotted with an offset 

for clarity. The tangential baseline for 4500 cm-1 band and 5250 cm-1 band are shown as 

solid thin lines. (b) Peak intensities of 4500 cm-1 band to 5250 cm-1 band plotted against 

the estimated densities of the samples. A line is a guide to the eye.  
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The 5250 cm-1 bands are somewhat broader than the previous reported data by Stuke 

[5] while the shoulder around 5000 cm-1 becomes more prominent with the decrease of 

the glass fictive temperature. The mechanism of this peak shape change is unclear; but, 

since the shape of the δHOH peak at 1650 cm-1 does not vary with thermal history, the peak 

shape change of the νO-H + δHOH band at 5250 cm-1 might be interpreted as being due to 

local changes in the νO-H vibration of molecular water in the glass surface [60]. It is well 

known that the OH stretch peak position is red-shifted as the hydrogen bonding 

interaction increases and the O-H⋅⋅⋅O distance decreases [60]. Such changes in the 

hydrogen bonding interactions could be manifest as shifts in the combination band in 

near-IR. This result indicates that, even for the same composition of the glass and the 

same method to introduce water into glass surface, the speciation of water is affected by 

the original network structure into which water enters. 

The peak intensities of the 5250 cm-1 (νO-H + δHOH) and 4500 cm-1 (νO-H + νSi-OH) bands 

are shown in Fig. 4-5 (b). The peak height was calculated after applying the TT baseline 

method. The peak heights of both bands increase with fictive temperature, similar to the 

νO-H and δHOH bands in the mid-IR region (Fig. 4-4 (b)). These results indicate that both 

molecular H2O and SiOH with weak hydrogen bonding increased with fictive temperature 

of the samples. Although Behrens and Nowak stated that the ratio of SiOH/H2O is higher 

in glasses with higher fictive temperature in their study [61], it is difficult to obtain the 

relative abundance change for H2O and SiOH species from the ATR-IR data obtained in 

this paper alone. This is because of the data scatter and uncertainty of the baseline 

correction in Fig. 4-4 and Fig. 4-5 and the hydrogen bonding interactions which may 

change with the water content. Overall, this data does indicate that the glass network 

structure changes associated with the fictive temperature (or density) does affect the 
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speciation of hydrous species, but to further understand the ATR spectra and the 

mechanism of change, experimental study must be combined with computer simulation. 

 

4.4. Summary  

 

After acid leaching a set of glasses with different fictive temperature, the analysis of 

hydrous species (Si-OH and molecular H2O) in the resulting leached layer was conducted 

using ATR-IR, SR-IR and dynamic SIMS. In general, larger amounts and deeper 

penetration of hydrous species were observed for the higher fictive temperature glasses. 

This can be attributed to the lower density/more open structure of the glasses with higher 

fictive temperatures. ATR-IR analyses in the near IR region enabled differentiation of 

hydroxyl and molecular water species in the glass surfaces. This revealed that not only 

the total amounts, but also the relative amounts (ie, hydrous speciation), of SiOH (with 

weak hydrogen bonding) and molecular H2O vary with the fictive temperature of the glass 

before leaching. More work is needed to fully explain these observations.  
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5 Effect of Water and Glass Composition on the Hardness of 

Surface Layers on Aluminosilicate Glasses Formed through 

Reaction with Strong Acid 

 

5.1. Introduction 

 

The aluminosilicate glass system is important for industrial glass products, nuclear 

waste glass and for understanding natural glasses in the Earth’s crust. For some 

applications, high durability in strong chemical solution is required. Although the 

incorporation of aluminum oxide improves the durability of glasses to some extent, too 

much aluminum is known to degrade the acid durability of glasses [70–72]. This can be 

attributed to the high solubility of Al3+ in strong acid and the low activation energy for 

bond rupture in the AlO4 structural unit [73]. However, the properties of the leached 

surface layer formed through strong acid treatment is not well investigated. In Hamilton’s 

study [72], it was found that in strong acid, the most important parameter controlling the 

leaching and dissolution behavior of aluminosilicate glasses was the number of Al-O-Si 

linkages present in the bulk glass structure. In the glasses containing high amounts of 

aluminum (which also have a large number of Al-O-Si linkages), dissolution is dominant 

over leaching in acid conditions. Mellott reported that, although a silica-rich layer was 

formed on aluminosilicate glass surfaces after strong acid treatment, no evidence 

supporting the diffusion-controlled reaction was reported [74]; i.e., both Al and network 

modifier ions were all depleted to the same depth, and with continued exposure to acid, 

they became completely devoid of all components except silica and hydrous species. 
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Although the altered surface layer on aluminosilicate glasses formed after acid treatment 

was reported to contain 6-coordinated Al species from nuclear magnetic resonance 

(NMR) studies [71,72], the existing state of hydrogen and the speciation of hydrous 

constituents in the surface layer have not been analyzed so far.  

Several methods have been reported for the analysis of water, hydroxyl and hydrogen 

in glass, all of which rely largely on vibrational spectroscopies such as IR and Raman 

analyses. Although the speciation of water in the bulk glass is commonly evaluated with 

transmission IR or NMR [4,18–20,56,57], the methods lack the surface sensitivity needed 

to reveal the speciation of water in the surface region of a flat glass. Attenuated total 

reflection infrared (ATR-IR) spectroscopy is a method that can provide a surface-sensitive 

analysis in the outermost micron of the surface [28]. We reported that Si-O-Si network 

alterations at surfaces, for example, due to acid leaching [63] and other surface treatments 

of glass [41] can be analyzed through ATR-IR analysis. 

In this chapter, we investigated surface layers formed through strong acid treatment 

of three simple glasses chosen from the SiO2-Al2O3-MgO-CaO-Na2O glass system with 

a focus on composition (especially aluminum content) and properties of the surface layer. 

ATR-IR analyses, along with depth profiling using secondary ion mass spectroscopy 

(SIMS) and X-ray photoelectron spectroscopy (XPS), were used to evaluate the bulk glass 

composition effect on the leaching, structure and water-related species in the surface 

layers. Finally, we performed nano-indentation experiments to study the resulting 

mechanical properties of the surface layers with thickness up to several hundred 

nanometers. 
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5.2. Experiment 

 

5.2.1 Sample preparation 

 

Three glass compositions listed in Table 5-1 containing different amounts of 

aluminum were evaluated in this study. SLG is a typical soda lime silica glass widely used 

industrially and NAS glass has a composition corresponding to a feldspar (albite) mineral. 

NCAS glass is designed from simple SiO2-Al2O3-CaO-Na2O glass system to have similar 

amount of sodium to both SLG and NAS glasses. The bulk compositions of these glasses 

were evaluated by XRF (ZSX100e, Rigaku Corporation, Tokyo, Japan) and are shown in 

Table 5-1. The relative standard deviations of the analyses were about 1 % of each value.  
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Table 5-1 Evaluated glass composition and acid treatment time of each sample 

 Glass composition (mol%) 
Treatment time 

(h) 
 SiO2 Al2O3 MgO CaO Na2O 

SLG 70.8 1.0 6.2 9.1 12.9 320 

NCAS 74.4 4.1 0.0 8.5 12.9 500 

NAS 75.0 12.9 0.0 0.0 12.1 100 
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The bulk glass samples were prepared by the conventional melt-quench method. The 

mixed batch materials (analytical reagent-grade) SiO2, Al2O3, Na2CO3, MgO and CaCO3 

were melted in an electric furnace at 1650 °C in a Pt90Rh10 crucible for 3 h. The melt 

was quenched into water to produce small fragments, and then mixed and re-melted in a 

crucible at 1680 °C for 3 hours to further homogenize the glasses. Na2SO4 was added to 

the batch in order to remove the bubbles efficiently. The second melt was cast onto a 

carbon plate to obtain cylindrical glass plates with 7 cm width and 10 mm thickness. The 

prepared glasses were annealed 50 °C above their respective glass transition temperatures 

for 1 hour and then cooled down to room temperature at a rate of 1 °C/min. The glasses 

were lapped with SiC powder and polished with CeO2 dispersed in water to 1.6 mm in 

thickness. All of the experiments described below were performed on this polished glass.  

HCl-treated samples were prepared by acid treatment of the polished glasses in a 90 

oC HCl solution (pH=1). Treatment times were varied in order to obtain the OH stretching 

vibration with similar intensities in ATR-IR spectra and are listed in Table 5-1. 

To distinguish incorporated hydrous species during acid treatment from pre-existing 

hydrous species in the glass samples, D2O-HCl treatments were performed. D2O-HCl 

solution (pH=1) was prepared by diluting HCl reagent with D2O of 99.8 % purity. The 

polished glasses were treated in the D2O-HCl solution for the same treatment time as HCl-

treated samples. 

The surface area of each sample was 7.5 cm2 and the volume of solution was 50 ml 

for both HCl and D2O-HCl treatment.  
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5.2.2 Secondary Ion Mass Spectroscopy (SIMS) 

 

SIMS analyses of the HCl-treated samples were carried out to obtain hydrogen profiles 

using a PHI ADEPT1010 system (ULVAC-PHI Inc., Chigasaki, Japan). The acceleration 

voltage of the Cs+ primary beam was 5 kV and the beam current was 100 nA. The 

scanning area was 60 x 60 um2 for negative secondary ion detection with an incidence 

angle of 60o to the sample surface normal. The secondary ions, 1H and 30Si, were 

monitored during depth profiling. The samples were charge-compensated with an electron 

gun. 

 

5.2.3 X-ray Photoelectron Spectroscopy (XPS) 

 

XPS analyses of the treated glass surfaces were conducted to obtain the depth profiles 

of the elements. The SLG and NCAS samples in Table 1 were analyzed by a Kratos 

Analytical Axis Ultra instrument (Chestnut Ridge, NY) with Ar ion sputtering. After 

initial surface scans, samples were sputtered in 40 - 100-s cycles, with 4 keV Ar+ ions 

rastered over a 1 mm x 1 mm area in order to access successive in-depth regions. After 

each sputter cycle, XPS spectra were acquired at 80 eV pass energy using a 200 mm 

diameter X-ray beam centered within the sputter crater. To minimize potential effects of 

surface charging, a low-energy electron flood gun was directed at the surfaces during 

spectral acquisition. Scans were performed over narrow binding energy ranges 

corresponding to the O 1s, Ca 2p, C 1s, Si 2p, Al 2p and Mg 2s photoelectron peaks as 

well as the Na KLL Auger series. 

The average sputtering rate in this configuration was of the order 0.1 nm/s, as 
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determined by optical profilometer measurements of sputter craters in leached samples 

after XPS analyses. The sputter rate was assumed to be constant and was used to 

determine an approximate depth scale for the XPS profiles. 

The leached NAS glass in Table 1 was analyzed by an ESCA-5500 (Physical 

Electronics) with a C60 ion gun (IonOptika 06-C60 type). We could not analyze the 

distribution of sodium ions in this NAS glass by means of XPS depth profiling through 

Ar ion sputter because of the extremely high (beam-induced) mobility of sodium in NAS 

glass. Previously, we studied the glass composition effect on the Na ion mobility in 

aluminosilicate glass and showed that sodium aluminosilicate glass containing equal 

amounts of aluminum and sodium ion have significantly higher Na ion mobility [75]. 

Compared with Ar ion sputtering, C60 ion sputtering is known to be able to suppress the 

migration of mobile ion in glass due to sputtering [23]. The detection angle was 75o using 

the monochromatic Al Kα line (1486.6 eV). The irradiation condition was optimized as 

10 kV, 10 nA and incident angle: 67o for C60 ion beam. The depth profiling was performed 

by sequential XPS measurements with 1 min sputter intervals. Neutralization of the 

surface charge was performed using low energy electrons. Quantification was performed 

using the software of MultiPak (Ulvac-phi) on selected peak areas. The error was 

estimated for the concentration determination to be less than 15 %. 

 

5.2.4 Fourier Transform Infrared Spectroscopy (FTIR) 

 

A Bruker Vertex70 system (Bruker Optics Inc., Billerica, MA) equipped with a MCT 

detector was used for transmission-IR and ATR-IR analyses. For FTIR transmission 

analysis, 100 scans were collected for each sample with a spectral resolution of 6 cm–1. 
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Spectra were collected from 6000 to 2000 cm–1 and spectra were processed and evaluated 

as absorbance vs. wavenumber. 

For the ATR-IR measurements, an attachment using a diamond crystal with an 

incident angle of 45° (MVP-Pro, Harrick Scientific Products Inc., Pleasantville, NY) was 

used. Spectra were collected from 6000 to 1500 cm–1 and were processed and plotted as 

the log of the inverse reflectance, log (1/R), which is dimensionally equivalent to the 

absorbance. 3200 scans were collected for each sample with a spectral resolution of 6 cm–

1. Before the ATR-IR measurements, the samples were cleaned with distilled water and 

ethanol in an ultrasonic cleaner, followed by UV ozone cleaning. The samples were 

pressed against the ATR diamond crystal with a force of 420 N over a 1.5 mm2 sampling 

area during analyses. All measurements were conducted at room temperature. 

The evanescent wave in ATR analysis decays exponentially with the distance from the 

surface within the sample. Its penetration depth is usually expressed as the distance at 

which the electric field intensity in the sample falls to 37 % (e-1) of the surface value. This 

is calculated as shown below for the case of a media with a low extinction coefficient, k:  
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where λ = wavelength of the IR beam, θ = incident angle of the IR beam, n1 = the 

refractive index of the ATR crystal, and n2 = the refractive index of the sample [28]. To 

calculate the penetration depth, we used the refractive indices of soda lime glass [29] and 

diamond [43] (reported elsewhere) as those of the sample and an ATR crystal, respectively. 

It increases monotonically with a decrease of wavenumber from about 350 nm at 6000 

cm-1 to about 900 nm at 1500 cm-1.  
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5.2.5 Nano-indentation 

 

Nano-indentation analysis was used to evaluate the mechanical properties of the 

surface layer, which was formed after leaching in acid solutions, of the samples shown in 

Table 1. A nano-indenter (Hysitron TI 950, Minneapolis, MN) with a Berkovich tip was 

used during the analysis. The indentation depth was controlled in the range from 50 nm 

to 200 nm. 40 indents were averaged for each sample and each indentation condition.  

 

5.3. Results and Discussion 

 

5.3.1. Depth profiling of hydrogen and glass matrix elements with SIMS and XPS 

 

The depth profiles of hydrogen (closed symbols) and elements in glass matrix (open 

symbols) obtained for each treated glass samples with different glass compositions were 

shown in Fig. 5-1 (a), (b) and (c). The hydrogen profiles obtained through SIMS analyses 

were normalized by the maximum concentration observed in the outermost surface. The 

near-surface data (to 10 nm) were deleted in the plot because SIMS analysis in this region 

is considered as unreliable [66]. In all samples, the hydrogen concentrations in the surface 

regions are much higher than in the bulk regions, which indicates that the acid treatment 

introduced a significant amount of hydrogen. The thickness of the hydrogen-rich layers 

of SLG, NCAS and NAS glass surfaces can be defined as the depth where the hydrogen 

concentration decreases to 5% of its maximum value, which is 160 nm, 210 nm and 130 

nm, respectively. The distribution of hydrogen in the surface layer is caused by hydrogen 
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diffusion and network dissolution [72]. In the case of SLG, dissolution is expected to be 

negligible, whereas NAS is subject to dissolution at pH 1 due to large aluminum content.  
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Fig. 5-1 Normalized depth profiles of hydrogen (closed symbol)(from SIMS) and glass 

matrix ions (open symbols)(from XPS) for (a) SLG, (b) NCAS, and (c) NAS glass after 

leaching in pH 1 solution. 
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Fig. 5-1 (a) also shows depth profiles for leached SLG samples obtained with Ar ion 

sputtering. The sodium depth profile shows a completely depleted regions near the 

outermost surface followed by a gradual increase to a plateau value at ~130 nm below the 

surface. In the case of multicomponent glasses with mobile ions such as sodium ions, it 

is known that the concentration of mobile elements analyzed by XPS gradually changes 

in depth with Ar ion sputtering even for homogeneous glass due to migration of mobile 

ions [23]. With further sputtering, the concentration tends to achieve a stable value where 

knock-on effects by Ar sputtering achieve a steady-state equilibrium. In this study, we 

normalized the concentration of each element to make the steady-state equilibrium value 

equal to the analyzed bulk composition of the glasses in Table 5-1. 

Fig. 5-1 (a) shows that the thickness of the depleted layer for sodium in SLG is similar 

to the thickness of the hydrogen-rich layer in the SIMS profile, which confirms that the 

leached layer was formed mainly through inter-diffusion between sodium in the glass and 

hydrogen in HCl solution [3]. The depleted layers for the divalent cations (calcium and 

magnesium) are less than 40 nm, which is much shallower than that of sodium. This result 

is due to the lower reactivity and diffusion coefficient of the divalent cations compared to 

sodium ions. Aluminum was not leached out from the surface of SLG, which means that 

the network connectivity between Si and Al elements is mostly conserved during the 

leaching. 

Fig. 5-1 (b) displays the depth profiles of the leached NCAS glass sample, which 

shows a trend similar to the leached SLG glass sample. Namely, the thickness of the Na 

depleted layer is comparable with the thickness of its hydrogen rich layer. Moreover, the 

depleted layer of calcium is much shallower than that of sodium. It is also evident that 

there is no detectable leaching of aluminum from the NCAS glass. These features indicate 
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that the leached layer on the NCAS glass was formed mainly through inter-diffusion 

between sodium and hydrogen during acid treatment and the network connectivity 

between Si and Al elements was not altered from its original one. SLG and NCAS behave 

similarly in these aspects. 

Fig. 5-1 (c) displays the XPS depth profiles for the NAS glass obtained using the C60 

sputtering. The composition profiles for the treated NAS glass surface are quite different 

from those of SLG and NCAS glass. In the case of NAS, not only the sodium ions 

(network modifier), but also a large amount of aluminum ions (network former) were 

leached out. It means that the outermost region of the leached NAS glass consists of silica 

network and hydrous species. 

The results of depth profile analyses through SIMS and XPS were summarized in Table 

5-2. It was found that in all glass samples sodium were leached out from the surface while 

the other modifier ions in SLG and NCAS samples were not changed significantly. At the 

same time hydrogen were diffused to similar thickness of the sodium-depleted layer. 

Aluminum ion as network former were not changed in the surface of SLG and NCAS 

samples, while it was substantially depleted in the surface of NAS sample which has 

highest ratio of Al/Si aluminum ion. 

  



129 
 

 

Table 5-2 Summary of chemical changes in the leached surface layer 

 

 

Al/Si 

in the 

bulk 

Compositions in the leached surface layer 
νOH 

area 

in 

ATR-

MIR 

(cm-1) 

Relative 

concentration of 

hydrous species 

in the modified 

layer (νOH area/d) 

(107 cm-2) 

Surface 

layer (d) 

thickness 

(nm) 

Na+ 

modifier 

Other 

modifier 

ions 

Al 

network 

former 

SLG 0.03 ~160 leached 
No 

change 
No change 23.3 0.15 

NCAS 0.11 ~210 leached 
No 

change 
No change 22.2 0.11 

NAS 0.3 ~130 leached 
Not 

present 

Leached 

(<70nm) 
26.7 0.21 
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5.3.2. Hydrous species probed with FTIR 

 

To analyze the effects of glass composition on hydrous species, we performed 

transmission-IR analysis for evaluation of the bulk regions and ATR-IR analysis for 

evaluation of the surface layers. Fig. 5-2 (a) and (b) illustrate the transmission-IR spectra 

in the near- and mid- IR region, respectively. In Fig. 5-2 (a), the absorption bands at 4000 

and 4500 cm−1 are observed [17,76]. The 4500 cm-1 band is assigned to the combination 

of OH stretching and bending modes of SiOH with weak hydrogen bonding [18]. If the 

samples contain molecular water, the combination band of stretching and bending modes 

of molecular water groups is expected at 5250 cm-1 [17]. The broad background spanning 

from 4700 cm-1 to 5700 cm-1 in the near-IR spectrum of SLG glass is due to the iron 

impurity in the glass [48]. Thus, the absence of the 5250 cm-1 peak in Fig. 5-2 (a) for all 

three glasses indicates that almost all hydrogen in the bulk is associated with OH groups, 

and not molecular water. 
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Fig. 5-2 Transmission-IR spectra of the polished SLG, NCAS and NAS glasses in (a) NIR 

and (b) MIR region 
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The two broad peaks in Fig. 5-2 (b) observed at 3500 cm-1 and 2800 cm-1 are assigned 

to stretching vibrations of the Si-OH (νOH), which are hydrous species weakly and 

strongly bound to non-bridging oxygen sites in alkali silicates, respectively [16,20]. Fig. 

5-2 (b) indicates that the strongly associated OH peak around 2800 cm-1 is less prominent 

in NCAS and NAS glasses with higher aluminum content.  

Fig. 5-3 (a), (b) and (c) display the ATR mid-IR spectra of the acid-treated SLG, NCAS 

and NAS glass surfaces, respectively. Here, black lines indicate the ATR-IR spectra 

obtained from the as-polished control sample. Blue and red (dotted) lines are obtained 

from the HCl and the D2O-HCl treated samples, respectively. In the lower wavenumber 

region, the peaks at 1650 cm-1 observed in all glass compositions are the H-O-H 

fundamental bending vibration (δH2O) indicating the presence of molecular water [4,18] 

in the surface region, which is absent in the bulk region. In the D2O-HCl treated samples, 

additional sharp peak around 1450 cm-1 was observed, which is assigned to HDO bending 

vibrations (δHDO) [77] and supports the assignment of 1650 cm-1 peaks in HCl treated 

samples to molecular water.  
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Fig. 5-3 ATR-MIR spectra of the polished (black line), the HCl treated (blue line) and the 

D2O-HCl treated (red line) samples of (a) SLG, (b) NCAS and (c) NAS glass. The spectra 

in the region between 2300 and 1900 cm-1 are noisy because the IR transmission in this 

region is very weak due to the absorption by the diamond ATR crystal itself. 
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To confirm the presence of molecular H2O in the surface layer, ATR-IR spectra of the 

HCl-treated samples in near-IR region (6000-3500 cm-1) were investigated because the 

combination bands of SiOH and molecular water were expected to be observed more 

distinctly in this wavenumber region. Fig. 5-4 displays ATR spectra in the near-IR region. 

The peak around 5250 cm-1 is attributed to the combination of stretching and bending 

modes of molecular water groups [17], and the peak around 4500 cm-1 originates from the 

combination of OH stretching and bending modes of SiOH with weak hydrogen bonding 

[18]. The TT baseline method by Withers [69] band was applied for background 

correction. Note that the 5250 cm-1 band is negligible in transmission-NIR (Fig. 5-2 (a)), 

but dominant in ATR-NIR (Fig. 5-4). While the transmission signal is the integral of bulk 

species over the entire thickness (1.6 mm), ATR confirms the high concentration of 

molecular water species within a very thin surface layer (~200 nm). Fig. 5-4 also indicates 

that the 4500 cm-1 band in NAS is much smaller than those in the other two glasses.  
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Fig. 5-4 ATR-NIR spectra showing H2O and SiOH combination bands of the leached 

samples of (a) SLG, (b) NCAS and (c) NAS glass. 
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In the ATR-mid IR spectra (Fig. 5-3), the broad band within the 3700 - 2500 cm-1 

region can be attributed to the OH stretching vibration (νOH) of OH and H2O species with 

varying degrees of hydrogen bonding interactions [4,41]. In the D2O-HCl treated samples, 

the broad band within the 2700 - 2200 cm-1 region is assigned to OD stretching vibrations 

(νOD) in OD, D2O and HDO species with varying degrees of hydrogen bonding 

interactions [77]. Here, a clearly discernable difference is noted in the peak shape of the 

νOH and νOD bands of the altered surface layers. The higher wavenumber components of 

the peak around 3650 cm-1 (OH) and 2650 cm-1 (OD) are weak in NAS samples compared 

with the other two glasses. Based on hydrous species reported for bulk silicate glass, this 

peak around 3650 cm-1 can be assigned to the vibration of free or weakly hydrogen-

bonded SiOH [4,18]. This indicates that the relative abundance of free or weakly-

associated SiOH and H2O species in the leached layers is decreased with the increase of 

aluminum content in the bulk glass composition, which is consistent with the ATR near-

IR spectra in Fig. 5-4 showing that the band around 4500 cm-1 is less significant in 

surfaces of NAS glass. Moreover, the shape of ATR-IR spectra of leached NAS glass 

seems similar to absorption spectrum of silica gel reported before [78]. The XPS data that 

outermost region of the leached NAS glass consists of silica network and hydrous species 

also can imply that the altered layer has analogous properties and structure to silica gel. 

For further investigation, other analysis with a method which can probe network structure 

in glass surface, such as UV Raman spectroscopy, is needed. 

The amount of total hydrous species is proportional to the peak area of the νOH band 

within the 3700 - 2500 cm-1. Then, the relative concentration of hydrous species in the 

modified layer could be compared by dividing the νOH peak area with the thickness of the 

modified layer (obtained from the SIMS hydrogen profiles). These values are shown in 
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Table 5-2; the data indicate that the concentration of hydrous species is the largest in the 

surface layer on NAS samples, which is believed to be associated with the leaching of 

aluminum ion observed only in NAS samples. 

 

 

 

5.3.3. Mechanical properties of the altered surface layer  

 

So far, we have evaluated the leached layer on glasses with different aluminum 

contents and shown that only the glass with high aluminum content, NAS sample, show 

aluminum leaching; as shown in Table 5-2, relative concentration of hydrous species in 

the surface layers is the largest in the NAS glass. To evaluate the mechanical properties 

of these leached layers, we conducted nanoindentation measurements with varying 

indentation depths. 

Fig. 5-5 (a), (b) and (c) show the reduced moduli calculated from the Oliver-Pharr 

analysis of the force-displacement curves for the SLG, NCAS and NAS glass surfaces, 

respectively, before and after leaching in acid solutions. Since the Poisson’s ratio was not 

known for the surface layer altered after leaching, only the reduced modulus (rather than 

elastic modulus) is reported for the polished and leached surfaces. Fig. 5-5 (d), (e) and (f) 

display the hardness for the SLG, NCAS and NAS glass surfaces, respectively, before 

and after leaching. As can be seen from the Fig. 5-5, the hardness and reduced modulus 

of the leached surfaces are smaller than the polished surfaces.  
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Fig. 5-5 Reduced moduli of (a) SLG, (b) NCAS and (c) NAS glass and hardness of (d) 

SLG, (e) NCAS and (f) NAS glass evaluated with nano-indentation. Data from polished 

(black dotted line) and leached (blue solid line) sample are shown. 
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Since the leached layer thickness determined from the SIMS profile (Table 5-1) is 

larger than 10 % of the indentation depth, the mechanical properties determined from 

these nano-indentation tests are a composite of the leached layer and the substrate [79]. 

If the leached glass surface can be considered as a soft layer on top of the hard substrate, 

the mechanical properties of the leached layer can be evaluated based on analytical 

models for soft coatings with known mechanical properties on a hard substrate. Here, a 

model developed by Tuck et al. was applied to evaluate the hardness of the leached layer 

[80]. The hardness of the soft layer can be deconvoluted from the composite hardness 

obtained from indentation as a function of relative indentation depth (R), which represents 

the ratio of indentation depth over the thickness of the leached layer. The model is 

described as follows:  

𝐻𝐻𝐶𝐶 = 𝐻𝐻𝑆𝑆 +
𝐻𝐻𝑙𝑙 − 𝐻𝐻𝑆𝑆

1 + [𝑅𝑅/𝛽𝛽0]𝑋𝑋
 

where Hc, Hs and Hl denote the hardness of composite, substrate and leached layer, 

respectively; 𝛽𝛽0 and 𝑋𝑋 are the fitting parameters for the model.  

In Fig. 5-6, the hardness of the leached layer estimated from the model fit is compared 

with that of the bulk. In all samples, reduced moduli and hardness are decreased after acid 

treatment as shown in Fig 5-5. Inaba suggested [28] expression prediction Vicker’s 

hardness, 𝐻𝐻𝑣𝑣, and Young’s modulus, 𝐸𝐸, as 

𝐻𝐻𝑣𝑣 = 0.13𝑚𝑚𝑉𝑉𝑝𝑝𝐺𝐺𝑡𝑡 

𝐸𝐸 = 2𝑚𝑚𝑉𝑉𝑝𝑝𝐺𝐺𝑡𝑡 

where 𝑚𝑚  is Madelung constant, 𝑉𝑉𝑝𝑝  is ionic packing factor and 𝐺𝐺𝑡𝑡  is dissociation 

energy of the oxide constituents per unit volume. These expression indicate glasses with 

higher 𝑚𝑚, 𝑉𝑉𝑝𝑝 and 𝐺𝐺𝑡𝑡  should have higher hardness and moduli. However 𝑚𝑚 and 𝐺𝐺𝑡𝑡 

in the altered layer in glass surfaces are difficult to be expected since the structure of the 
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layers is altered after acid leaching. Therefore here we discuss the change of hardness and 

moduli after leaching considering the change of ionic packing factor, 𝑉𝑉𝑝𝑝, of glasses.  

Ratio of ionic packing factor before and after acid treatment, Vp2/Vp1, is expressed as  

𝑉𝑉𝑝𝑝2
𝑉𝑉𝑝𝑝1� =

∑𝑟𝑟𝑗𝑗3𝑛𝑛𝑗𝑗
∑ 𝑟𝑟𝑖𝑖3𝑛𝑛𝑖𝑖
�  

whereVp1 and Vp2 are ionic packing factors before and after acid treatment and ri, rj are 

ionic radius of each element and ni, nj are molar fraction in glass surfaces before and after 

acid treatment respectively. According to depth profiling through XPS and SIMS shown 

in Fig. 5-1 ion exchange between Na+ and H+ expressed as 

OHNaOHSiOHNaOSi 23 ++−→+− +++−

 

should occur in all samples. Moreover aluminum ions are depleted from NAS glass 

surface. Assuming that volumes of surface layer before and after acid treatment and all 

Na+ ions have been substituted by H+ ions in the layer of SLG, NCAS and NAS and all 

aluminum ions have been depleted from the layer in NAS, Vp2/Vp1 are calculated and 

displayed in table 5-3. The ionic radii are taken from Shannon et al [82].  

 

Table 5-3 Calculated ratio of ionic packing factors in surface layers  

before and after acid treatment  

SLG NCAS NAS 

0.94 0.94 0.77 

 

This result indicates that the ionic packing factors in surface layers of all samples 

decreased after leaching and the degree of the decrease is most significant in that of NAS 

samples, which are consistent with trend of the moduli and the hardness obtained through 
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nano-indenter experiments. Therefore the decrease of ionic packing factors in surface 

layers through leaching can be one of the origin of the decrease of the moduli and the 

hardness.  

The difference between the leached layer and the bulk is the largest for the NAS glass. 

In the leached NAS glass surface, not only sodium ion but also aluminum has been 

depleted (Fig. 5-1 (c)), which resulting in a “silica-rich” surface layer with the largest 

concentration of hydrous species as shown in Table 5-2. The hydrolysis of Al-O-Si sites 

and removal of Al ions could lead to either Si-OH or Si-O-Si. Unless the entire network 

collapses to a higher density state, the remaining layer would have a larger porosity to 

accommodate more hydrous species, which could cause the large decrease of hardness in 

the NAS glass. Based on the elemental composition depth profiles shown in Fig. 5-1 (a) 

and (b), the network connectivity between Si and Al elements is believed to be conserved 

for the SLG and NCAS; thus, the result shown in Fig. 5-6 may imply that the effect of 

simple ion exchange (replacing the modifier ions with hydrogen) does not affect the 

mechanical property as severely as the case where one of the network former elements is 

depleted.  
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Fig. 5-6 Hardness difference between before and after HCl leaching analyzed by nano- 

indentation experiments 
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5.4. Summary 

 

In this chapter, we have evaluated the surface layer formed by strong acid 

treatment of SLS, NACS, and NAS glasses with different aluminum contents through 

SIMS, XPS, transmission-IR, ATR-IR and nanoindentation analyses. It was found that 

the glass with the highest aluminum content (NAS) showed aluminum depletion and 

incorporation of molecular water in the surface layer, and correspondingly, the larger 

decrease in hardness of the leached surface layer.  
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6 Summary and Future Works 

 

Glass surface usually contains much more concentration of hydrous species, including 

interstitial molecular water and hydroxyl (SiOH) groups, due to interactions with 

environments in production process or usage than its bulk region. However, existing state 

of the species in the surface had not been understood because there was no adequate way 

to analyze the species in outermost several nanometers of glass. In this research, we first 

evaluated capability of attenuated total reflection (ATR) - IR spectroscopy as a surface-

sensitive analytical method to investigate hydrous species in glass surface and showed it 

can reveal qualitative and quantitative information of the species. Then, we utilized the 

method to reveal the different existing state of water in glass surfaces depending on 

surface treatment technique, fictive temperature of glass and glass compositions.  

 

We first described the features of specular reflection (SR) and ATR - IR spectroscopy 

and displayed that both of them are useful methods for glass surface analyses. Especially 

ATR - IR was demonstrated to be useful method to probe hydrous species in glass surface 

with a depth of several tens or hundreds of nanometers, which showed both molecular 

water and hydroxyl group existed in polished and acid treated glass surfaces because of 

their high concentration of water. Then SIMS analysis of the hydrogen concentration -

depth profiles for the acid-leached soda lime silica glass samples was used to provide 

independent information to validate and quantify the ATR signal. Thus we proved ATR – 

IR is the appropriate method to analyze the hydrous species in glass surfaces qualitatively 

and quantitatively. 

Then we evaluated the ATR-IR spectra of various surface treated float glass samples 
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(as-produced, polished, leached by acid, treated by SO2 gas, and strengthened by thermal 

or chemical methods) in conjunction with depth profiles analyses of the glass composition 

by SIMS and XPS and discovered the shapes of spectra obtained from these samples were 

depending on the treatment method, which means the relative speciation of hydrous 

species varied with different surface treatment. Especially, SO2 gas-treated glass surface 

was found to have higher ratio of weakly associated SiOH which possess weak hydrogen 

bonding to molecular water or strongly associated SiOH, compared with acid-leached 

glass surface. This is the first study which unveil the effect of surface treatment method 

on the speciation of hydrous species in glass surface. 

To understand the mechanism we investigated the effect of fictive temperature on 

leaching in strong acid using series of soda-lime silica glass samples with different fictive 

temperatures. Hydrogen depth profiles by SIMS showed that the higher fictive 

temperature the glass had the more water can diffused into the surface. ATR-IR analyses 

in near IR region provide differentiation of hydroxyl and molecular water species by using 

well-separated absorption peak due to those species in the region. The fictive temperature 

of the glass before leaching affect the relative amounts of SiOH (with weak hydrogen 

bonding) and molecular H2O but the effect on the water speciation was not significant to 

explain the difference between SO2 gas-treated and acid-leached surface. 

Effect of the aluminum content in glass composition on formation of altered layer 

through reaction with strong acid were investigated through combined glass surface 

analyses by SIMS, XPS, ATR-IR and nano-indenter experiments. It was showed that in 

the glass with high aluminum content not only mobile alkali ion, such as sodium ion, but 

also aluminum are leached out from surface. Nano indenter experiments indicated larger 

decrease of hardness after acid treatment in the glass containing high amount of aluminum 
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compared with other glasses with less aluminum including soda lime glass. ATR-IR 

revealed that relative amount of weakly associated SiOH among hydrous species 

decreased with aluminum content. This study demonstrated that glass composition affect 

the formation of altered layer through the glass’s reaction with solution. 

 

We showed the availability to analyze the hydrous species in surface of glass monolith 

qualitatively and quantitatively through multiple analytical method including ATR-IR for 

the first time. This work deepened our knowledge of the species which should affect the 

properties of glass materials governed by its surface properties. This knowledge is also 

expected to be applied to a development of new glass product with new functionality 

which cannot be realized only by optimization of properties of glass bulk and help 

understand and resolve the phenomena provoked by hydrous species in glass surface. 

For instance, different hydrous species should have different impacts on mechanical 

responses in glass surfaces, such as stress corrosion or stress relaxation. Through deep 

understanding of the relationship between the quantities of each hydrous species and these 

properties, we can provide a guideline to obtain glasses with optimized mechanical 

properties. Also, in the scheme of the chemical strengthening of glass, hydrous species in 

surface affect diffusion of alkali elements, such as Li, Na and K, as well as relaxation of 

compressive stress caused by the ion exchange. To control the product characterization it 

is necessary to know how each hydrous specie affect these properties. 

 

We have showed ATR helps understanding of the hydrous species in glass surface and 

their effect on the properties, but still have problem with its sensitivity. For example, 

although the species on outermost surface have significant effect to interaction between 
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glass and other materials, such as adhesion or reaction, it cannot be distinguished from 

same specie existing at inner region of surface through ATR-IR spectroscopy itself. This 

is because the signals from each region of the samples within information depth of the 

measurement are integrated and appear in ATR spectra. This issue should be solved by 

combined analyses with other surface-sensitive methods, such as sum frequency 

generation (SFG) IR spectroscopy.  
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