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ABSTRACT
The hydrolytic stability of glass is dependent on its composition. Glasses are exposed to
water during their processing and in many applications; therefore, their surface or interface with
other materials must withstand hydrolytic attack. Multi-component silicate glasses are widely
used but have been the least studied. In coatings-based applications, these glasses come in contact
with organosilanes and organic molecules where the adsorption may be affected by surface water.
For example, the influence of glass composition on the wet strength of a glass/polymer composite
material is unclear, but it is presumed to be driven by the hydrolytic stability of the interfacial
chemistry. Organosilanes are critical for increasing the performance of composite materials in
humid environments but the precise manner by which the improvement occurs has not been
verified. The current school of thought is that the application of silane coatings on a multicomponent glass surface transforms the chemically heterogeneous surface into a homogenous and
hydrolytically stable surface.
In this study, multi-component silicate glass surfaces were silanized by both aqueous and
non-aqueous methods. The effect of glass composition and surface hydration on silane coverage
was quantified by X-ray Photoelectron Spectroscopy (XPS) analysis. The monolayer-level
adsorption results showed that the low-sodium content glasses had greater coverage than a highsodium content glass in dry conditions in contrast to an equivalent coverage in wet conditions.
The hydrolytically-stable coverage on multi-component silicate glass surfaces by both
silanization methods was found to be sub-monolayer.
A thin film model in conjunction with XPS and Infrared Spectroscopy was used to probe
the interfacial region of a fiberglass insulation material containing a sodium-rich multicomponent silicate glass and an acrylate resin binder. Upon the application of the aqueous binder,
the leaching of sodium from the glass promoted the formation of sodium carboxylate salts that
were found to be detrimental to the hydrolytic stability of the interfacial region. The silanization
of the glass improved the hydrolytic stability of the interfacial region by the mitigation of sodium
carboxylate salt formation. The lack of interfacial failure indicated that the adsorption of the
silane molecules and their interactions with the resin binder were hydrolytically stable.
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Chapter 1
Introduction
Glass as a material is a critical component in fields such as energy conservation, building
materials, medical products and consumer goods. Certain properties of the material, for example
strength, chemical stability and surface chemistry, dictate its use based on the intended
implementation in a wide variety of applications. These properties are affected by glass
composition, handling, surface and thermal treatments. In most applications, the glass-based
products are exposed to the ambient or humid environment where water interacts with the
material. When the product performance is based on its structural integrity, water-based
interfacial failure could lead to catastrophic failure. Therefore, it is important to establish the
water dependence of structural integrity commonly known as hydrolytic stability.
This study provides a framework for understanding the wet properties of glass-based
products by studying the reactions occurring at the interface of glass and other materials. This is
accomplished by evaluating the hydrolytic stability of the interfacial region of organosilanes and
polymeric materials on a variety of flat glass surfaces as a function of glass composition and
exposure to water.
Glass surfaces are often chemically functionalized to improve product performance.
Functionalization with another substance presents a modified surface for interactions with a target
substance, which would otherwise not interact desirably with the original surface. One such
functionalization is conducted by application of organosilanes in a process known as silanization.
Silanes can tailor glasses to have a hydrophobic or hydrophilic surface. It has been used as water
barrier to reduce corrosion of materials such as glasses and metals. The silanol group in silane
molecule bonds to the glass, and then the polymer can bond to the organic end-group on the
silane.
Adsorption on a glass is directly related to its surface reactivity, specifically to the
accessibility of the surface reactive sites to adsorbates such as organic molecules and
organosilanes. Most glasses used in industrial and commercial applications are multicomponent
silicate glasses. Unlike silica, the silicate surfaces are known to be chemically heterogeneous. The
inclusion of network modifiers such as alkali and alkaline earth elements increases the
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hydrophilic nature of the glass surface. This results in a hydrated glass surface with adsorbed
molecular water when exposed to moisture. Any material that interacts with multi-component
surfaces competes with water for surface bonding. Hence, surface hydration during silanization is
expected to play an important role in silane adsorption. Most applications require strong bonding
between the silane layer and glass surfaces for optimal performance. Therefore, the silane layer
on the glass surfaces needs to be probed for coverage and hydrolytic stability as a function of
glass composition and surface hydration.
In applications where the glasses come into intimate contact with another material, for
example, organic polymers or organic-inorganic hybrids such as siloxanes, the coatings are
usually intended to be strongly adhered. Therefore the interaction between the glass surface and
the functional reactive groups in the coating needs to be understood, specifically those that
determine the hydrolytic stability of the interface between the glass and coating. Surface
composition of the glass is expected to have a major impact on adsorption. In addition,
environmental history of the glass may modify its surface reactivity. As much of the surface
reactivity research in the past has been conducted on silica and low-alkali compositions, this
study aims to augment the knowledge base of surface reactivity of high-sodium multi-component
glasses. In particular, the effect of surface hydration is considered as the coating application in
industry typically occurs under aqueous conditions.
Typically, investigations into the surface reactivity of glasses are conducted on powder or
fiber surfaces. These glass forms maximize the surface area for optimal peak-to-noise ratio during
characterization with IR spectroscopy, surface-sensitive NMR and other analytical methods. The
challenge of the research conducted in this thesis is that the glass surfaces in the form of plates or
slides have low surface area and new methodologies are required to characterize surface
reactivity.
The first objective is to gain more knowledge about silane adsorption on
multicomponent silicate glasses. The second objective is to determine the surface reactivity of a
glass as a function of surface hydration. The methodology to characterize the surface reactivity of
flat glasses involves functionalization where the surface sites are tagged with a molecule
containing a unique identifier. A surface-sensitive technique such as X-ray Photoelectron
Spectroscopy (XPS) is particularly useful as it measures quantitative elemental composition and
chemical state of the elements with surface specificity of about 5 to 10 nm. Therefore, if a
molecular probe of length less than 10 nm is utilized, information on the adsorbed molecule and
glass surface can be obtained simultaneously. While specific bonding mechanisms cannot be
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directly gleaned from the XPS analysis, it is possible to quantify accessible surface reactive sites
by counting the tag molecules on the surface. This analysis method goes further in isolating the
true silane content on the surface than other XPS studies in which silanes were used as a probe for
glass surfaces. The information obtained on the surface reactivity of glasses by this technique
provides an understanding of polymer and organosilane adhesion on glass.
In addition to organosilanes, organic materials such as polymers also interact with the
glass surfaces in composite materials such as fiberglass insulation. Fiberglass insulation contains
sodium-containing multicomponent silicate fibers as the skeletal structure with a thermosetting,
polymeric resin formulation as an adhesive at fiber junctions.
The third objective of the thesis is to characterize the chemistry of the glass and a
polyacrylic resin in the interfacial region. The interfacial chemistry is probed by simulating a
model interface with a thin resin film on the glass surface. The interaction of the organic
components in the resin occurs on a sodium-rich surface during the application of the resin
formulation. The exposure of the glass surface to aqueous conditions leads to compositional
modification on the surface which is quantified by XPS. The effect of this modification on the
chemistry of the interfacial region with respect to hydrolytic stability is evaluated by Infrared (IR)
spectroscopy.
One of the major concerns for an insulation product is its performance under humid
conditions. Therefore, the hydrolytic stability of the interfacial region is critical to sustain
performance of the composite material. Previous research has determined that silane inclusion
improves the wet performance of composite materials. The bonding of silane molecules on glass
surfaces has been shown to be more resistant to hydrolysis than organic molecules, primarily due
to the strong interactions between the inorganic hydrolyzed silane end-groups (Si-OH) and
hydroxyls on glass surfaces.
The final objective is to understand the effect of silane inclusion on the interfacial
hydrolytic stability of the polymeric resin on glass. This is accomplished by a combination of
XPS and IR analysis to determine if the silane inclusion mitigates changes to intended resin
chemistry near the interface during the hydrolytic stability tests.
This thesis is structured to provide, at first, an understanding of the surface reactivity of
the glasses of interest, followed by application of that knowledge to adsorptivity of silane
molecules and polymeric materials. In addition, the effect of the glass surface chemistry and
silane inclusion on the interfacial region of a glass and polymeric resin system is explored. A
computer simulation study of the interactions underlying adsorption and hydrolytic stability tests
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accompanies the experimental results. The following chapters are independent studies and include
the pertinent background review as part of the discussion.
In Chapter 2, the surface reactivity of silica and multi-component silicate glasses is
probed as function of glass composition and surface hydration. This chapter discusses two aspects
of surface reactivity of glasses concurrently. The first aspect is the silanization of the glass
surfaces and quantification of the extent of silanization of the glasses. The second aspect is
devising an analysis method of XPS data for determining the distribution of weak-physisorption,
strong-physisorption and chemisorption sites upon various water-based surface treatments. In
addition, adsorption of silane molecules on simulated dehydrated and hydrated reactive sites on a
glass surface is explored by DFT-based computer simulations.
In Chapter 3, an understanding of the interfacial region of a glass and polymeric resin
along with hydrolytic stability of the interfacial region is sought. In addition, the effect of silane
on hydrolytic stability is probed. The interfacial region of the resin on silica and the sodium-rich
multicomponent silicate glass is compared by a model thin film approach to explain the effect of
glass composition on the resin chemistry using XPS and IR spectroscopy. The interfacial
hydrolytic stability of the resin on silica and sodium-rich glass is compared by imposing
accelerated aging conditions on the thin resin films. The relative efficacy of the manner of silane
inclusion on the hydrolytic stability of the interfacial region is debated.
In Chapter 4, the intent of the DFT-based simulations is to augment the understanding of
the reactions occurring in the interfacial region during the resin application and hydrolytic
stability tests. The interfacial region is deconstructed into the interactions in the resin near the
interface and surface bonding. The originality of the simulation work is in the determination of
the effect of water and sodium on pre-existing physisorbed interactions in the interfacial region
including surface adsorption. These simulations supplement the results of the hydrolytic stability
tests from Chapter 3.
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Chapter 2
Determination of the effect of surface hydration and glass composition on the
surface reactivity of real glass surfaces via silanization
2.1. Introduction
Glasses are ubiquitous in technologies such as reinforcement materials and biomedical
applications. Multi-component glasses are the most widely used glasses in commercial products. In
most cases, the glasses come in contact with water during processing or in use, which may influence
their surface or interface with other materials based on the hydrolytic stability of the glass. The
hydrolytic stability of the glass is dependent on its composition.
Multi-component silicate glasses are known to have a chemically heterogeneous surface that
may affect the adhesion of other materials such as polymers (glass composites) or biomolecules
(DNA microarrays) on the surface. The ideal surface for surface bonding of organic molecules or
polymers is chemically homogenous and hydrolytically stable. The multi-component glass surfaces
are functionalized with organosilanes to provide such a surface. The perfect functionalized surface
contains tightly-packed and homogenously-distributed silane molecules on the glass surface with
hydrolytically stable adsorption [1]. In reality, the surface reactivity of the glass is expected to have a
major role in silane adsorption and coverage on the glass surface, especially when silane competes
with water for adsorption.
The silanization of silica and low-sodium content boroaluminosilicate glasses has been
extensively surveyed, but much less is known about the specific manner of silane adsorption on
sodium-rich surfaces. Sodium is known to interfere with adsorption of organic molecules on surface
reactive sites [2]. The efficacy of coupling agents is reduced on surfaces with high sodium content as
it prevents interfacial bonding and water is able to disrupt the weak interface [3]. However, in
aluminosilicate glasses, more physisorption of silane has been observed on sodium-containing
surfaces than in surfaces without sodium [4]. The polar silicate surface with the presence of sodium
ions and non-bridging oxygen (NBO) contains charged species on the surface and results in longrange coulombic interactions. These interactions result in strong adsorption of water on sodiumcontaining silicate surfaces [5, 6]. Hence, sodium-rich boroaluminosilicate glass surfaces are
considered to be predominantly hydrophilic where strongly-adsorbed water prevents direct access to
surface reactive sites for silane molecules [7].
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Silanization of glass surfaces is typically accomplished by aqueous or non-aqueous methods
[8]. The aqueous silane application involves the exposure of the glass surface to a silane solution
upon which the silane layer is deposited on the surface. Non-aqueous silane application occurs either
in vapor phase or via organic solvents such as toluene. The silanized glass is heated to remove
residual water and to promote the interfacial reaction between the silane molecules and the surface
reactive sites on the glass surface. Several publications have studied the silanization of glass surfaces
via surface analytical techniques such as X-ray Photoelectron Spectroscopy (XPS) or Infrared
spectroscopy (IR) and the investigations have typically involved a multi-layer formation on lowsodium content multicomponent glasses [9-11]. The XPS or IR study of the interactions between
silane molecules and the glass surface requires monolayer or sub-monolayer silane coverage to
eliminate silane-silane interactions and to focus solely on the interfacial region. Furthermore, the
effect of glass composition and surface water on silane adsorption should be more easily discernable.
In this study, a methodology is devised to investigate glass surface reactivity based on the
functionalization of various flat glass compositions by a silane molecule utilizing X-ray Photoelectron
Spectroscopy (XPS) [12, 13]. XPS has an information depth of approximately 10 nm and thereby can
provide information about the glass/silane interface. The technique is appropriate and effective in this
study because the silane layer thickness is considerably lower than 10 nm. While the technique
provides the average composition of an overlayer-substrate system, further analysis is required to
differentiate the amount of silane on a glass surface from other surface contamination such as
adventitious carbon. The identification of silane is complicated as the silane molecule and glass
surface have silicon and oxygen as elements in common. Carbon is another element in common as the
glass surface has adventitious carbon prior to silanization. While other authors have used the amount
of carbon as a measure of silane content, this approach is inappropriate as the carbon content includes
both silane and adventitious carbon [9, 14-17]. The speciation of carbon present in the silane
molecule acts as a unique identifier and allows for the determination of the true level of silane on the
surface. The use of the functionalization technique with XPS is extended beyond the normal utility
reported in literature, as the probe molecules are quantified in terms of surface coverage in square
nanometers in this study [18, 19].
XPS analysis has its limitations as it only provides information on the amount of silane
present on a glass surface. For example, this study is also concerned with the adsorption of silane
molecules on glass surface; however, the technique does not always provide direct chemical
information about the formation of bonds during adsorption. While a shortcoming of the technique for
this system, the information gathered with XPS analysis can lead to the ability to propose the type of
adsorption. Computer simulations of interactions between a silane molecule and simulated dehydrated
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and hydrated surface reactive sites will augment the experimental work. It should show if the
interaction between silane molecules and the simulated surface sites is sterically and energetically
feasible. Other researchers have studied adsorption of organosilanes on silica surface with Density
Functional Theory (DFT)– based computer simulations, either with a dehydrated glass surface or with
the addition of water after artificially grafting the molecule to a reactive site [20-23]. Despite the
constraints in the previous studies, the outcome of their research showed that chemisorption on
silicon-based sites is stable in the presence of water, consistent with experimental results [24]. The
physisorption of silane molecules on dehydrated and hydrated glass surfaces has not been previously
explored by computer simulations.
Using the analytical methodology described above, this study facilitates an understanding of
the reactivity of multi-component glass surfaces. The experimental parameters include low and high
sodium-containing compositions at two different levels of hydration during the silanization process.
Glasses with only strongly-adsorbed interfacial water are designated to be in low-hydration state,
whereas glasses with bulk water on the surface are designated to be in high-hydration state.
Investigation of the effects of surface hydration has typically involved a completely dehydrated
surface or a surface with monolayer-level hydration. This study probes the effect of interfacial and
bulk water on silane adsorption, via vapor-phase and aqueous-phase silanization respectively. In a
larger context, information gleaned from aqueous-phase adsorption should indicate the manner of the
interaction of silane molecules with a glass surface during a water-based application in commercial
products. Vapor-phase silanization provides the information more attuned to the intrinsic glass
surface reactivity that has not been modified due to the presence of bulk water.
Two aspects of surface reactivity of glasses are discussed in this study. The first aspect is the
silanization of the glass surfaces and quantification of the extent of silanization of the glasses. The
second aspect is devising an analysis method of XPS data for determining the distribution of weakphysisorption, strong-physisorption and chemisorption sites upon various water-based surface
treatments. In addition, adsorption of silane molecules on simulated reactive sites on a glass surface is
explored by DFT-based computer simulations. The novelty of the simulation work is in the
physisorption of a silane molecule on a dehydrated and a hydrated glass surface comprising of
silanols and sodium-coordinated, non-bridging oxygen on silicon.
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2.2. Experimental procedure
2.2.1. Materials
2.2.1.1.
Glass substrates
Six different glass surfaces are used, either directly from the manufacturer or remelted in a
laboratory setting. Three of the glasses are low-sodium content: fused quartz (FQ) from Technical
Glass Products; alkaline-earth boroaluminosilicate glass (BASG) from Corning, NY; and a leached
surface of sodium boroaluminosilicate glass (L-NBAS) from Johns Manville, CO. sodium-rich
boroaluminosilicate glass (NBAS) was procured from Johns Manville, CO.
Of the four, two are used as formed by the manufacturer: fused quartz and BASG. NBAS
sample surface is created by remelting glass frit in a Pt-Au crucible at 1250 °C and pouring it onto a
stainless steel plate to quench the glass. The top surface is designated as the melt surface. This melt
surface is also used to create a leached surface by exposing the glass to pH 3 acidified water solution
at 50 °C for 24 hours.
The fresh melt surfaces are cleaned by UV ozone cleaning for 30 minutes. The other glass
surfaces are first rinsed with ethanol and then UV ozone cleaned for 30 minutes. If the glasses are not
used immediately after cleaning, they are vacuum sealed and stored at ambient temperature.
2.2.1.2.
Silane solution
Gamma-Glycidoxypropyltrimethoxysilane (99% purity) is purchased from Sigma Aldrich.
The silane solution is used without further dilution for silanization via Chemical Vapor Deposition.
The silane solution is stored in a glass vial with a septum cap, under an inert Nitrogen environment.
Silane solution for vaporization is extracted via needles through the septum cap. 3-GPS is hydrolyzed
prior to aqueous silanization. A 5 wt% 3-GPS dilution is created with water at pH 4.5 via acetic acid
inclusion and stirred for 1 hour at room temperature. The solution is clear after being stirred for one
hour. The complete hydrolysis of 3-GPS in pH 4.5 water occurs in approximately 40 minutes at room
temperature [25]. The silane solution is used immediately and disposed afterwards. Fresh solutions
are made for each batch of samples made on different days.
A schematic of the hydrolyzed silane molecule is shown in Schematic 2-1.
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Schematic 2-1. Fully hydrolyzed 3-GPS molecular configuration with DFT geometry optimization. The different
elements are represented by unique colors, where hydrogen is white, carbon is gray, oxygen is red and silicon is yellow.
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2.2.2. Silanization
2.2.2.1.
Aqueous silanization
Cleaned glass surfaces are incubated in 20 mL of 5 wt% 3-GPS solution at room temperature
for time periods between 5 minutes and 60 minutes. The surfaces are blown dry with N2 gas after
being removed from the silane solution prior to being heated at 120 °C in a gravity convection oven
for 1 hour to facilitate interfacial bonding.
2.2.2.2.
Vapor-phase silanization
A YES-1224P silane deposition system from Yield Engineering Systems (Livermore, CA) is
utilized for vapor-phase silane deposition. The system consists of a heated low-vacuum deposition
chamber with dimensions of 16 inches by 16 inches by 18 inches. The 3-GPS silane solution (as-sent)
is vaporized in a temperature controlled flask and introduced into the chamber via heated lines. The
software attached to the system allows precise control of the silane solution volume, temperature of
the chamber and time of exposure to the vapor-phase silane molecules.
Prior to insertion of pre-cleaned glass substrates into the low-vacuum chamber at 150 C, the
chamber is seasoned with the silane to allow coating over previous deposition. This step mitigates
cross-contamination with previous deposition processes. The system is purged to remove any
extraneous silane vapors. Once the substrates are placed within the chamber, the chamber is
evacuated to the base pressure of 0.2 Torr for the silanization step. 5 g of silane solution is vaporized
and introduced into the chamber for reaction times between 5 minutes and 60 minutes. Three purge
cycles are conducted after the silanization procedure is completed, followed by inclusion of nitrogen
gas to revert the chamber back to 760 Torr. The purge cycles are meant to remove residual silane
molecules from the chamber and promote sublimation of unreacted silane molecules from the
substrate surface.
2.2.3. Post-silanization surface treatments
2.2.3.1.
Water rinse
In this treatment, silanized glass surfaces are ultra-sonicated for 10 minutes in room
temperature DI water to remove weakly-adsorbed species on the surface. This step is followed by
blow-drying with N2 gas and heating at 120 °C in a gravity convection oven to dry the surface.
2.2.3.2.
Accelerated aging
In this treatment, the silanized glass surfaces are subjected to humid aging with exposure to
85% RH at 85 °C for a period of 24 hours. The surfaces are then rinsed for 10 minutes with room
temperature DI water to remove the weakly-bound adsorbed species from the surface. The surfaces
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are blown with N2 gas and heated at 120 °C in a gravity convection oven to remove the residual
water on the surfaces.
2.2.4. TFS functionalization
Here, the glass surfaces are functionalized with TFS, short for (3,3,3triflouropropyl)dimethylchlorosilane (Gelest, Morrisville, PA). The sample is heated to 160 °C for 16
hours under vacuum (10-3 Torr). After cooling the sample to 100 °C, it is placed in a Schlenk flask
with 1:25 dilution of TFS in toluene. Evacuation of the flask and purging with Argon is undertaken
prior to silanization. The silanization reaction occurs over 3 days at room temperature with constant
stirring. After 3 days, the sample is filtered under vacuum using dry toluene as a rinsing agent.
Finally, the surface is heated at 120 °C for an hour to sublimate physisorbed TFS. This procedure has
been implemented in prior studies to quantify the accessible isolated silanol content on multicomponent glass surfaces via F-19 MAS NMR [26].
2.2.5. X-ray Photoelectron Spectroscopy
A Kratos Analytical Axis Ultra spectrometer (Chestnut, NY) fitted with a monochromatic
AlKα (1486.6 eV) X-ray source is used to characterize the samples. To minimize charging of the
surface, samples with appropriately small lateral dimensions mounted with conductive carbon tape
and a low-energy electron flood gun are employed during acquisition. Survey scans and highresolution narrow binding energy range scans of the O 1s, Na KLL, Ca 2p, Mg KLL, K 2p, C 1s, B
1s, Si 2p and Al 2p peaks are conducted at 80 and 20 eV pass energies respectively. The binding
energies of all elements are corrected with the adventitious alkyl peak assigned binding energy of
284.6 eV.
The composition of the glass surface obtained by XPS analysis also contains carbon. As
carbon is not present within the glass, it is present as an overlayer on the surface. The attenuation of
the signal of the glass components due to the presence of the surface contamination layer can be
determined by utilizing a correction method detailed elsewhere [27]. The thickness of the
contamination layer is determined and incorporated into the equations for calculating the corrected
concentrations of the elements in the glass. The corrected concentrations are renormalized for
quantification in atomic per cent.
2.3. Computer simulations
All the simulations performed are based on Density Functional Theory (DFT) [28], taking
into account all the electrons, and using the combination of Becke’s three parameter exchange
functional and Lee, Yang and Parr’s correction to the local correlation potential (B3LYP) [29, 30], as
implemented in the Gaussian 03 software package [31]. A 6-311++g(d,p) split valence basis set
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including polarization functions and diffuse functions for heavy atoms is used, the largest available
amongst the Pople basis sets [32]. The usage of the basis set is deemed appropriate as it has been used
to study the conformation of the silane molecules of interest, 3-GPS [33] and silica-based cluster
groups [34, 35].
Prior to evaluating interaction of molecular clusters depicting surface reactive sites on glass
and adsorbates such as water and silane, individual molecular cluster are created. The molecular
clusters are initially formed by positioning atoms with bond distances found in literature and then
performing a relaxation to find the geometry with the lowest energy configuration.
The geometry optimization utilizes the Berny algorithm with Self Consistent Field (SCF)
cycles with a convergence threshold of 1E-8 Ha and a RMS force threshold of 3E-4 Ha/Ang. Zero
point energy (ZPE) and basis set superposition error (BSSE) correction for the structures in this study
is not implemented.
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2.4. Experimental results
2.4.1. Glass surface composition
The presence of adventitious carbon obfuscates the real glass composition due to attenuation.
Determination of the actual surface composition is conducted by the application of carbon overlayer
correction [27]. The carbon-corrected composition for each untreated glass is listed in Table 2-1.The
as-cleaned fused quartz substrate contains primary elemental components of silicon and oxygen. The
sum of the other elements is less than 6 at%, with approximately 4.5 at% from adventitious carbon
and trace quantities of sodium and magnesium. 1.1 at% of aluminum is also detected on the surface.
Upon consideration of the oxygen present in the adventitious carbon layer, the carbon-corrected
composition is more precise than without accounting for the carbon species bonded to oxygen. The
carbon-corrected values for oxygen, silicon and aluminum are 66.9, 31.4 and 1.2 at% respectively.
The carbon-correction of the composition obtained for BASG and L-NBAS is conducted similarly as
the thickness of the adventitious carbon layer is determined to be less than 0.2 nm thick. The lowsodium content glass surfaces are a model reference for determining the effect of surface hydration on
the adsorption of silane on glass without the presence of sodium ions.
The NBAS surface has primary elemental components of sodium, calcium and magnesium as
network modifiers and silicon, boron and aluminum as network formers. Similar to fused quartz, the
surface of the glass has a contamination layer on the surface, albeit with a different speciation of
carbon present. Apart from the alkyl and carbonyl groups, 20% of the carbon content is in the form of
carbonates. The formation of sodium carbonates on sodium-rich surface is well-established, and is
known to occur more quickly than calcium or magnesium carbonates [4]. Hence, the determination of
true surface composition of NBAS glass must be conducted with consideration of sodium carbonate
and oxygen associated with the contamination layer. The application of carbon-correction to the
acquired composition leads to an increase in the concentration of network formers and modifiers with
the exception of sodium. The lower level of sodium in the glass surface is due to the presence of
sodium carbonates on the surface, unassociated with the glass composition.
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Substrate

Surface treatment

O

Na

Ca

Mg

C

C-C

C-O

C-O3

Si

Al

Cleaned

63.5

carbon-corrected

66.9

Cleaned

62.6

1.5

0.3

carbon-corrected

65.9

1.6

0.3

Cleaned

68.0

0.1

carbon-corrected

69.1

0.1

Cleaned

56.4

10.6

3.4

1.0

carbon-corrected

59.6

9.8

3.8

1.1

B

0.4

0.1

4.4

2.8

1.3

0.3

30.2

1.1

0.4

0.1

31.4

1.2

22.3

5.6

3.0

23.2

5.8

3.1

30.1

0.4

30.4

0.4

17.1

1.8

4.6

18.8

2.0

5.0

Fused Quartz

4.6

2.6

1.5

0.5

BASG

L-NBAS (leached pH 3,
50C, 24h)

1.5

4.8

1.0

2.9

0.5

1.0

0.0

0.9

NBAS

Table 2-1. Atomic concentration of elements (XPS) on glass surfaces as-cleaned, rinsed in room temperature DI water for 10 minutes and exposed to accelerated aging at 85 C and
85% RH for 24 hours
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2.4.2. Modification of glass surface composition due to water and silanization
The elemental composition (at%) of the glass surfaces after carbon correction, with and
without surface treatments, is listed in Table 2-2. The as-cleaned glass surfaces are used as a
reference to compare surface modification with exposure to water and due to silanization procedure.
It is apparent that the composition of the low-sodium content glass surfaces (fused quartz, BASG and
L-NBAS) is not modified by washing with water or upon accelerated aging. Hence, it is assumed that
the silanization procedure will not have any effect on glass substrate surface composition. In addition,
the surface treatments of the low-sodium content silanized glasses also will not change the
composition of the glass substrate surface. Hence, analysis upon the surface treatments of these
silanized glasses can shed light on retention of silane molecule without the complication of changes to
the elemental composition of the glass surface.
Unlike the low-sodium content glasses, the NBAS surface undergoes modification upon
exposure to water including humidity. The change in surface composition of NBAS is an average
over the entire information depth (<10 nm) of the XPS technique. Upon the loss of sodium, calcium
and boron upon rinsing, the NBAS surface has higher concentrations of silicon and aluminum.
Further loss of sodium, calcium and boron is detected after the surface is exposed to accelerated aging
conditions. The apparent increase in silicon and aluminum is due to the renormalization of elemental
composition of the water-exposed surfaces where several components are lost. Hence, a more
accurate comparison can be made by normalizing the constituents of the glass to silicon and is listed
in Table 2-2. A loss of Na/Si, Ca/Si and B/Si ratios mirror the reduction observed in the elemental
composition of water-rinsed and accelerated aged surfaces. However, the Al/Si ratio does not change
upon exposure to water and indicates that aluminum is not removed. Due to the extraction of boron
upon water exposure, adsorption on boron is not considered to be hydrolytically stable. Therefore,
hydroxylated silicon and aluminum species are considered as the main adsorption sites.
A different surface treatment of the glass surface is undertaken to provide a baseline for
comparison on surface modification on NBAS upon application of the silane by an aqueous acidic
dilution. The modification of the NBAS surface after application of silane at pH 4.5 is simulated by
exposing the glass surface to a pH 4 water solution, acidified by sulfuric acid, for 1 hour. The
assumption is that the acidified water modifies the NBAS glass surface similar to the acidic silane
dilution. It is possible to determine the potential surface reactive sites for interaction between the
silane and the glass surface. Upon exposure to an acidic solution, the glass surface is heavily modified
[37, 38]. Carbon-correction of the glass composition is conducted where the sodium and oxygen
components of the contamination layer are accounted for, prior to correction. A consequent increase
in networks formers upon the loss of network modifiers is observed with the exception of boron,
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where boron is preferentially extracted at pH 4 [37, 39, 40]. As indicated, there is an appearance of an
increase in aluminum and silicon, but the change in the composition is merely a reflection of the
normalization of elemental composition with lower levels of network modifiers and boron. Hence, the
modification of the glass surface is better served by comparing the ratio of a specific element to
silicon as the siloxane network is not hydrolyzed under the specific acidic conditions implemented
here [37]. The aluminum and boron content prior to surface modification, upon normalization to
silicon, is 0.1 and 0.3. After the surface treatment, no change is observed in the normalized aluminum
content but near-complete loss of boron is detected. At the current levels of boron, it is disregarded as
an important surface reactive site for adsorption. Consideration of the amount of network modifiers
present after acid-treatment, all of the network modifiers are assumed to be associated with aluminum
[41, 42]. This implies that silicon on the surface is present primarily in the form of silanols.
To ascertain the possible adsorption sites for silane on glass, knowledge of the effect of the
silanization process on the glass surface composition is required. All glasses show an increase in
Carbon content after silanization which is assumed to be present above the surface as an overlayer
and not intimately mixed in the glass. No evidence of change in substrate surface composition after
silanization is detected on the two silica surfaces, fused quartz and L-NBAS (data not shown). The
Al/Si ratio does not change on the silanized glass after either silanization method. Similarly, apart
from attenuation of the elements in the glass due to presence of a carbonaceous overlayer, no change
in glass composition is observed for L-NBAS. The lack of surface modification upon silanization
mirrors the lack of change in glass composition upon water exposure. The surfaces of two multicomponent glasses, BASG and NBAS, are explored with a summary of compositional information
summarized in Table 2-3.
The BASG surface composition has been shown to remain unmodified by exposure to water.
Similarly, the two different silanization techniques, with duration of 60 minutes, cause no significant
change in glass composition (see Table 2-3), either at 150 °C and 0.2 Torr or with exposure to a pH
4.5 aqueous solution at room temperature. The only change observed is the appropriate level of
attenuation for the silicon, calcium, aluminum and boron signal in the glass by the carbon in the
overlayer (data not shown for calcium, aluminum and boron). No change is observed in the B/Si ratio
upon exposure to the acidic silane solution, even though boron is known to be extractable at pH 4.5
[37].
Upon vapor-phase silanization of NBAS, apart from an increase in carbon content, no change
in observed in Al/Si and B/Si ratio. Aqueous silanization promotes greater change in the glass
composition. A significant portion of the sodium and calcium content is removed from the NBAS
surface upon silanization. The elemental composition of the NBAS glass surface after aqueous
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silanization is similar to an acid-treated NBAS surface, indicating that surface modification and silane
adsorption occur simultaneously.

18

Substrate

Fused Quartz

BASG

Surface treatment

Na

As-cleaned

<1.0

Ca

Mg

Si

Al

B

Na/Si

Ca/Si

Al/Si

<1.0

32.1

1.2

0.4

Water rinsing

32.3

1.2

0.4

Accelerated aging

32.8

1.3

0.4

B/Si

As-cleaned

1.6

<1.0

23.9

5.9

3.2

<0.1

0.3

0.1

Water rinsing

1.5

<1.0

23.8

5.9

3.5

<0.1

0.3

0.1

Accelerated aging

1.4

<1.0

23.9

6.0

3.2

<0.1

0.3

0.1

As-cleaned

<1.0

30.6

<1.0

<0.1

<1.0

29.4

<1.0

<0.1

Accelerated aging

<1.0

32.6

<1.0

<0.1

As-cleaned

9.8

3.8

1.1

18.8

2.0

5.0

0.5

0.2

0.1

0.3

Water rinsing

3.4

2.5

<1.0

27.9

3.1

2.8

0.1

0.1

0.1

0.1

Accelerated aging

<1.0

2.3

1.5

25.8

2.9

<1.0

0.0

0.1

0.1

0.0

pH 4 (1 hour, 25 C)

2.1

<1.0

<1.0

26.5

2.8

<1.0

0.1

<0.1

0.1

<0.1

L-NBAS (leached pH 3, 50C, 24h) Water rinsing

NBAS

Table 2-2. Carbon-corrected atomic concentration of elements (XPS) on glass surfaces as-cleaned, rinsed in room temperature DI water for 10 minutes and exposed to accelerated
aging at 85 C and 85% RH for 24 hours
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Substrate
BASG

NBAS

Surface treatment
None
As-silanized

Vapor-phase
Aqueous-phase

Ctotal

Siglass
23.9

16.0
5.4

19.0
22.0

Na/Si

Ca/Si
0.1

Al/Si
0.3

B/Si
0.1

0.1
0.1

0.3
0.2

0.1
0.1

None

18.8

0.5

0.2

0.1

0.3

pH 4 DI water (1 hour at 25 C)

26.5

0.1

<0.1

0.1

<0.1

15.7
25.5

0.6
0.1

0.2
<0.1

0.1
0.1

0.2
<0.1

As-silanized

Vapor-phase
Aqueous-phase

13.0
7.0

Table 2-3. Elemental composition (at%, XPS) of as-cleaned and 60 minute silanized surface by aqueous- and vapor-phase silanization. The glass elemental ratio was obtained by
normalizing the specific element to the silicon content from the substrate. The silicon content from the glass was ascertained by removing the silicon component of the silane molecule.
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2.4.3. Estimation of surface hydroxyl coverage
The estimation of the surface coverage (/nm2) of hydroxyl sites is similar to that taken
elsewhere [43]. It is possible to estimate the surface coverage of NBO with a few assumptions. The
first assumption is that the bulk density of the glass is also the density of the glass near the surface.
With the carbon-corrected composition of the glass available in atomic percentage, the volume
occupied by a 100 atoms can be calculated by using the density of the glass and the molar weight of
the 100 atoms that comprise that volume. The following series of equations are utilized to calculate
the number of atoms of a specific element on the surface per square nanometer:
𝑀𝑊𝑔𝑙𝑎𝑠𝑠
𝑉=(
)
𝜌 ∗ 𝑛𝐴
Equation 2-1

#

𝑎𝑡𝑜𝑚𝑠
𝐿
=1+
𝑠𝑖𝑑𝑒
0.164

Equation 2-2

𝑋=

(#

2
𝑎𝑡𝑜𝑚𝑠
∗ 𝑥)
𝑠𝑖𝑑𝑒
𝑆𝐴

Equation 2-3

Where V is volume of a cube containing 100 atoms in nm3, MWglass is the molar mass of a
100 atoms comprising of the elements present in the glass composition and ρ is the bulk density of the
glass in g/nm3. The lateral area of a side (SA) and the length of the side (L) of the cube can be
calculated from the volume. Based on the calculated length of the cube of 100 atoms, the number of
atoms per side of the cube is calculated by Equation 2-2. The average covalent bond-length between
oxygen and a network forming element, based on the relative fraction of network formers in the
composition, is 0.164 nm. Finally, Equation 2-3 provides the number of atoms of a specific element X
per square nanometer by using the number of atoms per side, the atomic concentration of element (x)
and the surface area of the cube of 100 atoms. The results from this analysis are listed in Table 2-4.
Density of fused quartz and L-NBAS (assumption) is 2.2 g/cc, BASG is 2.34 g/cc and NBAS is 2.55
g/cc [44].
The second assumption is that every network forming element on the surface has three
bridging oxygen and has one NBO attached to it, oriented away from the surface. As seen in Table
2-4, using the total number of networking forming elements for each glass surface, the number of
NBO has been determined. The trend for the number of NBO follows: fused quartz > L-NBAS >
BASG > NBAS. The number of hydroxyls can be estimated by accounting for alkali and alkaline
earth elements present in the composition. Since fused quartz and L-NBAS have insignificant amount
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of modifiers, the hydroxyl count mirrors the NBO count. The value of OH/nm2 for both fused quartz
and L-NBAS determined by the estimation method is within 10% of 5 OH/nm2 [45]. The hydroxyls
on silicon, aluminum and boron are 93%, 6% and 1% respectively of the total –OH content on the
BASG surface. The estimated number of hydroxyls on BASG is higher than the experimentally
determined values by techniques such as TFS functionalization as the technique is unable to probe
reactive sites with strongly-adsorbed water (vicinal Si-OH, B-OH, Al-OH) [26].
The most significant difference between NBO and -OH occurs on NBAS. The reason for the
difference is the high levels of modifiers in the glass composition. Accounting for the modifier ions,
the number of hydroxyls per square nanometer is approximately 56% of the NBO present on the
surface. However, as the network modifiers can be extracted in the presence of water, the number of
NBO and surface hydroxyls change when the NBAS surface is rinsed. Indeed, the impact of the loss
of sodium is evident in the 110% increase in the numbers of NBO on the surface. As aluminum and
boron are known to coordinate with sodium more strongly than silicon and based on the number of
network modifiers present, it is inferred that all of the existing modifiers are coordinated to boron and
aluminum. Hence, all of the hydroxyls on the NBAS surface are considered to be silanols. As rinsing
of the glass surface does not remove all the network modifiers, the number of hydroxyls are slightly
lower than number of NBO. After the accelerated aging treatment, the NBAS surface is
predominantly populated with silicon sites in the form of silanols. The lower amount of silicon in
comparison to the rinsed surface is attributed to the normalization with higher levels of oxygen.
In contrast, there is no change in the number of NBO and hydroxyls on the low-sodium
content surfaces as there is no change in the glass composition upon rinsing (see Table 2-2).
Therefore, listing the results of rinsing of the low-sodium content surfaces is deemed redundant. The
surface coverage of hydroxyl content on the multicomponent glass surfaces determined with the
theoretical approach falls within the range determined by other authors [4, 46, 47]. The estimated
coverage of available surface hydroxyls on the various glass surfaces will be utilized in the discussion
section. It will be used in conjunction with the number of silane molecules present on the respective
surfaces to quantify the number of accessible reactive sites on each glass surface.
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Substrate

Treatment

O/nm2

Fused Quartz

As-made

21.3

BASG

As-made

20.6

L-NBAS (leached pH
3, 50C, 24h)

NBAS

As-made

Na/nm2

Ca/nm2

<0.1

23.1

Si/nm2

Al/nm2

5.0

<0.1

2.8

0.2

B/nm2

0.1

4.6

NBO/nm2

OH/nm2

5.0

5.0

3.0

3.0

4.6

4.6

As-made

17.5

0.5

0.1

1.7

<0.1

0.1

1.8

1.0

rinsed

17.5

0.1

<0.1

3.8

<0.1

<0.1

3.9

3.8

Accl. Aged

21.5

<0.1

<0.1

3.3

<0.1

<0.1

3.3

3.2

Table 2-4. The surface coverage of network-modifiers, network-formers, NBO and hydroxylated sites per square nanometer. These are the results obtained from Equation 2-3.
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2.4.4. Methodology for determination of extent of silanization
XPS survey spectra of hydrolyzed 3-GPS on gold, unsilanized fused quartz and silanized
fused quartz are shown in Figure 2-1a. The three major elemental components on the glass surface are
oxygen, carbon and silicon. The representative ratio of oxygen, carbon and silicon are different for 3GPS when compared to substrate, as seen in Table 2-5. The ratio of O:Si:C for the silane, unsilanized
fused quartz and silanized fused quartz is approximately 30:60:10, 65:30:5 and 60:30:10 respectively.
Figure 2-1b shows the C 1s peak envelope of infinitely thick hydrolyzed silane layer, unsilanized
fused quartz and silanized fused quartz upon 5 minutes of vapor-phase silanization. Every sample has
C 1s components from alkyl (C-C) species at 284.6 eV and carbonyl (C-O) species at 286.4 eV. The
as-cleaned surface has a nominal level of carbon presence of the surface as the glass is handled in
ambient atmosphere for a few minutes after cleaning, prior to XPS analysis. The proportions of
carbonyl and alkyl species in the silane molecule and uncoated fused quartz are clearly unique. The
observed ratio is 1.1 for 3-GPS and 0.5 for adventitious carbon on fused quartz. The observed ratio of
carbonyl to alkyl ratio of 1.1 differs from the theoretical ratio of 2.0, due to the deposition of
adventitious carbon on the surface. The speciation of the adventitious carbon on the 3-GPS surface is
assumed to be similar to that on as-cleaned fused quartz, as the working environment is the same.
Any change in the carbon concentration on the glass surface after silanization can be further
examined for speciation indicative of the silane molecule. The adventitious carbon is assumed to
desorb at low vacuum and high temperatures. Indeed, an increase of 100% in carbon concentration on
the surface is observed, with a change in speciation. Significant increase in the carbonyl to alkyl ratio
is evident, from 0.5 to 1.3. The atomic concentration of carbon in alkyl form increases to 3.8, while
the carbonyl species increase to 4.8 from 1.3 on the uncoated glass. If the entire contribution of
carbonyl species is assumed to be from the silane molecule, then the alkyl component from the silane
molecule on the surface amounts to 2.4. The difference of 1.4 is attributable to adventitious carbon on
the surface. Based on the number of carbonyl atoms, it is possible to quantify the number of silane
molecules per unit area of the XPS analysis region. It is concluded that 5 minutes of vapor-phase
silanization leads to 1.2 silane molecules per unit area in the analysis region in the overlayer.
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Oxygen

CVD (5m) on Fused Quartz

Silicon

Carbon

CVD (5m) on Fused Quartz
Uncoated Fused Quartz
Hydrolyzed 3-GPS

Oxygen

Uncoated Fused Quartz

1:2 (scaling)
Silicon

Carbon

1:1 (scaling)
Oxygen

Hydrolyzed 3-GPS
Carbon

1:6 (scaling)
Silicon

500

400

300

200

Binding Energy (eV)

100

C-O
290

289

288

287

286

C-C
285

284

283

282

Binding Energy (eV)

Figure 2-1. XPS survey scan (a) and high-resolution carbon 1s scan (b) of hydrolyzed 3-GPS silane on gold, cleaned fused quartz substrate and vapor-phase silane coating with
silanization time for 5 minutes. The x-axis is binding energy (eV) and the y-axis is arbitrary intensity. The survey spectra have not been normalized. The C1s spectrum for hydrolyzed 3-GPS
is normalized by a factor of 6 to allow visual comparison to the other high resolution spectra.
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Knowledge of the number of silane molecules detected allows for determination of silane
fraction within the carbonaceous layer of the surface. The amount of carbon from 1.2 silane
molecules is a combination of carbonyl speciation at 4.8 at% and alkyl speciation at 2.4 at% and
totals 7.2 at%. When the carbon content from the silane molecules is normalized to the total carbon
content detected on the surface, in this case 9.3 at%, the silane fraction is 76%.
A closer inspection of the silanized glass composition indicates a change in the amount of
silicon and aluminum from the unsilanized glass surface, after the composition is corrected for
adventitious carbon [27]. The FWHM of the Si 2p peak is reduced by less than 0.1 eV after
silanization, which is smaller than the resolution of the technique. While a low binding energy
asymmetry is observed in the Si 2p peak on silanized glass, component deconvolution of 1.2 atoms of
Sisilane to 30.2 atoms of Siglass was not attempted. The Si 2p peak is attenuated by the silane molecules
as Siglass changes from 31.4 to 29.4 at%. The silicon concentration includes the 1.2 at% silicon from
the silane.
∞
𝐼𝑜𝑣 = 𝐼𝑜𝑣
𝜃 [1 − 𝑒

−(𝑑⁄𝜆 )
𝑜

]

Equation 2-4
∞
𝐼𝑠𝑢𝑏 = 𝐼𝑠𝑢𝑏
[(1 − 𝜃) + 𝜃𝑒

−(𝑑⁄𝜆 )
𝑠

]

Equation 2-5
𝐼𝑜𝑣
=
𝐼𝑠𝑢𝑏

∞
𝐼𝑜𝑣
∞
𝐼𝑠𝑢𝑏

𝜃 [1 − 𝑒

−(𝑑⁄𝜆 )

[(1 − 𝜃) + 𝜃𝑒

𝑜

]

−(𝑑⁄𝜆 )
𝑠

]

Equation 2-6
θ and d are overlayer coverage and thickness respectively. λo and λs are inelastic mean free
paths (IMFP) of the photoelectrons from a specific element from the overlayer and substrate
respectively. The IMFP of carbon and silicon is 3.01 nm and 3.23 nm respectively [14]. Iov and Iov∞
are the atomic concentration of a specific element in the thin overlayer and infinitely thick overlayer,
respectively. Isub and Isub∞ are the atomic concentration of a specific element in the coated substrate
attenuated by the overlayer and uncoated, pristine surface, respectively [48].
There are two approaches to calculate thickness and coverage. Equation 2-4 calculates the
thickness and coverage based solely on carbon. It involves the carbon concentration of an infinitelythick overlayer and the IMFP of carbon 1s photoelectron through an organic medium. The value of
Iov∞ is calculated by a thick film of hydrolyzed and heat-treated 3-GPS. Since the carbon
concentration on the sample is known, coverage and thickness can be varied to arrive at the correct
combination that provides the experimental value of carbon. The results are shown in Table 2-6,
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where the constraints of the monolayer model are 0 < coverage ≤ 1 and 0 nm < thickness ≤ 0.85 nm.
This is the simplest approach as it does not depend on the glass composition. Variation of coverage
and thickness for the silane layer after 5 minutes of vapor-phase silanization leads to coverage of 1.0
with thickness of 0.48 nm.
The thickness and coverage can also be calculated by Equation 2-5 via the attenuation of the
elements in the glass substrate through an organic medium. The value of Isub∞ is calculated from a
control substrate that has been corrected for adventitious carbon. Equation 2-6 is a ratio of Equation
2-4 and Equation 2-5 that mitigates the variability due to sample or instrumental parameters by
utilizing the atomic concentration ratio of an element from the overlayer and substrate. The Si:C and
Al:C ratio can be used to determine coverage and thickness. The silicon signal utilized in this method
has been corrected for silicon contribution from silane, after the assumption that the entire carbonyl
speciation is related to the silane molecule on the surface. The Si:C and Al:C ratio also results in
complete coverage with thicknesses of 0.45 nm and 0.46 nm respectively. The thicknesses acquired
by this method are within the error of ±0.02 nm as determined by error in the compositional analysis,
upon comparison to values from the carbon calculation. The similarity in the values of thickness and
coverage obtained by Si:C, Al:C and carbon confirms that it is acceptable to assume the carbonyl
speciation observed to be completely from the silane molecule, validating the prior approach for
estimating theoretical attenuation of elements in the glass by the silane overlayer.
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At %
Substrate
Gold

Fused
Quartz

Overlayer

C-O/C-C
Oxygen

Silicon

Aluminum

Carbon

C-C

C-O

3-GPS (hydrolyzed)

27.5

9.8

-

61.8

28.9

32.9

1.1

Corrected for
contamination

66.3

32.1

1.2

-

-

-

-

As-measured

63.5

30.2

1.1

4.4

2.8

1.3

0.5

Vapor-phase (5m)

59.1

29.5

1.1

9.3

3.8

4.8

1.3

#
Silane /100
atoms

Silane
%

Thickness
(nm)
Overlayer

8.2

1.2

d=0.3 nm

6.0

1.0

d=0.85 nm

15.5

2.6

76

0.48

Simulated
Table 2-5. Atomic concentration of elements (XPS) for hydrolyzed 3-GPS on gold and fused quartz by vapor-phase adsorption for 5 minutes without surface treatments. Also
included are the raw and carbon-corrected compositions of fused quartz. The simulation of the number of silane molecules are conducted by using Equation 2-4.

Glass

Sample
Oxygen

Fused
Quartz

bare
surface
5m (vaporphase,
unrinsed)

At %
Carbo
n
Silicon

Aluminu
m

Coverag
e

Carbon

Thickness (nm)
Aluminum/Carbo
Silicon/Carbon
n

66.9

-

31.4

1.2

-

-

-

-

59.1

9.3

29.5

1.1

1.0

0.48

0.45

0.46

Table 2-6. Atomic concentration of elements (XPS) for silane coating on fused quartz by vapor-phase adsorption for 5 minutes without surface treatments. Also included, the
carbon-corrected composition of fused quartz. The thickness and coverage of silane layer is calculated by using Equation 2-6.
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2.4.5. Extent of silanization as a function of glass composition and silanization technique
The simulated elemental concentration of carbon for films with complete coverage at two
thicknesses (0.85 nm and 0.30 nm) using Equation 2-4 is shown in Table 2-5. Thickness of 0.85 nm
and 0.3 nm relate to surface-normal and surface-parallel configuration of the 3-GPS molecule [49].
The simulated carbon concentration for a layer thickness of 0.3 nm and 0.85 nm is 6.0 at% and 15.5
at% respectively, where the carbon signal is assumed to be solely from silane molecule. Therefore,
there are 1.0 and 2.6 silane molecules per unit analysis area for surface-parallel and surface-normal
configurations (the hydrolyzed 3-GPS molecule has 6 carbon atoms). Conversion of the number of
silane molecules to surface coverage per square nanometer by normalizing to estimated surface area
of the analysis region results in 0.8 and 2.0 3-GPS/nm2 for surface-parallel and surface-normal
monolayer configurations respectively. A determination of the areal density of a hydrolyzed silane
molecule has been conducted elsewhere, where, coverage is determined to be in the range of 2.5 to
3.0 silane molecules per square nanometer [50]. The aforementioned study involves small silane
molecule such as methylsilanes. Therefore, the lower silane coverage of 3-GPS can be considered to
be deterministic of the increased complexity of the organic chain attached to silicon in the silane
molecule as it determines silane-to-silane steric interactions. A silanized surface is considered to
have sub-monolayer coverage if the number of silane molecules per square nanometer is less than 0.8.
Surfaces with silane molecules between 0.8 and 2.0 per square nanometer have complete coverage
with disordered average configuration of the silane molecule, ranging from surface-parallel to
surface-normal. Silane molecules exceeding 2.0 per square nanometer is evidence for multilayer
adsorption.
Figure 2-2 contains the compilation of the surface coverage of silane molecules observed on
fused quartz, L-NBAS, BASG and NBAS after 60 minutes of silanization. The surface coverage is
determined by normalization of the number of silane molecules to the lateral surface area during XPS
analysis, as calculated in a previous section. When considering both silanization procedures, the trend
of the surface coverage as a function of glass composition is the same. The trends upon vapor-phase
silanization are considered first. The surface coverage of as-silanized surfaces follows the trend: LNBAS> BASG>fused quartz>>NBAS. Whereas, the trend for water-rinsed surfaces: L-NBAS>>
BASG>>fused quartz>>NBAS. The surface coverage of silanized glasses after accelerated aging
follows the trend: L-NBAS>>BASG≈fused quartz>NBAS. The differentiation of surface coverage of
silane layer as a function of glass composition upon aqueous silanization and after the various surface
treatments is minimal.
Whereas the low-sodium content surfaces depict large variation in surface coverage of silane
based on silanization technique, the change in coverage for NBAS is significantly smaller by
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comparison. However, the surface coverage of silane is non-trivial, and therefore, silane is determined
to be adsorbed on the NBAS surface. Also, a portion of the adsorbed silane molecules on NBAS is
retained after various water treatments.
Silanization of fused quartz and BASG is also conducted with (3, 3, 3trifluoropropyl)dimethylchlorosilane (TFS) adsorption with an anhydrous solvent [26]. The TFS
silanized glass surfaces are analyzed by XPS using the same analysis conditions as that for 3-GPS
silanized surfaces. Quantification of the surface composition for fused quartz and BASG shows that
there are approximately 0.6 TFS molecules per square nanometer on both of the surfaces. The number
of molecules is calculated by normalizing the amount of Fluorine detected on the surface by the
number present natively in TFS.
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3.0

Processing
As-silanized
Water rinsed
Accelerated aging

Silanization procedure
Vapor-phase
Aqueous

3-GPS molecules (/nm2)

2.5
Surface
normal

2.0

Glass
1.5

1.0

Surface parallel
# TFS molecules

# TFS molecules

0.5

Glass

0.0
Fused Quartz

L-NBAS

BASG

NBAS

Substrate
Figure 2-2. Surface coverage of 3-GPS molecules per nm2 on the surfaces of fused quartz, L-NBAS, BASG and NBAS after 60 minutes of silanization. The surface coverage of
TFS molecules on fused quartz and BASG were determined with identical analytical conditions.

31

2.5. Computer simulation results
In this section, molecular simulations of the interaction between a silane molecule and
surface reactive sites are conducted. Chemisorption of a silane molecule is known to occur on isolated
hydroxyl sites on glass surfaces by condensation reaction to form a surface ester with evolution of a
water molecule. Chemisorption has been shown to be thermodynamically stable elsewhere and will
not be part of the simulations in this section [21-23]. Physisorption of small organic molecules on
glass clusters has shown that hydrogen bonding interactions are energetically favorable [36, 51-55].
However, physisorption of silane molecules on glass surfaces with computer modeling has not been
previously studied and is the focus of the simulation study here. Physisorption of silane molecules on
silica and NBAS surface is simulated using a model glass cluster for the surface reactive sites and
desired adsorbates, namely water and a silane molecule.
2.5.1. Method
Prior DFT-based research on silane interaction with glass surfaces, namely silica, have been
undertaken using a smaller basis set of 6-31+g(d,p) [23]. The current study supersedes the reliability
of the interaction energies obtained by previously-mentioned research by the use of a larger basis set
with more diffuse functions (6-311++g(d,p)). The results in the current study should also be more
reliable by the use of glass cluster groups with -OH terminal species that better reflects a glass surface
than clusters terminated by -H. The smallest cluster groups for the glass are not immediately
terminated by –OH after the first neighboring element, but rather after attachment of another Q1
tetrahedron [56]. The smallest glass cluster utilized is shown in Schematic 2-2a, and the optimized
structure of fully hydrolyzed 3-GPS is shown in Schematic 2-1. The process of optimization of
different clusters interacting together will be described with each case study. Unless otherwise stated,
each cluster is optimized individually prior to being arranged to allow inter-cluster interactions. The
glass cluster groups are considered to mimic the lower energy of reactive sites on a melt surface when
compared to fracture surface, as the clusters are allowed to reach an equilibrium state upon energy
minimization.
∆𝐸𝑖𝑛𝑡 = 𝐵𝐸(𝑝𝑟𝑜𝑑𝑢𝑐𝑡) − 𝐵𝐸(𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠)
The energy of interaction (ΔEint) between the adsorbate species and the glass cluster is
calculated by subtracting the binding energy (BE) of the optimized reactants from the optimized
product [20]. For example, interaction energy of one water molecule with a glass cluster is
ascertained by adding the binding energy of one water molecule and the glass cluster, when optimized
separately, and subtracting that value from the binding energy of the optimized product. If the energy
of the product is less than the reactants, the interaction between the two groups is confirmed.
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The reliability of the results obtained by the B3LYP/6-311++g(d,p) basis set is verified by
analyzing the interaction energy and optimized geometry of a water dimer (not shown). The
interaction energy of the water dimer of -24.39 kJ/mol due to hydrogen bonding is determined to be
within 10% of accepted experimental value -22.76 kJ/mol [57], and within 15% of the other DFTbased calculations of -21 kJ/mol [58]. The geometry of the water dimer determines that the value of
oxygen to oxygen separation is 2.902 Å, compared to the DFT-based accepted value of 2.912 Å [58].
Zero point energy (ZPE) and basis set superposition error (BSSE) correction for the structures
in this study is assumed to be insignificant as the energetics and structural parameters of the cluster
interactions of water with isolated (Q3_w1 in Table 2-7) and geminal (Q2_w1 in Table 2-7) silanols
are consistent with other studies that have implemented ZPE and BSSE corrections [36]. Furthermore,
as interaction energies of cluster groups are calculated by the difference in the absolute energy of
each individual cluster, the BSSE and ZPE errors are considered to be nullified.
2.5.2. Glass surface model clusters
Prior to studying the interaction of the silane molecule with the glass surface, the glass
surface is modeled with simple cluster formation to mimic individual surface reactive groups on silica
and NBAS based on expected adsorption of water, adsorbates and silanes [4, 59-66]. The composition
of the top 10 nm of the glass surface, before functionalization, is presented in Table 2-1. Silica-type
surfaces are considered to only have silicon-based reactive sites: isolated, geminal and interacting
silanols. The NBAS glass surface is rich in network modifiers such as sodium and calcium. These
modifiers charge balance the NBOs on silicon, aluminum and boron. NBAS has a higher proportion
of silicon than aluminum and boron. The main surface reactive sites of interest for the cluster
simulations are considered to be silicon, boron and aluminum.
Some of the possible surface sites on the silica are isolated silanols (Q3), geminal silanols
(Q2), interacting silanols (Q2-int). NBAS surface is considered to contain primary sites of NBO
coordinated to sodium on aluminum (Al-4c_Na), silicon (Q3_Na) and boron (B-4c_Na). Cluster
models simulate the surface sites as illustrated in Schematic 2-2. The calculated structural parameters
are listed in Table 2-7 with the designation of w0. The Si-NBO bond length for Q2 is symmetrical at
1.664 A, with the hydroxyls in gauche conformation. In the Q2_int cluster group, the Si-NBO bond
length is asymmetrical at 1.658 and 1.627 A, due to hydrogen bonding between the two Q2 groups.
All of the structural parameters or Q3 and Q2 clusters are in excellent agreement with prior studies on
DFT-based cluster calculations of silica surface reactive sites [55, 67]. The structural parameters of
the sodium coordinated NBO on silicon, aluminum and boron vary from silica clusters. The bond
length between Si-NBO, Al-NBO and B-NBO is 1.565, 1.827 and 1.462 Å respectively. The distance
between NBO and sodium on silicon, aluminum and boron is 2.148, 2.470 and 2.313 Å respectively.
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The bond lengths within the range reported elsewhere [68, 69]. The bond length of NBO and attached
network former differs by approximately 5% from bond length of BO and network former.
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Schematic 2-2. DFT-based geometry optimization of terminal reactive species on glass after energy minimization
using B3LYP/6-311++g(d,p) basis set. The different elements are represented by unique colors, where hydrogen is white,
oxygen is red, sodium is purple, silicon is yellow, aluminum is pink and boron is soft pink.
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r(NBO-Hg/Na)

r(NBO-Si/Al/B)

0.960

1.631

0.975

1.618

0.960 (0.960)

1.664 (1.664)

0.974 (0.961)

1.621 (1.664)

0.962 (0.973)

1.658 (1.627)

0.984 (0.978)

1.648 (1.624)

2.148

1.565

2.295

1.565

2.470

1.827

3.573

1.820

2.313

1.462

2.471

1.466

r(Ow-Hg/Na)

ΔEint

1.873

-38.2

1.900

2.015

-41.1

2.039

1.798

-48.9

1.678

2.240

-85.4

1.676

2.214

-149.0

1.951

2.289

-61.1

r(NBO-Hw)

Table 2-7. Structural parameters in Angstroms and interation energies in kJ/mol for clusters in Schematic 2-2 and Schematic 2-3, determined from B3LYP/6-311++g(d,p)-based
DFT optimization. The values in parentheses for Q2 and Q2_int are for the second set of primary terminal bonds.
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2.5.3. Water as a probe for assignment of hydrophobic and hydrophilic surface sites
It is important to ascertain the surface reactive sites that can be involved in direct interaction
with a silane molecule. Determination of the strength of interaction of water with the proposed
surface reactive sites leads to assignment of hydrophobicity and hydrophilicity. Such determination is
based on the latent heat of liquefaction, -44 kJ/mol, whereupon if the interaction strength is lower
than that, the site is considered hydrophobic [70, 71]. The structural parameters of the surface reactive
groups along with hydrogen-bond lengths and interaction energy of water with the surface cluster is
summarized in Table 2-7 (designation w1). For all four interactions depicted in Schematic 2-3 , the
starting point of the cluster group involves placement of a single water molecule approximately 5 Å
from the terminal reactive site of interest.
The hydroxyl on Q3 cluster behaves as a proton donor to the oxygen on the water molecule,
with a hydrogen bond length of 1.873 Å. The hydrogen on the water molecule is also associated with
the bridging oxygen attached to the terminal silicon atom with a hydrogen bond length of 2.208 Å.
The interaction strength of the water molecule with the Q3 site is calculated to be -38.2 kJ/mol, and
therefore the site is considered to be weakly-hydrophobic [55].
The interaction of water with the terminal hydroxyls on Q2 is similar to Q3. The primary
interaction is with the hydroxyl behaving as a proton donor to the oxygen on water, while the
secondary interaction is with the hydroxyl as a proton-acceptor. The hydrogen bond length of the two
interactions is 1.900 Å and 2.015 Å respectively. The hydrogen bonding in the primary interaction is
weaker than the interaction of water on Q3. The secondary interaction is weaker than the primary
interaction. This assessment is based on the hydrogen bond length. The interaction strength of the Q2
site with water is marginally higher than the Q3 site, at -41.1 kJ/mol. Hence, the Q2 site is also
considered to be weakly hydrophobic. Other researchers have also shown that the activity of Q3 and
Q2 with water sorption is similar [55]. Therefore, going forward, the Q3 site will be considered as the
primary site to illustrate interfacial bonding with the assumption that the Q2 site will behave in the
same manner. Such an assertion has basis in experiment [72, 73].
The manner of interaction of a single water molecule with interacting silanols (Q2_int) is
qualitatively similar to a Q2 cluster. The water molecule behaves as a proton donor and acceptor, with
the hydrogen bond lengths of the former mode and latter mode at 2.039 Å and 1.798 Å respectively.
The interaction energy of the water molecule with the Q2_int cluster is -48.9 kJ/mol and thereby
considered to be a hydrophilic site. The increase in interaction energy, when compared to a Q2
cluster, is commensurate with the decrease in hydrogen bond length between the oxygen in the water
and the hydrogen in the hydroxyl species (1.798 Å vs 1.900 Å). For the remainder of the study, this

36

37
cluster is not considered to be able to directly interact with the silane due to the presence of stronglyphysisorbed water.
The strongest interaction of the water molecule is with the Al-4c_Na cluster. The water
molecule is a proton-donor to the NBO on aluminum, with a hydrogen bond length of 1.676 Å. The
interaction energy of the water molecule is calculated to be -149.0 kJ/mol. The hydrogen bonding on
one water molecule to the Q3_Na cluster leads to interaction energy of -85.4 kJ/mol and hydrogen
bond length of 1.678 Å. The weakest interaction of water with a sodium-coordinated site is on boron
with interaction energy of -61.1 kJ/mol and hydrogen bond length of 1.951 Å. Based on interaction
energies of a water molecule with sodium-coordinated sites, they are considered to be strongly
hydrophilic. Similar to the Q2_int cluster, these clusters are not considered to be able to interact with
the silane molecule directly due to the presence of strongly-physisorbed water.
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Schematic 2-3. DFT-based geometry optimization for the cluster groups of a water molecule and terminal reactive
species on glass after energy minimization using B3LYP/6-311++g(d,p) basis set. The hydrogen bonds are indicated by
dashed blue lines. The different elements are represented by unique colors, where hydrogen is white, oxygen is red, silicon
is yellow, aluminum is pink and boron is soft pink.
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2.5.4. Interaction of a silane molecule with a hydrophobic surface site
DFT-based calculations were conducted for potential configurations of direct interaction of
the silane molecule with hydrophobic Q3 sites on a glass surface. The configuration of the 3-GPS
molecules adsorbed on silicon substrates has been shown to be surface-normal with the siloxy end
adhered to the surface upon full coverage with a thickness of 0.85 nm [74, 75]. The same study also
showed thicknesses below 0.3 nm for low coverage of silane molecules. DFT study of a silane
molecule grafted on a silica-cluster has been shown to have surface-parallel configuration, with a
layer thickness of 0.3 nm [22]. In the current study, the energetics of a few different configurations of
the 3-GPS molecule on a representative silica-based silanol cluster is probed [34]. Traditional
configuration of siloxy-end of the hydrolyzed silane molecule interacting with the surface hydroxyls
is taken with both surface-normal (SIL↑) and surface-parallel (SIL→) configurations. The final
configuration inquires about the possibility of the epoxy ring interaction with the surface hydroxyl
(SIL↓). All three configurations are shown in Schematic 2-4. The cluster group optimization approach
simulates the interaction of a single molecule with non-interacting silanols on a silica surface.
The energy of interaction for SIL→, SIL↑ and SIL↓ configurations is calculated to be -76.8
kJ/mol, -51.9 kJ/mol and -39.9 kJ/mol respectively. Both SIL→ and SIL↑ configurations are more
favorable than SIL↓. Within the former two configurations, SIL→ is more favorable than SIL↑. From
the geometry of the optimized structure of SIL↓, the epoxy ring and hydroxyl interaction is a single
hydrogen bond. SIL↑ has three hydrogen bonds and SIL→ has four hydrogen bonds between the
silane molecule and the glass cluster. However, the SIL→ configuration allows hydrogen bonding to
three different surface hydroxyls on the surface. In contrast, the SIL↑ configuration allows for
interactions with two hydroxyl groups. While the bond length of the hydrogen bond between the
epoxy ring and surface hydroxyl at 1.725 Å is the smallest in the three scenarios, the single
interaction cannot offset the reduction in energy afforded by three interactions. The bond lengths in
the SIL↑ configuration are between 1.813 and 2.325 Å. The range of bond lengths of 1.849 Å to 1.950
Å in the SIL→ configuration is the smallest and, thereby, the hydrogen bonds are considered to be
stronger than in SIL↑. This difference in interaction energy due to bonding with unique hydroxyls and
smaller bond lengths determines SIL→ as the most favorable configuration during low coverage. The
most unlikely interaction is the surface-normal configuration of the silane molecule with epoxy ring
near the glass surface, SIL↓.
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Schematic 2-4. DFT-based geometry optimization for SIL↑ (top left), SIL→ (top right) and SIL↓ (bottom)
configurations after energy minimization using B3LYP/6-311++g(d,p) basis set. The hydrogen bonds are indicated by
dashed blue lines. The different elements are represented by unique colors, where hydrogen is white, carbon is gray, oxygen
is red, and silicon is yellow.
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2.5.5. Interaction of a silane molecule with a hydrated, hydrophilic silanol site
The adsorption of the 3-GPS molecule on strongly-adsorbed water is investigated by DFTbased cluster calculations and the energy of interaction and partial mulliken charges are listed in
Table 2-8. The glass cluster utilized for this case study is Q2_int, as depicted in Schematic 2-2c.
Upon exposure to the ambient atmosphere, water from moisture in the air condenses on the site with
interacting silanols due to the hydrophilic nature of the site. To simulate the adsorption of water on
the site, 7 water molecules are positioned over the cluster and allowed to relax by energy
minimization. The water molecules form a monolayer (0.3 nm) above the site, as seen in Schematic
2-5a [76, 77]. There are 5 water molecules interacting directly with the site and 2 water molecules
interacting solely with adjacent water molecules by hydrogen bonding. The hydrogen bond lengths
vary from 1.617 Å to 2.404 Å. The interaction energy of the 7-water cluster with the glass cluster is
calculated to be -346.4 kJ/mol, which equates to average interaction energy of -49.5 kJ/mol per water
molecule. The average interaction energy equates to the energy of water in ice-like configuration,
determined to be approximately 50 kJ/mol for latent heat of sublimation of ice [78]. Furthermore, a
partial charge transfer of 0.08 mulliken takes place from the glass cluster to the water monolayer.
Upon consideration of the partial charge transfer and interaction energy of the two cluster groups,
chemical interaction between the two groups is confirmed [21, 22].
The interaction between the strongly-adsorbed water monolayer and one 3-GPS molecule is
revealed by positioning the silane molecule above the water monolayer and allowing the cluster
groups to relax. The final optimized structure of the interaction is depicted in Schematic 2-5b with the
perspective of the cluster groups with silane reflecting the optimized structure of water monolayer on
the site. A cursory glance at the structure indicates the stability of the interfacial water structure,
where the silane molecule is interacting with the adsorbed water with three anchor points. The silane
molecule has three hydrogen bonds to the water molecules underneath it with the hydrogen on two of
the Si-OH species and oxygen on one of the Si-OH species interacting with corresponding oxygen
and hydrogen on three water molecules. The hydrogen bond lengths between the silane molecule and
water range from 1.835 Å to 1.934 Å. Clearly, there is no direct interaction between the silane
molecule and the glass as the water monolayer acts as a proxy to facilitate interaction between the
glass surface and the silane molecule. This conclusion can be made based on the transfer of partial
charge between the glass surface, water monolayer and the silane molecule. The partial charges on the
molecular cluster groups of glass, water and silane are 0.05, -0.04 and -0.01 respectively. The transfer
of partial charge is evidence for chemical interaction.
The interaction energy of the water monolayer and the silane molecule along with the glass
cluster totals -414.6 kJ/mol. Accounting for the interaction energy of the 7 water molecules on the
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glass cluster, the interaction energy between the silane molecule and the water monolayer is -68.2
kJ/mol. In fact, the energy of interaction for a silane molecule hydrogen-bonded to strongly-adsorbed
water is greater than that of the silane molecule hydrogen-bonded to a Q3 site in upright configuration
(-51.9 kJ/mol). However, if the Q2_int cluster is not hydrated, the interaction energy between the
silane molecule and the Q2_int cluster is -75.5 kJ/mol (not shown). Hence, the interaction between
the silane molecule and strongly-adsorbed water can be considered to have intermediate adsorptive
strength.
The closer look in the interaction between a silane molecule and water molecules reveals
subtle changes in the interfacial water structure, where evidence for confinement of water is observed.
The bond lengths between the water molecules with direct interaction with silane molecule and those
without are reduced in the range of 5 to 10%. The oxygen to oxygen distance for the three water
molecules interacting with the silane molecule is reduced by 5% upon adsorption of silane. In
contrast, no significant change is observed for hydrogen-bond lengths of interaction between water
molecules and the silanols on the glass cluster. The perturbation in the water monolayer occurs with
the water molecules that do not directly interact with the glass cluster, while the other water
molecules are further confined upon adsorption of the silane molecule.
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Schematic 2-5. DFT-based geometry optimized structures of a pair of interacting silanols, with 7 adsorbed water
molecules (a) and one 3-GPS molecule adsorbed onto water monolayer (b). The different elements are represented by
unique colors, where hydrogen is white, carbon is gray, oxygen is red and silicon is yellow.

Partial mulliken charges

Energy of
interaction
kJ/mol

Glass

Water

Q2_int + 7 water

-346.4

-0.08

0.08

Q2_int + 7 water + 3-GPS

-414.6

0.05

-0.04

Cluster group

Silane

-0.01

Table 2-8. Interaction energy (kJ/mol) and partial mulliken charges of cluster groups in Schematic 2-5, calculated
from B3LYP/6-311++g(d,p)-based DFT optimization.
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2.5.6. Interaction of a silane molecule with a hydrated, sodium-coordinated NBO on
Silicon
The mechanism of interaction of a silane molecule with a site consisting of an NBO
coordinated with a sodium ion is investigated by DFT-based cluster calculations to simulate
adsorption on NBAS. A silicon-based site is showcased because it is the most probable site for
adsorption as silicon-based sites constitute over 90% of NBAS surface. The nature of interfacial
bonding of silane on sodium-coordinated sites on silicon, boron and aluminum is assumed to be
similar as they are all hydrophilic sites. For the sake of brevity, only adsorbate interactions on siliconbased sites are discussed.
Interactions between cluster groups containing glass surface cluster (Q3_Na), water and
silane were investigated and are shown in Schematic 2-6. All the clusters shown are geometry
optimized, after the secondary silicon atoms are fixed to preserve the original structure and surface
strain upon formation of the surface. For both scenarios involving sodium atom, the initial glass
cluster is optimized prior to placement of optimized silane molecule above the site (see Schematic
2-2d). Since the only subject of interest is the interaction between the silane molecule and the glass
cluster, the configuration of the overall silane molecule is ignored. The energy of interaction between
the cluster groups and the partial charge distribution is listed in Table 2-9.
Based on the studies of the hydration shell of a sodium ion, it has been determined that a
sodium ion can be associated with 3 to 4 water molecules [79]. MD simulations of the coordination of
sodium in the vicinity of a NBO on the surface have been shown to be 4, where sodium is coordinated
to three water molecules and the free NBO [80]. Hence, three water molecules are added near the
sodium ion on the glass cluster and the cluster group is allowed to optimize, as shown in Schematic
2-6a. The interaction energy of the three-water molecule cluster with the glass cluster is -222.0 kJ/mol
with average interaction energy of -74.0 kJ/mol per water molecule. A hydrolyzed 3-GPS molecule is
placed above the three-water cluster group and the final optimized structure is shown in Schematic
2-6b. With the added interaction of 3-GPS molecule on the three-water molecule cluster adsorbed to
the glass cluster, the total interaction energy increases to -289.6 kJ/mol. A change of -67.6 kJ/mol is
observed with hydrogen bonding of the silane molecule to the water cluster.
A change in the partial charge distribution is observed after adsorption of the 3-GPS molecule
onto the structured water monolayer on the surface. When the three water molecules interact with the
glass cluster, a partial charge of -0.08 develops on the glass cluster and a corresponding positive
partial charge on the three-water cluster. With the added interaction of 3-GPS molecule, the charge
distribution between the glass and water cluster changes. A positive partial charge of 0.07 is present
on the glass cluster and a negative charge of -0.05 develops on the water cluster. The difference
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between the two charges is provided by the 3-GPS molecule, which has a partial negative charge of 0.02. It is clear that a chemical interaction between the cluster groups occurs with the water
monolayer acting as a conduit for adsorption for the 3-GPS molecule to the NBO and sodium atom.
It is also important to consider the final optimized geometry of the three-water cluster on the
glass surface before and after 3-GPS molecule adsorption. There is one hydrogen bond between a
water molecule interacting with the NBO and the water molecule not associated to the NBO. Two of
the water molecules in the cluster are strongly hydrogen-bonded to the NBO with bond lengths of
1.655 Å and 1.762 Å. The sodium atom is associated with four oxygen atoms: one is the NBO on
silicon, one is the BO on silicon and the other two are on the water molecules. The distances between
the four different oxygen atoms and the sodium atom are 2.433 Å, 2.402 Å, 2.296 Å and 2.264 Å for
Na-NBO, Na-BO, Na-H2O1 and Na-H2O2.
The interaction of the 3-GPS molecule with the optimized 3-water cluster on the glass cluster
is solely with the adsorbed water on the surface. The silane molecule is tethered to the threewater/glass cluster group via three hydrogen bonds. Two hydrogen atoms on Si-OH on silane are
interacting with the oxygen atoms in the water molecules, which are in turn adsorbed onto the NBO
on the silicon in the glass cluster. The water molecule unassociated with the NBO but attached to the
sodium atom is interacting with the oxygen atom on a Si-OH group on the silane molecule. The silane
molecule has no direct interaction to the sodium atom or the NBO on the surface. Upon careful
inspection of the 2-adsorbate system interaction with the glass cluster, no significant change is
observed in the organization of the 3-water cluster group. While the overall organization of the water
molecules remains unchanged, there are differences in the bond-lengths associated in the system in
contrast to the silane-free interaction. In fact, the water molecule that is associated with both the
silane molecule and the NBO on the glass cluster is more strongly-bound to the NBO as the bond
length shortens from 1.762 Å to 1.631 Å. This is due to the added interaction with the hydrogen atom
on Si-OH on the silane molecule, which reduces the electronegativity of the oxygen atom on the
water molecule. This leads to a cascade effect; the attachment of the hydrogen atoms on the water
molecule is weakened. This allows the NBO to capture more charge from the hydrogen atom, thereby
reducing the bond length. The change in the hydrogen-bond length of the other water molecule
attached to the NBO is insignificant. The change in the bonding strength between the water molecule
attached to NBO and the NBO causes a 15% increase in hydrogen-bond length (0.252 Å) between the
non-NBO associated water molecule and NBO-associated water molecule. Finally, the adsorption of
silane molecule does not cause any further delocalization of the sodium atom associated with the
NBO as the change in the distance is insignificant.
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The manner of modification of the water cluster with the corresponding interaction energies
and partial charge distribution upon adsorption of the silane molecule is strong indicator of the
chemical interaction between the groups. In fact, the change in the bonding between the water
molecules and the glass surface upon interaction with the silane molecule is indicative of the
formation of confined water [76]. This case study showcases the feasibility of the adsorption of silane
molecules to a sodium-rich glass surface without removal of sodium ions.
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Schematic 2-6. DFT-optimized structures of (a) NBO on silicon with sodium ion as charge-compensating ion with
three water molecules and (b) one 3-GPS molecule interacting with the previous cluster group. The hydrogen bonds are
indicated by dashed blue lines. The different elements are represented by unique colors, where hydrogen is white, carbon is
gray, oxygen is red, silicon is yellow and sodium is purple.

Cluster group
Q3_Na + 3 water
Q3_Na + 3 water + 3-GPS

Energy of
interaction
kJ/mol
-222.0
-289.6

Partial mulliken charges
Glass
-0.08
0.07

Water
0.08
-0.05

Silane
-0.02

Table 2-9. Interaction energy (kJ/mol) and partial mulliken charges of cluster groups in Schematic 2-6, calculated
from B3LYP/6-311++g(d,p)-based DFT optimization.
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2.6. Discussion
2.6.1. Utility of the number of silane molecules detected as a probe for surface reactivity
The silane molecule is used as a probe to investigate the accessibility of surface sites for
reaction with adsorbates. The ability to extract the number of silane molecules on a surface from XPS
data has been demonstrated in this chapter. As the analysis conditions for all of the samples are
identical, the surface coverage of silane molecules can be quantitatively compared amongst
substrates. For the sake of clarity for the interaction strength of a silane molecule with the surface, the
two surface treatments with water are presumed to indicate different levels of adsorption based on
hydrolytic stability experiments summarized elsewhere [81-83]. The as-silanized surface contains
weakly-adsorbed, strongly-adsorbed and chemisorbed species on the surface. The silanized surface
after rinsing contains hydrogen bonded species with variable strength of adsorption as well as
chemisorbed species. Accelerating aging allows retention of only chemisorbed adsorbates on the
surface.
A companion test for the surface coverage of chemisorption sites is conducted with (3, 3, 3trifluoropropyl)dimethylchlorosilane (TFS) adsorption on fused quartz and BASG [26]. Figure 2-3
contains surface coverage of chemisorbed 3-GPS molecules, TFS molecules observed and the surface
hydroxyl content, all of which are presented per square nanometer. Based on the surface area probed,
0.6 OH/nm2 is accessible for fused quartz and BASG upon which chemisorption is possible. TFS is
not considered to adsorb onto vicinal silanols or the hydroxyls on boron and aluminum due to the
presence of strongly-adsorbed water on the aforementioned surface sites, all of which are hydrophilic
[47]. Therefore, TFS is considered to chemisorb solely on isolated silanols.
If the assumption that a 3-GPS silanized surface after accelerated aging retains only
chemisorbed species on isolated silanols is valid, then there should be a similar number of silane
molecules adsorbed on the surface as TFS. Indeed, that is the case for vapor-phase silanized fused
quartz, where approximately 0.6 molecules of silane are retained after accelerated aging and 0.6 TFS
molecules on the same surface. The number of molecules retained on BASG is 0.6 which is similar to
the number of TFS molecules on the surface. Other researchers have shown that the chemisorbed
species on boron, while being thermally stable, are hydrolysable with exposure to water at elevated
temperatures [24]. Therefore, given that the number of silane molecules reflects TFS, the only sites
where the silane molecule is adsorbed after accelerated aging are isolated silanols. One of the main
conclusions from the comparison of the companion tests between TFS and 3-GPS vapor-phase
silanized surface is that upon accelerated aging only chemisorbed silane molecules are retained. The
other conclusion is that the surface reactivity in terms of hydrolytically-stable chemisorption is

48

49
equivalent on fused quartz and BASG, regardless of the presence of additional adsorption sites on
boron and aluminum.
The number of silane molecules for surface-parallel and surface-normal monolayer
configuration on a silanized glass is simulated to be 0.8 and 2.0 per square nanometer. In all glasses
except L-NBAS, the number of silane molecules that are chemisorbed leads to sub-monolayer
coverage. It should be noted that, except for NBAS, the low-sodium content glasses have sufficient
surface reactive sites for full monolayer coverage. Fewer chemisorbed species than the number of
surface reactive sites indicates that the density of chemisorption sites on the surface is sufficiently low
to prevent complete monolayer coverage.
The amount of hydroxyls on the surface is quantified, based on the assumption that each
cationic surface site has one NBO attached to it. With the availability of number of silane and TFS
molecules adsorbed onto fused quartz and BASG, it is possible to further examine the validity of that
assumption. Figure 2-3 presents the number of chemisorbed molecules in addition to the estimated
number of reactive sites on each surface. In the case of silica, there are 5.0 OH/nm2 on the surface but
only 0.6 3-GPS and TFS molecules are adsorbed. If each adsorbate accounts for a single
chemisorption interaction, then it stands to reason that there are approximately 0.6 available
chemisorption sites per square nanometer. The surface coverage of isolated silanols has been
determined to be 0.7 OH/nm2 elsewhere [72, 73]. Hence, the number of available chemisorption sites
detected by the two different silane adsorbates at approximately 12.5% of total adsorption sites shows
qualitative agreement with previous literature. Therefore, surface coverage of adsorbates can be
considered as a measure of surface reactivity with the assumption that all accessible surface reactive
sites are exhausted during the silanization.
With that consideration, further examination of the surface of L-NBAS leads to the
conclusion that its surface is different from fused quartz, even though the speciation and surface
coverage of hydroxyls is similar. The calculated surface coverage of hydroxyls on L-NBAS is 4.6
OH/nm2 and the chemisorbed silane molecules are 1.1 OH/nm2. If the quantitative speciation of
surface hydroxyls on L-NBAS is similar to fused quartz, the surface coverage of silane molecules
should be 0.6 OH/nm2. The discrepancy indicates that there are more chemisorption sites on L-NBAS
than on fused quartz, with the percentage of chemisorption sites at 25% of available reactive sites.
Hence, the surface reactivity of the silica-gel like surface of L-NBAS is greater than that of fused
quartz.
The BASG surface has 3.0 OH/nm2 and retains 0.6 silane molecule/nm2 as chemisorbed
species. The number of TFS molecules adsorbed on the surface is 0.6/nm2 and is within 5% of the
number of 3-GPS molecules. The number of hydroxyls present on silicon is 2.8 OH/nm2. The number
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of hydroxyls on aluminum and boron are 0.2 and 0.1 OH/nm2 respectively. Since TFS is only known
to adsorb onto silicon-based surface reactive sites, the total number of silicon-based chemisorption
sites is 0.6 OH/nm2. The fraction of isolated silanols on the BASG surface is 25% of all available
silanol sites. This fraction of isolated silanols is greater than that present on fused quartz. In fact, the
fraction of isolated silanol sites is similar to L-NBAS. Also, the total number of chemisorption sites
on boron and aluminum on the surface of BASG accounts for only 7% of all available reactive sites.
The correlation of the chemisorption of silane molecules to the coverage to surface hydroxyls
on NBAS is not trivial. The surface coverage of hydroxyls is estimated to be 1.0 OH/nm2 for a
pristine NBAS surface. With removal of sodium from the surface upon accelerated aging, the
calculated surface coverage of hydroxyls is 3.2 OH/nm2. Therefore, the proper comparison for the
surface coverage of chemisorbed silane molecules is to the glass surface that was exposed to
accelerated aging. Hence, surface coverage of isolated silanols upon accelerating aging is 0.4
OH/nm2. The fraction of chemisorption sites on the surface is 12.3% of all available surface
hydroxyls. The number of chemisorbed 3-GPS molecules is similar to those found by TFS
functionalization of sodium-containing clay minerals [84]. Based on the number of chemisorption
sites, a leached surface has more reactive than the original surface by a factor of three. As the most
significant change in the NBAS glass composition occurs in sodium concentration upon leaching, the
lower surface reactivity of NBAS can be primarily attributed to Sodium on the surface.
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Figure 2-3. Surface coverage of chemisorbed 3-GPS molecules (on fused quartz, L-NBAS, BASG and NBAS),
TFS molecules (on fused quartz and BASG), surface coverage of hydroxyls on pristine substrates (on fused quartz, LNBAS, BASG and NBAS) and surface coverage of hydroxyls upon accelerating aging of NBAS surface.
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2.6.2. Interaction between silane and interfacial water
Kim et al. investigated the structure of water on a silica surface before and after silanization
[78]. The silica surface has a highly structured water network in the first monolayer in dry conditions.
Water is typically hydrogen-bonded to four other water molecules in a tetrahedral form and is
typically known as ice-like water. With an increase in relative humidity, more ice-like water is
formed in favor of liquid-like water until 25% RH. Beyond 25% RH, liquid-like water grows more
than ice-like, while retaining the ice-like water underneath the liquid water. The liquid-like water
growth continues until the latent heat of sublimation is reached at 0.8 nm, at which point the top water
layer is indistinguishable from bulk water. Partial coverage of the silica surface with a hydrophobic
silane molecule changes the water adsorption behavior, where ice-like and liquid-like water grow at
the same rate. While growth of water layer is observed, it is less than 2 monolayers thick. Water
adsorption occurs either underneath the silane molecule or on the silica surface that has not been
silanized. Only ice-like water is detected on the surface under dry conditions, with sub-monolayer
thickness. Hence, this surface is missing liquid-like water that was originally present on the surface in
dry conditions. This implies that the OTS molecule adsorbs onto ice-like water via hydrogen bonding,
while displacing liquid-like water. Also evident is the inability of OTS to displace ice-like water
present on the surface hydroxyls, thereby not directly interacting with surface silanols. Similar
mechanism of adsorption of alcohols on silica surface is observed [76, 77].
The experimental analysis of ice-like water on a glass surface has been isolated to silicon
dioxide. Theoretical work on the hydration of silica surface conducted by computer simulations has
shown the melt surface to be determined predominantly as hydrophobic [55]. The hydrophobic sites
are identified as hydroxylated silicon sites in form of silanols. The hydrophilic sites are determined to
be interacting (vicinal) silanols. The DFT treatment of the model silica clusters in this study shows
the same result, where isolated hydroxyls on silicon are hydrophobic and interacting hydroxyls are
hydrophilic. Water on hydrophilic sites such as interacting silanols is ice-like based on the energy of
interaction of -50 kJ/mol per water molecule [78]. As the glass surfaces are exposed to ambient
humidity, the surfaces are hydrated. Therefore, in addition to direct interaction of silane with
hydrophobic sites, it also interacts with water on hydrophilic sites. Energy of interaction of silane
with the site of interest determined by the cluster simulations is the energy of adsorption. Based on
the results of the DFT study, physisorption on hydrophobic sites and ice-like water on hydrophilic
sites are shown to be energetically favorable and stabilized by hydrogen bonding (refer to Schematic
2-4 and Schematic 2-5). Another outcome is that it extends the manner for adsorption of silane
molecule to any hydrophilic surface reactive site with strongly-adsorbed water monolayer.
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A molecular simulation study of the hydration of sodium aluminosilicate glass conducted
elsewhere has shown that approximately 90% of the surface is hydrophilic [7]. Therefore, the NBAS
surface is considered to be hydrated during the silanization of the glass surfaces during which the
silane molecule is interacting with strongly-bound interfacial water on sodium coordinated sites.
Water is found to be more strongly bound to the sodium-coordinated NBOs than to the only
hydrophilic site on silica, the interacting silanols. This conclusion is based on the heat of adsorption
of a water molecule exceeding -60 kJ/mol for sodium-coordinated NBOs in comparison to -48.9
kJ/mol for interacting silanols. The study of physisorption of silane molecule on a single layer of
water screening the NBO shows that the silane molecule does not cause sufficient perturbation to
displace the interfacial water molecules in order to access the NBO directly (refer to Schematic 2-6).
An interesting result from the DFT simulations is that the silane molecule is adsorbed with a reaction
energy of approximately -68 kJ/mol on a single water layer on hydrophilic sites, regardless of the
degree of hydrophilicity of the specific site. Hence, silane molecule adsorbed on ice-like interfacial
water is not affected by compositional makeup of the hydrophilic site. In other words, a silane
molecule is equivalently adsorbed on hydrated interacting silanols as hydrated sodium-coordinated
NBOs in spite of water being more strongly adsorbed on sodium-coordinated sites.
The aging surface treatments of silanized glass surfaces introduce water to the local
environment in the interfacial region between the glass surface and the silane molecule. The structure
of water, underneath the silane molecules, during the increase in relative humidity stays
predominantly ice-like at the near-saturated conditions with only a monolayer of water adsorbed.
Therefore, water uptake is dramatically reduced with silanization of the silica surface with a
hydrophobic silane, with only increase in interfacial water. The reduced water uptake can be
attributed to lowered surface energy of the ice-like water by a hydrophobic adsorbate and the
stabilization of the ice-like water structure by the Si-OH functionality of the silane molecule [77]. The
silane molecule is modeled to be adsorbed on a monolayer of water that has ice-like characteristics,
thus the introduction of room temperature water to the system is assumed to cause insertion of a
monolayer of water between the silane layer and the surface. Therefore, a short water rinse is not
expected to remove strongly physisorbed silane molecules. However, exposure to water at elevated
temperatures is likely to perturb the interaction between silane molecule and surface water, leading to
an increase in interfacial water due to penetration. Consequently, more distance is created between
the silane molecule and the actual glass surface [76, 77]. The stability of the silane molecule is lower
on the water molecules that are not as strongly-bound on the surface and therefore the silane molecule
can be extracted by the introduction of bulk water. The aforementioned mechanism of removal of
silane is assumed to be in play during the hydrolytic stability tests on the silanized glasses.
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2.6.3. Surface reactivity during vapor-phase silanization
The vapor-phase silanization involves low-pressure and elevated temperatures. This affects
the water content on the surface of glass samples. Other studies have observed that heating oxide
surfaces to 170 °C in vacuum causes a loss of surface water causing sub-monolayer coverage [85,
86]. This implies that water is present on the surface in a structured configuration (ice-like) on
reactive sites with significant loss of loosely-bound (liquid-like) water. Upon exposure to pressures
lower than 10-8 Torr, strongly-adsorbed water molecules persist more on vicinal Si-OH and isolated
B-OH than isolated Si-OH [24]. Therefore, the conditions during vapor-phase adsorption do not
preclude the presence of strongly-adsorbed water on the surface as temperatures greater than 180 °C
are required to completely remove physisorbed water and glasses still contain water at low vacuum
[61, 64, 87]. It is assumed that silane molecules during vapor-phase adsorption interact with glass
surfaces with higher surface energy than during full-submersion aqueous deposition [60, 85]. Hence,
adsorption would be more favorable during vapor-phase silanization.
2.6.3.1.
Silica-like surfaces
On silica surfaces, water is strongly adsorbed on vicinal silanol sites and weakly-bound to
isolated silanol sites. The temperature and pressure involved in vapor-phase silanization indicate that
most of the water present on the surface is strongly-adsorbed on the vicinal sites. As the interacting
hydroxyls are hydrophilic, water is strongly bound to that site and silane cannot displace water to
interact with the surface site directly. This mechanism is reflected in cluster simulations of silane on
interfacial water adsorbed on hydrophilic sites. Instead, the silane molecule adsorbs on the structured
water on the site. As isolated silanols are hydrophobic, the silane undergoes condensation reaction to
be chemisorbed as the sample is heated to 150 °C during vapor-phase silanization.
The number of silane molecules detected on the fused quartz surface, after the surface
treatments as shown in Figure 2-4, can be translated to surface coverage of chemisorption, strongphysisorption and weak-physisorption sites to 0.55 sites/nm2, 0.20 sites/nm2 and 1.03 sites/nm2
respectively (see Table 2-10). The high percentage of silane molecules with weak adsorption due to
non-specific adsorption sites concurs with the results of water adsorption conducted on a silica
surface by MD simulations [70]. The lack of strong adsorption of water on a significant portion of the
surface indicates the low adsorptive strength of those regions. It is apparent that there are fewer silane
molecules adsorbed than the number of surface reactive sites per square nanometer.
The substantial increase in the surface reactivity of a high-surface area leached multicomponent silicate surface when compared to silica has also been observed by other researchers [88].
The reactive sites of L-NBAS and fused quartz are similar, with the presence of isolated silanols and
vicinal silanols. A difference in the number of sites of each type is observed, upon comparison to
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fused quartz. A 100% increase in isolated silanol sites is apparent from twice as many molecules
present on the surface after accelerated aging, as evident in Figure 2-2. Furthermore, there is also a
difference of 40% in the number of sites for physisorption arising from non-specific sites such as SiO-Si bridges on the surface. Quantification of the surface reactive sites on L-NBAS results in surface
coverage of chemisorption sites, strong-physisorption sites and weak-physisorption sites of 1.11
sites/nm2, 0.64 sites/nm2 and 0.44 sites/nm2 respectively (see Table 2-10). There are fewer silane
molecules adsorbed on the silica-like surfaces than the number of sites available for reaction (2.2
silane molecules/nm2 vs. 4.6 hydroxyls/nm2), indicating that formation of a monolayer can occur
without exhausting all surface sites [89].
2.6.3.2.
Alkaline-earth boroaluminosilicate glass surfaces
Silane adsorption on multi-component silicate glasses with boron and aluminum have been
previously investigated under controlled surface hydration conditions. The surface chemistry of a
calcium boroaluminosilicate xerogel has been probed with basic and acidic adsorbates including a
monofunctional silane [24]. Dehydration reveals the presence of isolated Si-OH and B-OH.
Rehydration of the surface (at room temperature and 81 Torr) indicates that isolated hydroxyls are
still present, and that vicinal silanols are formed by hydrolysis of Si-O-Si. When the rehydrated
surface is exposed to high vacuum at 150 °C, water is still detected on the surface based on IR
analysis conducted elsewhere.
The similarities in the surface reactivity of fused quartz and BASG end with equivalent
number of chemisorption sites (see Figure 2-4). There are 70% more strongly-physisorbed and 20%
more weakly-bound silane molecules. More hydrophilic sites for water adsorption are available when
compared to silica, via boron and aluminum along with vicinal silanols. Molecular water has been
found to be more strongly adsorbed on calcium boroaluminosilicate glass than on silica in a study
elsewhere [63]. Water is known to be strongly-adsorbed on both aluminum and boron sites while
being weakly adsorbed on silicon site [2, 70, 90]. As the BASG surface is exposed to ambient
atmosphere prior to silanization, the hydrophilic sites are assumed to be screened by water and
thereby preventing direct access to inclement adsorbates. Hence, it can be inferred that the silane
molecules are adsorbed strongly onto the structured water on boron and aluminum sites due to the
large fraction of molecules retained on the surface after rinsing.
As the number of chemisorption sites on BASG is similar to fused quartz and with the
knowledge that the silane molecule cannot interact directly with boron- or aluminum-based sites in
the presence of water, isolated silanols are considered to be the sole sites on which silane molecules
are chemisorbed after accelerated aging [24]. Based on the results of silane retention upon surface
treatments, the surface coverage of chemisorption sites, strong-physisorption sites and weak55
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physisorption sites is 0.61 sites/nm2, 0.76 sites/nm2 and 0.61 sites/nm2 respectively (see Table 2-10).
Since, only 2.0 silane molecules per square nanometer are adsorbed on the available 3.0 OH/nm2, all
surface reactive sites are not involved for full monolayer coverage.
2.6.3.3.
Sodium boroaluminosilicate glass surfaces
It has been shown that sodium-rich surfaces have fewer available isolated hydroxyls on the
surface than silica, by a factor of 500 [90]. Adsorption of acidic probe molecules is still observed to
occur on the surface via coordination with the sodium ion. From the results for vapor-phase
silanization of NBAS, it is clear that the silane molecules are adsorbed on sodium-rich surface. The
coverage of silane molecules present on the surface after each surface treatment as shown in Figure
2-4. The surface coverage of chemisorption, strong-physisorption and weak-physisorption sites is
0.38 sites/nm2, 0.21 sites/nm2 and 0.21 sites/nm2 respectively (see Table 2-10). While the extent of
silanization is non-trivial, there are fewer silane molecules on the surface than surface reactive sites.
Adsorption on the surface requires the presence of interfacial water. Uchino et al. proposed
that water present on a sodium silicate surface is hydrogen-bonded to NBO or isolated silanol. The
surface contains both strongly- and weakly-bound water [91, 92]. Sodium promotes greater levels of
water adsorption due to the highly polar nature of the interaction between sodium ions and Bronsted
acid groups [93, 94]. Therefore, water is considered to adsorb preferentially to sodium sites on the
surface [79]. Water is considered to be present on the surface in a strongly-adsorbed form at 150 °C.
The silane molecule hydrogen bonds to the strongly-adsorbed water molecules, instead of the
specific reactive site such as an NBO coordinated with sodium. This is due to the inability of the
silane molecule to displace the ice-like structured water around the NBO species on the surface. The
manner of adsorption of silane onto sodium coordinated sites is revealed by DFT simulations, where
the silane molecule interacts strongly with the ice-like water screening the site from direct contact.
Strongly-physisorbed silane molecules are present despite the removal of Sodium from the
surface. This is consistent with the computer simulation studies where the sodium ions are known to
be clustered on silicate surfaces [65, 71]. The removal of Sodium ions results in the formation of
vicinal silanols that are also hydrophilic. Therefore, the transformation of one hydrophilic site to
another hydrophilic site prevents loss of the strongly-adsorbed interfacial water on the glass surface
onto which the silane molecule is adsorbed.
The chemisorbed silane molecules are an artifact of the surface compositional modification
during accelerated aging. The loss of sodium and boron from the surface results in the formation of
hydrophobic, isolated silanols. They interact directly with the silane molecule prior to undergoing
condensation reaction to form a covalent bond.
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Figure 2-4. Surface coverage per nm2 of total adsorbed, strongly-adsorbed and chemisorbed silane molecules on the surfaces of fused quartz, L-NBAS, BASG and NBAS after 60
minutes of silanization.
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Glass

Weakly
physisorbed

Fused Quartz
L-NBAS
BASG
NBAS

0.84
0.44
0.61
0.21

Strongly
physisorbed
Vapor-phase
0.20
0.63
0.76
0.21

Surface coverage of adsorption sites (/nm2)
Weakly
Strongly
Chemisorbed
physisorbed
physisorbed
Aqueous-phase
0.55
< 0.10
< 0.10
1.11
0.20
< 0.10
0.61
0.21
< 0.10
0.38
0.22
< 0.10

Chemisorbed

Pristine
surface

0.27
0.61
0.32
0.42

5.00
4.55
3.00
1.81

Table 2-10. Coverage of surface sites where the silane molecule is weakly-physisorbed, strongly-physisorbed and chemisorbed, for adsorption by vapor-phase and aqueous-phase
silanization.
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2.6.4. Surface reactivity during aqueous-phase silanization
Comparative studies of vapor-phase and aqueous-phase silanization of amorphous oxide
surfaces typically show that more silane is present on the surface after aqueous-phase silanization
[95, 96]. On the contrary, the comparative results in this study show that aqueous-phase
silanization leads to lower silane content on the surface. A possible rationale is related to the age
of the silane solution utilized for silanization. In this study, the silane solution is never older than
an hour and the silane molecules are not expected to be oligomerized [25]. Therefore, multilayer
formation is assumed not to occur.
2.6.4.1.
Low-sodium content glass surfaces
Using the number of sites available for chemisorption as a minimum for adsorption
during aqueous silanization for all substrates, there are fewer silane molecules adsorbed on all
glass substrates than the number of sites available, as seen in Table 2-10. The different surface
treatment sheds light on adsorption of the silane molecule. There are 0.26 sites/nm2
chemisorption sites (isolated silanols), 0.09 sites/nm2 strong physisorption sites (stronglyadsorbed water on vicinal silanols) and 0.10 sites/nm2 weak physisorption sites (non-specific
adsorption sites). During vapor-phase silanization, the number of chemisorption sites, strong
physisorption sites and weak physisorption sites on fused quartz are 0.55 sites/nm2, 0.20 sites/nm2
and 0.84 sites/nm2 respectively. The total number of molecules adsorbed via aqueous adsorption
is lower by a factor of 3.5. The effect of hindrance resulting from more water present on the
surface with overall reduction in adsorption is evident. However, chemisorbed species are still
observed on all of the substrates.
The level of total adsorption on BASG in comparison to fused quartz is not significantly
different during aqueous adsorption as compared to vapor-phase adsorption. A similar number of
total silane molecules are adsorbed on BASG as fused quartz, as-silanized. The number of
chemisorption sites and physisorption sites on BASG upon aqueous silanization are 0.32
sites/nm2 (isolated silanols) and 0.21 sites/nm2 (non-specific adsorption sites) respectively. During
vapor-phase silanization, the numbers of chemisorption sites and physisorption sites on BASG
are 0.61 sites/nm2 and 1.36 sites/nm2 respectively. Upon comparison to the amount of silane
molecules that are strongly physisorbed on the surface after vapor-phase silanization, hydration of
the surface has an impact on the strongly physisorbed species. Therefore, the silane molecules on
BASG are either directly hydrogen-bonded to isolated hydroxyls or on mobile, liquid-like water.
A clear lack of site-specificity on BASG is observed as the extent of adsorption approximates
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fused quartz, which is comprised solely of silanols while BASG also has hydroxyls on boron and
aluminum.
The level of hydration of L-NBAS significantly affects the reactivity of the surface. The
number of chemisorption sites and physisorption sites upon vapor-phase silanization on L-NBAS
are 1.11 sites/nm2 and 1.08 sites/nm2 respectively (see Table 2-10). With presence of bulk water
on the surface, access of the silane molecule to available reactive sites is hindered. The number of
chemisorption sites and physisorption sites upon aqueous silanization on L-NBAS are 0.61
sites/nm2 (isolated silanols) and 0.20 sites/nm2 (non-specific adsorption sites) respectively (see
Table 2-10). The L-NBAS surface is more reactive during vapor-phase silanization than aqueousphase silanization. In addition, the L-NBAS surface has greater silane uptake than BASG and
fused quartz upon aqueous silanization.
2.6.4.2.
High-sodium content glass surface
Aqueous silanization results in fewer silane molecules adsorbed on the surface when
compared to vapor-phase silanization. The NBAS surface that the silane molecule interacts with
during vapor-phase silanization is different from aqueous-phase silanization. A sodium rich
surface during aqueous silanization in an acidic solution should present a low-sodium content
surface and have similar silane uptake to the L-NBAS surface where all the sodium is removed
prior to silanization. However, this is not the case due to the dynamic nature of the surface, where
sodium is moving from the bulk of the glass to the surface and disrupts the bonding at the
interfacial region. The disruption occurs in the interfacial water layer on the newly created silanol
sites. The mass transport of sodium through the surface creates a perturbed water structure near
the surface active site, interfering with the hydrogen bonding between the silane molecule and
adsorbed water [93].
Based on the composition of the glass surface after aqueous silanization, the potential
reactive sites on the surface are isolated silanols, vicinal silanols and four-coordinated aluminum
with sodium as a charge neutralizing cation. Upon aqueous silanization, the surface coverage of
chemisorption and physisorption sites on the NBAS surface are 0.42 sites/nm2 and 0.09 sites/nm2
respectively (see Table 2-10). The difference between the total number of silane molecules
adsorbed and those that are chemisorbed is insignificant. Therefore, while there are three
potential adsorption sites, isolated silanols are the only active sites.
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2.6.4.3.
Reactivity of glasses with bulk water on the surface
Adsorption of water occurs on glass surfaces due to the heat of adsorption of water
countermanding the loss of entropy at room temperature. This phenomenon has been shown to be
glass composition-independent [97]. Therefore, the glass surfaces exposed to moisture, with
either sub-monolayer or saturated coverage, have equivalent surface energies at a specific
hydration level [85]. The same results are also observed on sodium-containing surfaces despite
the consensus that the presence of sodium ions enhances the adsorption of water [93]. The surface
energy of the soda-lime surface is immediately lowered with exposure to nominal humidity and
follows a trend approaching bulk water with increasing humidity.
The coverage of silane molecules on the low- and high-sodium content glass surfaces is
approximately the same. This result indicates that the silane molecule interacts with equivalent
surfaces during aqueous silanization. Therefore, the interfacial water structure presents stronglybound water molecules as non-specific sites for adsorption. As the water molecules screen the
glass surface from the silane molecule, adsorption of the silane molecule on a hydrated surface is
not affected by the glass composition.
2.7. Summary
Although numerous studies of silanization have been conducted on high-surface area
materials such as powders and fibers, work on silanization of low surface area materials such as
flat substrates is still in progress. The determination of silane content and surface chemistry on
high-surface area materials has typically occurred via IR spectroscopy or NMR. Surface sensitive
techniques such as XPS have been leveraged to evaluate silane content on flat surfaces by the
carbon content. This study extends the use of the XPS technique to quantify the silane content on
flat surfaces by an analysis methodology that extracts the true silane content on the surface. As
prior studies of silane coverage on high surface area surfaces have been quantified in terms of
surface coverage per square nanometer, this study offers an analysis method to present the true
silane content on the flat surfaces in surface coverage per square nanometer. Based on a thorough
survey of the literature, the analysis of XPS data in this study for the quantification of silane
content on any substrate goes further than other silanization studies utilizing XPS data. In
addition, the analysis method can be utilized for quantifying the surface coverage of any probe
molecule with a unique identifier detectable by XPS on surfaces in both low and high surface area
forms.
This study is focused on the XPS characterization of the silanization of various flat glass
surfaces. The adsorbed silane content on glass surfaces after the water-based surface treatments is
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used as a measure for the surface reactivity of the glasses as function of glass composition and
surface hydration during silanization. Adsorption of silane on glass surfaces involves an interconnected series of interactions between the glass surface, water at/near the interface and the
silane molecules. Furthermore, environmental history of the silanized glasses has a significant
impact on the state of adsorption of silane on the surface.
The surface reactivity during vapor-phase and aqueous-phase silanization is differentiated
with silane uptake, where surface reactivity is directly proportional to silane coverage. Vaporphase silanization leads to more silane adsorption than aqueous-phase silanization by a factor of
three. The low-sodium content glasses are more reactive during vapor-phase silanization than the
high-sodium content glass, with the order of glass reactivity as follows: leached multi-component
surface >> low-sodium content boroaluminosilicate > silica > sodium-rich boroaluminosilicate.
The results from vapor-phase silanization are relevant to silanization by other non-aqueous
delivery methods such as organic solvents during which only interfacial water is assumed to be
present. During aqueous silanization of the glass surfaces, the surface reactivity based on glass
composition is not significantly different and follows the subsequent trend: leached multicomponent surface > low-sodium content boroaluminosilicate ≈ silica ≈ sodium-rich
boroaluminosilicate glass. The hydrolytic stability of the adsorbed silane is superior with vaporphase silanization when compared to aqueous silanization.
Aqueous silanization results in sub-monolayer surface coverage with the silane molecules
having a surface-parallel configuration. After vapor-phase silanization, all low-sodium content
surfaces have full coverage with disordered silane molecular configuration with only the sodiumcontaining surface having sub-monolayer coverage. As 2.0 silane molecules per square
nanometer constitutes a full monolayer, the silane molecules does not interact with every
available reactive site (3.0 – 5.0 sites/nm2) to form a full monolayer on a glass surface [89]. The
surface sites on low-sodium content glasses for both silanization methods are the same due to
lack of change in glass composition by the silanization process. In contrast, adsorption on
sodium-rich surfaces differs based on the silanization method due to the hydrolytic instability of
the glass surface composition. The silane adsorption occurs on the original sodium-rich surface
during vapor-phase silanization, whereas it occurs on low-sodium content surface during aqueous
silanization.
A sodium-rich surface is able to retain a non-trivial amount of adsorbed silane on the
surface (0.8 silane molecules/nm2). However, when the sodium ions are extracted by leaching, the
leached surface is more reactive by a factor of 3. Therefore, the presence of sodium reduces the
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extent of silanization but does not preclude it. The interaction of silane molecules on a leached
surface occurs on silanol sites whereas on the hydrophilic sodium-rich surface it occurs on
interfacial water present on the surface. The adsorption of silane molecules on interfacial water
during vapor-phase silanization is inferred based on the detection of silane molecules on the
surface. Without molecular water on the surface, the silane molecule would not be able to
hydrolyze and remain on the surface in low vacuum and at high temperature (150 °C).
The DFT-based simulations provide valuable insight into the manner of interaction
between a glass surface and silane in the presence of water. The simulations augment the
experimental results by indicating the feasibility of the adsorption of silane molecules onto
strongly-physisorbed interfacial water. The reactive sites on the glass surface are simulated based
on the surface composition and known structures of silicon-, boron- and aluminum-based sites.
The silane molecule is unable to displace the strongly-adsorbed interfacial water on the simulated
hydrophilic sites. The similarity in interaction strength of silane on interfacial water present on
hydrophilic sites is an indicator of composition-independence of the physisorption strength of a
silane on any glass surface.
The wet-strength of composite materials has been shown to be significantly improved
with the inclusion of silane [98]. The manufacture of the composite materials occurs under
hydrous conditions. The wet strength of the material is a combination of the cohesive and
interfacial strength upon humid aging. The results of this study can be extrapolated in order to
understand the adsorption of silane molecules on the glass surfaces in composite materials. Most
studies that characterize the extracted surface after testing are not able to precisely probe the
regions of interfacial failure. In this study, the amount of silane adsorbed on the surface is
quantified, where approximately 0.5 silane molecules per square nanometer are hydrolytically
stable. Therefore, the non-trivial level of strongly-adsorbed silane molecules that couple with the
polymeric matrix contributes to the improvement in wet strength. In the case of fiberglass
insulation products containing sodium-rich glass surfaces, hydrophobic silane molecules can also
act as a water barrier to reduce the extent of sodium extraction. The reduction in sodium
extraction can preserve network integrity of a polymeric matrix that has sodium-sensitive
chemistry. The preservation of network integrity and interfacial bonding during humid aging
would result in improved hydrolytic stability of the composite material.
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Chapter 3
Leaching and other reactions in the interfacial region of a glass and polymeric
resin composite material
3.1. Introduction
There is a growing movement towards replacing toxic elements in engineering products
ranging from consumer goods to building materials. Consumer demand, governmental limits on
emissions, emerging regulations for improved indoor air quality and the desire to be environmentally
responsible have fueled a shift towards “green” chemistry. The focus of the present research is an
application of this new eco-friendly posture to the production of composite materials such as bonded
glass products. Many glass/polymer composites comprise robust glass fibers bound together by a
thermoset resin formulation primarily consisting of polymer, cross-linker, and coupling agents. For
nearly a century, bonded glass products have utilized formaldehyde-based resins due to their excellent
physical and mechanical properties and durability when exposed to environmental factors such as
humidity and temperature as well as their low cost.
In the last 15 years, safer alternatives for thermoset formulations have been developed in
order to avoid latent formaldehyde being emitted indoors from products used in buildings and
because of government legislations protecting the health of workers in plants manufacturing these
composite materials. Some alternatives involve using polymers with carboxylic acid (–COOH) as the
main functional group on multi-component silicate glass fibers. One example is an aqueous poly
(acrylic acid) based binder system with an amine-based cross-linker that has application in fiberglass
insulation. It forms a safe alternative because the only volatile emission during curing is water [1].
There are other applications for polymers that contain carboxylic acid functional groups on sodiumcontaining silicate glasses such as oleic acid and stearic acid –based lubricants [2]. Additionally,
poly(methacrylic acid) and copolymers of poly (acrylic acid)/unsaturated carboxylic acid have
application as chelating agents in dental cements with silicate glass [3].
A wide range of silicate glasses are used in industry, from simple silica to complex multicomponent silicate compositions. The effect of water on the composition of a glass surface can
strongly influence adsorption and bonding with organic molecules. Water alters the glass surface by
exchange of mobile cations, hydration, swelling and structural rearrangement. The exchanged cations
may then diffuse into the organic layer near the interface, causing changes to the organic molecular
structure and reactivity with the glass surface [4]. The presence of certain cations at the interface can
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also adversely affect hydrolytic bond stability between the organic material and glass surface,
resulting in loss of adhesion [5]. This loss of adhesion can cause degradation of composite properties
such as tensile strength, rigidity and recovery of packaged fiberglass insulation [1, 4, 6]. To improve
the hydrolytic stability and adhesion of polymers on glass, silanes are a popular coupling agent.
Silanes play a bridging role between glass and polymers, providing a strong interface between
dissimilar surfaces. The importance of silane at a glass/resin interface is evident when glass/resin
composite tensile strength is seen to correlate positively with silane on sodium-free multi-component
silicate glass [7].
The objective of this study is to understand the effect of glass composition and silane
inclusion on the interfacial chemistry and hydrolytic stability of the glass/polymer non-woven
composite material. It is expected that leaching of mobile modifier ions from the glass surface into
the polymer coating plays a role in chemical bonding, particularly upon exposure to a humid
environment. However, the specific interfacial chemistry that occurs between these two materials
from initial contact through heat curing is not known. In order to probe the interface, thin films of
polymer are applied to flat glass substrates to provide models of the interface [8, 9]. The inclusion of
silane is undertaken by silanization of the glass surface prior to resin application or the application of
resin/silane solution to the glass surface. Before and after exposure to accelerated aging, the model
interfaces are interrogated with surface characterization tools such as X-ray Photoelectron
Spectroscopy (XPS) and Infrared (IR) Spectroscopy. In this manner, changes to glass composition,
surface bonding and resin chemistry near the interface are investigated. The hydrolytic stability of the
interfacial region is determined based on the retention of the model thin resin film on the glass surface
after accelerated aging.
3.2. Experimental Procedure
3.2.1. Materials
3.2.1.1.

Glass substrates

Fused quartz (SiO2) slides are purchased from Technical Glass Products (Ohio). It is cut into
1”x1” squares and cleaned with ethanol followed by UV Ozone treatment for 30 minutes to reduce
adventitious hydrocarbons on the glass surface. A sodium-rich multi-component glass (fiberglass
wool composition) is obtained as glass frit from a commercial glass company. This glass substrate
will be henceforth referred to as NBAS. NBAS is melted in a gold-platinum crucible at 1250 °C, and
then quenched by pouring onto a steel plate. Upon cooling, it is broken into smaller pieces of
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approximate lateral dimensions in the range of 1 to 2 cm. The glass surfaces are subsequently treated
with UV ozone cleaning and the surfaces were kept clean.
3.2.1.2.

Solution

The poly (acrylic acid)-based resin is obtained from Dow Chemical at 57% solids
concentration in water. The resin is further diluted to 1% to 25% solids concentration with RO water.
These dilute solutions are used to prepare thin films of resin on top of the glass substrates. Poly
(acrylic acid) (PAA) and triethanolamine (TEOA) are purchased from Sigma Aldrich with ACS-grade
purity.
An epoxy silane (3-glycidoxypropyl methyldimethoxy silane) is also added to the resin in
some experiments. The silane is hydrolyzed for 30 minutes in acidified RO water (pH 4.5, acetic acid)
prior to addition to the resin.
3.2.2. Sample preparation
Both glass substrates are coated with the resin solutions using a spin coater operated at a
speed of 10,000 rpm for 30 seconds using a static dispense. The films are then dried in a convection
oven at 120 °C for 15 hours. Following the drying step, the films are cured in a convection oven at
190 °C in air for 15 minutes.
Hydrolytic stability tests are conducted in a humidity chamber at 85 °C/ 85 % RH for 1 day.
Subsequent to this treatment, the samples are ultrasonically rinsed in DI water at 25 °C for 10 minutes
and then dried at 120 °C in a convection oven.
The glass/resin interface for bulk samples is extracted using cryogenic fracture of
sessile drops on glass surface with liquid nitrogen. The two new surfaces are revealed, one on the
glass surface and one on the resin. The difference in the thermal expansion coefficient of the resin and
the glass surface promotes shear stresses at the glass/resin interface causing failure near the interface.
3.2.3. Characterization of glass/resin interface
3.2.3.1.

XPS

A Kratos Analytical Axis Ultra spectrometer (Chestnut, NY) fitted with a monochromatic
AlKα (1486.6 eV) X-ray source is used to characterize the samples. To minimize charging of the
surface, a low-energy electron flood gun and aluminum foil cover is employed during acquisition.
Survey scans and high-resolution narrow binding energy range scans of the O 1s, Na KLL, N 1s, Ca
2p, Mg KLL, K 2p, C 1s, B 1s, P 2p, Si 2p, and Al 2p peaks are conducted at 80 eV and 20 eV pass
energies respectively. Sputter depth profiling is accomplished with a 4 KeV Ar ion beam. The
surfaces are sputtered in 50 to 100 s increments followed by an 80 eV pass energy survey scans at
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each step. Angle-Resolved XPS is conducted by rotating the sample stage by 50°, 60° and 67.5° prior
to obtaining 80 eV pass energy survey scans at each step.
3.2.3.2.

FTIR

Infrared Reflectance Spectroscopy (IRRS) is conducted on a Bruker Hyperion 3000 microFTIR system equipped with a high-performance MCT detector (Bruker Optics Inc., Billerica, MA).
Reflectance spectra are obtained in the range of 4000-600 cm-1 from a 100 μm x 100 μm area on the
sample surface. The acquisition is done on multiple spots on the sample surface in 4000 scan passes
at 6 cm-1 resolution. The clean bare glass substrate, on which the films were cast, is used as a standard
reference.
Attenuated Total Reflectance (ATR) spectroscopy is conducted with the same instrument as
for Infrared Reflectance spectroscopy. A germanium ATR crystal is utilized for the characterization
and also used as a reference to obtain the absorbance spectrum. The spectrum is obtained in the range
of 4000-600 cm-1 from a 50 μm x 50 μm area on the sample surface. The acquisition is done on
multiple spots on the sample surface in 4000 scan passes at 6 cm-1 resolution.
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3.3. Results and discussion
3.3.1. Glass surface composition
The carbon-corrected elemental composition (at%) of the glass surfaces, with and without
surface treatments, is listed in Table 3-1 [10]. The as-cleaned glass surfaces are used as a reference
for further comparison upon exposure to water and resin formulation. Further surface treatment of the
glass surface is undertaken to provide a baseline for comparison of surface modification upon
application of the resin formulation. The modification of the NBAS surface after application of resin
at pH 4 is simulated by exposing the glass surface to a pH 4 water solution, acidified by sulfuric acid,
for 1 hour. The assumption is that the acidified water modifies the NBAS glass surface similar to the
acidic resin formulation.
The as-cleaned fused quartz substrate contains primary elemental components of silicon and
oxygen. 1.1 at% of aluminum is also detected on the surface. The silica surface is used as a model
reference for determining the effect of water on the interfacial region of the resin on glass without the
presence of sodium ions.
The NBAS surface has primary elemental components of sodium, calcium and magnesium as
network modifiers and silicon, boron and aluminum as network formers. Upon exposure to an acidic
solution, the NBAS surface is significantly modified [11, 12]. The loss of network modifiers, within
the XPS sampling depth, upon acid treatment is in the range of 70 to 85%. A consequent increase in
networks formers is observed with the exception of boron, where boron is preferentially extracted at
pH 4 [11, 13, 14]. As indicated, it would seem that there is an increase in aluminum and silicon, but
the change in the composition is merely a reflection of the normalization of elemental composition
with lower levels of network modifiers and boron. Hence, the modification of the glass surface is
better served by comparing the ratio of a specific element to silicon as the siloxane network is not
hydrolyzed under the specific acidic conditions implemented here [11]. The aluminum and boron
content prior to surface modification, upon normalization to silicon, is 0.11 and 0.27. After the
surface treatment, no change is observed in the normalized aluminum content but near-complete loss
of boron is detected.
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Substrate

O

Na

Fused quartz

66.9

0.4

59.6

9.8

67.2

2.1

Ca

Mg

Si

Al

B

Al/Si

B/Si

0.1

31.4

1.2

3.8

1.1

18.8

2.0

5.0

0.11

0.27

0.6

0.3

26.5

2.8

0.4

0.11

0.02

0.04

NBAS

Table 3-1. Glass surface composition (at%) for as-cleaned fused quartz and NBAS is determined by normal-incidence XPS. Also included is the surface composition of NBAS
modified by pH 4 acidified DI water (sulfuric acid) for 1 hour at room temperature, followed by a 10 minute DI water rinse at room temperature. Elemental compositions of the glass
surfaces after surface contamination correction are included.
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3.3.2. Polymeric resin composition, structure and chemistry
Before ascertaining changes in resin chemistry as a function of glass composition, it is
important to understand the intended chemistry and obtain compositional information for the
thermosetting resin. This is accomplished by analyzing a thick resin film such that the glass
composition effects do not propagate to the film surface. The elemental composition of a thick resin
film (> 1µm) is obtained by XPS, as shown in Table 3-2. The elemental components comprise of
carbon, oxygen, sodium, nitrogen and phosphorous in decreasing quantity. The components of the
PAA-based polymer include carbon, oxygen, sodium and phosphorous. The components of the
amine-based triol (triethanolamine, TEOA) cross-linker include carbon, oxygen and nitrogen. Due to
the lack of any change in the elemental composition of the resin upon curing, it is assumed that the
top surface composition of the resin reflects true bulk elemental composition.
Since XPS lacks in specificity of the chemistry occurring in the carbonyl region within the C
1s peak, specifically the cross-linking reaction, Infrared Reflectance spectroscopy is utilized to study
the chemical changes occurring during the curing process. Figure 3-1 depicts the reflectance spectra
of a thick resin film on fused quartz in as-dried and as-cured state in the region of 1850 to 1450 cm-1.
In the resin film dried at 120 °C for 15 hours, the peaks for the carbonyl region fall within the
envelope in the region, with peak assigned to C=O stretching mode of an ester (see Schematic 3-1b)
at 1745 cm-1 and peak assigned to C=O stretching mode of a carboxylic acid functional group (see
Schematic 3-1b) at 1706 cm-1 [15]. The peak centered near 1545 cm-1 is designated as the peak for
ammonium carboxylate (see Schematic 3-1c) upon detection of protonated amine species via XPS
[16]. Due to the broad nature of the peak, it is possible that other configurations of the acid groups are
present, specifically hydrogen-bonded dimers with peak assignment at 1720 cm-1 [17].
Upon curing, chemical changes are evident in the reflectance spectrum. There is evidence of
anhydride formation at 1803 and 1753 cm-1, a species formed through the condensation reaction of
carboxylic acid dimers [17]. The reaction is depicted in Schematic 3-1a. The increase in the intensity
of the acid/ester envelope is weighted towards the ester designation at 1745 cm-1, with a
complementary decrease in the acid functional group intensity at 1706 cm-1. The –OH functional
group on the cross-linker reacts with the –COOH functional group to create –O=C-O species,
therefore there is a loss of –COOH functional groups in favor for –O=C-O formation. This reaction is
depicted in Schematic 3-1b.
A decrease in the peak intensity of the carboxylate species at 1550 cm-1 is observed after the
curing reaction. Thermal decomposition of ammonium carboxylates is known to occur above 150 °C
[18]. The most significant change is in the amount of protonated (N+) and un-protonated nitrogen (N0)
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within the resin, with assigned binding energies of 401.5 eV and 399.5 eV respectively [19]. Upon
curing, the speciation of the nitrogen chemical states is modified where a reduction in the protonated
state with a consequent increase in the neutral state is observed and ratio of N+/N0 is modified from
0.8 to 0.4. The reduction of protonated nitrogen during the curing reaction is depicted in Schematic
3-1c, where the hydrogen atom is transferred from the nitrogen to the resonant COO- group to form
an acid functional species.
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Sample
Resin (bulk,
dried)
Resin (bulk,
cured)

+

0

+

Oxygen

Sodium

Nitrogen

N

N

N /N Carbon Phosphorous

35.4

1.7

1.3

1.0

0.3

0.8

60.7

1.0

34.3

1.6

1.2

0.5

0.7

0.4

61.9

1.1

Carboxylate (1550

Acid (1706 cm-1)

Ester (1745 cm-1)

1.0

1.5

Reflectance

Anhydride (1803

2.0

2.5

Table 3-2. Elemental surface compositions for bulk resin film, in as-dried and as-cured state, is determined by
normal-incidence XPS. Chemical state information for nitrogen is also included.

1850

1800

1750

1700
1650
Wavenumber cm-1
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1550

1500

Figure 3-1. Infrared reflectance spectra in the range of 1825 to 1450 cm-1 of resin of thickness greater than 1
micron on fused quartz, as-dried (in red) and as-cured (in blue).
C:\RESEARCH\FTIR\Banerjee_J\2010\4-17-2010\1426_fq_resin20%_driedovernight120C_microreflec20x-5x5_1230cts_4000scans.0
4/17/2010
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a

Curing

b
Curing

c

Curing

Schematic 3-1. Schematic of reactions occurring within the resin film between the as-dried and as-cured state: (a)
the carboxylic acid group in the polymer interacts with the hydroxyl group in TEOA by hydrogen-bonding, whereupon
curing, a condensation reaction occurs to form an ester linkage (b) two carboxylic acid groups in the polymer are dimerizing
and form an anhydride linkage after a condensation reaction (c) Transformation of the coordinated protonated nitrogen to
the carboxylic acid group in the as-dried state to unprotonated state after the curing reaction. Elements in the schematics are
differentiated by color: hydrogen – white, carbon – grey, oxygen – red and nitrogen – blue.
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3.3.3. Thickness of resin thin films on NBAS
Thicknesses of resin films spincast from 1 wt% and 5 wt% resin dilutions on NBAS glass
surface are estimated by a combination of two XPS analyses. First, the film thickness from 1 wt%
resin dilution is calculated by a substrate-overlayer model.
𝐼𝑜𝑣
=
𝐼𝑠𝑢𝑏

−(𝑑⁄𝜆 )
𝑜 ]
∞ [1 − 𝑒
𝐼𝑜𝑣
∞
𝐼𝑠𝑢𝑏
−(𝑑⁄𝜆 )
𝑠

[𝑒

]

Equation 3-1
The thickness of the overlayer is d and the coverage is assumed to be complete. λo and λs are
inelastic mean free paths (IMFP) of the photoelectrons from a specific element from the overlayer and
substrate respectively. The IMFP of carbon and silicon is 3.01 nm and 3.23 nm respectively [20]. Iov
and Iov∞ are the atomic concentration of a specific element in the thin overlayer and infinitely thick
overlayer respectively. Isub and Isub∞ are the atomic concentration of a specific element in the coated
substrate attenuated by the overlayer and uncoated, pristine surface respectively [21].
The thickness is calculated by Equation 3-1via the attenuation of the elements in the glass
substrate through an organic medium. Table 3-3 contains the atomic concentration of silicon and
carbon for the necessary samples to ascertain the thickness of overlayer. The value of Isub∞ is
calculated from a control substrate that has been corrected for adventitious carbon. Equation 3-1
mitigates the variability due to sample or instrumental parameters by utilizing the atomic
concentration ratio of an element from the overlayer and substrate. The Si:C ratio provides thickness
of 4.4 nm for a resin film spincast from 1 wt% dilution.
The thickness of the resin film from 5 wt% dilution is estimated by sputter depth profiling.
After 300 seconds of sputtering the film, the attenuated silicon concentration approaches that
observed in a 4.5 nm film, similar to the thickness of the resin film from 1 wt% dilution. After
another 150 seconds of sputtering, the overlayer is completely removed as the carbon concentration is
less than 3 at%. Therefore, the sputtering rate through the overlayer is estimated to be 0.03 nm per
second (4.5 nm / 150 seconds). As the film was sputtered through in 450 seconds, the thickness of the
overlayer is calculated to be approximately 13.5 nm.
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Silicon
Substrate

Carbon
At%

Fused Quartz

NBAS

Silicon/Carbon

Overlayer
Resin film (Cured, > 1 micron thick)

nm

-

60.7

Corrected for contamination

18.8

-

Resin film (1 wt%, cured)

4.3

42

Resin film (5 wt%, cured)

-

54

After 300 seconds of sputtering

4.0

61.3

After 450 seconds of sputtering

22.2

2.3

4.4

4.5

Table 3-3. Atomic concentration of silicon and carbon for an infinitely-thick cured overlayer, pristine NBAS surface, and cured resin films spincast from 1 wt% and 5 wt% resin dilutions, as
determined by normal-incidence XPS. Also included are the atomic concentrations for silicon and carbon after 300 seconds and 450 seconds of 4 KeV Ar ion milling. The thickness of the
overlayer is calculated by the substrate-overlayer method using silicon from the glass surface and carbon from the overlayer.
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3.3.4. Dependence of interfacial chemistry on glass composition
A closer inspection of the 13.5 nm thin resin film on NBAS can provide further insight into
the chemistry occuring in the interfacial region between the glass and polymeric resin. The thickness
selected for the comparative study based on glass composition is such that it provides interfacial
information from IR spectroscopy but is thicker than the information depth of the XPS technique such
that only information from the resin fim is obtained. The two techniques are complementary as XPS
does not provide information on specific chemistry occuring near interface while IR reflectance
analysis does not provide quantitative compositional details near the interface. The IR spectra is
shown in Figure 3-2 with XPS data in the inset table.
The resin chemistry on silica is independent on film thickness upon consideration of the
similarity between bulk resin film and thin resin film on fused quartz. The chemistry near the
interface on fused quartz is similar to bulk chemistry, where both carboxylic acid species and
ammonium carboxylates are present upon drying of the resin film. After the curing reaction, the
carboxyl peak narrows with reduction of the acid functionality upon ester formation and anhydride
formation.
In contrast, the chemistry near the interface between the resin and the NBAS glass surface is
different. A significant increase in carboxylate intensity at 1560 cm-1 is observed upon drying of the
resin film. The carboxylate formation is posited to be both sodium and ammonium-coordinated due to
the presence of protonated nitrogen species (XPS data not shown) and high sodium content (inset
table in Figure 3-2) as determined by XPS. After the curing reaction, the shift in the carboxylate peak
towards 1570 cm-1 is due to the loss of ammonium carboxylates. The extent of sodium migration into
the resin film is significant, where, 9.2 at% of non-native sodium is present in the film as compared to
9.8 at% sodium present in the NBAS surface. The reaction for the formation of sodium carboxylates
is depicted in Schematic 3-2. The formation of sodium carboxylates occurs upon coordination of the
carboxylic acid group with sodium ions in the form of dissociated sodium hydroxide. The sodium ion
coordinates with the resonating oxygen atoms in the carboxylic acid group to form a sodium
carboxylate species.
Despite the formation of sodium carboxylate salts and the consequent loss of acid-functional
species near the interface, sufficient free-acid species are present for ester formation. The formation
of ester is determined by the increase in peak intensity at 1745 cm-1 when compared to 1706 cm-1
upon narrowing of the carboxyl peak after the curing process. The lack of anhyride formation near the
interfacial region is curious, even though acid-functional groups are still present. Sodium
carboxylates are known to be hydrophilic [22]. Therefore, an increase in water content in the resin
film due to sodium can mitigate anhydride formation as it is considered to be hydrolytically unstable.
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Anhydride

Ester

Carboxylate

1.15

Acid

Reflectance
1.05
1.00

1.10

NBAS

Sodium (at%)
Sample
As-cured resin
NBAS

11.0

Fused Quartz

2.3

0.90

0.95

Fused
Quartz

1900

1800

1700
1600
Wavenumber cm-1

1500

1400

Figure 3-2 Infrared Reflectance spectra of a 13.5 nm thin film (as-dried in blue and as-cured in red) on fused
C:\RESEARCH\FTIR\Banerjee_J\2011\2-28-2011\1341_jm901_resin5%_driedvovernight120C_microreflec20x-5x5_630cts_4000scans.0
quartz and NBAS, in the range 1850 to 1400 cm-1 normalized to 1450 alkyl peak. Inset table: Atomic concentration of2/28/2011
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2/28/2011
sodium obtained by normal-incidence XPS from the top 10 nm of the cured resin film surface.
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Schematic 3-2. Reaction of a carboxylic acid group with sodium hydroxide to produce a sodium carboxylate group
and an associated water molecule after a condensation reaction. Elements in the schematics are differentiated by color:
hydrogen – white, carbon – grey, oxygen – red and sodium – purple.
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To determine if sodium is stratified in the interfacial region, the sputtering module of the XPS
tool is utilized to expose the buried interfacial region and the concentration profile is shown in Figure
3-3. The sputtering rate for the resin film is calculated to be 0.03 nm/sec and for the glass surface is
determined to be 0.075 nm/sec elsewhere [23]. The sputtering process radically changes the chemistal
structure in the interfacial region, however, the comparison of the elemental profiles is possible [24].
Hence, the sputtering profile begins with the composition after the first sputter step to allow for
consistent comparison. The concentration profiles upon sputtering can be organized into three
sections: film, film/glass interface and glass sub-surface. The time required to sputter through the
resin film is determined by the time before which the carbon concentration is reduced by greater than
10%. Similarly, the glass sub-surface is assumed to start after the time where the change in silicon
content is less than 10 %. The zone in between those two points is considered to be the interfacial
region, during which both resin and glass components are detected.
The resin application on the glass surface causes surface modification. The depth profile
suggests that boron and aluminum are extracted preferentially from the glass surface due to the
observation of these elements deeper into the sputter profile, after signal from silicon is detected. The
deviation of boron and aluminum content in the buried interface from the surface composition of a
NBAS surface exposed to a pH 4 aqueous solution (see Table 3-1) may be an artificact of the
sputtering process. The inconsistency is illustrated by the retention of aluminum upon the pH 4
treatment while loss of boron in the top 10 nm of the glass is near complete.
The most significant modification of the interfacial region is related to the sodium content.
The concentration profile of sodium is stable at 11 at% within the resin film, before reducing within
the interfacial region to approximately 4 at%. The sodium content of the first 20 nm of the subsurface remains at approximately 4 at% , prior to increasing to the equilibrium concentration at
roughly 40 nm in depth. The sodium present in the resin film is transferred from the top 40 nm of
glass sub-surface. Also, the sodium content within the resin film near the interface is constant through
the bulk. Hence, the sodium carboxylates detected by IR analysis may be distributed homogeneously
throughout the film without a preference for the resin surface or glass/resin interface.
The sputtering process impacts the polymeric structure due to ion bombardment, as the
Carbon concentration increases and the oxygen content decreases due to carbonization [25, 26].
Whereas the sodium content within the resin film is stable, the nitrogen and phosphorous content is
steadily decreasing as the the XPS technique is probing further into the buried interface. It is
interesting to note that the phosphorous content is lost prior to nitrogen content near the interface.
This signals the possibility of stratification of the amine-crosslinker in the interfacial region, where
more TEOA groups are present near the glass surface.
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Figure 3-3. Concentration profile of a resin film of thickness 13.5 nm on NBAS using sputter depth profiling with
Ar ion . The top depth profile includes sodium, boron, aluminum and silicon. The bottom depth profile includes sodium,
nitrogen, calcium, phosphorous and carbon (carbon truncated above 25 at%). The depth profiles begin after the first sputter
cycle.
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The buried interfacial region is simulated by a 5.2 nm model film on NBAS and analyzed by
angle-resolved XPS to learn about the stratification of various elements near the interface in a nondestructive manner. The elemental concentration of the model film on NBAS with varied analyzer
angles is shown in Table 3-4. The elemental composition of the model film is similar to the buried
interfacial layer in the 13.5 nm thick film, where the interfacial zone is determined. The thickness
probed at each analyzer angle is obtained by equations for ARXPS to calculate thickness and
coverage of an overlayer on a substrate [27]. In this study, silicon is used to calculate the overlayer
thickness based on the attenuation of the silicon signal through the organic overlayer. At normal
incidence, evidence of the glass substrate underneath the film is present upon the detection of
network formers such as silicon, boron and aluminum. With change in analyzer angle, smaller
thicknesses are probed where more information is obtained from the model film instead of the glass
substrate, marked by the increase in carbon concentration. In fact, at 50 degrees and 5.1 nm thickness
probed, aluminum is no longer detected but silicon signal is still present. Hence, the aluminum signal
at normal incidence was obtained from the glass sub-surface instead of the surface indicating loss of
aluminum sites on the surface. Also, as aluminum is no longer detected at the shallower angle, it is
not extracted into the model film. In contrast, detection of boron at the shallower angle indicates
incorporation of boric acid into the resin film after dissolution of the boron network on the surface.
The extraction of boron and aluminum indicated by ARXPS corroborates the elemental profile of
aluminum and boron in the glass sub-surface by sputter depth profiling. Boron appears to be
uniformly distributed within the resin film as the amount of boron does not change with thickness
probed. Similarly, calcium is also uniformly distributed near the interface.
In contrast, sodium and nitrogen concentration changes with thickness probed. The amount of
nitrogen detected at shallower angles is lower than at normal incidence, which indicates preferred
presence of TEOA near the glass/resin interface. Indeed, with the consideration of the N/C ratio, the
ratio shifts by a factor of two from normal incidence to the shallowest angle probed. A decrease in
non-native sodium in the resin film is observed when probing the resin film at shallower depths. A
closer look at the speciation of carbon within the resin film leads to the determination of the alkyl and
carboxyl content. Upon the consideration of the entire resin film thickness, there are more carboxyl
groups than sodium atoms present in the film. Based on the number of sodium atoms within the film,
approximately 89% of the acid groups are coordinated with sodium. This is corroborated by the high
carboxylate peak intensity observed in reflectance spectra of the model film (see inset graph in Figure
3-4). Also, the non-native sodium content is only found in carboxylate form and not as sodium
hydroxide as there are fewer sodium atoms than carboxyl species where the formation of sodium
carboxylates are considered to be spontaneous and energetically favorable [16, 22, 28].
87

88
Finally, the possible orientation the organic groups can be posited by inspecting the relative
ratio of alkyl to carboxyl species. An increase in alkyl content closer to the resin surface is detected
with a corresponding reduction in carboxyl groups. The ratio shifts from 2.7 at normal incidence to
5.7 at the shallowest analysis angle, indicating that more alkyl groups are present on the surface than
carboxyl groups. It also indicates preference for the orientation of the carboxyl functionality towards
the glass surface, increasing the probabillity of interactions between the surface reactive sites and
carboxylic acid moieties [29].
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Analyzer
angle
(Degrees)
0
50
60
67.5
Thickness
Probed
(nm)
5.20
5.15
4.76
4.30

Thickness
Probed
(nm)

Oxygen

Sodium

Nitrogen

Calcium

5.20
5.15
4.76
4.30

31.2
24.1
20.8
18.9

12.5
12.1
11.2
10.8

0.9
0.9
0.7
0.6

0.4
0.4
0.4
0.3

N/C

Na (non-native)

0.018
0.015
0.011
0.009

10.9
9.9
9.0
8.5

C-C
At%
36.2
41.2
47.0
52.7

Carbon Boron
At%
49.6
0.5
59.7
0.2
64.6
0.2
67.4
0.3

Phosphorous

Silicon

Aluminum

0.8
1.1
1.1
1.1

3.6
1.7
1.0
0.6

0.4

C-O

O-C=O

C-C/(C-O + O-C=O)

3.1
2.5
2.7
2.3

10.3
10.1
10.0
9.6

2.7
3.7
4.4
5.7

Table 3-4. Elemental composition of a 5.2 nm cured resin film on NBAS, as obtained by Angle-resolved XPS. Thicknesses are calculated by using Equation 3-1.
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3.3.5. Interfacial chemistry as a function of resin film thickness
The interfacial chemistry of the resin on NBAS is affected by glass composition but it is
important to ascertain if the modification in the resin chemistry occurs further away from the
interface. Figure 3-4 contains IR spectra of four cured resin films with different thicknesses that are
spin-cast on NBAS from 1, 5, 10 and 20 wt% aqueous resin dilutions. The thickest film has a
qualitative similarity in the carboxyl region, between 1800 and 1475 cm-1, to the bulk resin. A
difference between the thickest film on NBAS and the bulk chemistry of the resin is observed in the
carboxylate region where a non-trivial amount of sodium carboxylates are still present. XPS analysis
of the top 10 nm of the thick resin film on NBAS confirms the presence of 5 at% sodium and no
detectable presence of calcium.
A qualitative approach to understand the effect of film thickness on resin chemistry, and
consequently probing interfacial chemistry, can be conducted by comparing relative intensity ratio of
ester, acid and carboxylate species at 1745, 1706 and 1560 cm-1 to the alkyl peak at 1450 cm-1, as
depicted in the inset in Figure 3-4. The sum of acid and ester content is greater than the carboxylate
content in films spincast from dilutions exceeding 10 wt% resin. Upon consideration of the thinner
films, the amount of carboxylate formation surpasses the carboxyl groups in the resin. The thinnest
film has negligible acid and ester functional species present with conversion of most of the acid
functional groups into carboxylate groups. Resin films of all thickness on NBAS reveal elevated
levels of non-native sodium, in the range of 2.7 to 13.3 at%. The amount of non-native sodium
content is calculated by removing the sodium content coordinated to the phosphorous group from the
total sodium concentration as obtained from XPS analysis. The increase in sodium concentration in
the resin films reflects the increase in carboxylate region accurately.
Finally, it is also clear that thinner films have a larger density of sodium carboxylates than
thicker films (higher carboxylate ratio with smaller thicknesses of resin film). The only source of the
inclement sodium content in the resin film is the glass surface. The change in the glass surface
composition with the presence of a thin film versus thick film is determined by XPS analysis upon
Ar+ ion milling of the glass surface. The depth profiles are shown in Figure 3-5 and sodium
concentration profile for an unmodified surface is added as a reference for depletion of sodium
content in the sub-surface. The reference depth profile shows the change in the sodium concentration
during the sputtering process due to knock-in effect by ion bombardment before reaching an
equilibrium [24]. The buried glass surface for the film spincast from 5 wt% dilution (thin film) was
probed by sputtering of the resin film on the surface until the glass sub-surface is exposed. The buried
glass surface of the thick film is exposed by mechanical extraction of the interface after exposing the
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resin film to cryogenic temperatures. Depth profiling of the film from 20% resin dilution is not
conducted as the film is considered to be too thick for sputter through. The mechanically extracted
interface of a sessile resin drop on NBAS surface is considered to be equivalent to the glass interface
underneath the thick film spincast from 20% resin dilution.
The extent of sodium depletion for the two thickness extremes is apparent, with depletion
layer thicknesses of 30 nm and 90 nm due to thin and thick films respectively. The sputter depth for
the NBAS was calculated by using a sputter rate of 0.075 nm/sec, as measured for a soda-lime silicate
glass by another researcher on the same tool [23]. The layer thicknesses are calculated by finding the
inflection point in the concentration profile of sodium from the depletion zone to the equilibrium
sputter concentration. The equilibrium sputter sodium profile is provided by sputtering an unmodified
melt surface. The thick film causes greater extraction of sodium ion due to the larger volume
available for sodium migration and higher number of acid-functional groups to form carboxylate
salts. The thinner film has a smaller volume with fewer acid functional groups available for inclusion
of sodium. It would explain the lower amount of extracted sodium.
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Normalized IRRS peak intensity
to alkyl (1450 cm-1) peak

15

Ester

2.5

20%

10

15

10

5
5

Sodium concentration (at%)

Ester (1745 cm-1, IRRS)
Acid (1706 cm-1, IRRS)
Carboxylate (1560 cm-1, IRRS)
Sodium (non-native, XPS)

0
0
0

Acid

10%

10

15

20

Resin dilution (wt%)

Carboxylate
5%

COO- Na+
COO-NH4+

1.5

Reflectance
2.0

5

1.0

1%

1800

1750

1700

1650
Wavenumber cm-1

1600

1550

1500

C:\Users\jxb1016\SkyDrive\Work\Research\FTIR\Banerjee_J\2009\4-12-2009\1948_jm-resin1pc-cured1h_microreflec20x-100um_2500cts_4000scans.0
2009/04/12
Figure 3-4. Infrared reflectance spectra in the range of 1825 to 1450 cm-1 of as-cured films spincast from dilutions
C:\Users\jxb1016\SkyDrive\Work\Research\FTIR\Banerjee_J\2009\4-12-2009\2002_jm-resin5pc-cured1h_microreflec20x-100um_2370cts_4000scans.0
2009/04/12
of 1 wt% (in red), 5 wt% (in blue) , 10 wt% (in green) and 20 wt% (in black) resin solutions on NBAS.
C:\Users\jxb1016\SkyDrive\Work\Research\FTIR\Banerjee_J\2009\4-12-2009\2054_jm-resin10pc-cured1h_microreflec20x-100um_1550cts_1000scans.0
2009/04/12
C:\Users\jxb1016\SkyDrive\Work\Research\FTIR\Banerjee_J\2009\4-12-2009\2105_jm-resin20pc-cured1h_microreflec20x-100um_2460cts_1000scans.0
2009/04/12
-1

Inset: Qualitative comparison of the intensity of carboxylic acid, ester and carboxylate peaks at the 1706 cm ,
Page
1/1peak at 1450 cm-1. Also included, non-native sodium
1745 cm-1 and 1560 cm-1 respectively, normalized to the
alkyl
concentration (at%) of the top 10 nm of the resin film on NBAS at corresponding dilutions.

92

93

8

NBAS melt surface
NBAS under thin resin film
NBAS under thick resin film

Sodium (at%)

6

4

2

0
0

20

40

60

80

100

120

140

160

Sub-surface depth (nm)

Figure 3-5. Depth profile of NBAS melt surface showing sodium concentration in glass sub-surface under the
cured resin film of thickness 13.5 nm (thin film) and film of thickness 2000 microns (thick film), compared to sputter
equilbrium sodium concentration in melt sub-surface

93

94
3.3.6. Hydrolytic stability of the interfacial region
The interfacial chemistry of the resin film has been demonstrated to be substantially different
on NBAS than fused quartz. Prior to probing the hydrolytic stability of the interfacial region on
NBAS, the impact of water exposure on the interfacial area of the resin film on fused quartz is
investigated. The spectra of a thin resin film on fused quartz after the different treatment steps are
shown in Figure 3-6a.The spectra are normalized to the 1450 cm-1 peak attributed to alkyl stretching
mode. The first spectrum (on top) depicts a thin resin film as-dried, where significant concentration of
carboxylic acid groups (1700-1740 cm-1) is present along with a small concentration of ammonium
carboxylates (1550 cm-1). Upon curing, the carboxyl peak reduces in width with loss of acid species
after ester and anhydride formation, and loss of carboxylate moieties. Upon exposure to accelerated
aging conditions, the spectrum is suggestive of the as-dried state, where the carboxyl peak width
increases, anhydride moieties are lost and an increase in carboxylate peak intensity is observed. Loss
of resin film is not observed upon rinsing the accelerated aged sample. The reaction schematics for
the chemistry with each treatment are depicted in Schematic 3-3. Schematic 3-3a depicts the
formation of ester linkage upon curing with the consequent hydrolysis of the ester bond, whereas
Schematic 3-3b depicts the hydrolysis of the anhydride covalent linkage.
The cross-linked nature of the resin network is hydrolysable upon exposure to water. Despite
loss of covalently-linked structure, there is sufficient interaction between functional groups within the
film and at the interface, as no loss of resin film is observed after a water rinse to remove weaklybound species upon accelerated aging. Clearly, the hydrogen-bonded network is resistant to
interfacial and cohesive failure for the glass/resin system. The lack of interfacial failure indicates that
the hydrogen-bonding between the reactive moieties in the resin and the surface reactive sites is not
sensitive to water, specifically between the surface hydroxyls and functional groups in the resin such
as carboxylic acid moiety and nitrogen on TEOA [2, 30-33]. As the hydrolytic stability of a thin resin
film on fused quartz is determined to be excellent, it is assumed that interface of any glass with low
water-extractable elements and resin will also be resistant to hydrolytic attack.
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Schematic 3-3. Reaction schematics of (a) ester formation and hydrolysis for carboxylic acid groups and alcohol
groups in TEOA, and (b) hydrolysis of anhydride species to corresponding acid groups upon exposure to water. Elements in
the schematics are differentiated by color: hydrogen – white, carbon – grey, oxygen – red, nitrogen – blue, sodium – purple
and phosphorous - pink.
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The spectrum of a cured thin resin film on NBAS prior to the exposure to accelerated aging is
shown in Figure 3-6b. The spectra are scaled such that proper comparison of the changes in chemistry
can be conducted. If the peaks were normalized to the 1450 cm-1 peak, the intensities of the specific
peaks would be difficult to compare. The functional moieties present in the cured film include ester,
acid and carboxylate groups. Upon exposure to accelerated aging, significant loss of the carboxyl
peak with a corresponding increase in carboxylate peak is observed. The sodium carboxylate
formation is an effect of the extraction of sodium ions from the glass sub-surface into the interfacial
region. Carboxylic acid groups are still present near the interface of NBAS after curing. The extracted
sodium ions coordinate with the carboxylic acid groups to form more carboxylate species than
natively present upon curing. However, not all carboxylic acid species are exhausted as a non-trivial
intensity of the carboxyl peak still persists. Upon rinsing the humid-aged sample, no evidence of the
resin film is observed on the surface as peaks for ester, acid and carboxylate groups are not detected.
The only peak detected on the surface is at 1640 cm-1. Due to the lack of nitrogen content on this
surface based on XPS results, this peak is attributed to molecular water.
A thicker resin film on NBAS is subjected to the same surface treatment conditions as the
thin film and the spectra are depicted in Figure 3-6c. The spectra are scaled to be similar to the thin
resin film to facilitate comparison of the changes in relative ratios of specific peaks such as
carboxylic acid and carboxylate peaks. The average chemistry of the resin film is different as the
carboxyl and carboxylate peaks are suggestive of the principal resin chemistry. The cured resin has a
higher concentration carboxyl species relative to carboxylate groups. The carboxyl moieties include
anhydride, ester and acid functional groups. The higher levels of carboxylate peaks are due to higher
than native concentration of sodium present in the film. When thick film is exposed to accelerated
aging conditions, similar to the thin film, a considerable change in the resin chemistry occurs.
Increased carboxylate formation is observed with consequent loss of carboxyl species upon exposure
to water. However, more carboxyl groups are present relative to the carboxylate groups upon the
comparison of the thick film to the thin film. The average disruption to the resin network for the
thicker film is lower than that for the thin film. To test the hydrolytic stability of the disrupted
network, the film is subjected to a short room temperature rinse. Similar to the thin film, complete
loss of the resin film is observed with only the detection of molecular water at 1640 cm-1. Due to the
similarity in the hydrolytic instability of the resin films regardless of thickness, it can be posited that
the interfacial region is the culprit for loss of the initially-adhered resin film upon accelerated aging.
The mass transport of sodium due to accelerated aging is evident from the depth profiles of
the revealed NBAS surfaces after the rinsing step to remove weakly-bound species, as shown in
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Figure 3-7. The sputter depth profile of sodium in the sub-surface of a pristine NBAS melt surface is
shown as a reference to identify the depth of the leached layer. The depth profile of the buried glass
sub-surface beneath the thin resin film as-cured is also added as a reference to compare changes in
sodium concentration due to exposure to accelerated aging conditions. The glass sub-surface
underneath the thin resin film after accelerated aging does not see an increase in the leached layer
thickness. However, the partially-leached layer loses more sodium ions to form a near-complete
sodium-deficient zone in the top 10 nm of the surface. The newly-formed sodium carboxylates in the
interfacial zone is a by-product of the coordination of the sodium ions extracted during the aging
process with the free-carboxylic acid species after ester hydrolysis.
The sodium profile of the glass sub-surface underneath the thick resin film prior to
accelerated aging is unknown. The larger leached zone is ascertained by the sodium profile of the
glass sub-surface after the exposure of the substrate/overlayer to accelerated aging. The sodium
content does not return to the levels of sputter equilibrium until 80 nm with an increase in the leached
layer thickness of approximately 150% when compared to the thin film. Based on the concentration
profile of sodium for the glass sub-surface underneath the thin film before and after aging, it can be
proposed that the sodium exchange for the thick film is occurring primarily in the top 25 nm. This is
due to the significant loss of sodium within that thickness range, while the sodium concentration is
stable for thickness range of 25 to 65 nm in depth. Therefore, it can be assumed that the concentration
profile of the sub-surface under a thick as-cured resin film will be similar to the sub-surface under the
thin film albeit with deeper zone with reduced-sodium content.

98

99

6

Sodium (at%)

4

2

melt surface
under thin resin film
under aged thin resin film
under aged thick resin film
0
0

20

40

60

80

Sub-surface depth (nm)
Figure 3-7 Depth profile of sodium ions in the glass sub-surface after resin films of thin and thick regime on
unleached surface have been humid aged for 24 hours at 85 °C and 85%RH and rinsed for 10 mins in room temperature
water.
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The second unique change near the interface, based on glass composition, is loss of
interfacial integrity. The confirmation for interfacial failure is obtained by XPS analysis of the
surface, where nitrogen and phosphorous is not detected. The carbon speciation of the coated surface
after accelerated aging and water rinse is similar to that of an uncoated NBAS surface (data not
shown). In both thickness regimes, the exposed glass surface is suggestive of a partially-leached
NBAS surface. An electron micrograph of the surface of NBAS after accelerated aging is shown as a
reference for a corroded surface in Figure 3-8a. Significant loss of film integrity with interfacial and
cohesive failure can be observed in Figure 3-8b. Two distinct zones are visible on the glass surface
with thin resin film after the humid aging process and are indicated in the image. The glass zone is
visually similar to the reference image of the glass surface. Clearly, the glass surface that is exposed
after interfacial failure and loss of resin film is corroded as though no overlayer were ever present.
The interfacial loss is imminent for the resin film upon cohesive failure. Due to loss of resin film,
water during the rinsing treatment is more easily able to access the existing interfacial region between
the resin and the glass, promoting further delamination. The interfacial failure of the carboxylic-acid
based resin on sodium-rich glass surface shows excellent agreement with research conducted on the
adhesion of a different carboxylic-acid based polymer to sodium-rich glasses elsewhere [29, 34, 35].
In summary, a mechanism can be proposed for the interfacial loss of a resin film on NBAS
surface. The initial access of water to the interface occurs via the bulk of the resin, due to hydrolysis
of ester linkages and further reduction of network integrity than that caused by sodium carboxylates
present as-cured. Water reaches the interface and then promotes the extraction of sodium. Consequent
formation of sodium carboxylates causes further reduction in network integrity by loss of hydrogenbonded acid groups and leads to cohesive failure within the bulk of the resin. The presence of
significant quantity of sodium carboxylates near the interface increases the amount of water at the
interface and creates a water-soluble interface. The increase in water content and the mass transport
of sodium from the glass sub-surface to the surface is assumed to interfere with surface bonding
mechanisms and reduce the interaction of the reactive species in the resin with the surface reactive
sites.
3.3.7. Bonding mechanisms at the resin/glass interface
Investigation of the species in the resin bonded to the glass surface is conducted by
mechanical extraction of the interface for a thick coating upon exposure of the overlayer on the
substrate to cryogenic temperatures. The failure is either cohesive or interfacial in nature, depending
on the interaction strength of the species with the surface reactive sites on the glass. This method
probes interfacial bonding more effectively as the only information obtained is from the interface,
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unlike IR spectroscopy and XPS analysis on thin films which provides information across the entire
thickness cross-section. The various extracted interfaces are from resin on fused quartz, resin on
NBAS, resin on silanized NBAS and resin-silane blend on NBAS. The ATR-IR spectra for these
extracted glass surfaces are shown in Figure 3-9 and the nitrogen-to-carbon (N/C) and protonated
nitrogen-to-total nitrogen (N+/N) ratio from XPS analysis is listed in Table 3-5. The N/C and N+/N
ratio for the top surface of the resin film is included as a reference. The analysis area for ATR-IR was
selected in regions without any visual signs of adhered resin by the 20x objective to primarily probe
regions of interfacial failure. Unfortunately, XPS analysis does not have such a selection capacity,
and hence the information obtained by it may contain information from interfacial and cohesive
failure regions.
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Figure 3-8. Electron micrographs of (a) NBAS surface treated at 85 C and 85% RH for 24 hours and (b) 13.5 nm
cured resin film on NBAS treated at at 85 C and 85% RH for 24 hours.
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3.3.7.1.

Silica

The IR spectrum for the resin film on fused quartz in Figure 3-9 does not show a peak in the
1700-1800 cm-1 region and no phosphorous is detected by XPS analysis (XPS data not shown).
However, the N/C ratio is higher than the control and elevated levels of protonated nitrogen are also
detected. The broad peak between 1575 and 1725 cm-1 is centered at approximately 1640 cm-1.
Whereas this peak may be assigned to molecular water, the lack of a corresponding –OH peak in the
3500-3800 cm-1 region (data not shown) indicates that the assignment of the peak at 1640 m-1 to water
is erroneous. Due to the detection of nitrogen species on this surface by XPS, it is possible to assign
this peak to interactions of unprotonated and protonated nitrogen with other species. Other
researchers have determined that peaks at 1636, 1654 and 1684 cm-1 correspond to the bending
vibrations of physisorbed nitrogen, unprotonated nitrogen and protonated nitrogen respectively [3638]. The only component of the resin adsorbed on the surface is TEOA via adsorption of nitrogen on
surface hydroxyls. Hence, TEOA can be considered as a coupling agent, where it can act as a tether to
the glass surface for the resin network [39].
Stapleton et al. performed adsorption studies of acetic acid on silica [30]. A silica surface is
found to have silyl ester (upon condensation reaction with acetic acid and surface silanol) under
anhydrous conditions and is hydrolysable upon exposure to water. Hence, the primary adsorption
mechanism for carboxylic acid moieties on fused quartz is inferred to be hydrogen-bonding to
isolated silanols. Hydrogen bonding on vicinal hydroxyls is assumed not to occur as they are known
to be hydrophilic sites. The two main adsorption mechanisms for the resin formulation on a silica
surface via aqueous application is determined to be hydrogen-bonded carboxylic acid functional
groups and protonated nitrogen to isolated surface silanols in the presence of water. The bonding
mechanisms are illustrated in Schematic 3-4(a,b). It should be noted that evidence of hydrogenbonded carboxylic acid groups on surface silanols is not directly observed, but rather is inferred to
occur based on findings of Stapleton et al. [30]. The lack of such species upon mechanical extraction
leads to the conclusion that the shear forces due to thermal expansion mismatch are sufficiently strong
to cause interfacial failure as the cohesive strength of the resin network near the interface exceeds the
interfacial bonding strength.
The hydrolytically stable interface of the resin film on fused quartz is due to the reduced
water content within the resin film, and thereby the glass/resin interface. The IR spectra of the resin
film on fused quartz confirms the lack of water intake in the film as the –OH region in the range of
3500 to 3800 cm-1 does not change in intensity (data not shown). The interfacial region on a silica
surface is hydrolytically stable based on the results of the aging test for the resin film on fused quartz.
Therefore, the interfacial bonding mechanisms with hydrogen bonding between the glass surface and
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the resin components, carboxylic acid and nitrogen on TEOA, is considered to be hydrolytically
stable.
3.3.7.2.

NBAS

Unlike fused quartz, the extracted NBAS surface has a carboxyl peak between 1650 and 1800
-1

cm , as seen in Figure 3-9, which is indicative of the presence of carboxylic acid groups on the
surface. The peak is centered at approximately 1740 cm-1; the peak assignment is deterministic of
hydrogen-bonded carboxylic acid groups. Due to the trivial intensity of the peak at 1706 cm-1, it is
assumed that free-acid form of the carboxylic acid group is not present. No evidence of sodium
carboxylates at 1560 cm-1 is observed. Therefore, the carboxylic acid groups are considered to be
hydrogen-bonded to silanols at the glass/polymer interface. Evidence of the orientation of the
carboxylic acid groups toward the glass surface is obtained by AR-XPS in Table 3-4. It should be
noted that the hydrogen-bonding of carboxylic acid groups on the surface is present due to the lowsodium environment in the interface for a thick film (<1 at% sodium, data not shown). The lowsodium interface is due to leached sub-surface of the glass and a larger volume of resin for sodium to
occupy (see Figure 3-7).
Similar to fused quartz, elevated N/C and N+/N ratio and the presence of small IR peak at
1636 cm-1 is indicative of TEOA on the glass surface. The segregation of TEOA on NBAS surface is
confirmed as this finding corroborates the trend of reduced nitrogen content upon probing smaller
resin thicknesses with ARXPS. TEOA functions as a coupling agent for the resin onto the NBAS
glass surface through the adsorption of nitrogen on surface silanols. Phosphorous is detected on the
extracted surface confirming the presence of carboxylic acid groups on the surface (data not shown).
The failure mode for the resin on NBAS surface is determined to be cohesive near the interface, as
resin components are detected on the surface.
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Figure 3-9. ATR-IR spectra, in the range of 1475 to 1825 cm-1, of the glass surface in the buried interface of a
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Coating
Resin

Substrate
Fused quartz

Resin

Fused quartz

Resin

NBAS

Location probed
Top resin surface
Extracted glass
surface
Extracted glass
surface

N/C (%)
3.7

N+/N (%)
41.4

5.6

85.8

8.2

83.0

Table 3-5. Ratios of elemental composition of nitrogen to carbon, and protonated nitrogen to neutral nitrogen on
the extracted glass surface. The ratios for the top surface are provided as a control. The ratios were calculated from data
obtained by normal-incidence XPS.
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Schematic 3-4. Proposed hydrogen-bonding interactions of (a) nitrogen on TEOA and (b) carboxylic acid
functional group in the polymer with isolated silanols on the glass surface. (c) interaction of a sodium carboxylate group
with a surface silanol. Elements in the schematics are differentiated by color: hydrogen – white, carbon – grey, oxygen –
red, nitrogen – blue, sodium – purple and silicon - yellow.
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The possible adsorption mechanism for a carboxylic-acid functional group on a sodium-rich
silicate surface without the presence of physisorbed water has been shown elsewhere to occur by the
chelation of the carboxylic acid group to the sodium ion on the surface [30]. Upon partial removal of
sodium from the surface, the bonding mechanisms have been shown to include chelation through
aluminum and calcium. In addition, no evidence of silyl ester or hydrogen-bonded acid species is
observed [30]. Based on the effect on NBAS surface composition by exposure to acidic water as
shown in Table 3-1, the surface reactive species is inferred to be isolated silanols and stronglyadsorbed water on vicinal silanols and aluminum sites. Considering the amount of network modifiers
present after acid-treatment, all of the network modifiers on the surface are considered to be
associated with aluminum sites [40, 41]. As sodium ions are leached from the glass surface upon
application of the resin film, the surface is considered to be low-sodium and contain higher
concentration of silanols upon the loss of boron.
In contrast to the findings of Stapleton et al., where a lack of bonding between acid groups
and newly-created silanol groups on partially-leached NBAS is observed, this study finds evidence of
adhered carboxylic acid functional groups on the NBAS surface. No evidence of sodium, aluminum
or calcium chelation is observed on the NBAS surface. The lack of calcium chelation is due to loss of
calcium species on the surface after exposure to water. The lack of aluminum chelation is due to the
strong hydrophilicity of the aluminum sites on the surface [42]. The presence of strongly-adsorbed
water prevents direct access to the aluminum site for chelation.
Unlike calcium and aluminum chelates, it is possible that sodium chelates are present on the
surface after the resin film is cured. The formation of sodium chelates upon reaction of acids such as
acetic and oleic acid with a sodium-rich surface has been shown elsewhere [2, 30]. However,
chelation of carboxylic acid species via sodium is unlikely as the silicon sites are determined to be in
the form of silanols and the sodium-coordinated aluminum sites are hydrophilic. The other interaction
involving sodium could occur in the form of sodium carboxylate interaction with a surface silanol, as
illustrated in Schematic 3-4c. However, that interaction is not considered to be active in the presence
of water as sodium carboxylates are hydrophilic and would not be able to interact directly with the
surface silanol. The protonated nitrogen in the TEOA molecule is found to be adhered on the glass
surface. The active adsorption mechanisms on NBAS are similar to fused quartz (Schematic 3-4a,b),
due to the surface modification of NBAS upon application of resin.
The hydrolytic stability of the interfacial region for resin on NBAS is poor as complete loss
of the film is observed. It is apparent that the interfacial bonding mechanisms that are present in the
resin film as-cured are not stable in the presence of water. While it has been shown that the hydrogen107
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bonding of carboxylic acid and nitrogen with isolated silanols is not hydrolysable, it is clear that the
interfacial bonding is disrupted during the aging process with a unique mechanism that does not occur
on fused quartz. Upon aging of the resin film on NBAS, further leaching of the glass sub-surface is
observed which results in sodium transport across the interface. It is likely that the alkaline
environment near the glass/resin interface disrupts the hydrogen bonding between the functional
groups in the resin and the glass surface. In addition, sodium chelates may also be present in the
interfacial region prior to accelerated aging but are easily removed by a water rinse as they are watersoluble. With the loss of interfacial bonding during the accelerating aging process, the previouslyadhered species are rendered hydrolytically unstable.
3.3.8. Effect of inclusion of silane on the glass/resin interface
Sodium carboxylate species have been shown to be responsible for interfacial hydrolytic
instability in the resin film in two ways: creating initial water diffusion pathways to the interface and
removing functional reactive species in the resin to adsorb onto the glass surface. The inclusion of
silane improves wet product performance [43]. There are two approaches for the inclusion of silane in
the glass/resin system. One is to include a dilution of silane into the resin formulation prior to
application on the glass surface [8]. The second approach is to functionalize glass surface with silane
prior to the application of the resin formulation [44]. Both approaches are investigated in this study
with the thin film approach to evaluate the effect of silane on interfacial hydrolytic stability. The thin
film approach is deemed sufficient as it has been observed that the critical zone for improving the
hydrolytic stability of the zone is at the glass/resin interface.
The chemical composition of the top 10 nm of the thin resin film on NBAS, resin/silane blend
film on NBAS, silane on NBAS and resin on silanized NBAS is listed in Table 3-6. The thin resin
film on NBAS is provided as a comparative tool to determine changes in chemistry and composition
upon inclusion of silane. Before delving in the silane inclusion in resin on NBAS, the chemical
composition of NBAS upon functionalization by the silane is explored in a cursory manner as a
detailed investigation of silanization of the NBAS surface is outside the scope of this study. The
NBAS glass surface is silanized by dip-coating the glass in a 5 wt% silane dilution (pH 4.5 ,60
minutes) proceeded by a 120 °C heat treatment for one hour to facilitate loss of water and drive
interfacial bonding. The glass surface is determined to have a coating thickness of 0.5 nm based on
the carbon content of 9.1 at% and full coverage of the overlayer using Equation 3-1. A consequence
of the silanization procedure is a reduction of sodium on the surface and a leached sub-surface upon
exposure to the acidic silane solution. Therefore, the silanized glass is considered to present a lowsodium surface to the reactive species in the resin for adsorption.
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The first silane inclusion is conducted as an addition of 0.5 wt% silane to 5 wt% aqueous
resin dilution prior to application on the NBAS surface. After this surface is dried and cured, the
chemical composition of the cured film has similarities to the resin film on NBAS without silane. The
thickness of the film is greater than sampling depth of the XPS technique as no elements from the
glass surface are detected. The detection of silicon at 1.6 at% is indicative of the silane inclusion. The
most significant change occurs in the non-native sodium concentration within the sampling depth of
the XPS technique, where a reduction of 35% is detected compared to the control sample.
The second approach to silane inclusion is conducted by application of a 5% aqueous resin
dilution on a pre-silanized NBAS surface by dip-coating. The presence of silane is apparent as the
surface is observed to be hydrophobic and a consequent reduction in resin film thickness is measured.
The thickness of the resin film on the silanized surface is determined from the carbon concentration to
be 4.1 nm. The reduction in thickness of the film is confirmed by the detection of aluminum from the
glass surface.
IR reflectance spectra of the thin films with different combinations of resin and silane are
normalized to alkyl peak at 1450 cm-1 and shown in Figure 3-10. The reflectance spectrum for resin
on silanized glass is normalized to facilitate a qualitative, comparative discussion of the interfacial
chemistry across all three samples. As with XPS data, the resin film on NBAS serves as a control
sample for determination of the impact of silane inclusion on interfacial chemistry. An improvement
in the network integrity of the resin film on the silanized glass surface is observed. There are more
carboxyl groups present near the interface than carboxylate species. The reduction in carboxylate
species correlates to the lower non-native sodium content (2.3 at%) in the film. The presence of the
silane coating on NBAS induces unmodified resin characteristics in the interface, similar to that on
fused quartz.
In stark contrast, more carboxylates are observed in the resin/silane blend film than in the
control sample. In addition, fewer carboxyl species are detected. The increase in carboxylate
formation does not directly correlate to the non-native sodium content detected in the top 10 nm, as
lower sodium content (5.3 at%) is observed than on the control sample (9.2 at%). As the IR spectra
obtains the average speciation of functional groups across the entire film thickness and as the
thickness probed by XPS is smaller than the thickness probed by IR, it can be inferred that
segregation of sodium is occuring near the interface to account for the differentiation in carboxylate
content. The region near the interface where sodium is segregated is the zone where the additional
carboxylate groups are present. The effect of the silane when incorporated directly into the resin
formulation is to isolate the extracted sodium near the interface. It is also clear that the extraction of
sodium is not impeded as effectively as on the silanized glass surface.
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Substrate

NBAS
Silanized NBAS

Coating

Coating thickness

Sodium

Nitrogen

nm

Carbon

Silicon

Aluminum

At%

Resin (control)

> 10 nm

11.0 (9.2)

1.2

54.0

Resin/silane blend

> 10 nm

6.7 (5.3)

0.9

57.7

1.6

Silane

0.5

1.9

9.1

24.9

2.0

Resin

4.6

3.9 (2.3)

47.7

4.6

0.7

1.6

Table 3-6. Elemental composition of a 13.5 nm cured resin film on NBAS, 13.5 nm cured resin/silane blend film on NBAS, silane film on NBAS, and 4.6 nm resin film on
silanized NBAS, as obtained by normal-incidence XPS. The atomic concentrations in parentheses are the non-native sodium concentration in the coating. Thicknesses are calculated by
using Equation 3-1.
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Resin on
silanized NBAS

Resin on NBAS
(control)

Resin/silane
blend on NBAS

Figure 3-10. Infrared Reflectance spectra of the thin cured resin film (< 15 nm, control) on NBAS (black), thin
cured resin/silane blend film (< 15 nm) on NBAS (red) and thin cured resin film (4.6 nm) on silanized NBAS (blue), in the
range 1850 to 1400 cm-1 normalized to 1450 alkyl peak.
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3.3.9. Effect of silane on the glass/resin interfacial hydrolytic stability
The hydrolytic stability of the interfacial region upon inclusion of silane is probed in a similar
manner to the thin resin film without silane. The experiment is conducted solely on the thin films as
the critical zone for hydrolytic stability is determined to be the interfacial region. The IR reflectance
curves for both cured samples are plotted in Figure 3-11 with the as-cured sample on top, sample after
accelerated aging in the middle and post-water rinse of the aged samples at the bottom. The
accelerated aging of the thin resin film on NBAS, as shown in Figure 3-6, is considered to be the
control sample for this set of experiments. The elemental composition of the top 10 nm of the coated
NBAS samples during various stages of the hydrolytic stability test is listed in Table 3-7.
The change in the carboxyl and carboxylate peak in the resin film with silane inclusion after
accelerating aging is evident in Figure 3-11a. The relative peak ratios are similar to an aged resin film
on NBAS. The exposure to accelerated aging conditions results in an increase in carboxylate
formation with a reduction in the carboxyl peak. Furthermore, the spectrum appears to be identical to
the control sample after accelerated aging. Similar to the control, the carboxylate peak at 1560 cm-1 is
determined to signify the presence of sodium carboxylates. An increase in sodium content of 1.3 at%
in the top 10 nm of the film surface is observed, however, the nominal change does not correlate to
the increase in carboxylate formation. The discrepancy can be explained by further segragation of
sodium near the interface and a nominal increase in the sodium content in the region near the film
surface. The loss of ester groups formed by the reaction between the carboxylic acid group and
hydrolyzed silane and between the carboxylic acid group and TEOA is due to hydrolysis of the
linkage followed by coordination of the newly-formed acid groups with sodium. Based on the high
carboxylate content upon accelerated aging, it can be posited that complete loss of the film would
occur with a short water rinse, similar to the control substrate. However, complete loss of the
overlayer is not detected with detection of carboxyl peaks in the range of 1700 to 1750 cm-1,
molecular water peak at 1640 cm-1 and carboxylate peak at 1550 cm-1. The shift of the carboxylate
peak to 1550 cm-1 is suggestive of the retention of ammonium carboxylates. The loss of sodium
carboxylates is due to water solubility of the species.
The lack of complete loss of the film upon inclusion of silane when compared to the the
control substrate is suggestive of an additional bonding mechanism. As the only unique component is
the silane, it can be postulated that some of the silane molecules are chemisorbed on the glass surface
and are able to tether a segment of the polymer chain to the surface via the attachment of protonated
amine in TEOA to the opened epoxy ring in the silane molecule (see Schematic 3-5a). Even though
complete loss of the overlayer does not occur, certain portion of the overlayer is removed as evident
from the loss of native species in the film in IR reflectance spectrum and the reduction in carbon
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content on the glass surface with detection of elements from the glass surface by XPS analysis. A
significant portion of the film is hydrolytically unstable despite the expectation of improvement in
both cohesive strength of the resin network and interfacial strength with inclusion of silane.
Therefore, it is possible that that incursion of sodium from the glass surface is also affecting the silane
functionality, reducing the interaction of the siloxy groups with other functional groups.
The IR reflectance spectrum of the resin film on silanized NBAS in Figure 3-11b after
accelerated aging shows a shift in the ratio of carboxyl to carboxylate species. However, the change is
more subdued than the control sample or surface with resin film with silane inclusion. The shift in
the relative ratio of acid to ester indicates hydrolysis of ester linkages. The increase in carboxylate
groups is attributed to higher sodium content of 5.0 at%, as compared to the unaged sample.
However, the resin on a silanized surface has the lowest carboxylate content and sodium content
when compared to the other two samples. Significant portion of the resin film on the silanized NBAS
surface is retained after the rinsing step upon inspection with an optical microscope, unlike the other
two samples.
XPS analysis of the surface shows evidence for partial removal of the resin film on the
silanized layer upon detection of increased levels of silicon and by a 25% drop in phosphorous
content. Loss of a portion of the resin film would explain the change in the relative ratio of carboxyl
to carboxylate, where carboxylate content is lower than the surface after accelerated aging. It is likely
that ammonium carboxylates are present but it is difficult to deconvolute the component from the
broad carboxylate peak. As the carboxylate peak is observed to be situated at 1560 cm-1, carboxylate
species is assumed to be primarily in the form of sodium carboxylates. The reduction in carboxylate
content after the rinsing step is correlated with a drop in sodium content in the top 10 nm of the resin
film. Therefore, it is inferred that a portion of resin film with sodium carboxylate species is weaklybound in the film and removed during the rinsing process. However, most of the resin film is strongly
adhered to the surface with minimal loss due to interfacial and cohesive failure. Furthermore, the
interfacial hydrolytic stability of the resin film on silanized glass is approximately similar to that on
fused quartz.
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Sodium

Sample

Treatment

Resin/silane
blend on
NBAS

None

6.7 (5.3)

Accl. Age

8.0 (6.6)

Accl. Age + rinse

1.9 (1.5)

Resin on
silanized
NBAS

None

3.3 (1.7)

Accl. Age

5.0 (3.2)

Accl. Age + rinse

2.1 (0.9)

Calcium

Nitrogen

Carbon

Phosphorous

Silicon

Aluminum

At%
0.9

57.7

0.7

1.6

2.1

0.7

54.8

0.7

1.9

2.5

1.0

37.9

0.2

11.5

1.1

1.6

48.0

0.8

4.6

0.7

0.2

1.5

60.7

0.9

0.6

0.3

1.6

57.2

0.6

2.7

Table 3-7. Elemental composition of thin cured resin film on silanized NBAS and thin cured resin/silane blend film on NBAS upon various surface treatments, as obtained by
normal-incidence XPS. The atomic concentrations in parentheses are the non-native sodium concentration in the coating.
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TEOA

a
Silane

Silanol

b

Silane

PAA network

Silanol

Schematic 3-5. Proposed interactions involving a silane molecule attached to the glas surface (a) covalent
bonding between the methyl radical in the opened epoxy ring with nitrogen in TEOA (b) covalent bonding between the
methyl radical in the opened epoxy ring and carboxylic acid group. Elements in the schematics are differentiated by
color: hydrogen – white, carbon – grey, oxygen – red, nitrogen – blue and silicon - yellow.
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When the NBAS surface is silanized prior to the resin application, the resin is bonded on
the adsorbed silane layer and does not interact directly with the glass surface. As the silane
reduces the mass transport of sodium from the glass sub-surface by making the surface
hydrophobic, the interfacial region has lower sodium content. Therefore, most of the bonding
mechanisms active for the resin on fused quartz is expected to be active on the silanized surface.
The proposed bonding on the silanized surface is the covalent attachment of carboxylic acid
groups and nitrogen from TEOA to the opened epoxy ring on the silane molecule (see Schematic
3-5a,b). Due to lower sodium content in the interfacial region, there should be reduced disruption
of the hydrogen-bonding between the alcohol group in TEOA and the carboxylic acid group.
3.4. Summary
Using a model interface via thin-film application and surface sensitive techniques, the
ability to characterize interfacial phenomenon of a glass/resin composite system is demonstrated.
The thin-film model is ascertained to be an imperfect representation of the interfacial region as
the chemistry near the interface is found to be dependent on the thickness of the film and
hydrolytic stability of the glass. It does however provide insight into the deviation from the
principal chemistry in the interfacial region on the high-sodium content glass surface. The
cumulative knowledge gathered from X-ray Photoelectron Spectroscopy (XPS) and IR
spectroscopy contributes to the development of a thickness-dependent model for the interfacial
region on the sodium-rich glass surface illustrated in Figure 3-12.
XPS depth profiling reveals that the glass surface is compositionally modified and the
depth of the leached layer in the glass is dependent on the resin film thickness. XPS results
confirm the elevated levels of sodium in the resin in the interfacial region and lower sodium
content in the top 10 nm of the resin surface as thicker films are considered. The observation of
sodium carboxylate formation in resin films by IR spectroscopy is corroborated by the presence
of sodium that is extracted from the glass surface.
The sodium carboxylate formation has two adverse effects in interfacial region: one is the
removal of the necessary carboxylic acid functional species needed for network connectivity and
the second is the water solubility of the species. The increased formation of sodium carboxylates
near interface due to further leaching of the glass surface during the hydrolytic stability tests is
confirmed by IR spectroscopy and XPS depth profiling of the accelerated aged samples. This
further reduces the network connectivity near the interface resulting in complete interfacial
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failure. The loss of both thin and thick resin films on NBAS and the retention of thin resin film on
fused quartz after accelerated aging tests indicate that the chemistry at the interface is critical for
hydrolytic stability.
The manner of surface bonding, as depicted in the model in Figure 3-12, is found to be
dependent on the reactions occurring in the resin near the interface due to the presence of water.
Surface bonding is investigated by a combination of XPS and Attenuated Total Reflectance
(ATR-IR) analysis of the mechanically extracted glass surface interfaced with a sessile drop of
resin and Angle-Resolved XPS (AR-XPS) on a model cured thin resin film. When all of the
carboxylic acid moieties in the resin have not reacted to form sodium carboxylates, hydrogen
bonding of carboxylic acid moieties on the compositionally-modified NBAS surface is detected
by IR analysis. The TEOA molecule is also found to be hydrogen bonded to the glass surface via
the nitrogen atom upon the corroboration of both XPS and ATR-IR results.
The AR-XPS analysis of the model cured resin thin film on the sodium-rich glass surface
indicates that the carboxyl species and TEOA are preferentially oriented towards the glass
surface. The sodium enrichment in the resin near the interface results in sodium carboxylate
formation and is considered to mitigate hydrogen bonding of carboxylic acid groups on the glass
surface. In contrast, the physisorption of TEOA on the surface is suggested by the enrichment of
TEOA in the region adjoining the glass surface. Lastly, due to the lack of observable resin
components on the NBAS surface after accelerated aging tests, surface bonding of carboxylic
acid groups in the polymer and nitrogen atom in TEOA is deduced to be water-sensitive due to
the hydrolytic instability of the glass surface.
The approach of adding silane to the resin formulation prior to application is ineffective
in improving hydrolytic stability of the interfacial region as sodium carboxylate formation is not
inhibited. The loss of network connectivity of the resin near the interface in the presence of water
is shown to be lessened by pre-silanization of the glass surface prior to resin application. The
preservation of the native resin chemistry near the interface upon silanization of the glass surface
is due to the mitigation of sodium carboxylate formation. This is attributed to the reduced
extraction of sodium from the glass surface due to the presence of a hydrophobic and
hydrolytically stable silane layer. Therefore, the silanization of the glass surface prior to resin
application results in improved hydrolytic stability of the glass and thereby the interfacial region
of the resin on the glass surface.
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Increasing
thickness

Figure 3-12. Model for glass/resin interface that shows the thickness-dependent differences in chemistry and
surface bonding in the interfacial region on a sodium-rich glass. The proposed surface bonding schemes are extracted
from Schematic 3-4(a,b). Elements in the schematics are differentiated by color: hydrogen – white, carbon – grey,
oxygen – red, nitrogen – blue and silicon - yellow.
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Chapter 4
Computer simulations of interactions occurring in the interfacial region of a
polymeric resin and glass surface
4.1. Introduction
The interfacial chemistry of a glass polymer composite system is complicated, especially with
regards to an acrylic resin on a glass surface with water-soluble extractable species. The interfacial
region for this study consists of the interface between the organic adhesive and the inorganic glass
surface along with the resin overlayer above the glass surface in the approximate vicinity. The
interfacial chemistry has been probed experimentally to qualify the effect of glass composition on the
interfacial chemistry whilst determining the hydrolytic stability of the interfacial region of an
adhesive with chief functional groups of acid and alcohol moieties. It is determined that the interfacial
region of the resin on silica is hydrolytically stable. In contrast, the hydrolytically stability of the
interfacial region on a sodium-rich surface is poor. The resin coating on fused quartz does not show
evidence for significant water uptake in stark contrast to the sodium-rich surface. The culprit for the
hydrolytic instability is revealed to be water-soluble sodium carboxylate salt formation upon the
leaching of sodium from the glass surface into the resin film [1].
In this molecular simulation study, the complicated resin structure and glass surface are
simplified. The simplification of the system results in a computationally economical probe of the
interaction of organic species in the resin with one another and with water, along with the interaction
of the key functional species (acrylic acid and nitrogen-based cross-linking agent) with the glass
surface. The glass surface is modeled to emulate the surface reactive sites that are present upon
surface modification by the acidic resin formulation, especially on a sodium-rich surface. Following
the determination of the model surface reactive sites, the sites are discriminated as hydrophobic and
hydrophilic sites, based on the interaction of a single water molecule [2]. Hydrolytic stability of the
interface is determined by the interaction of organic adsorbates with hydrophobic sites that allow
direct access for strong adsorption in the presence of water. After the primary interaction is studied
for both organic-organic and organic-glass surface system, the interacting cluster groups are further
probed with water and sodium hydroxide for changes in structure deterministic of hydrolytic
instability. This is the novel approach taken in this molecular simulation study that has not been
performed elsewhere as it simulates the presence of water and sodium in the interfacial region. Based
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on the results of this study, a schematic of the reactions occurring in the interfacial region of the resin
on glass surface is presented as a function of glass composition.

4.2. Computational details
All the simulations performed are based on Density Functional Theory (DFT) [3], taking into
account all the electrons, and using the combination of Becke’s three parameter exchange functional
and Lee, Yang and Parr’s correction to the local correlation potential (B3LYP) [4, 5], as implemented
in the Gaussian 03 software package [6]. A 6-311++g(d,p) split valence basis set including
polarization functions and diffuse functions for heavy atoms is used, the largest available amongst the
Pople basis sets [7]. The usage of the basis set is deemed appropriate as it has been used to study the
molecules of interest; carboxylic acid-based molecules, triethanolamine and silica-based cluster
groups [8-13].
Prior to evaluating the interaction of molecular clusters depicting the surface reactive sites on
glass and adsorbates such as water and organic molecules, individual molecular clusters are created.
The molecular clusters are formed by positioning atoms with bond distances found in literature and
then performing iterative calculations to find the geometry with the lowest energy configuration.
The geometry optimization utilizes the Berny algorithm with Self Consistent Field (SCF)
cycles with a convergence threshold of 1E-8 Ha and a RMS force threshold of 3E-4 Ha/Ang. Zero
point energy (ZPE) and basis set superposition error (BSSE) correction for the structures in this study
is not implemented.
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4.3. Results and discussion
4.3.1. Method
Unless otherwise stated, each cluster is optimized individually prior to being arranged for
inter-cluster interactions. The glass cluster groups are considered to mimic the lower energy of
reactive sites on a melt surface when compared to fracture surface, as the clusters are allowed to reach
an equilibrium state upon energy minimization.
∆𝐸𝑖𝑛𝑡 = 𝐵𝐸(𝑝𝑟𝑜𝑑𝑢𝑐𝑡) − 𝐵𝐸(𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠)
The energy of interaction (ΔEint) between the adsorbate species and the glass cluster is
calculated by subtracting the binding energy (BE) of the optimized reactants from the optimized
product [14]. For example, interaction energy of one water molecule with a glass cluster is
ascertained by adding the binding energy of one water molecule and the glass cluster, when optimized
separately, and subtracting that value from the binding energy of the optimized product. If the energy
of the product is less than the reactants, the interaction between the two groups is considered to be
thermodynamically favorable.
The reliability of the results obtained by the B3LYP/6-311++g(d,p) basis set is verified by
analyzing the interaction energy and optimized geometry of a water dimer (not shown). The
interaction energy of the water dimer of -24.39 kJ/mol due to hydrogen bonding is determined to be
within 10% of accepted experimental value -22.76 kJ/mol [15], and within 15% of the other DFTbased calculations of -21 kJ/mol [16]. The geometry of the water dimer determines that the value of
oxygen to oxygen separation is 2.902 Å, compared to the DFT-based accepted value of 2.912 Å [16].
Zero point energy (ZPE) and basis set superposition error (BSSE) correction for the structures
in this study is assumed to be insignificant as the energetics and structural parameters of the cluster
interactions of water with isolated (Q3_w1 in Table 4-2) and geminal (Q2_w1 in Table 4-2) silanols
are consistent with other studies that have implemented ZPE and BSSE corrections [17, 18].
Furthermore, as interaction energies of cluster groups are calculated by the difference in the absolute
energy of each individual cluster, the BSSE and ZPE errors are considered to be nullified.
4.3.2. Glass surface
Prior to studying the interaction between the organic components of the adhesive with the
glass surface, it is necessary to model the glass surface in simple cluster formation to mimic
individual surface reactive groups. The individually optimized glass surface species and the organic
molecules form the reactants and the organic surface complex clusters form the products as the
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models for adsorption interactions. In this section, the models of the glass surface reactive sites are
presented that are considered to interact with the organic components.
The experimentally-determined elemental composition of the top 10 nm of the NBAS
(sodium boroaluminosilicate) glass surface via XPS analysis, before and after acid-treatment, is
presented in Table 4-1. The original glass surface is rich in network modifiers such as sodium and
calcium. These modifiers charge balance the NBOs on silicon, and the aluminum and boron
tetrahedral sites. As evident, the glass has higher proportion of silicon than aluminum and boron.
However, as the resin application is conducted with an acidic dilution, the glass surface is modified.
The modified composition is significantly different than the pristine composition. Significant loss of
network modifiers and boron is observed. The surface reactive sites are considered to be silicon and
aluminum-based. The observed network modifiers are considered to be attached to NBOs on
aluminum, while the silicon sites are considered to be in the form of silanols [19].
Some of the possible surface sites on the modified glass are isolated silanols (Q3), geminal
silanols (Q2), interacting silanols (Q2-int) and NBO on aluminum coordinated to sodium (Al-4c_Na).
The modified surface is simulated by cluster models illustrated in Schematic 2-2. The calculated
structural parameters are listed in Table 4-2 with the designation of w0. The bond length of the
hydroxyl species on Q3, Q2 and Q2_int is 0.960 Å. The length of the bond between the silicon atom
and the NBO ranges from 1.631Å to 1.658 Å. The Si-NBO bond length for Q2 is symmetrical at
1.664 Å, with the hydroxyls in gauche conformation. In the Q2_int cluster group, the Si-NBO bond
length is asymmetrical (1.658 Å and 1.627 Å) due to hydrogen bonding between the two Q2 groups.
The bond angles of O-Si-O for Q3, Q2 and Q2-int are in the range of 105.802° and 110.984°. All of
the structural parameters for Q3 and Q2 clusters are in excellent agreement with prior studies on ab
initio cluster calculations of silica surface reactive sites [18, 20]. The structural parameters of the
sodium coordinated NBO on aluminum vary from silica clusters. The Al-NBO and NBO-Na bond
lengths are 1.827 Å and 2.470 Å respectively, and are within the range of bond lengths reported
elsewhere [21, 22].
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Substrate

Surface treatment
As-cleaned
Acid-treated pH 4 (25 C, 1 hour)

NBAS

O
59.6
67.2

Na
9.8
2.1

Ca
3.8
0.6

Mg
1.1
0.3

Si
18.8
26.5

Al
2.0
2.8

B
5.0
0.4

Al/Si
0.11
0.11

B/Si
0.27
0.02

Table 4-1. Atomic concentration of elements (XPS) in as-cleaned and acid-modified NBAS surfaces

Q3

Q2

a

b

Q2_int

c

Al-4c_Na

d

Schematic 4-1. DFT-based geometry optimization of terminal reactive species on glass. The different elements are represented by unique colors, where hydrogen is
white, oxygen is red, sodium is purple, silicon is yellow and aluminum is pink
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Cluster

Adsorbate

w
Q3

w

0

1

NaOH
w

0

r(Og-X)
{X=H, Na}

r(NF-Og)
{NF=Si, Al}

∠(Og-NF-Og)

0.960

1.631

110.512

0.975

1.618

109.478

2.296

1.565

105.522

0.960 (0.960)

1.664 (1.664)

111.643 (105.802)
{112.086}

0.974 (0.961)

1.621 (1.664)

113.447 (108.608)
{106.578}

0.962 (0.973)

1.658 (1.627)

104.045 (111.984)

0.984 (0.978)

1.648 (1.624)

106.073 (112.099)

2.148

1.565

104.922

2.295

1.565

105.516

0.975

1.617

109.945

2.470

1.827

96.983

3.573

1.820

105.303

r(Ow-X)

ΔEint

1.873

-38.2

1.678

2.240

-190.0

1.900

2.015

-41.1

2.039

1.798

-48.9

1.678

2.240

-85.4

1.874

-621.9

2.214

-149.0

r(Og-Hw)

Q2
w
w
Q2_int
w
w
Q3_Na

w

1

0

1

0

1

H3O
w
Al-4c_Na
w

0

1

+

1.676

Table 4-2. Structural parameters in angstroms (distance) and degrees (bond angle), and interaction energies in kJ/mol, determined from B3LYP/6-311++g(d,p)-based
DFT optimization. The values in parentheses for Q2 and Q2_int are for the second set of primary terminal bonds. Notation of w0 and w1 indicate interaction with zero and one
water molecules respectively.
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4.3.2.1.

Establishing hydrophobic and hydrophilic sites on the acid-modified glass

surface
It is important to ascertain the surface reactive sites that can be involved in direct interaction
with the organic functional groups in the resin. As the interaction with the resin components occur
under aqueous conditions, determination of the strength of interaction of water with the proposed
surface reactive sites leads to assignment of hydrophobicity and hydrophilicity. Such determination is
based on the latent heat of liquefaction, -44 kJ/mol, whereupon if the interaction strength is lower
than that value, the site is considered hydrophobic [2, 23]. The structural parameters of the surface
reactive groups along with hydrogen-bond lengths and interaction energy of water with the surface
cluster are summarized in Table 4-2 (designation w1). For all four interactions depicted in Schematic
2-3, the starting point of the cluster group involves placement of a single water molecule
approximately 5 Å from the terminal reactive site of interest prior to geometry optimization.
The hydroxyl on the Q3 cluster behaves as a proton donor to the oxygen on the water
molecule, with a hydrogen bond length of 1.873 Å. The hydrogen on the water molecule is also
associated with the bridging oxygen attached to the terminal silicon atom with a hydrogen bond
length of 2.208 Å. The hydrogen bonding induces structural changes in the terminal site, as the bond
length of the hydroxyl group is elongated to 0.975 Å and the Si-NBO bond length is consequently
reduced to 1.618 Å. The hydrogen-bonded water molecule also reduces the O-Si-O bond angle to
109.478°. Finally, the interaction strength of the water molecule with the Q3 site is calculated to be 38.2 kJ/mol, and therefore the site is considered to be weakly-hydrophobic [18].
The interaction of water with the terminal hydroxyls on Q2 is similar to Q3. The primary
interaction is with the hydroxyl behaving as a proton donor to the oxygen on water, while the
secondary interaction is with the hydroxyl as a proton-acceptor. Structural changes in the terminal
geminal hydroxyls are observed. The proton donating hydroxyl has increased bond length at 0.974 Å,
whereas the proton accepting hydroxyls is unchanged. Additionally, the primary Si-NBO length is
also modified at 1.621 Å. The hydrogen bond lengths of the two interactions are 1.900 Å and 2.015 Å
respectively. The hydrogen bonding in the primary interaction is weaker than the interaction of water
on Q3 site. The secondary interaction is weaker than the primary interaction. This assessment is based
on the hydrogen bond length. The interaction strength of the Q2 site with water is marginally higher
than the Q3 site, at -41.1 kJ/mol. Hence, the Q2 site is also considered to be weakly hydrophobic.
Other researchers have also shown that the activity of Q3 and Q2 with water sorption is similar [18].
Therefore, going forward, the Q3 site will be considered as the primary site to illustrate interfacial
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bonding with the assumption that the Q2 site will behave in the same manner. Such an assertion has
basis in experiment [24, 25].
The manner of interaction of a single water molecule with interacting silanols (Q2_int) is
qualitatively similar to a Q2 cluster. The water molecule behaves as a proton donor and acceptor, with
the hydrogen bond lengths of the former mode and latter mode at 2.039 Å and 1.798 Å respectively.
Consequently, the proton-donating hydroxyl is elongated more than the proton-accepting hydroxyl
based on corresponding bond lengths of 0.984 Å and 0.978 Å respectively. The interaction energy of
the water molecule with the Q2_int cluster is -48.9 kJ/mol and thereby considered to be a hydrophilic
site. The increase in interaction energy, when compared to a Q2 cluster, is commensurate with the
decrease in hydrogen bond length between the oxygen in the water and the hydrogen in the hydroxyl
species (1.798 Å vs 1.900 Å). For the remainder of the study, this cluster is not considered to be able
to directly interact with organic adsorbates due to the presence of strongly-physisorbed water.
The strongest interaction of the water molecule occurs on the Al-4c_Na cluster. The water
molecule is a proton-donor to the NBO on aluminum, with a hydrogen bond length of 1.676 Å. The
oxygen on the water is also associated with the sodium ion with a separation distance of 2.214 Å. Due
to the interaction of the water molecule with the cluster, structural parameters are modified. The
distance between the NBO and the associated sodium ion is extended to 3.573 Å, and thereby the
sodium ion is not considered to be coordinated with the NBO. Instead, the sodium ion is coordinated
to three oxygen atoms: oxygen on the water molecule, the bridging oxygen between the aluminum
and silicon atoms and the oxygen of the terminating silicon atom. This preserves the oxygen
coordination of the sodium ion at three, compared to the cluster without the interacting water
molecule. The loss of coordination of the NBO on aluminum with sodium results in the BO-Al-NBO
bond angle increasing to 105.303° from 96.983°. The interaction energy of the water molecule is
calculated to be -149.0 kJ/mol. Hence, this functional reactive species of the Al-4c_Na cluster is
considered to be strongly hydrophilic. Similar to the Q2_int cluster, this cluster is not considered to
be able to interact with organic adsorbates directly due to the presence of strongly-physisorbed water.
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Q3_w1

Q2_w1

a

Q2_int_w1

c

b

Al-4c_Na_w1

d

Schematic 4-2. DFT-based geometry optimization of terminal reactive species on glass interacting with a single
water molecule. The different elements are represented by unique colors, where hydrogen is white, oxygen is red, sodium is
purple, silicon is yellow and aluminum is pink
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4.3.2.2.

Dynamic nature of a surface silanol in the presence of sodium and water

The illustrative example of a silicon site on an unmodified NBAS surface is considered to be
the Q3-Na cluster depicted in Schematic 4-3(A1). Prior to simulating the reactions involved with
leaching of sodium, the structural parameters of the Q3-Na cluster is verified by comparison to other
experimental and theoretical structural studies [21, 26, 27]. The NBO-Na distance is 2.148 Å, which
is smaller than the experimental range determined elsewhere [28, 29]. The Si-NBO bond length is
shorter than Q3 at 1.565 Å. The BO-Si-NBO bond angle is 110.512° which is close to the
experimental value of 109.3° [28].
Upon ion-exchange facilitated by water, the sodium ion is considered to be replaced by a
hydronium ion (H3O+) [30-32]. Upon the replacement of the sodium ion with a hydronium ion, the
geometry-optimized structure is depicted in Schematic 4-3(A2). The product resembles the optimized
cluster group of Q3-w1. In fact, the two structures are essentially identical with regards to structural
parameters and binding energy of the cluster groups, which are listed in Table 4-2. The difference in
the hydroxyl bond length and Si-NBO bond length is less than 0.001 Å. The bond angle of BO-SiNBO differs by less than 0.5°. In addition, the interaction energy of the water for both cluster groups
differs by less than 0.1 kJ/mol. The energy for the reaction between the Q3-Na and the hydronium ion
is calculated to be -621.9 kJ/mol indicating a thermodynamically favorable reaction. The mechanism
of the reaction is determined by studying the intermediate structures of the interactions between the
reactants. The additional proton in the water molecule migrates to satisfy the NBO on the silicon atom
to form a hydroxyl group. After the hydroxyl group is formed, the water molecule follows a trajectory
to reach the optimized structure of the product. The product is considered to be illustrative of the
surface reactive sites on an acid-modified glass surface.
However, the glass surface is constantly in flux with the extraction of sodium from the subsurface to the surface in the presence of water. Hence, it is important to consider the interaction of a
Q3 cluster with sodium, undertaken as a reaction between Q3 and sodium hydroxide. This reaction is
illustrated in Schematic 4-3(B), where the Q3 cluster is depicted in Schematic 4-3(B1) and the
product after reaction with NaOH is shown in Schematic 4-3(B2). The structural parameters and the
reaction energy are listed in Table 4-2. The reaction consists of the formation of Q3-Na and a water
molecule that is hydrogen-bonded to the NBO on silicon. The hydrogen bond length between the
water molecule and the NBO is 1.678 Å. The distance between the oxygen on the water molecule and
sodium ion is 2.240 Å. The interaction of the water molecule with the NBO results in the
modification of the structural parameters of the original terminal site, Q3. The Si-NBO bond length is
shortened to 1.565 Å. This is also the bond length of Si-NBO in the Q3-Na cluster. The BO-Si-NBO
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bond angle is modified to 105.522°. The distance between the NBO and sodium is higher at 2.296 Å
compared to 2.148 Å, leading to delocalization of the sodium ion [27]. The reaction energy is
calculated to be -190.0 kJ/mol, indicative of a thermodynamically favorable reaction.
The hydration of Q3-Na is conducted with a single water molecule to provide a comparative
tool for the reaction between Q3 and NaOH. The optimized geometry of the interacting cluster group
is virtually identical to Q3-NaOH product in Schematic 4-3(B2). The interaction energy of water with
Q3-Na terminal species is calculated to be -85.4 kJ/mol. Hence, this site is considered to be
hydrophilic and does not directly interact with organic adsorbates [2, 23].
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Q3_Na

Q3_w1

A1

A2

H3O+

Q3_Na_w1

Q3

B2

B1

NaOH

Schematic 4-3. DFT-based geometry optimization of terminal reactive species after (A) exchange of sodium with
a hydronium ion in Q3_Na cluster (B) reaction with sodium hydroxide with Q3 cluster. The different elements are
represented by unique colors, where hydrogen is white, oxygen is red, sodium is purple and silicon is yellow.
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4.3.3. Organic adsorbate modeling
The region of interest to probe with DFT cluster calculations is the interface of a glass and
organic adhesive. As such, the adsorbates of interest are the components of the adhesive formulation.
They include a poly (acrylic acid) based polymer with triethanolamine (TEOA) as the cross-linker.
The PAA component is simplified to the monomer unit with terminal methyl species and the
functional group, carboxylic acid, as shown in Schematic 4-4(a). TEOA is modeled without any
further simplification, as shown in Schematic 4-6(a). The following results are not meant to be
exhaustive and are considered to provide insights in the chemistry occurring near the interface in the
presence of water and sodium.
4.3.3.1.

PAA monomer unit

The structural parameters of the geometry-optimized PAA monomer unit are listed in Table
4-3 under the designation PAAmonomer_w0. The C-O and C=O bond lengths are 1.360 Å and 1.206
Å respectively. The bond length of the hydroxyl species is 0.969 Å [13, 33]. The bond angle of OC=O is 122.008° [13]. All of the structural parameters are in excellent agreement with experimentally
determined values [34].
The interaction of the PAA monomer unit with water (PAA-monomer_w1) is depicted in
Schematic 4-4(b) with a summary of the structural parameters in Table 4-3. The optimized geometry
is visually similar to the interaction of a water molecule with a glycine molecule in a theoretical study
of the solvation of glycine conducted elsewhere [35]. Some changes in the structural parameters of
PAA-monomer are observed. The C-O and C=O bond length change to 1.218 Å and 1.340 Å
respectively. The bond length of the proton-donating hydroxyl group on the PAA monomer increases
to 0.986 Å. The hydrogen bond lengths for the interactions between the proton-donating C-OH group
and the proton-accepting C=O group to the water molecule are 1.978 Å and 1.810 Å respectively.
The energies of interaction of two conformations of PAA-monomer with a water molecule are
approximately the same as determined by the previously mentioned study (results not shown). The
energy of interaction of water with the PAA unit monomer is -42.5 kJ/mol and therefore, the
carboxylic acid group is considered to be weakly hydrophobic.
Due to the leaching of sodium from the glass surface into the resin, the interaction of the
carboxylic acid group with sodium hydroxide is also considered. The product of the reaction between
PAA monomer unit and sodium hydroxide is depicted in Schematic 4-4(c). The reaction results in
changes in the structural parameters of the carboxylic acid group, which are summarized in Table 4-3
under the designation PAA-monomer_NaOH. Both C-O and C=O bonds are modified, where the
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bond lengths change to 1.269 and 1.263 respectively. The nearly symmetrical bond lengths indicate a
resonant bond upon the transformation of the carboxylic acid group into a carboxylate ion [36]. The
O-C=O bond angle increases to 124.886°. The structure and structural parameters of the product
cluster is nearly identical to the previously published structure of the interaction between a water
molecule and sodium acetate [36].
The reaction mechanism is important to consider as the formation of sodium carboxylate is
observed in the experimental results of the chapter detailing the interfacial phenomenon of a
glass/resin system. Dissociation of the sodium hydroxide molecule occurs upon proton donation from
the carboxylic acid group. However, the hydrogen atom does not associate completely with the
hydroxyl ion. Instead, it is associated with both the C-O- and the O- moieties with distances of 1.565
Å and 1.022 Å respectively. The sodium ion is associated with the oxygen on the formerly C=O bond
with a bond length of 2.154 Å, and therefore considered to be strongly-associated with the
carboxylate moiety [36]. Finally, this reaction is thermodynamically favored as the reaction energy is
-199.7 kJ/mol.
4.3.3.2.

PAA-Na monomer unit

Due to the formation of sodium carboxylate moiety, further consideration is given to its
structure to provide a comparison upon interaction with water molecules. The structure of an isolated
sodium carboxylate group is depicted in Schematic 4-5(a) and the structural parameters are
summarized in Table 4-3 with the designation PAA-Na_monomer_w0. The carboxylate ion has a
resonant C-O bond with bond length of 1.269 Å and O-C-O bond angle of 123.249°. The distance of
the sodium ion from the oxygen atoms is 2.206 Å. The structural parameters determined are in
excellent agreement with theoretical treatment of carboxylate groups and their interaction with water
conducted elsewhere [36].
The interaction of the sodium carboxylate moiety with water is utilized to shed light on the
hydrophilicity of the group. The interaction of the water molecule with the carboxylate moiety does
cause slight structural changes. The water molecule is observed to be interacting with the oxygen
atom on the C-O site. An increase in the water-interacting C-O bond length to 1.273 Å is
accompanied by a reduction in the non-interacting C-O bond length to 1.263 Å. The bond angle of OC-O increases by approximately 0.1°. The distance between the two C-O groups and sodium is
increased to 2.371 Å and 2.219 Å, where the longer distance is associated with the C-O interacting
with water. The energy of interaction of water with the sodium carboxylate group is -72.8 kJ/mol, and
hence the site is considered to be hydrophilic. It should also be noted that this structure is slightly
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lower in energy (difference of 1.2 kJ/mol) than the product structure of the reaction between the
carboxylic acid moiety and sodium hydroxide (PAAmonomer_NaOH). Therefore, the reaction
product of carboxylic acid group and sodium hydroxide is considered to be sodium carboxylate with
one associated water molecule.
4.3.3.3.

TEOA

The TEOA molecule as-optimized is in the “endo” conformation, according to the notation
for crystal studies of TEOA [10]. The optimized structure of TEOA is depicted in Schematic 4-6(a)
and the structural parameters are summarized in Table 4-3. The bond lengths of the three N-C and OH bonds are identical at 1.466 Å and 0.961 Å respectively. The three C-N-C angles range from
112.818° to 112.858°. These structural parameters are in excellent agreement with theoretical and
experimental structural studies of TEOA [10, 11].
There are two possible interaction sites for water on TEOA: the alcohol moiety (C-OH) or the
nitrogen atom. The former is designated at w1a and the latter w2b, and the structures are depicted in
Schematic 4-6(a,b) with structural parameters in Table 4-3. TEOA-w1a has minor structural changes,
primarily with the alcohol group that is interacting with the water molecule, in a proton donor
capacity as the length of the O-H bond elongates to 0.969 Å. This structural change also propagates to
the C-N-C bond angle, where a change of 0.1° is observed. Due to the insignificant structural
changes, the effect of the interaction of water is minor. In fact, the strength of the interaction between
the alcohol group and the water molecule is fairly weak as the hydrogen bond distance is 1.936 Å and
the interaction energy is -23.8 kJ/mol. The interaction of water with the nitrogen atom in TEOA,
designated TEOA-w1b, is also a hydrogen bond. The only structural change of any significance is the
decrease in the C-N-C bond angle to approximately 110.9° due to the interaction between the nitrogen
atom and the hydrogen on the water molecule. This interaction of water is also weak as the hydrogen
bond length is 1.972 Å with the interaction energy of -23.6 kJ/mol. Hence, the TEOA molecule is
considered to be hydrophobic. Also, of the two main organic components in the resin, TEOA is more
hydrophobic than PAAmonomer (~23 kJ/mol vs 42 kJ/mol).
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a

PAA-monomer

b

PAA-monomer_w1

c

PAA-monomer_NaOH

Schematic 4-4. DFT-based geometry optimization of (a) PAA monomer (b) PAA monomer interacting with one
water molecule (c) PAA monomer interacting with sodium hydroxide. The different elements are represented by unique
colors, where hydrogen is white, oxygen is red, sodium is purple and carbon is grey.
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a

PAA-Na_monomer

b

PAA-Na_monomer_w1

Schematic 4-5. DFT-based geometry optimization of (a) PAA-Na monomer (b) PAA-Na monomer interacting
with one water. The different elements are represented by unique colors, where hydrogen is white, oxygen is red, sodium is
purple and carbon is grey.

138

139

a

TEOA

TEOA_w1b

b

c

TEOA_w1a
Schematic 4-6. DFT-based geometry optimization of (a) TEOA (b) interaction of TEOA (OH) with one water
molecule (c) interaction of TEOA (N) with one water molecule. The different elements are represented by unique colors,
where hydrogen is white, oxygen is red, nitrogen is blue and carbon is grey.
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1

1.263
(1.273)

123.394

0

1a

1b

1.466,
1.466,
1.466

0.961,
0.961,
0.961

112.818,
112.828,
112.858

1.465,
1.465,
1.467

0.961,
0.961,
0.969

112.872,
112.932,
112.929

1.478,
1.476,
1.478

0.961,
0.961,
0.961

110.924,
110.785,
110.850

1.936

1.972

-42.5

2.371
(2.219)

1.788

ΔEint

-199.7

-72.8

-23.8

-23.6

Table 4-3. Structural parameters in angstroms (distance) and degrees (bond angle), and interaction energies in kJ/mol, determined from B3LYP/6-311++g(d,p)-based
DFT optimization interactions in Schematic 4-4, Schematic 4-5 and Schematic 4-6. The values in parentheses are for the second set of primary terminal bonds. Notation of w0 and
w1a,b indicates interaction with zero and one water molecules respectively. Notations with subscript p, T and w indicate PAA, TEOA and water respectively.
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4.3.4. Interactions within resin components
The reactions that occur within the resin are important to consider before ascertaining the
effect of water and sodium. Based on experimental results of the previous chapter, there are two
principal chemical reactions upon curing. The main chemical reaction of interest is the formation of
an ester linkage upon interaction of a carboxylic acid group and an alcohol group (Schematic
4-7(A2)). The second reaction is the formation of anhydride upon the condensation reaction between
two carboxylic acid groups (Schematic 4-7(B2)). An auxiliary reaction also takes place during the
curing reaction, where the ammonium carboxylate group formed by the interaction between a
carboxylate group and a protonated nitrogen atom reverts to a simple hydrogen-bonding interaction
between the carboxylic acid moiety and nitrogen atom. The results are focused on the interaction
between two cluster groups that have been individually optimized, and therefore, only reaction energy
and hydrogen-bond lengths are summarized in Table 4-4.
The first reaction involves the interaction of PAA monomer with the alcohol functional
moiety on TEOA, followed by the formation of an ester linkage and evolution of a water molecule
upon heat treatment. The reactants and products in the reaction are illustrated in Schematic 4-7(A1)
and Schematic 4-7(A2) respectively. The water molecule is not included in the product schematic as
it is considered to be not interacting with the cluster once formed due to the high temperature during
the reaction. However, the comparison for the total binding energy of the reactants and the product
includes the binding energy of a free water molecule and change in binding energy between the
product and reactant state is considered to be the reaction energy for the formation of the covalent
linkage. The interaction of the alcohol and the carboxylic acid moiety leads to the formation of two
hydrogen bonds, where the hydrogen on the –OH and the oxygen on the C=O behave as proton donor
and acceptor respectively. The hydrogen bond lengths of the two interactions are 1.782 Å and 1.987
Å respectively, with the total interaction energy of -39.3 kJ/mol. The hydrogen bond interaction
strength here is slightly weaker than the interaction of water with the carboxylic acid group. Upon
heating, this interaction leads to the formation of a covalent ester linkage with the further energy
minimized state. The change in binding energy of the reactants from the products is -2.2 kJ/mol. It
should be noted that the product was derived from grafting the two molecules together and then
allowing the geometry to be optimized, as the covalent linkage does not form during the geometry
optimization step. Both physisorption and chemisorption of the organic species are
thermodynamically favorable.
The second reaction begins with the interaction of two carboxylic acid groups in a dimer
formation and upon heating, the condensation of the two –OH groups to form an anhydride linkage
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with the evolution of a water molecule. The dimerization of the carboxylic acid groups as the reactant
and the anhydride moiety as the product is illustrated in Schematic 4-7(B1) and Schematic 4-7(B2)
respectively. As before, the water molecule is not included in the schematic. Similar to the ester
formation, the reaction energy for the formation of anhydride includes the binding energy of a single,
free water molecule. The dimer interaction involves the participation of both of the carboxylic acid
groups as proton donors and acceptors during hydrogen bonding. The hydrogen bond length of 1.684
Å is the same for both interactions. The calculated interaction energy is -65.4 kJ/mol. The structural
parameters and interaction energy agree with theoretical and experimental results for dimerization of
carboxylic acid groups [12, 34]. It is apparent that the interaction between two carboxylic acid
moieties is significantly stronger than between a carboxylic acid moiety and an alcohol moiety. Upon
heating the carboxylic acid dimer, anhydride formation is experimentally observed. The reaction
energy is +59.6 kJ/mol and therefore considered to be thermodynamically unfavorable. It suggests
that an ester linkage is more thermodynamically stable than an anhydride linkage.
The third interaction within the resin adhesive has been experimentally determined in the
previous chapter to be between the nitrogen atom in TEOA and the carboxylic acid moiety in the
form of an ammonium carboxylate salt. The ammonium carboxylate salt is formed by the
coordination of a protonated nitrogen atom and a carboxylate ion. In addition, it is also possible for
the interaction between neutral nitrogen atom and a carboxylic acid moiety in the form of a hydrogen
bond. The study of the ammonium carboxylate interaction without explicit solvation is not possible,
as the neutral interaction is more energetically favorable and the energy minimization of ammonium
carboxylate complex converges to the neutral hydrogen bonding interaction. This has been studied in
detail elsewhere [37]. As this section involves the interaction and reaction of reactants without the
presence of water, the hydrogen bonding of neutral nitrogen and carboxylic acid moiety is considered
and illustrated in Schematic 4-7(C). The nitrogen atom is a proton-acceptor with a hydrogen bond
length of 1.810 Å. The interaction energy from the hydrogen bond is calculated to be -27.2 kJ/mol.
Both the hydrogen bond length and interaction energy is comparable to the results of the interaction
between trimethylamine and formic acid conducted elsewhere [37]. Whereas there is no conclusive
experimental proof of the interaction between neutral nitrogen and carboxylic acid in the
experimental chapter, it is possible to infer that this reaction may be occurring as the amount of
protonated nitrogen reduces in favor of neutral nitrogen. As protonated nitrogen within the resin can
only be associated with carboxylate ion, the formation of neutral nitrogen signals the loss of proton
from the protonated nitrogen to the proton-accepting carboxylate ion to form the carboxylic acid
moiety.
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A2

A1

190 °C

B2

B1

190 °C

C

Schematic 4-7. DFT-based geometry optimization of (A1) physisorbed TEOA (OH) and PAA-monomer, (A2)
ester upon chemisorption of TEOA and PAA-monomer, (B1) PAA-monomer dimer, (B2) anhydride upon chemisorption of
PAA-monomer dimer and (C) physisorbed TEOA (N) and PAA-monomer. The hydrogen bonds are indicated by dashed
blue lines. The different elements are represented by unique colors, where hydrogen is white, carbon is gray, oxygen is red
and nitrogen is blue.
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Cluster 1

Cluster 2

Interaction type

Physisorption

r(proton-donating h-bond)

r(proton-accepting h-bond)

ΔEint

1.782

1.987

-39.3

TEOA (OH)
-2.2

Chemisorption

PAA monomer

TEOA (N)

Physisorption

1.810

Physisorption

1.684

-27.2
1.684

-65.4

PAA monomer
Chemisorption

+59.6

Table 4-4. Structural parameters in angstroms (distance) and interaction energies in kJ/mol, determined from B3LYP/6-311++g(d,p)-based DFT optimization for
interactions in Schematic 4-7.
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4.3.5. Interaction of water and sodium hydroxide with resin components
The interaction of water with the cured resin network has been modeled in an attempt to
emulate the hydrolysis of the covalent linkages formed during the curing reaction. The formation of
ester and anhydride linkages along with hydrolysis with exposure to water has been experimentally
observed in the previous chapter. In each of the following interactions, the water molecule is
positioned 5 Å away from the linkage of interest and allowed to find the location with the highest
hydrophilic character.
The two covalent linkages are probed before exploring the hydrogen-bonded interactions.
First, the interaction of a water molecule with the two covalently bonded products, ester_w1 and
anhydride_w1, is determined with the interactions depicted in Schematic 4-8(a,b) and the structural
parameters summarized in Table 4-5. The structural parameters of the optimized structure with the
covalent bonds are also listed for comparison. The interaction of water with the ester species occurs
with the oxygen atom of the C=O bond, with a separation of 2.864 Å between the oxygen atom of
water (Ow) and oxygen atom of the C=O bond (Op) with which the water interacts. The energy of
interaction of the water molecule with the ester linkages is -25.8 kJ/mol. The hydrogen bonding
interaction modifies the bond lengths of the C=O and C-O bonds on the PAA monomer unit and the
C-O on the alcohol group are 1.216 Å, 1.345 Å and 1.450 Å respectively. The interaction of the water
molecule with the oxygen on C=O elongates the bond upon loss of electronegativity, leading to the
shortening of the C-O bond to compensate for the loss of charge.
The interaction of the water molecule with the anhydride species also occurs on the oxygen
atom in the C=O bond, causing a similar set of modifications as on the ester bond. The length of the
C=O bond that the water molecule interacts with is elongated to 1.415 Å whereas the other C=O bond
length decreases to 1.377 Å. With the non-interacting C=O bond shortened, its C-O segment is
elongated to 1.202 Å. The Ow-Op separation is 2.892 Å, indicating a similar strength of interaction as
the water molecule with the ester species. In fact, the interaction energy of water with the anhydride
species is approximately similar to the ester species, at -25.5 kJ/mol.
The interaction energy of the water molecule with the covalent linkages indicates that the
ester and anhydride species are both hydrophobic. This result mirrors the hydrophobicity observed for
the individual resin components. However, the hydrolysis of these covalent linkages is observed in
experiment based on the results of the previous chapter. Therefore, while these bonds appear to be
hydrophobic, the changes in the geometry and partial charges can indicate the mechanism of
hydrolysis. The interaction of the water molecule with the oxygen double-bonded to carbon leads to
elongation of the bond, and changes the partial charges of the atoms in the immediate vicinity. This
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change affects the electronegativity of the other oxygen, which is evident from the shortening of the
bond length. It also elongates the C-O bonds. However, hydrolysis of the covalent bond does not
occur. With higher degrees of explicit solvation or implementation of ONIOM solvation method,
other researchers have been able to induce hydrolysis of the ester and covalent bonds between
alcohols and acid molecules [38, 39]. Hence, for the remainder of the chapter, only the hydrogenbonded species are considered to persist in the presence of water after the curing reaction.
The effect of a water molecule on the hydrogen-bonding between the alcohol group on TEOA
and the carboxylic acid group on PAA monomer is probed and the final product of the interaction is
depicted in Schematic 4-9a with structural parameters listed in Table 4-6. The water molecule induces
structural changes in the carboxylic acid moiety upon proton-donating interaction with the doublybonded oxygen (see Schematic 4-7(A1)). The C=O bond length increases to 1.227 Å with a reduction
in C-O bond length to 1.330 Å. A consequent decrease in O-C=O bond angle to 122.070° is also
observed. The initial hydrogen-bonding between the alcohol moiety on TEOA and the carboxylic acid
moiety is modified. The oxygen-oxygen distance involving the -OH and C=O increases to 2.800 Å
from 2.775 Å, while the distance between oxygen on -OH and C-OH moieties is reduced from 2.722
to 2.702. The distance between the oxygen atom in the water molecule and the doubly-bonded oxygen
is 2.867 Å, which is longer than the distance between a water molecule and a doubly-bonded oxygen
on a non-interacting carboxylic acid moiety (2.776 Å). This indicates that the hydrogen-bonding
interaction of water with interacting carboxylic acid groups is weaker than non-interacting carboxylic
acid groups. The interaction energy of water with interacting carboxylic acid moiety and alcohol
moiety is

-24.4 kJ/mol, which is 40% lower than the interaction energy of water with free-

carboxylic acid moiety. It is clear that the water molecule does not interact with functional endgroups involved in hydrogen-bonding, and instead bonds to the carbonyl (C=O) oxygen, which is
deemed as the more reactive site than the oxygen on C-OH bond. Due to the weak interaction of
water with the hydrogen-bonded carboxylic acid and alcohol moieties (< -44 kJ/mol), these
physisorbed organic groups are considered to be hydrophobic.
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a

b

Ester_w1

Anhydride_w1

Schematic 4-8. DFT-based geometry optimization of a single water molecule interaction with (a) ester and (b) anhydride. The hydrogen bonds are indicated by dashed
blue lines. The different elements are represented by unique colors, where hydrogen is white, carbon is gray, oxygen is red and nitrogen is blue.
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Grafted link

Probe

r(C-Op)

∠(O-C-O)

∠(C-O-C)

-

1.354/1.208, 1.447

123.376

117.516

w1

1.345/1.216, 1.450

122.615

117.887

-

1.398/1.193,
1.398/1.194

122.506,
122.382

121.322

w1

1.415/1.192,
1.377/1.202

120.919,
122.722

121.361

r(Ow-Op)

ΔEint

2.864

-25.8

2.892

-25.5

Ester (PAA monomer + TEOA)

Anhydride (PAA monomer)

Table 4-5. Structural parameters in angstroms (distance) and degrees (bond angle), and interaction energies in kJ/mol, determined from B3LYP/6-311++g(d,p)-based
DFT optimization interactions in Schematic 4-8. Notation of w1 indicates interaction with one water molecule. Notations with subscript p and w indicate PAA and water
respectively.
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The interaction of water with the carboxylic acid dimer is shown to occur with one of the
carboxylic acid moieties at the doubly-bonded oxygen atom, as depicted in Schematic 4-9b. The
structural parameters of the cluster group are summarized in Table 4-6. The interaction causes
modification of the structural parameters upon comparison to the reactant structure (see Schematic
4-7(B1)). The length of the bond C=O bond, where the oxygen is interacting with water, increases to
1.234 Å. A corresponding decrease in the C-O bond length is observed. The carboxylic acid group
that is not interacting with the water molecule has no change in bond lengths. Minor modification to
O-C=O bond angles for both acid moieties is observed, with greater change for the acid group
interacting with the water molecule. The bonding between the two carboxylic acid group is disrupted
slightly, as the oxygen to oxygen distance after interaction with water is no longer symmetrical. The
hydrogen bond length between the oxygen that is interacting with the water molecule and the protondonating oxygen on the second carboxylic acid group increases to 2.701 Å, while the second
hydrogen bond length shortens to 2.671 Å. The distance between the oxygen atom in the water
molecule and the oxygen atom on the carboxylic acid moiety towards which the water molecule is a
proton donor, is shorter at 2.766 Å. The distance between the oxygen atom on the water molecule and
the oxygen atom on the carboxylic acid group that the water molecule is hydrogen-bonded to is 2.887
Å. This indicates that the hydrogen bond strength is low which is corroborated by the calculated
interaction energy of -21.8 kJ/mol. This interaction is considered to be hydrophobic. The interaction
of water with the PAA dimer is significantly weaker than with the PAA monomer, as the interaction
strength of water with the isolated monomer is -42.5 kJ/mol.
The interaction of water with the cluster group of PAA monomer interacting with the
nitrogen atom on TEOA is depicted in Schematic 4-9c and the structural parameters are summarized
in Table 4-6. The water molecule interacts with the cluster at two points: it acts a proton-acceptor
from the alcohol moiety on TEOA and a proton-donor to the carboxylic acid moiety. Upon the
hydrogen-bonding interaction between the water molecule and the carboxylic acid group, the
carboxylic acid moiety is deprotonated to start the formation of a carboxylate ion and hydrogen atom
moves towards the nitrogen atom such as to provide partial protonation of the nitrogen atom. It is
interesting that the C-O and C=O bond length is only slightly modified to 1.346 Å and 1.211 Å as the
carboxylate bond lengths of C-O are symmetrical. The interaction of the hydrogen atom with the
nitrogen atom results in the elongation of one of the N-C bond lengths to 1.494. The increase in
interaction between the nitrogen atom and the carboxylic acid moiety is evident from the reduction of
the distance between the nitrogen atom and the proton-donating oxygen atom to 2.702 Å. The
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interaction energy of water with this cluster is calculated to be -37.8 kJ/mol. The interacting
carboxylic acid moiety and Nitrogen atom on TEOA is considered as a hydrophobic site.
Probing the effect of the water on the three hydrogen-bonded cluster groups provides an
insight into the hydrolytic stability of the resin near the interface on a water-insensitive glass. This is
based on the interaction energy of water being less than -44 kJ/mol. However, as the resin is applied
on sodium-containing surfaces, the effect of leached sodium in the form of sodium hydroxide will be
probed. The sodium hydroxide molecule is added to the cluster group where water is hydrogenbonded to the chemical interactions of interest.
The optimized geometry of the cluster group including the hydrogen-bonded carboxylic acid
moiety to the alcohol moiety on TEOA (see Schematic 4-7(A1)) with addition of water and sodium
hydroxide is depicted in Schematic 4-10a. The structural parameters are summarized in Table 4-6. A
significant change from the original structure is evident where the alcohol moiety behaves as both a
proton-donor and proton-acceptor in the hydrogen bonding interaction, whereas upon modification,
the alcohol moiety is solely a proton-donor to the carboxylic acid moiety. The distance between the
proton-accepting oxygen atom (OP) on the carboxylic acid group and the oxygen atom (Ow) on the
water molecule to oxygen atom (OT) on the alcohol moiety is 2.509 Å and 2.693 Å respectively. The
sodium ion dissociates from the hydroxyl anion, whereupon the carboxylic acid moiety is
deprotonated and the hydrogen atom reacts with the hydroxyl anion to form a water molecule. After
the loss of the proton, the carboxylate ion attracts the sodium ion and the hydrogen from the alcohol
moiety to form a bidentate structure. Due to the deprotonation of the alcohol moiety, the water
molecule associated with it has stronger hydrogen bonding interaction than without the presence of
sodium. In the product structure, sodium is coordinated to three oxygen atoms with separation
distance of 2.185 Å, 2.253 Å and 2.353 Å on carboxylate ion, water molecule (not interacting with
either PAAmonomer or TEOA) and deprotonated alcohol moiety respectively. The interaction of the
carboxylic acid with sodium leads to a carboxylate ion-like conformation, where the carbon-oxygen
bonds are nearly equivalent at 1.271 Å (proton accepting) and 1.261 Å (associated with sodium)
respectively. The O-C-O bond angle changes to 124.627°. The geometry of the carboxylic acid
moiety with sodium is very similar to that of the interaction between PAA monomer and sodium
hydroxide. Finally, the separation between the oxygen atoms on the hydrogen bonded moieties (OPOT) is indicative of strong hydrogen bonding. The energy of interaction of sodium hydroxide and
water with the cluster group is calculated to be -277.4 kJ/mol. Therefore, this reaction is
thermodynamically favorable.
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Based on the optimized geometry of the product after the interaction of the carboxylic acid
dimer with water and sodium hydroxide, significant changes occur in the dimerization interaction as
illustrated in Schematic 4-10b. The two carboxylic acid groups are no longer in the same plane and
the interaction is not symmetrical. The addition of sodium hydroxide exasperates the asymmetry
introduced by water. The oxygen-to-oxygen separation in the dimer is 3.413 Å and 2.778 Å, where
the greater oxygen-to-oxygen separation corresponds to the interaction closest to the sodium ion. In
fact, the affinity of the oxygen atoms to sodium results in the disruption of the hydrogen bonding in
the dimer. The sodium-oxygen separations are 2.518 Å (O-C)and 2.346 Å (O=C) on the dimer and
2.046 Å to the hydroxyl ion. The sodium ion is further away from the oxygen atom in the –OH
functional part of the carboxylic acid due to the repulsion between the hydrogen atom and the sodium
ion. The hydrogen atom is bonded to the adjacent water molecule instead to the other carboxylic acid.
The water molecule is also interacting with the other carboxylic acid group via proton-donation to the
doubly-bonded oxygen. The oxygen to oxygen distances between the carboxylic acid groups and the
water molecules are 2.679 Å (O-H) and 2.719 Å (O=C). The new conformation of the dimer has also
resulted in the elongation of the hydrogen-bond between the C=O and C-OH that is not interacting
with either water or sodium. Hence, that hydrogen bond is also considered to be weaker. The
interaction energy of sodium hydroxide and water with the dimer is calculated to be -101.2 kJ/mol.
Furthermore, based on the weakening of one of the hydrogen bonds that doesn’t interact with water or
sodium and loss of the other hydrogen bond upon interaction with water and sodium, the final
structure is not considered to be a dimer. Despite the lack of coordination of sodium ion with a
specific carboxylic acid group and the fact that the geometry of the carboxylic acid groups hasn’t
changed significantly, it is assumed that further incursion of water and sodium would transform the
free carboxylic acid moieties into sodium carboxylates.
The optimized geometry of the cluster group depicting ammonium carboxylate formation
with one water molecule and after the introduction of a sodium hydroxide molecule is depicted in
Schematic 4-10c with structural parameters listed in Table 4-7. In the final structure, sodium
hydroxide is in a disassociated form with coordination of the sodium ion to the doubly-bonded
oxygen in the carboxylic acid moiety with a distance of 2.304 Å. The separation between sodium and
oxygen in the carboxylic acid moiety is longer than in the unidentate form of sodium carboxylate
(2.206 Å). In addition, another difference to the unidentate form of sodium carboxylate is that the
carbon-oxygen bond lengths are not symmetrical, but instead are still representative of carboxylic
acid with C-O and C=O bond lengths of 1.329 Å and 1.225 Å respectively. The coordination of
sodium with the doubly-bonded oxygen induces a lengthening of the C=O bond and shortening of the
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C-O bond. While the shortening of the C-O bond does not result in a significant change in the
distance between the oxygen in C-O to the nitrogen in TEOA, the hydrogen bond between the water
molecule and the partially deprotonated oxygen on C-O is weakened as the distance between the
oxygen in the water molecule and the C-O bond increases to 2.942 Å from 2.875 Å. It is apparent that
the coordination of sodium with the carboxylic acid moiety induces a weakening of the hydrogen
bond between the water molecule and both –OH (TEOA) and C-OH (carboxylic acid monomer).The
modification in the ammonium carboxylate structure after introducing sodium hydroxide is relatively
minimal, especially when compared to the effect of sodium hydroxide on the prior two interacting
organic groups. Despite the lack of significant structural modification, the reaction energy is
calculated to be -141.9 kJ/mol. It is interesting to note that the dissociated hydroxyl anion has not
coordinated with the partially removed proton from C-O that is interacting with the nitrogen atom.
The reasoning is likely two-fold: steric hinderance from the neighboring methyl groups on TEOA and
the strong interaction between the hydrogen atom and the nitrogen atom.
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a

b

c

Schematic 4-9. DFT-based geometry optimization of a single water molecule interaction with (a) physisorbed
PAA-monomer and TEOA, (b) PAA-monomer dimer and (c) hydrogen bonding between nitrogen on TEOA and PAAmonomer. The hydrogen bonds are indicated by dashed blue lines. The different elements are represented by unique colors,
where hydrogen is white, carbon is gray, oxygen is red and nitrogen is blue.
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a

b

c

Schematic 4-10. DFT-based geometry optimization of a single water molecule and sodium hydroxide interaction
with (a) physisorbed PAA-monomer and TEOA, (b) PAA-monomer dimer and (c) hydrogen bonding between nitrogen on
TEOA and PAA-monomer. The hydrogen bonds are indicated by dashed blue lines. The different elements are represented
by unique colors, where hydrogen is white, carbon is gray, oxygen is red, nitrogen is blue and sodium is purple.
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Cluster group

PAA monomer
+ TEOA

PAA monomer
dimer

Probe
r(C-Op)

∠(O-C-O)

r(Op1-Op2)

-

1.219, 1.339/1.432

122.864

2.775, 2.722

w1

1.227, 1.330/1.434

122.070

2.800, 2.702

2.867

NaOH_w1

1.271, 1.261/1.431

124.627

2.509

2.693

-

1.226/1.324, 1.226/1.324

123.370,
123.372

2.682, 2.682

w1

1.234, 1.317/ 1.226, 1.326

122.530,
123.066

2.701, 2.671

2.887

NaOH_w1

1.217, 1.353/ 1.235, 1.320

121.170,
122.530

2.778, 3.413

2.679,
2.719

r(Ow-Op)

r(Op-Na)

ΔEBE

ΔEint

-39.3

2.185,
2.353

-63.7

-24.4

-316.7

-277.4

-65.4

2.518,
2.346

-87.2

-21.8

-166.6

-101.2

Table 4-6. Structural parameters in angstroms (distance) and degrees (bond angle), and interaction energies in kJ/mol, determined from B3LYP/6-311++g(d,p)-based
DFT optimization for interactions in Schematic 4-9 and Schematic 4-10. Notation of w1 and NaoH_w1 indicate interaction with one water molecule and combination of NaOH and
one water molecule respectively. Notations with subscript p and w indicate PAA and water respectively.
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Cluster
groups

PAA
monomer +
TEOA (N)

Probe
r(C-Op)

∠(O-C-O)

r(C-N)

r(OP-N)

-

1.214,
1.341

123.105

1.483, 1.483, 1.483

2.804

w1

1.211,
1.346

122.610

1.485, 1.494, 1.482

2.702

2.875/2.898

NaOH_w1

1.225,
1.329

122.402

1.489, 1.482, 1.478

2.709

2.942/2.936

r(OW-OP/T)

r(Op-Na)

ΔEBE

ΔEint

-27.2

2.304

-65.0

-37.8

-169.1

-141.9

Table 4-7. Structural parameters in angstroms (distance) and degrees (bond angle), and interaction energies in kJ/mol, determined from B3LYP/6-311++g(d,p)-based
DFT optimization. Notation of w1 and NaOH_w1 indicate interaction with one water molecule and combination of NaOH and one water molecule respectively. Notations with
subscript p, T and w indicate PAA, TEOA and water respectively.

156

157

4.3.6. Interfacial bonding
The adsorption of PAA monomer occurs in either physisorbed or chemisorbed form onto
surface reactive sites [40-43]. TEOA interacts with the surface reactive sites by hydrogen bonding
associated with the Nitrogen atom [44-46]. As previously observed, the relative proportion of silicon
and aluminum sites is 9:1. As all of the aluminum sites are hydrophilic, silicon is assumed to be the
primary adsorption center. Within the silicon reactive sites, only non-interacting silanols are
considered to be direct adsorption sites due to the hydrophobic nature of the sites. As this study is not
meant to be an exhaustive exploration of all the possible interactions on a multi-component glass
surface, a narrow sub-set of interactions is explored. A Q3 cluster is used for studying adsorption of
the hydrophobic functional moieties present in the adhesive resin near the interface. Following the
adsorption reaction, the interaction of water and sodium hydroxide with the cluster group will be
discussed.
The interaction of PAA unit monomer and TEOA moiety onto a Q3 site is depicted
Schematic 4-11 and the structural parameters and energies of interaction is summarized in Table 4-8.
The chemisorption of the PAA unit monomer on Q3 is achieved by grafting, where the Si-O-C
linkage is formed and allowed to optimize (see Schematic 4-11(a)). The energy of the optimized
structure is +39.4 kJ/mol, indicating that the chemisorption of carboxylic acid moiety is
thermodynamically unfavorable. Next, the physisorption of the PAA unit monomer is explored and
the optimized structure is depicted in Schematic 4-11(b). The PAA unit monomer is placed above the
terminal silanol on the Q3 cluster at a distance of 5 Å and then the cluster group is allowed to
optimize. The interaction occurs with two hydrogen bonds between the terminal silanol and the
carboxylic acid moiety. The carboxylic acid moiety behaves as a proton-donor and a proton-acceptor,
with hydrogen bond lengths of 1.874 Å and 1.819 Å respectively. The interaction energy of the PAA
monomer with Q3 is -42.5 kJ/mol. Hence, the hydrogen bonding interaction is considered to be more
probable than the chemisorption product. The structural parameters and energy of interaction are
similar to the results of studies of the interaction between glycine and silanols conducted elsewhere
[35, 47, 48].
The other physisorption reaction is the interaction of the TEOA group with the Q3 cluster.
The TEOA molecule is placed above the terminal silanol on the Q3 cluster at a distance of 5 Å and
then the cluster group is allowed to optimize. The optimized structure is depicted in Schematic
4-11(c). The interaction occurs at three locations: the primary Q3 silanol with nitrogen and two
alcohol end groups on the TEOA molecule with Q1 silanols terminating the Q3 site. The hydrogen
bond distance of the nitrogen-silanol interaction is 1.746 Å and for the two C-OH and Si-OH
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interactions are 2.043 Å and 2.033 Å. The energy of interaction for the cluster group is -57.8 kJ/mol.
Based on the hydrogen-bond distances for the three interactions, the strongest hydrogen bond is
between the silanol and the neutral nitrogen atom. The structural parameters in this study show good
agreement with the simulation studies of glycine on silica where the conformation consists of the
nitrogen end group on glycine interacting with a silanol group [49].
The influence of a water molecule on the hydrogen bond between the carboxylic acid moiety
and the silanol is explored by positioning a water molecule near the hydrogen-bond at a distance of 5
Å and allowing the cluster group to optimize. The product structure after optimization is shown in
Schematic 4-12a and the structural parameters are summarized in Table 4-9. The interaction of water
occurs with both the PAA unit monomer and the glass cluster. The water molecule is a proton-donor
to both the doubly-bonded oxygen in the C=O bond in the carboxylic acid moiety and the terminal Q1
hydroxyl in the Q3 cluster. The distance between the oxygen in the water molecule and the oxygen in
former and latter moieties is 3.053 Å and 3.073 Å respectively. The hydrogen bonding interactions at
the aforementioned distances of oxygen is considered to be weak. The bridging interaction of water
between the organic and inorganic clusters results in displacement of the PAA unit monomer from its
original location. The angle of the Si-NBO-C (carbon in carboxylic acid moiety) of the starting
cluster is 168.827° but the final optimized structure has an angle of 130.381°. The separation of the
proton-donating and proton-accepting oxygen in the PAA unit monomer to the NBO on the Q3
cluster has increased to 2.850 Å and 2.686 Å respectively. The difference in binding energy between
the product cluster group and the reactant cluster group is -71.4 kJ/mol. Therefore, the interaction
energy of the water with hydrogen-bonded complex is calculated to be -28.9 kJ/mol. The low energy
of interaction correlates with the long hydrogen bond lengths between water and the cluster
components despite having two bonding interactions. However, elongation of the hydrogen bond
between C-OH and Si-OH indicates that presence of water does cause disruption in hydrogen bonding
between the carboxylic acid functional moiety and a silanol.
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a

b

c

Schematic 4-11. DFT-based geometry optimization for (a) chemisorption of PAA-monomer on Q3, (b) physisorption of PAA-monomer on Q3 and (c) physisorption of
TEOA on Q3. The hydrogen bonds are indicated by dashed blue lines. The different elements are represented by unique colors, where hydrogen is white, carbon is gray, oxygen is
red, nitrogen is blue and silicon is yellow.
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Cluster 1

Cluster 2

Interaction type
Physisorption

rO-H (proton-donating
h-bond)

r(O/N)-H (protonaccepting h-bond)

ΔEint

1.874

1.819

-42.5

PAA monomer
+39.4

Chemisorption

Q3
TEOA (N)

Physisorption

2.043, 2.033

1.746

-57.8

Table 4-8. Structural parameters in angstroms (distance) and interaction energies in kJ/mol, determined from B3LYP/6-311++g(d,p)-based DFT optimization for
interactions in Schematic 4-11.
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The effect of sodium hydroxide on the hydrogen-bonded complex of carboxylic acid moiety
and silanol is determined by positioning a sodium hydroxide molecule near the hydrogen bond at a
distance of 5 Å and then allowing the cluster group to optimize. The optimized structure is depicted in
Schematic 4-12b with the structural parameters listed in Table 4-9. The sodium hydroxide dissociates
to form a sodium ion and a hydroxyl anion. The sodium ion is coordinated to four oxygen atoms:
doubly-bonded oxygen in carboxylic acid moiety (2.416 Å), hydroxyl anion (2.063 Å), bridging
oxygen between Q3 and Q1 in the glass cluster (2.674 Å), and NBO on the Q1 terminal site (2.450
Å). The structural modification due to sodium hydroxide is greater than due to water, primarily due to
the interaction between the sodium ion and the doubly-bonded oxygen on the carboxylic acid moiety.
The Si-NBO-C (carbon in carboxylic acid moiety) angle changes from 168.827° to 128.981°. The
change in the angle is accompanied by the loss of the hydrogen bond between the C-OH group and
the NBO on the silica cluster with the oxygen to oxygen separation of 3.621 Å. The distance between
the oxygen on the NBO and the doubly-bonded oxygen of the carboxylic acid moiety has increased to
2.738 Å. The difference in binding energy of the final product cluster group from the individual
reactants is -137.7 kJ/mol. Therefore, the interaction energy of sodium hydroxide with the hydrogenbonded complex is -95.2 kJ/mol. Hence, the influence of sodium on interfacial bonding between an
acid functional group and surface silanol is far greater than the influence of water.
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a

b

Schematic 4-12. DFT-based geometry optimization for PAA-monomer on Q3 with (a) inclusion of one water molecule and (b) inclusion of sodium hydroxide. The
hydrogen bonds are indicated by dashed blue lines. The different elements are represented by unique colors, where hydrogen is white, carbon is gray, oxygen is red, sodium is
purple and silicon is yellow.

162

163

Cluster group

Q3 + PAA
monomer

Probe

r(Og-Op) (protondonating h-bond)

r(Og-Op) (protonaccepting h-bond)

-

2.778

2.677

w1

2.850

2.686

NaOH

3.621

2.738

r(Ow-Og)

r(Ow-Op)

r(Op-Na)

ΔEBE

ΔEint

-42.5
3.053

3.073
2.416

-71.4

-28.9

-137.7

-95.2

Table 4-9. Structural parameters in angstroms (distance) and interaction energies in kJ/mol, determined from B3LYP/6-311++g(d,p)-based DFT optimization for
interactions in Schematic 4-12. Notations with subscript p and w indicate PAA and water respectively.
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The effect of water on the hydrogen-bonded complex of TEOA and a Q3 silanol is studied by
positioning a water molecule approximately 5 Å away from the hydrogen bond location and allowing
the cluster group to optimize. The optimized structure is shown in Schematic 4-13a and the structural
parameters of interest listed in Table 4-10. Whilst the original hydrogen-bonded complex has three
interactions, the inclusion of water adds two more interactions as it is a proxy for the interaction
between the third alcohol group and the Q3 site. The oxygen to oxygen distance for the hydrogen
bonding interaction between the alcohol groups and the two Q1 terminal sites increases to 3.041 Å
and 2.974 Å. Only one of the hydrogen bonds is significantly impacted between the two. The two
new interactions with addition of water result in oxygen to oxygen distances of 2.877 Å and 2.821 Å
for oxygen in the alcohol group of TEOA and water, and NBO on Q3 and water respectively. Water
is a proton-acceptor to TEOA and proton-donor to Q3, with the hydrogen bond lengths of 1.955 Å
and 1.872 Å respectively. The interaction between water and the alcohol is weaker in the hydrogenbonded complex than an isolated TEOA molecule. It is clear that water interacts more strongly with
the Q3 site than the alcohol group. This is an interesting observation as Q3 is weakly hydrophobic
and water is a proton-acceptor from a non-interacting Q3 site (see Schematic 2-3a). Therefore, the
change in the interaction behavior of Q3 silanol with water is attributed original hydrogen-bonding
between the nitrogen atom and Q3 silanol. The original hydrogen-bonding interaction causes
elongation of the O-H bond from 0.965 Å to 1.007 Å. The proton-donating interaction of water with
the NBO causes further dislocation of the hydrogen atom to a separation distance of 1.037 Å from the
NBO. Hence, the nitrogen atom is considered to be partially protonated due to the presence of water.
This behavior is similar to the partial protonation of nitrogen observed during the interaction of
carboxylic acid group with the nitrogen atom. The deprotonation of the NBO causes a reduction in the
distance between the NBO and nitrogen from 2.752 Å to 2.661 Å, which is indicative of a stronger
hydrogen bond that in the original complex. Finally, the difference in binding energy of the product
cluster from the individual reactant binding energy is -103.4 kJ/mol. The interaction energy of water
with the hydrogen-bonded complex is calculated to be -45.6 kJ/mol.
The effect of sodium on the TEOA and Q3 hydrogen-bonded complex is explored in a similar
fashion as the PAA monomer and Q3 cluster group. A sodium hydroxide molecule is positioned
approximately 5 Å from the hydrogen bonding interaction and the cluster group is optimized. The
optimized cluster group is depicted in Schematic 4-13b and the structural parameters of interest aer
listed in Table 4-10. The sodium hydroxide molecule decomposes to a sodium ion and a hydroxyl
anion. The decomposition occurs in the vicinity of an alcohol moiety, which deprotonates and donates
the hydrogen to the hydroxyl ion to form a water molecule. The water molecule is then strongly
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hydrogen-bonded to the oxygen radical with the distance between the oxygen on the water molecule
and the oxygen radical on TEOA of 2.526 Å. That translates to a hydrogen bond length of 1.625 Å.
The sodium ion is coordinated to three oxygen atoms: the oxygen radical on TEOA (2.157 Å), the
oxygen atom in water (2.306 Å) and the NBO on Q3 (2.182 Å). The Na-NBO (Q3) and Na-O*
(TEOA) distances indicate that the sodium ion is acting as a cationic bridge between the Q3 site and
the alcohol group on TEOA.
Also, the presence of sodium impacts the hydrogen bonding interactions between the Q3
cluster and TEOA. One of the two hydrogen bonds between alcohol moieties and Q1 terminal silanols
is stronger than the original complex with a decrease of oxygen to oxygen separation distance from
3.009 Å to 2.941 Å. The most significant modification occurs in the hydrogen bonding interaction
between the nitrogen atom and the Q3 silanol. At first glance, the N-NBO distance is marginally
smaller at 2.747 Å. However, the Q3 silanol releases its hydrogen in favor of coordination to sodium,
whereupon the distance between nitrogen and hydrogen is 1.066 Å and between NBO and hydrogen
is 1.689 Å. Hence, the nitrogen atom is considered to be protonated, whereas the silanol is considered
to be deprotonated. Therefore, the TEOA molecule is considered to be adsorbed to surface silanols in
the protonated form with the presence of sodium near the interface.
The manner of direct interactions with the NBO on Q3 should be noted. Upon coordination of
sodium with the NBO on Q3, the distance between sodium and NBO falls within the distance of
sodium and NBO for Q3-Na cluster (2.148 Å) and Q3-Na_w1 cluster (2.295 Å). The distance
between the deprotonated hydrogen and NBO is 1.689 Å, which is similar to the hydrogen bond
length of water in the Q3-Na_w1 cluster (1.678 Å). It could be inferred that the effect of sodium is to
transform the Q3 site to a Q3-Na site that is hydrophilic.
Finally, the difference in binding energy of the individual components of the reactants and the
optimized cluster group is -250.4 kJ/mol. This results in an interaction energy for sodium hydroxide
with the hydrogen-bonded complex of -192.6 kJ/mol. Given the geometry similarities in the effect of
sodium on the Q3 cluster and hydrogen-bonded complex of Q3 and TEOA, along with approximately
similar interaction energy of sodium hydroxide, it may be a fair assumption that the main impact of
the presence of sodium is to induce transformation of the Q3 site interacting with TEOA to Q3_Na.
Upon the transformation and further inclusion of water on the hydrophilic site, the interaction
between TEOA and the surface can be extrapolated to be disrupted.
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a

b

Schematic 4-13. DFT-based geometry optimization for TEOA on Q3 with (a) inclusion of one water molecule and (b) inclusion of sodium hydroxide. The hydrogen
bonds are indicated by dashed blue lines. The different elements are represented by unique colors, where hydrogen is white, carbon is gray, oxygen is red, nitrogen is blue, sodium
is purple and silicon is yellow

166

167

Cluster
group

Q3 + TEOA

Probe

r(OT-Og) (protondonating h-bond)

r(NT-Og) (protonaccepting h-bond)

r(Ow-Og)

r(Ow-OT)

-

3.009, 2.972

2.752

w1

3.041, 2.974

2.661

2.821

2.877

NaOH

2.941, 2.973

2.747

4.440

2.526

r(OT/g-Na)

ΔEBE

ΔEint

-57.8

2.157/2.182

-103.4

-45.6

-250.4

-192.6

Table 4-10. Structural parameters in angstroms (distance) and interaction energies in kJ/mol, determined from B3LYP/6-311++g(d,p)-based DFT optimization for
interactions in Schematic 4-13. Notations with subscript p, T and w indicate PAA, TEOA and water respectively.
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4.3.7. Schematic model of the interactions in the glass and resin interfacial region

4.3.7.1.

Silica

A model schematic of the reactions occurring in the resin and glass interfacial region is
presented in Schematic 4-14. The chief surface reactive sites on silica are isolated, geminal and
vicinal silanols with terminal hydroxyl species and siloxane bridges with bridging oxygen [24, 25,
50]. Siloxane bridges have been determined to be hydrophobic and considered as non-specific
adsorption sites elsewhere [2, 23, 51]. Hence, a siloxane bridge (Si-O-Si) is not considered as an
active surface reactive site on the silica surface. Vicinal silanols are hydrophilic with water interaction
energy of -48.9 kJ/mol (Table 4-2) and are considered to present on the glass surface with stronglyadsorbed interfacial water. As the resin application is aqueous-based, the organic components do not
interact directly with vicinal silanols. Therefore, the main surface reactive sites for direct interaction
with organic adsorbates are isolated and geminal silanols. Based on the interaction of water with both
sites, it has been determined that isolated silanol is representative of the direct adsorption site.
In experiments described in the previous chapter, no evidence of carboxylic acid interactions
with the silica surface by IR spectroscopy is observed upon extraction of the interface. The only
organic adsorption directly observed is the interaction between the nitrogen atom (protonated and
neutral) on TEOA and the surface silanols by XPS analysis and IR spectroscopy. Research conducted
elsewhere has shown the adsorption of acetic acid on silica in the form of silyl ester in anhydrous
conditions and hydrogen bonding interaction in the presence of water [41]. As the interfacial bonding
occurs in an aqueous environment and remains in ambient humidity, adsorption via silyl ester
formation is assumed to be absent. The physisorption of the carboxylic acid group with a Q3 site (42.5 kJ/mol, Table 4-9) is weaker than the physisorption between the Q3 site and the nitrogen on
TEOA (-57.8 kJ/mol, Table 4-10) under anhydrous conditions. The effect of water in the interaction
between the organic adsorbates and Q3, probed by utilizing a single water molecule, shows that the
initial interaction of the organic adsorbates is impacted differently for carboxylic acid and nitrogen on
TEOA. A single water molecule interacts more strongly with the Q3+TEOA cluster than the
Q3+PAA-monomer. The difference in binding energy from the reactant to the product stage upon
inclusion of water is higher for Q3+TEOA (-103.4 kJ/mol, Table 4-10) than Q3+PAA-monomer (-
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71.4 kJ/mol, Table 4-9), but the difference also contains artifacts of changes to the starting structure.
In fact, the interaction of water with the Q3 site induces greater interaction between the nitrogen on
TEOA and the Q3 hydroxyl. Therefore, the reaction energy of -45.6 kJ/mol (Table 4-10) is a
combination of the stronger hydrogen bond between the nitrogen atom and Q3 silanol, and the
hydrogen bond between the water molecule and the Q3 silanol. In contrast, the water molecule causes
the hydrogen bond interaction between the carboxylic acid group and the Q3 site to weaken; thereby
the reaction energy is not as pronounced as the Q3-TEOA interaction. Therefore it can be inferred
that the Q3-TEOA interaction is less easily hydrolysable than Q3-PAAmonomer interaction. The
geometry of the final optimized structure of Q3+TEOA indicates the steric hindrance to the incursion
of water to disrupt the nitrogen-silanol interaction.
Within the resin, there are two main organic entities: PAA polymer and TEOA. The PAA
polymer is simplified to its monomeric form while TEOA is utilized as-is. The PAA-monomer unit
has one functional end-group, the carboxylic acid moiety. TEOA has two functional groups, the
alcohol moiety and the nitrogen atom. There are six possible interaction mechanisms which are
discussed with assignments of importance to the structural stability of the resin network [52, 53]. The
primary interactions are between the alcohol group in TEOA and carboxylic acid, determined to be in
the form of physisorption (hydrogen-bonding, R1) and chemisorption (covalent bonding in ester
form). Two secondary interactions for carboxylic acid moieties are physisorption (dimer, R2) and
chemisorption (covalent bond in anhydride form). Carboxylic acid dimers are present within the resin
as anhydride formation is detected and upon hydrolysis of anhydrides, the final interactions revert to
dimer form. Finally, tertiary interactions are between the nitrogen and carboxylic acid moiety with
two forms of physisorption, one being a hydrogen bonding interaction between the carboxylic acid
moiety and nitrogen and other being a coordinated complex of protonated nitrogen with the
carboxylate ion in the form of ammonium carboxylates (R3). Experimental evidence of all of these
interactions has been found in the previous chapter via a combination of IR spectroscopy and XPS
analysis. Experimental evidence of the hydrolysis of ester and anhydride linkages upon accelerated
aging forms the basis of consideration that these linkages do not persist after exposure to water.
Therefore, the molecular simulations pertinent to hydrolytic stability only considers physisorbed
interactions within the organic components.
The resin upon exposure to accelerated aging shows evidence of hydrogen bonding between
the alcohol on TEOA and the carboxylic acid moiety in the PAA polymeric back-bone. The reaction
energy of that interaction is calculated to be -39.3 kJ/mol (Table 4-6). The self-association between
carboxylic acid groups in the form of a dimer has a reaction energy of -65.4 kJ/mol (Table 4-6). The
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hydrogen-bonding interaction between the nitrogen atom and carboxylic acid has a reaction energy of
-27.2 kJ/mol (Table 4-7). The nitrogen atom remains neutral during this reaction as it is not found to
form a complex with the carboxylic acid moiety under anhydrous conditions. Based on the reaction
energies of the three different physisorbed interactions, the most favorable interaction is the
carboxylic acid dimer (secondary), followed by carboxylic acid and alcohol group on TEOA
(primary) and finally the hydrogen-bonding between nitrogen on TEOA and carboxylic acid
(tertiary).
The prior three physisorption interactions are under anhydrous conditions. The effect of water
on the interactions is determined by the interaction strength of a single water molecule with the
physisorbed species. The interaction strength of the water molecule allows the attribution of
hydrophilicity of interacting species. The primary (R1a), secondary (R2a) and tertiary (R3a)
interactions probed by the explicit solvation of 1 water molecule have reaction energies of -24.4, 21.8 and -37.8 kJ/mol respectively (Table 4-6, Table 4-7). As the reaction strength is less than -44
kJ/mol, these sites are considered to be hydrophobic. Upon interaction of a water molecule in the
tertiary interaction, the carboxylic acid moiety is deprotonated and the donated proton is closer to the
nitrogen atom. This structure is closer to the form of ammonium carboxylate and would explain the
observation of protonated nitrogen in the resin upon exposure to water. In addition, the insertion of a
water molecule strengthens the interaction between the nitrogen atom and carboxylic acid moiety as
the distance between the oxygen atom on carboxylic acid moiety and nitrogen on TEOA is
significantly reduced (~0.100 Å, Table 4-7).
The strong interactions between the organic functional groups and the surface silanols along
with minimal changes to the interaction by inclusion of water explains the hydrolytic stability of the
interface observed in experiment upon accelerated aging. In the case of the observed adsorbed species
upon extraction of the interface, the increased interaction strength of the Q3+TEOA cluster group
compared to Q3+PAA-monomer would explain the lack of observable carboxylic acid based
interactions. In addition, the lack of observable Phosphorous is indicative of the absence of crosslinked species near the interface. Therefore, the shear stresses traveling at the interface can run
through the hydrogen bonding between the carboxylic acid groups and other organic functional
species in the resin. The rationale for lack of carboxylic acid groups on the surface is that the
polymeric chain is long and therefore upon extraction, the cohesive strength of the chain surpasses the
hydrogen-bonding interaction strength. The TEOA is a small, single molecule that is more strongly
bound to the surface than to the PAA polymer and hence, remains adhered on the surface.
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R3a

R1a

Q3+PAA-monomer

R2a

Silica

Q3+TEOA

Schematic 4-14. Model of the interactions in the interfacial region of resin on silica glass in ambient humidity and
during hydrolytic stability tests
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4.3.7.2.

Sodium boroaluminosilicate glass (NBAS)

The model schematic of the reactions in the interfacial region of resin on NBAS is
significantly more complicated than on silica, as seen in Schematic 4-15. The pristine NBAS surface
is more complex than fused quartz. The main surface reactive sites consist of sodium coordinated
NBOs on silicon, aluminum and boron. However, upon exposure to the acidic resin dilution, surface
modification occurs where loss of a significant portion of the sodium content and boron content is
observed. The remainder of the sodium is coordinated to aluminum and silicon is inferred to be in the
form of silanols. As sodium-coordinated NBO on aluminum is determined to be hydrophilic, the site
is inferred have strongly-adsorbed interfacial water. The loss of sodium ions from silicon sites upon
exchange of sodium with a hydronium ion is determined to be thermodynamically favorable with a
reaction energy of -621.9 kJ/mol (Table 4-2). The newly-revealed silanol site is indistinguishable
from a pre-existing isolated silanol Q3, in terms of structure, energetics and hydrophobicity.
Therefore, the initial adsorption of organic molecules can be considered to mirror adsorption on
silica. In fact, upon mechanical extraction of the interface on NBAS, hydrogen-bonded carboxylic
acid moieties on silanol sites are observed by IR spectroscopy. In addition, the presence of protonated
nitrogen from TEOA on the NBAS surface detected by XPS analysis indicates that the TEOA
molecule is also adsorbed onto surface silanols similar to fused quartz. Unlike experimental results
for adsorption of acetic acid on NBAS conducted elsewhere, no evidence of sodium chelates are
observed as the surface silicon sites are in the form of silanols and aluminum sites are screened by
interfacial water.
Whereas the effect of sodium on interfacial bonding is considered to be minimal upon
formation of the resin layer on the surface, the resin in the interfacial region is affected by the
leaching of sodium from the NBAS surface. Both XPS and IR results indicate the formation of a
significant amount of sodium carboxylate salt. The cluster simulation of the reaction between a
carboxylic acid moiety and sodium hydroxide provides a reaction energy of -225.9 kJ/mol (Table
4-3). Thereby, the formation of sodium carboxylate moiety is considered to occur as the reaction is
deemed thermodynamically favorable. Consideration of the ease of sodium carboxylate salt formation
is taken into account upon the effect of sodium on organic interactions within the resin and glass
interfacial region. While the effect of water on the interaction between organic molecules is minimal,
the impact of sodium hydroxide on the primary (R1) and secondary (R2) interaction is significant.
The ammonium carboxylate interaction is sufficiently strong that sodium does not affect the structure
beyond the modification caused by a single water molecule. Of the two reactions most affected, the
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primary interaction (alcohol on TEOA and carboxylic acid moiety) has the greatest structural
modification, where the initial hydrogen bonding is disrupted and formation of sodium carboxylate is
evident. The higher reaction energy of -277.4 kJ/mol (Table 4-6) corroborates the extent of structural
modification and formation of sodium carboxylate. Similarly, the secondary interaction (carboxylic
acid dimer) is affected with loss of one of the two hydrogen bonds and coordination of one of the
carboxylic acid group with the dissociated sodium ion. However, unlike the primary interaction, the
structural modification for the carboxylic acid groups is not indicative of sodium carboxylate yet. The
reaction energy of -101.2 kJ/mol (Table 4-6) is significantly lower than the reaction energy of sodium
carboxylate formation. It is extrapolated that further incursion of water would promote the formation
of sodium carboxylate. In addition to the aforementioned reactions of sodium with the primary (R1b),
secondary (R2b) and tertiary (R3b) interactions, the presence of primary (R2a), secondary (R2a) and
tertiary (R3a) interactions without sodium coordination (as on silica) is also confirmed in the
experimental results. Therefore, all six interactions are presented in Schematic 4-15.
The resin and NBAS interfacial region upon exposure to water during the hydrolytic stability
test is significantly different than before the test. Further sodium leaching is observed by XPS
analysis with consequent sodium carboxylate formation corresponding to near-total exhaustion of
carboxylic acid groups as detected by IR spectroscopy. This region is presented in Schematic 4-16.
Consideration of the mechanism of sodium transport from the sub-surface to the surface and then into
the resin near the interface is simulated by the reaction of an isolated silanol with sodium hydroxide.
Energy of the reaction is -190.0 kJ/mol (Table 4-2), which indicates a spontaneous formation of
sodium-coordinated NBO on silicon (Q3_Na). This transformation provides the mechanism of
disruption of interfacial bonds between the organic adsorbates and the acid-modified NBAS surface
as the reaction energy is significantly higher that the organic-silanol interaction energy. In addition, as
the exchange of sodium is more favorable than the formation of sodium-coordinated NBO with
continued exposure to water, the ion-exchange reaction will persist as sodium is transported into the
resin near the interface.
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R1a

R2a

R3a

R2b
R1b
R3b

Resin

Q3+PAA-monomer

NBAS

Q3+TEOA

Schematic 4-15. Model of the interactions in the interfacial region of resin on NBAS in ambient humidity
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The immediate effect of sodium on surface bonding is confirmed by studying the
interaction of sodium hydroxide with adsorbed organic molecules on silicon sites. Of the two
surface bonding mechanisms, the hydrogen bonding interaction between the carboxylic acid
moiety and surface silanols is more affected. The only remaining hydrogen bond is elongated
indicating a weaker interaction as the carboxylic acid moiety is displaced upon interaction with
the sodium ion. The adverse effect of sodium on the interaction between the nitrogen atom in
TEOA and surface silanol is not immediately evident. It would appear that the nitrogen atom is
protonated whereas the distance between the nitrogen atom and NBO is unchanged. However, as
the Q3 site transforms into a sodium-coordinated NBO site and the spontaneous nature of the
exchange of sodium to form Q3, the second order effect of the repulsion between the protonated
nitrogen and protonated NBO would disrupt the original hydrogen bond. Therefore, the two
surface bonding interactions are disrupted in different ways. The carboxylic acid interaction with
the surface is weakened first, and then the Q3 site can transform into a sodium coordinated NBO.
The displaced carboxylic acid moiety transforms into sodium carboxylate and not considered to
be bonded to the surface. The nitrogen on TEOA interaction is disrupted by formation of sodiumcoordinated NBO first, followed by the disruption of bonding between organic adsorbate and
surface silanol by electrostatic repulsion. Despite the manner of disruption, the end result is that
the bonding is disrupted for both adsorption mechanisms. Therefore, neither interaction is
considered to be hydrolytically stable as neither is observed after the hydrolytic stability test by
XPS analysis or IR spectroscopy.
The disruption of the structural integrity of the resin near the interface during the
hydrolytic stability test is equally catastrophic, as experimental results from IR spectroscopy
indicate near complete loss of carboxylic acid moiety in favor of sodium carboxylate salt
formation. The organic interactions (R1b, R2b, R3b) in Schematic 4-16 reflect the sodium-rich
region in the resin near the interface. The mechanism of sodium carboxylate formation during the
hydrolytic stability test is similar to that previously described (PAA-monomer_NaOH). The loss
of cohesive integrity in the interfacial region is a result of the hydrophilic nature of the sodium
carboxylate species. As water is adsorbed into the resin upon formation of sodium carboxylates, it
provides pathways for water to reach the glass and resin interface to promote further leaching of
sodium resulting in degraded integrity near the interface.
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R3b

R1b
R2b

Resin

Q3+PAA-monomer

NBAS

Q3+TEOA

Schematic 4-16. Model of the interactions in the interfacial region of resin on NBAS during hydrolytic
stability tests
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4.4. Summary
The results of the molecular simulations are put in context with experimental data
obtained by IR spectroscopy and XPS during study of adsorbed species on the glass surfaces and
hydrolytic stability of the interfacial region of resin and glass as a function of glass composition,
specifically sodium. The experimental results are summarized from the previous chapter to
accompany the discussion of mechanisms that occur in the glass-resin interfacial region. A model
schematic of reactions in the interfacial region is presented based on the experimental and
computer simulation results which include the organic-organic interactions above the glass
surface and the interfacial adsorption mechanisms on the glass surface.
Based on experimental results and computer simulations, the inherent chemistry of the
resin is deemed hydrolytically stable along with the interfacial bonding mechanisms on a waterinsensitive glass surface such as silica. However, the primary chemistry of the adhesive is
irreversibly affected by leached components from the glass surface such as sodium. Formation of
sodium carboxylate salts has been shown to promote interfacial hydrolytic instability. In addition,
interaction of nitrogen-containing organic adsorbate and a glass surface shows that such an
interaction is feasible and hydrolytically stable. The experimental results are corroborated by the
computer simulation studies. A systematic study of the individual resin components and model
glass surface reactive sites along with the interaction of the individual organic components, the
interacting organic components and interacting organic and surface reactive sites on glass with
water and sodium hydroxide provides an insight into the chemistry occurring in the interfacial
region of resin on silica and NBAS.
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Chapter 5
Summary
The main objective of this study was to evaluate and understand the phenomenon related
to surface chemistry of multi-component silicate glasses. The glass surfaces investigated ranged
from the surfaces of silica and low-sodium content multicomponent glass to sodium
boroaluminosilicate glass. The studies on the native surface reactivity of glasses have been
typically conducted on dehydrated surfaces to mitigate the effect of water on adsorption. Instead
of probing a dehydrated glass surface, a real-world approach of partial-dehydration was taken.
This directly pertains to applications where a fresh glass surface is coated under non-aqueous
conditions such as low-vacuum with vapor-phase deposition or by organic solvents such as
toluene via liquid-phase deposition. In both cases, water is known to be present at trace levels.
The first objective was to gain more knowledge about the silanization and surface
reactivity of glasses as a function of glass composition. The silane (3-GPS) coverage on all of the
glass surfaces was quantified in terms of molecules per square nanometer via XPS analysis.
Vapor-phase silanization was utilized as it was able to emulate silanization of partiallydehydrated glass surface in a reproducible manner. Upon vapor-phase silanization, silane
coverage on a sodium-rich surface was non-trivial and adsorption occurred on the surface in the
presence of sodium ions. Low-sodium content surfaces had greater silane coverage compared to
high-sodium content surface by a factor of two to three. Within the low-sodium content surfaces,
leached sodium- containing boroaluminosilicate glass was most reactive followed by alkalineearth boroaluminosilicate glass and fused quartz.
Water-based surface treatments were utilized to determine the distribution of weak
physisorption, strong physisorption and chemisorption surface sites. Chemisorption sites on
hydrated silicate surfaces were revealed to be isolated silanols based on the comparison of TFS
and 3-GPS silanization of silica and low-sodium content boroaluminosilicate glass. The majority
of accessible sites on silica and low-sodium content boroaluminosilicate glass were found to be
physisorption sites. In contrast, more than half of the accessible surface sites on leached sodiumcontaining boroaluminosilicate glass were chemisorption sites.
As hydrophilic sites are known to be present on all of the investigated glass surfaces, the
physisorption of silane molecules occurred on the strongly-bound interfacial water present during
vapor-phase silanization. Computer simulations showed that the adsorption of silane molecules
182

183
onto strongly-bound interfacial water on hydrophilic surface sites was feasible. The interaction
strength of a silane molecule on the interfacial water on Si-O-Na+ and on the interfacial water on
vicinal silanols was similar. Therefore, the adsorption strength of a silane molecule on the
interfacial water molecules on hydrophilic sites can be presumed to be independent of glass
composition.
A second objective was to determine the surface reactivity of the glass surfaces as a
function of surface hydration. In this study, a fully hydrated surface was compared to a partially
dehydrated surface. A fully hydrated surface had bulk water on the surface above the stronglyadsorbed interfacial water. Silanization of the fully-hydrated glass surfaces was accomplished in
aqueous-phase. The surface reactivity of a glass, based on the silane coverage on the surface, was
shown to be composition-independent on a fully hydrated surface in contrast to compositiondependence for a partially dehydrated surface. Low-sodium content surfaces were observed to be
less surface-reactive during aqueous-phase silanization than vapor-phase silanization by a factor
of three because the presence of bulk water reduced the access of the silane molecules to the
surface reactive sites. The XPS results of sodium-rich surface silanized in aqueous phase
indicated a depletion of sodium and boron on the surface. Consequently the adsorption of silane
occurred on a silanol-enriched surface and hence, surface reactivity of the high-sodium content
glass approximated other low-sodium content glasses.
In the context of applications where the silane molecules interact with glass surfaces in
aqueous phase, the same amount of silane is adsorbed on flat glass surfaces regardless of initial
glass composition. Furthermore, the presence of chemisorbed silane molecules suggests that
hydrolytically stable silane-glass interactions can occur in composite materials that utilize
alkoxysilanes as a coupling agent. Prior to the study of the effect of silane inclusion on the
interfacial chemistry of composite materials comprised of polymeric binder resin and glass, the
interfacial chemistry without silane needed to be understood.
The third objective was to probe the dependence of interfacial resin/glass chemistry on
the glass composition. The influence of aqueous-phase surface chemistry of a sodium-rich glass
on the interfacial region of a polymeric resin on glass was explored by surface analytical
techniques such as XPS and IR spectroscopy. Evidence of modification of the glass surface and
sub-surface during resin application was provided by XPS depth profiling. The effect of the
modification, based on IR results, was sensed in the interfacial region where the mass transport of
sodium from the glass resulted in the irreversible formation of sodium carboxylates. More sodium
carboxylate formation occurred after humid aging. The formation of the sodium carboxylate salts
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near the interface was determined to be the root cause of hydrolytic instability of the interfacial
region. This conclusion was inferred based on the hydrolytic stability of the interfacial region on
silica where sodium carboxylates were not present, in contrast to the hydrolytic instability of the
sodium carboxylate-enriched interfacial region of the resin on sodium-rich glass.
DFT-based simulations were conducted to augment the understanding of the chemistry
occurring in the interfacial region of resin on silica and sodium-rich glass observed by IR
analysis. The interactions between the resin components were thermodynamically favorable and
inclusion of water resulted in no bonding disruptions. The formation of sodium carboxylate salts
was shown to be thermodynamically favorable. The effect of sodium hydroxide and water on all
carboxylic acid-based interactions added further evidence for the disruption of those interactions.
The proposed surface bonded species on silica and sodium-rich surface were based on a
combination of XPS and IR results. The interfacial bonding interactions for carboxylic acid
moiety and the nitrogen atom in TEOA with a surface silanol were thermodynamically favorable.
The inclusion of water did not cause significant disruption in bonding, whereas sodium hydroxide
inclusion resulted in significant disruption in surface bonding. All of the findings from DFTbased simulations were consistent with the experimental results obtained during hydrolytic
stability tests of the interfacial region of resin on silica and sodium-rich glass.
The final objective was to understand the effect of silane inclusion on the interfacial
chemistry of a polymeric resin on a sodium-rich glass surface. The inclusion of silane improved
the hydrolytic stability of the interfacial region of the resin on the glass surface. Of the two
methods of silane addition, the most effective technique was the pre-silanization of the sodiumrich surface. The silane layer was not a perfect water barrier but the reduction in sodium
carboxylate formation was indicative of reduced ion-exchange on the high-sodium content glass
surface. Inclusion of silane into the resin formulation showed marginal improvement in
hydrolytic stability. There was no reduction in sodium carboxylate formation but sufficient silane
molecules were tethered to the surface to prevent catastrophic and complete interfacial failure.
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