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Abstract
Although coatings have been applied to glass compositions for centuries, the
reactive sites present on the glass surface and their roles in binding different chemical
species require investigation so that materials can be tailored to meet specific demands.
Here, the binding of small molecules to silica and boroaluminosilicate glass are
investigated for the purpose of improving coatings used in industrial building materials
through a better understanding of the oxide surface reactivity. Application of acetic acid
and acetyl chloride probe molecules onto oxide surfaces have been used to investigate the
different binding sites present at the oxide interface. In order to probe the glass polymer
interface, solid-state magic angle spinning (MAS) nuclear magnetic resonance (NMR)
and temperature programmed desorption inverse gas chromatography (TPD-IGC) are
utilized. Two distinct desorption regimes in the TPD-IGC signify varying binding
strengths, which supports the hypothesis that physical and chemical absorptions are
occurring on both the silica and boroaluminosilicate glass surfaces. 1H-13C crosspolarization (CP) MAS NMR studies of the species present at the silica surface after
dosing with either acetic acid or acetyl chloride indicate the chemisorbed species to be a
silyl-ester.

In contrast, when

1

H-13C CP MAS NMR is used to analyze the

boroaluminosilicate glass that had been dosed with acetic acid or acetyl chloride, the data
indicates that the chemisorbed species is due to the formation of sodium carboxylate on
the glass surface. Collaboratory Diffuse Reflection Fourier Transform Infrared
Spectrometry (DRIFTS) data further verifies the formation of the silyl-ester and sodium
carboxylate species.
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Chapter 1
Silica and Multicomponent Glass Surfaces
1.1 Introduction
Generally overlooked by the general population, multicomponent oxide glass is
used in a wide variety of applications beyond common household windows and light
bulbs. Used extensively in chemical and technical operations, multicomponent oxide
glass fibers provide the backbone for thermal insulation and for structural reinforcements.
In the aforementioned applications, the chemical composition of the glass may differ only
slightly depending upon desired function. However, different chemical coatings are
applied to the surfaces of the glass in order to alter their thermal and mechanical
properties.
Understanding the adsorption of a polymer coating onto a glass surface requires a
thorough knowledge of the reactive sites on the glass surface. The specific bonds that
form when multicomponent aluminoborosilicate glasses are dosed with simple organic
molecules is of primary importance for determining the potential reactivity of different
surface coatings.

In this study, solid-state nuclear magnetic resonance (NMR) and

temperature programmed desorption (TPD) inverse gas chromatography (IGC) are used
to elucidate information regarding the reactive surface sites on aluminoborosilicate glass
fibers.
However, before the complexities of a multicomponent glass surface are
addressed, the structure and reactive surface properties of simple silica (SiO2) will first be
introduced. Study of the reactive SiO2 surface sites using NMR, which can be limited by
the low surface area of many common forms, can be most effectively achieved by
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utilizing the high surface area of fumed silica. Comprehension of the surface reactivity
of SiO2 creates a stepping stone from which the analogous surfaces functionalities present
on complex oxide glasses can be understood.

1.2 Introduction to the Silica Surface Structure
The past few decades have been a time of growth in the preparation of silica
surfaces for use in science and technology. Silica plays an important role in traditional
building materials such as cement, firebrick, enamels, and silicate glasses.1 Additionally,
silica now functions as a primary component in chromatography and microelectronics
such as optics, fiber optics and liquid crystals.1 The broad range of applications in which
silica is used is a direct consequence of the ability to modify the surface chemistry of the
silica. Due to the simplicity of the surface functionalities, silica makes an excellent
model compound for probing the reactivity of silicon speciations present at the surface.
The silica surface consists of four differently bonded silicon to oxygen
configurations as observed in figure 1-1. A Qn notation is used to describe the number of
silicon or other atoms attached through a bridging oxygen atom to a central silicon atom.
Here, the Q represents the quaternary SiO4 silicate tetrahedron.2 As such, the Q4 species
represents
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Figure 1-1: Bonding configurations of silicon in silica
siloxane groups or Si-O-Si bridges with oxygen. Q3 species are attached to three bridging
oxygen atoms and have one oxygen terminated as Si-O-H, referred to as a silanol. Q2
species are geminal silanols, with two bonds to bridging oxygen atoms and two silanol
terminations. Q1 species retain only one bridging oxygen with three silanols. Q0 species
retain no bridging oxygens. Lastly, vicinal silanols are present when one nearby silanol
is hydrogen bonded to another nearby silanol.1
High surface area silica is typically manufactured by oxidizing or hydrolyzing
compounds such as SiH4 or SiCl4 in the vapor state with anhydrous O2 or in a
hydrocarbon flame. Being characteristically amorphous, silica has a distribution of
hydroxyl coverage across the surface resulting in non-uniform surface adsorptions of
analytes.3 The cause of the disorder is the variation in bond angles in the structure of
silica. The silicon-oxygen tetrahedron building blocks that make up the silica are bound
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to one another at each corner such that each corner is coordinated to four other
tetrahedra.4 The variation in the bond angles at the tetrahedron vertices, however,
disrupts the symmetry of the crystalline state and results in a disordered and random
structure, which maintains medium-range order (Si-O-Si connections) but lacks longrange order.

1.3 Silica Surface Chemistry
When discussing interfacial interactions, it is essential to distinguish between
physical and chemical adsorptions to a surface. Adsorption of chemical species to the
silica surface is facilitated through hydrogen bonding, chemical bonding, hydrophobic
bonding, or van der Waals forces.5 Typically, physical adsorption, or physisorbtion is
characterized by the ability of a species to induce a dipolar moment that only slightly
perturbs the electronic structure of the adsorbent and has binding energies on the order of
0.96-9.6 kJ/mol.6 Physisorption is typically associated with van der Waals forces, but
hydrogen bonding can also be responsible for weakly bound adsorbates, discussed in
detail throughout Chapter 3. Alternatively, chemical adsorption, or chemisorption, is
characterized by strong interactions between the surface and the adsorbate in which a
new chemical bond is formed. Chemisorptions has a binding energy of approximately
48.2 kJ/mol.7
Bonds forming on the silica surface are restricted to interactions with the surface
terminating sites made up of siloxane links, Si-O-Si, or silanol.

The siloxane

functionality, which makes up the bulk of the silica structure, is formed by condensation
during silica formation. Alternatively, the silanol groups are formed from either
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incomplete condensation or the tendency of the surface oxygen to form two bonds with
hydrogen being the terminating species present at the oxide surface.8 Protons, present
from water in silica polymerization processes, are readily available for terminating
oxygen bonding. Although anhydrous silica can be formed through high temperature gas
phase methods, hydrous silica represents the most important type of silica with regard to
adsorption because of the key role hydroxyls play in any process that takes place at the
silica surface.8
Hydroxyl groups are important on the silica surface because hydrogen bonding is
the most common method of adsorption at the silica-adsorbate interface. Hydrogen
bonding can be more generally represented as B---H—A, where B is any σ or π electron
donor site (Lewis Base containing a lone pair of electrons), and A may be one of the
elements: C, N, P, O, S, Se, F, Cl, Br, or I. The activity of the silica surface is attributed
to the ability of the silanol groups to form either homo-intermolecular or heterointermolecular types of hydrogen bonds.8,9
Homo-intermolecular hydrogen bonding occurs on the silica surface between
adjacent (vicinal) silanol groups in which one silanol acts as a proton donor and the
adjacent silanol functions as the proton acceptor.

However, in order for homo-

intermolecular hydrogen bonding to occur, the vicinal silanol groups must be at distances
of no greater than 3.0 Å. Therefore, homo-intermolecular bonding is restricted to vicinal
silanol groups that characteristically range in distance from 2.4 to 2.8 Å apart.10
In the other bonding preference, the hetero-intermolecular hydrogen bonding
normally occurs in non-aqueous media when a silanol group on silica acts as the
hydrogen donor. In hetero-intermolecular hydrogen bonding it is the reaction media and
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not the activity of the silanol groups that controls the surface interaction.8 The
interactions that take place on the silica surface result from factors such as adsorbate
functional groups, geometry, size of the adsorbate molecule, and chemical properties of
the utilized solvent system.
The reactivity of the silica surface in the adsorption process is due to the
amorphous nature of silica, which creates the random distribution of surface hydroxyls.
The reactivity of an isolated silanol differs from that of a pair and essentially from a
group of silanols perturbed by extended hydrogen bonding.8 The different reactivities of
surface silanols are observable in water adsorption studies, which reveal water as being
weakly bound when coordinated to an isolated silanol, but strongly bound via interactions
with two adjacent silanols.9,10 The functionality of the adsorbate plays a major role in the
adsorption process; however, the distribution of hydroxyl sites also dictates particular
binding for a given adsorbate. For example, a monofunctional adsorbate requires that a
single hydroxyl site be present.8 However, limitations in surface adsorption can occur if
the hydroxyl groups are in close enough proximity such that steric hindrance, depending
upon the size of the adsorbate, can restrict the adsorption of a species in a set surface
area. The number of surface hydroxyls per unit area, and therefore the tendency of
surface adsorption to be impacted by steric effects, is a direct consequence of the origin
and history of the specific type of silica.8
As previously stated, the high surface area of fumed silica affords increased
sample concentrations per unit volume as is advantageous to NMR experimentation.
Along with high surface area, the formation conditions inherent to fumed silica results in
a majority of the surface being primarily isolated silanols with only a small percentage
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being vicinal or geminal silanols as a consequence of incomplete condensation during
formation.8 As such, fumed silica represents a good medium to begin experimentation to
understand the reactivity of surface silanols.

1.4 Introduction to Multicomponent Glasses
Glass, being known from the earliest human civilizations, holds a key position in
the production of scientific, architectural, and commercial products utilized in everyday
applications. The identification of a material as being a glass is a general terminology
used to describe materials of varying compositions and properties. Specifically, a glass is
defined as an inorganic product of fusion that is able to be cooled, through its glass
transition point, to an amorphous structure.11
In order to understand the fundamentals of glass formation, it is useful to compare
the temperature-volume relationship between the crystalline, glassy, and liquid states.
Figure 1-2 illustrates the temperature-volume dependence for a glass forming liquid. For
simplicity, first consider the material at high temperature in its liquid form. Upon
cooling, the volume of the liquid gradually decreases as the temperature also decreases
along the liquid line. The melting point (Tm) for a particular material is reached at the
temperature where the liquid has the same vapor pressure or Gibbs free energy as the
solid. At this temperature, there exists an infinitely small amount of crystals that are in
thermodynamic equilibrium with the liquid phase.12 Crystallization only occurs if two
criteria are met: there are a sufficient number of nuclei present in the mass and the mass
has a large enough crystal growth rate.12
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The primary factor that results in a lack of crystallization is a fast rate of cooling.
When no crystallization occurs, the liquid mass moves below the Tm and into the

Figure 1-2: The temperature-volume dependence for a glass forming liquid.12

supercooled liquid state. Continued cooling of the system causes the volume of the
mass to decrease further resulting in the molecules becoming less mobile. The decreased
mobility β can be related to the observed increase in viscosity η by utilizing the atomic
radius r and referring to the Stokes-Einstein relation:

β = 1 / 6rπη .

(1.1)
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At sufficiently low temperatures, the molecules are no longer capable of rearranging their
positions at a sufficient rate to maintain a volume projected by the supercooled liquid
line.12 This temperature marks the beginning of the glass transition or glass
transformation range. As cooling continues, a critical temperature is reached where the
atomic mobilities have insufficient energy so that no perceivable structural
rearrangements occur in a practical span of time.12

At this temperature, the glass

transition range has ended, and the material can be viewed as having transformed into a
glass.
However, the rate of cooling affects the duration of time the material remains in
the supercooled liquid state. The intersection of the extrapolated glass line and the
supercooled liquid line is defined as the fictive temperature, and it can be viewed as the
temperature at which the structure of the supercooled liquid is instantly frozen into the
glass.12 As Figure 1-2 illustrates, rapid cooling produces a glass with a higher volume
and lower density, whereas slower cooling generates a higher density glass structure. In
this manner, glasses with the same chemical composition can vary in physical properties.
Even without temperature effects, the surfaces of different glasses, even glasses
with the same chemical composition, can have markedly different surface characteristics
as a result of the processing of the particular glass. Grinding, polishing, and cleaning of a
surface influences the reactivity of a surface and, therefore, its ability to interact with
adsorbates. Depending on the function of the glass, the surface can be tailored to be an
active element (such as a lens) or a passive element (such as a substrate for an
interference layer).11
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In extensive analyses of glass structure, Zachariasen explained glass as being an
extended molecular network without symmetry or periodicity. The cations that form the
glass network, such as Si4+ or B3+, are surrounded by oxygen ions which form either
tetrahedral or triangular polyhedra.13 The nature of the oxygen ions, bridging or nonbridging, is an important aspect that must be considered. In the case of bridging oxygens,
two polyhedra are linked together by an oxygen ion, whereas non-bridging oxygen will
be bound to only one polyhedron leaving a negative charge on the oxygen. The resulting
structure consists of repeating units of long polyhedral chains crosslinked at various
intervals. The resulting negative charge is balanced by incorporation of low charge large
radii (with respect to silicon) cations, such as Na+, K+, Mg2+, or Ca2+, into the holes
located between the oxygen polyhedra.13

Figure 1-3 illustrates a two dimensional

drawing of the crystalline state of SiO2 (A), the glass network of SiO2 (B), and the glass
network of a sodium silicate glass (C). 13

Figure 1-3: Crystalline state of SiO2 (a), the glass network of SiO2 (b), and the glass
network of a sodium silicate glass (c). 13
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Along with chemical composition, surface morphology of a glass affects both the
physical and chemical properties. With respect to coatings on glass, the morphology of
the surface influences the adherence, topography, and microstructure found after
application of an adsorbate.11 The surface irregularities that comprise the morphology of
a glass are defined by exhibiting different characteristic periodicities. As depicted in
Figure 1-4, glass surfaces are characterized as having the properties of roughness,
waviness, and flatness all of which are specified as having different periodicities λ.

Figure 1-4: Schematic of the glass surface (a) Breakdown of the surface
topographies present on a glass surface (b), (c), and (d).11
Apparent from Figure 1-4, the “flatness” of a surface has the longest periodicity, which
can be on the order of a few centimeters. The “waviness” of a surface has a value of
periodicity that is comparable to the wavelength of visible light, whereas the shortest
periodicity belongs to the characteristic “roughness”, which is typically measured in the
range of nanometers.
In order to determine the values of these characteristics, a stylus profiler is
utilized. The roughness of a surface can be measured to a vertical resolution of
approximately 0.5 nm and a lateral resolution of 100 nm (restricted by the size of the
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stylus tip).14,15 Although atomically flat surfaces are almost unattainable, drawn glass has
a smooth surface with occasional surface irregularities that range up to 100 nm in height
due to the forming process.11 The roughness and scratches found on the surfaces can
have a greater effect on the coating process than the flatness of the glass. The surface
defects persist in the deposited coating or propagate into the films. For example,
dislocations may continue into epitaxial layers and even fine scratches in the surface
generate irregularities in the films.11
When studying vapor deposition onto a glass, it is vital to understand that the
surfaces of glasses tend to differ greatly from the composition of the bulk because of the
interactions that occur between the surface and the environment. Surface atoms are
characterized as not being in equilibrium states because they cannot be labeled as being
in any specific phase.11 Thus, many unsaturated bonds are present leading to an excess
energy associated with the surface. This surface free energy, which varies for different
crystallographic orientations, can be lowered by and is therefore one of the main causes
of adsorption to a surface.13
Therefore, the ability to adsorb molecules in the vapor phase is a characteristic
property shared by solid surfaces. The phenomenon of adsorption results from the field
of force from the solid interacting with the field of force surrounding the adsorbate
molecule.16 Adsorptions may extend beyond monolayer coatings when vapors are at their
saturation point or adsorbates exhibit high chemical affinities for the surface.
The surface adsorbates, as previously stated, may be either physisorbed or
chemisorbed depending on the adsorbates bond strength. Distinguishing between both
types of adsorption can be achieved through Temperature Programmed Desorption
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Inverse Gas Chromatography (TPD-IGC), which measures carbon species that have been
removed from the surface over an increasing temperature range. Furthermore,
chemisorption is an activated process and is therefore finite at constant temperatures,
increasing only with an increase in temperature. Conversely, physisorption, being a nonactivated process, is fast at all temperatures. Finally, chemisorption, because it is a direct
bond between the surface and the adsorbate, results in only a monolayer surface coverage
whereas physisorption can be many layers in thickness.

Figure 1-5: Water adsorption on a multicomponent silica glass.11
Based on these phenomena, silicate glass surfaces exhibit a high tendency to
absorb water, and various other components of air, from the atmosphere. As Figure 1-5
illustrates, water adsorption onto a mutlicomponent silicate glass includes both
physisorption and chemisorption. A fresh surface of silicate glass when exposed to the
atmosphere will react with water vapor to chemisorb hydroxyls on active surface sites as
well as to physisorb water molecules to the silanol sites. Figure 1-5 illustrates reactions
responsible for the initial chemisorption of water on a fresh surface to form silanols.
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Reactions in which water molecules react with the fresh multicomponent silicate glass to
form silanol groups are expressed in Figure 1-6. The first layer of physisorbed water is
found to occur only on sites where hydroxyl groups are chemisorbed and not directly
bound to the silicate surface.17 Long exposures to water vapor allows for water

Figure 1-6: Silicate surface reactions with water to form silanols
molecules to attack the alkali species in the glass leading to alkaline solution on the glass
surface. This alkaline solution is capable of reacting with silica network to form silica
gel.11 Other gaseous molecules such as CO2 can be adsorbed by the alkaline aqueous
layer adding further complexity to the surface chemistry of the multicomponent silicate
glass.
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Chapter 2
Solid-State Nuclear Magnetic Resonance
2.1 Introduction
Solid-state nuclear magnetic resonance (NMR) spectroscopy is a powerful
technique for elucidating information about bulk structure and surface functionalities of a
material. NMR is a versatile technique that allows for the spectroscopic analysis of any
nuclei that have a nonzero nuclear spin. The power of NMR to determine structural
information about a material arises from the technique’s sensitivity to variations in
nuclei’s electronic environments, which are observable through so-called “shielding” of
the nuclei as well as different pathways for spin relaxation.
NMR was first described and measured using molecular beams of hydrogen and
potassium by Isidor Isaac Rabi in 1938.18 I.I. Rabi observed that the angular momentum
of spinning nuclei would interact with an applied magnetic field.19 However, NMR was
not truly recognized until 1945 when Felix Bloch at Stanford and Edward Purcell at
Harvard observed that the orientation of the magnetic moment could be altered by an
applied radio frequency (rf) field.20,21

In the following discussion, the theory and

application of NMR will be presented in sufficient detail to allow the reader to appreciate
the applicability of NMR to the specific system described in this thesis. It is not the
expectation of the author that the following description is of sufficient detail for all
applications of NMR, and furthermore it is recommended that readers of this thesis
pursue a deeper understanding of any and all techniques described herein.

2.2 Spin
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NMR spectroscopy takes advantage of the intrinsic spin of nuclei by manipulating
the magnetic moment resultant from the spin angular momentum and charge inherent to
the nuclei.22 Classically, the magnetic moment, μ, is proportional to angular momentum,
L:

μ = γL,

(2.1)

where γ is the gyromagnetic ratio.23 The angular momentum can be written in terms of
the spin angular momentum, I, as:

L = hI ,

(2.2)

where ћ = h/2π and h is Planck’s constant (6.626068 × 10-34 m2 kg s-1).23 Quantum
mechanics dictates that the quantized magnitude of the spin angular momentum for a
nuclei is given by:
I = ( I • I )1 / 2 = [ I ( I + 1)]1 / 2 ≠ I ,

(2.3)

and the allowed values of I are zero, a positive integer, or a positive half-integer. The spin
angular momentum is equal to zero, and therefore the nucleus is not NMR active, if both
the number of protons and neutrons in the nucleus are even. The spin angular momentum
will have integer spin values (1, 2, 3,…) for nuclei with odd numbers of protons and
neutrons. Finally, the spin angular momentum will take on half-integer values (i.e. 1/2,
3/2, 5/2…) if the sum of the number of protons and neutrons is odd.
As figure 2-1 illustrates, NMR active isotopes exist for the majority of elements
found in nature, albeit some NMR active isotopes have a small natural abundance. The
simplest spin state to observe through NMR is the spin 1/2 state because the nuclear
charge is spherical and symmetric. If the spin angular momentum has a value greater
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than ½ complications arise due to the electric quadrupolar moment (to be discussed in
section 2-4).

Figure 2-1: Spin states of the most abundant isotopes
By applying Newton’s second law to equation (2-1), it is possible to define the
rate of change of the angular momentum, L = r × mv , as:

dL
=N,
dt

(2.4)

where N is the torque, N = r × f .23 As such, an applied magnetic field B0, typically
measured in Tesla (T), causes a torque to be exerted on the magnetic moment that can be
quantized by:

N = μ × B0 .

(2.5)

By combining equations (2.1), (2.4), and (2.5) the time rate of change of the angular
momentum can be related to the gyromagnetic ratio and the applied magnetic field as:23

dL
= μ × B0 = −γB0 × L .
dt

(2.6)
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The cross product of the gyromagnetic ratio and applied magnetic field with the angular
momentum can be viewed as the combination of two vectors to produce a vector
perpendicular to the first two. From equation (2.6), it can be concluded that there is a

Figure 2-2: Larmor precession about an external magnetic field
torque perpendicular to the magnetic field that causes precession of the magnetic moment
around the external magnetic field (B0) with precessional frequency:

ω0 = γB0 .

(2.7)

The precessional frequency, ω0 , is referred to as the Larmor frequency, and is specific to
a given nuclei in a static magnetic field.24 As illustrated in Figure 2-3, the Larmor

19

Figure 2-3: Effect of the gyromagnetic sign on Larmor precession
precession frequency will align with the static magnetic field, but will precess in opposite
directions depending on the sign of the gyromagnetic ratio.23
If a macroscopic sample were to be examined in the absence of an external
magnetic field, the spin polarizations would be found to be randomly distributed, taking
on every possible spatial orientation.25 The sample would have a net magnetic moment
of approximately zero because of the random orientation of spins and therefore magnetic
moments. Without an applied magnetic field, at any point in time the magnitude of a
magnetic moment in a given direction is equivalent to the magnitude of the magnetic
moment in the opposite direction.
When placed in an external magnetic field, the population of spins will begin to
precess around B0 at the Larmor frequency. The spin polarization vectors precess around
the magnetic field practically unchanged by the rotations and collisions present in the
molecular environment. However, the nuclei and electrons that make up all molecules
are sources of magnetic fields that slightly influence nuclear magnetic moments.25 The
magnetic fields, resultant from the electrons and neighboring nuclei, work together to
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produce a microscopic field that varies in both time and spatial orientation. Therefore,
individual spins precess about a magnetic field that is the sum of the static external
magnetic field and a very small microscopic field.25 At a specific time, any one nuclear
spin is therefore influenced by a local magnetic field that differs slightly in both
magnitude and direction from the total magnetic field acting upon neighboring spins.
Variation in the local magnetic field causes the cone angle, the angle between the
spin magnetic moment and the external field, to vary slightly.25 This variation in the
cone angle results in the magnetic moments experiencing all possible spatial orientations
over time. However, magnetic moments exhibit a slight bias for orientations parallel to
the magnetic field because the magnetic energy is lowest in that position.
The slight bias to align with the magnetic field results in a stable anisotropic
distribution

of

nuclear

spin

polarizations,

termed

thermal

equilibrium.25

Macroscopically, the anisotropic distribution will reach a stable thermal equilibrium.
However, microscopically, the spin magnetic moments will continue to vary due to the
effect of their local magnetic field. Although greatly exaggerated, Figure 2-4 illustrates
that even with continuous precessional wandering, a net magnetic moment is present and
parallel to B0 when a spin system is placed within an external magnetic field.
During thermal equilibrium, each spin is executing precessional motion around
the external magnetic field at the nuclei’s specific Larmor frequency. The resultant net
magnetization (Figure 2-4), although only weakly detectable in the z-axis, can be
manipulated utilizing rf pulses. Application of a rf pulse with sufficient power, duration,
and equivalent in frequency to the Larmor frequency of the spin system causes a rotation
orthogonal to B0 of the net magnetization from the z-axis into the x-y plane. Immediately
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Figure 2-4: Thermal equilibrium for a system of spins in an applied magnetic field
after the radiofrequency pulse is applied, the spins begin to relax eventually
reestablishing thermal equilibrium.

2.3 Bloch Equations and the Rotating Frame
Until this point, the magnetic moment has been described for a single spin.
Realistically, a spin system is never made up of a single spin but of many spins.
Therefore, it is useful to use the macroscopic magnetization, M, which is defined as the
total magnetic moment per unit volume:

M = ∑ μi ,

(2.8)

i

in order to describe a real spin system.

In the mid 20th century, Felix Bloch described

the change in magnetization with time as a function of the applied magnetic field as:26
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dM
= γM × B0 .
dt

(2.9)

Bloch also described classically the effects of rf pulses on the magnetization while
considering the effects of relaxation as:27
dM x
M
= γM y B0 − x
dt
T2

dM y
dt

= −γM x B0 −

(2.10)

My
T2

M z − M zeq
dM z
=−
.
dt
T1

(2.11)

(2.12)

Equations (2.10-2.12) indicate that the restoration of thermal equilibrium occurs as a
result of two different relaxation times. In equation (2.12) T1 refers to the longitudinal or
spin-lattice relaxation, which represents the rate at which the z component of the
magnetization reestablishes its thermal equilibrium. The T2 term found in equations
(2.10 and 2.11) refers to the transverse or spin-spin relaxation time, which is the time
constant for the reestablishment of the thermal equilibrium in the x-y plane.
Integration of equations (2.10-2.12) results in:
M x (t ) = M eq exp(

−t
) cos(ω 0 t )
T2

M y (t ) = − M eq exp(

(2.13)

−t
) sin(ω 0 t )
T2

M z (t ) = M zeq + [ M z (0) − M zeq ] exp(

(2.14)
−t
),
T1

(2.15)

which describe the magnetization components at a time (t) after a rf pulse has been
applied to a spin system.25,27 However, radio frequency waves also carry an oscillating
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magnetic field. Therefore, along with the static magnetic field, the oscillating magnetic
field interacts with the nuclei in an NMR experiment.28 The rf pulse is induced such that
a resultant magnetic field (B1) oscillates perpendicular to the B0 field. However, the
effect of B1 is most easily observed by transforming from a fixed reference axis
(laboratory frame) to a rotating frame of reference (rotating frame).
The rotating frame rotates at a frequency ωrf around B0 such that the time
dependency of B1 is removed, and also the B0 field is removed with regard to this
reference frame.28

If, for example, the pulse is on resonance (ωrf

=

ω0) then the

magnetization will appear stationary in the rotating frame.28 Furthermore, a reference
frequency or transmitter frequency can be utilized such that an observed offset frequency
(ωrf

≠

ω0) will correlate to specific chemical shifts. The advantage of using an

experimental implementation of a rotating frame of reference is that the acquisition of
signal can occur in a kilohertz rather than a megahertz frequency range.

2.4 Solid-State NMR Interactions
Until now, only externally applied stimuli such as an applied magnetic field and rf
pulses have been discussed as acting on a nuclear spin system. However, there exist four
internal sources of magnetic fields that interact with spin systems and, especially for
solid-state NMR, result in a broadening of spectral lines.

In order to relate how

theoretical expectations become manifest in experimental results, it is necessary to utilize
the Hamiltonian operators to describe each of the nuclear spin interactions.
The total spin Hamiltonian (HT), which is the sum of the individual spin
interaction Hamiltonian operators, is:
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H T = H Z + H rf + H CS + H J + H D + H Q .

(2.16)

The Hamiltonian operators for the external interactions are the Zeeman effect operator
(HZ) and the applied rf pulse operator (Hrf). Similarly, the internal interaction
Hamiltonian operators are the chemical shift operator (HCS), spin-spin coupling operator
(HJ), dipolar coupling operator (HD), and quadrupolar operator (HQ). Each operator will
be discussed in the following sections.

2.4.1 Zeeman Interaction
For simplicity, it is convenient to consider a spin system comprised of only a
single isolated spin interacting with a static uniform magnetic field.

Under these

stipulations, the only interaction is described by the Zeeman Hamiltonian as:

H Z = −μ Z ⋅ B0 ,
(2.17)
which illustrates that the nuclear magnetic moment is acted upon only by the applied
magnetic field, where B0 is taken to be along the z-axis.28 Substitution of equation 2.2
into 2.1 allows for the magnetic moment to be rewritten in terms of the spin operator:

μ = γhI .

(2.18)

The Zeeman Hamiltonian can then be written in terms of the spin operator as:

H Z = −γhI Z B0 ,
(2.19)
through substitution of equation 2.18 into 2.17. In this form, the wavefunctions that
describe the possible states of the spin system in a magnetic field can be determined from
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the eigenfunctions of Hz.28 The eigenfunctions can be written in bra-ket notation as:
I , m where I is the nuclear spin quantum number and the eigenstates (m) can take on

2I+1 possible values from +I to -I.
The eigenvalues of Hz are the energies associated with the eigenstates. The
energies (E) of the eigenstates are:28
E I ,m = −γhB0 m .

(2.20)

Therefore, as illustrated in Figure 2-5, for a spin I=1/2, m=±1/2 there exist two possible
eigenstates with energies E 1 1 and E 1
,
2 2

2

,−

1
2

. The energy difference between the positive

and negative spin states is ΔE = γhB0 and corresponds to the Larmor frequency.23

Figure 2-5: Zeeman levels for I=1/2 in an applied magnetic field.
It should be noted that the quantized energy states are only present in an applied
magnetic field. Otherwise, the states are degenerate, meaning equivalent in energy;
therefore, NMR is not possible in the absence of a magnetic field. The difference in
energy between the states leads to a distribution in spin population, which results in a
slight bias for the lower energy (E1/2) state. If the system is at equilibrium, the difference
in population between the two states can be described by the Boltzmann factor:
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hω

ΔE

(− 0 )
(−
)
N−
= e kT = e kT ,
N+

(2.21)

where N- is the spin population in the higher energy state, N+ is the spin population in the
lower energy state, k is the Boltzmann constant (1.3806503 × 10-23 m2 kg s-2 K-1), and T
is the spin temperature.23
If a rf pulse is applied such that the frequency satisfies equation 2-7, a net
adsorption will occur causing the spin states to become equivalent in spin population. At
equilibrium, a higher spin population exists in the lower N+ state than in the N- state.
Therefore, reaching a state of unity between the spin populations requires more spins to
transfer to the higher energy state than to the lower energy state. This approach to
equivalent spin states causes an increase in spin temperature or a warming up of the spin
system. At the instant the spin states are equivalent in population, the spin system is said
to be saturated and no further net absorption will occur. The Hamiltonian for the effects
of the rf pulse (Hrf) on the spin system will be discussed in the section discussing pulsed
NMR.

2.4.2 Chemical Shift
The application of a magnetic field to a NMR active material causes not only the
nuclei but also the electrons that surround the nuclei to respond to the applied magnetic
field. The electrons create a secondary field that contributes to the total field acting upon
the nucleus, and this effect is referred to as the shielding interaction. The interaction this
field has on the nucleus in an NMR experiment results in a frequency shift more
commonly referred to as the chemical shift. However, chemical shifts are not acquired
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during NMR experiments by sampling the total Larmor frequency, which is in the range
of MHz. Conversely, chemical shifts are measured relative to a reference substance or a
set transmitter frequency and occur in the Hz or kHz range.
The chemical shift Hamiltonian acting upon a spin can be expressed as:

H CS = γI ⋅ σ ⋅ B0 ,

(2.22)

where σ is a second-rank Cartesian tensor, called the chemical shielding tensor. It is
useful to express the shielding tensor in the form:

⎛ σ xx
⎜
⎜ σ yx
⎜σ
⎝ zx

σ xy σ xz ⎞
⎟
σ yy σ yz ⎟ ,
σ zy σ zz ⎟⎠

(2.23)
because, as long as the Zeeman interaction is significantly larger than the other
interactions present in the spin system, only the symmetric part of the shielding tensor
affects the NMR experiment to any great extent.29
The diagonal values of the chemical shielding tensor (σxx, σyy, and σzz) are used to
express the isotropic chemical shielding (σiso), the chemical shift anisotropy (Δcs), and the
asymmetry (ηcs) values. In liquids, one only needs to consider the rapid reorientation of
molecules, resulting in the isotropic chemical shielding value:

σ iso =

1
(σ xx + σ yy + σ zz ) .
3

(2.24)

However, the molecules in a solid are unable to undergo rapid reorientation and
therefore, chemical shift anisotropy (CSA) and asymmetry:

Δ cs = σ zz − σ iso ,

(2.25)
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η=

σ xx − σ yy
Δ cs

,

(2.26)

are inherent to their lineshapes (powder patterns) and must also be recognized.
Nuclei in the randomly positioned crystallites in solids each experience unique
chemical environments and, therefore, slight variations in their chemical shifts. As a
result, the NMR spectra of samples with CSA reveal broad, complex powder patterns
unlike the narrow, isotropic lineshapes observed in spectra acquired for liquids (Figure 26). However, the effects of CSA can be averaged to zero if a sample is spun sufficiently
fast at what has been termed the “magic angle” (Figure 2-7).

The magic angle

(θm=54.74°) is one of the solutions for which the second order Legendre polynomial:
P2 (cos θ ) =

1
(3 cos 2 θ − 1) ,
2

(2.27)

equals zero, and is part of the angular component of the chemical shift Hamiltonian.
Spinning the solid at 54.74°, with respect to the magnetic field, results in the narrowing
of and increased resolution of spectral lines (Figure 2-8).30

2.4.3 J-Coupling and Dipolar Interactions

A system of spins is affected not only by the magnetic field induced by the
chemical shift interaction, but also by the direct and indirect couplings (J-coupling) of the
nuclei themselves. J-coupling is a through-bond interaction of nuclei observable in
liquid-state NMR that is facilitated with the assistance of bonding electrons. The electron
clouds of bonding electrons acquire a charge as a result of the magnetic moments from
the bonded nuclei. The J-coupling Hamiltonian between two spins Ij and Ik on the same
molecule can be described as:
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H jk = 2πI j ⋅ J jk ⋅ I k ,

(2.28)

Figure 2-6: Example of isotropic chemical shielding for a liquid lineshape and CSA
effects on a powder pattern lineshape with η=0.3 Δcs=105 ppm

Figure 2-7: Magic angle spinning

30

Figure 2-8: The effect of magic angle spinning on a sample dominated by CSA
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where Jjk is the J-coupling tensor.25 J-coupling is used primarily to observe
hyperfine structures in liquid state NMR. However, J-coupling is typically too weak to
observe in solid-state NMR and will therefore not be discussed further.
Unlike the through-bond interaction observed with J-coupling, the dipolar
interaction is a through-space interaction that depends largely on the distance between
and orientation of the nuclei. Effectively, the spin of each nucleus creates a local
magnetic field that is able to interact with neighboring spins. The dipolar interaction can
be used as a tool to elucidate structural information about a system, but it also has the
negative effect of increasing line broadening and decreasing resolution. The dipolar
coupling interaction Hamiltonian can be expressed for two spins I and S in angular
frequency units ( rad s -1) as:

(I ⋅ r )(S ⋅ r ) ⎞ ,
⎛μ ⎞
⎛ I ⋅S
H D = −⎜ 0 ⎟γ I γ S h⎜ 3 − 3
⎟
r5
⎝ r
⎠
⎝ 4π ⎠
(2.29)
where r is the internuclear distance and µo is the free space permeability.28
However, it is also convenient to express the dipolar coupling Hamiltonian in
Cartesian tensorial form as

H D = −2 I ⋅ D ⋅ S .

(2.30)

Here, S is the spin angular momentum and is the origin of the local field at spin I. The
dipolar coupling tensor (D) takes on principal values of –d/2, -d/2, +d, in which the
dipolar coupling constant (d) is given as:28
⎛μ ⎞ 1
d = h⎜ 0 ⎟ 3 γ I γ S .
⎝ 4π ⎠ r

(2.31)
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The dipolar coupling tensor dictates how the interaction of the magnetic field from spin
S, and effective on spin I, changes with the orientation of the magnetic moment vector.
Also, the dipolar coupling tensor is traceless and therefore has no isotropic
component. The random rapid tumbling associated with the molecular motion in liquids
results in the averaging of dipolar coupling and thus no direct effect is observed in NMR
spectra. Likewise, for solids, the dipolar interaction can be removed through magic angle
spinning at spin rates larger than the magnitude of the dipolar interaction. However,
certain experimental techniques such as cross polarization take advantage of the dipolar
interaction in order to increase resolution and enhance sensitivity of less abundant nuclei.
Cross polarization will be discussed in section 2.7 as it is the integral technique utilized
throughout the research presented in this thesis.

2.4.4 Quadrupolar Interaction

Although the chemical shift and dipolar interactions dominate the major internal
interactions for spin ½ systems, the quadrupolar interaction, which is present for almost
75 percent of all active NMR nuclei, must be considered if a spin system with I greater
than ½ is to be analyzed. Quadrupolar nuclei possess a magnetic dipole moment as well
as an electric quadrupole moment. The electric quadrupole moment is a result of a nonspherical charge distribution at the nucleus, and is generally given as eQ where e is the
charge of a proton and Q is the nuclear quadrupole moment.25 Also, eQ is a constant
specific to each nuclide and is unaffected by chemical environment.
Nuclei that possess a nuclear quadrupole moment will interact with any electric
field gradient. The electric field gradient occurs naturally in solids as a result of nuclei
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not at a site of cubic symmetry with respect to the distribution of other nuclei and
electrons in close proximity.28 Therefore, any quadrupolar nuclei will interact not only
with the applied magnetic field and local magnetic fields, but also with any electric field
gradient that exists at the nucleus. Interaction at the nucleus of the quadrupole moment
with the electric field gradient causes changes in the nuclear spin energy levels (Figure 29) and is described by:

HQ =

eQ
I ⋅V ⋅ I ,
6 I (2 I − 1)h

(2.32)

where V is the electric field gradient (a second rank Cartesian tensor) and I is the nuclear
spin vector.28
A nucleus with spin 3/2 can be measured to be in one of four possible energy
levels corresponding to the four possible spin sub states. The energy separation between
the states is equivalent when only the Zeeman interaction is considered. However,
changes to the energy levels are apparent as a result of the first and second order
quadrupolar interactions (Figure 2-9).31 The extent to which the quadrupolar interaction
affects NMR spectra is dependant upon the magnitude of the nuclear quadrupolar
moment, the orientation of the nucleus with respect to the applied field, and the strength
of the electric field gradient.31 Also, effects of the first order quadrupolar interactions can
be effectively reduced through magic angle spinning for satellites only as there is no first
order component to the central transition. The second order quadrupole interactions will
not be averaged by magic angle spinning, and will therefore cause broadening of NMR
spectra if quadrupolar coupling is large.32
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Figure 2-9: The quadrupolar effect on a spin 3/2 system

2.5 Relaxation

Relaxation is the process by which a system of spins, having been perturbed from
their equilibrium state, reestablish their thermal equilibrium after an rf pulse is applied.
Reestablishment of thermal equilibrium typically occurs by two distinct processes. The
T1 relaxation time, also referred to as the longitudinal or spin-lattice relaxation time,
measures the rate at which the magnetic component parallel to the applied magnetic field
approaches its equilibrium state.

The “T1 relaxation” occurs as a result of energy

exchange between the spin system and the lattice. Alternatively, “T2 relaxation”, also
referred to as the spin-spin or transverse relaxation, is a measure of the rate at which the
magnetization in the x-y plane returns to its thermal equilibrium state. The cause of T2
relaxation is the result of the loss of coherence between the spins following the rf pulse.
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Although this is an oversimplification of relaxation, the intricate details necessary to fully
describe relaxation mechanisms are not required for the understanding of material
presented in this thesis and therefore will not be discussed further. The interested reader
is referred to Spin Dynamics by M. H. Levitt for more details.

2.6 Pulsed NMR

Simply put, NMR relies on the application of rf pulses with specific frequencies,
phases, and widths in order to perturb a spin system across a given spectral frequency.

Figure 2-10: Free-induction decay following a 90° pulse

The most basic of NMR techniques, the one-pulse experiment, applies a pulse of a given
tip angle (θ) to a system of spins and acquires a free-induction decay (FID) resultant from
the decaying transverse magnetization (figure 2-10).
The width of the pulse may vary depending upon quadrupolar effects; however,
one-pulse experiments typically employ a 90° or π/2 pulse for spin ½ nuclei, which is
capable of rotating all the bulk magnetization from the z-axis into the x-y plane.
Utilization of a 90° pulse results in the greatest signal following the FID. A 90° pulse
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width, although normally on the order of microseconds, varies for different samples, field
strengths, and nuclei, and is dependant upon the amount of power output from the system
console.
Immediately following the rf pulse, relaxation occurs in the x-y plane at a rate
inversely proportional to T2.23 Oscillating electric current induced by the precessing
nuclear transverse magnetization is acquired as a function of time.25

The negative

exponential decay observed in the FID will vary for the peak widths and number of peaks
carried within the signal.
The FID can be converted from the time domain into the frequency domain
utilizing a Fourier transform of the form:25
∞

S (ω ) = ∫ s(t )e ( −iωt ) dt .

(2.33)

0

Upon transformation, the spectra, now in the frequency domain, readily offers up its
information on chemical shifts, dipolar coupling, and quadrupolar interactions. Also, the
peak width λ (in Hz) is related to the inverse of the decay of the transverse magnetization
(T2) by:

λ=

1
.
πT 2

(2.34)

2.7 Cross Polarization

Although one-pulse experiments are helpful for elucidating information about a
bulk structure, ultimately, the one-pulse experiment is limited in its sensitivity towards
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low abundance nuclei with long relaxation times. Cross polarization (CP) utilizes the
dipolar interaction of abundant spins (such as protons) with those of sparse nuclear spins
(such as natural abundance

13

C) in order to increase sensitivity of the sparse spin

system.23 This dipolar interaction allows CP experiments to be tailored to observe
specific surface interactions that could not otherwise be probed. Also, the recycle delay
between transients is reduced since the T1 that must be considered is that of the more
abundant (usually quicker relaxing) spin system.
In order to achieve CP, it is necessary to first prepare the abundant spin system in
a state with an artificially low spin temperature. As viewed from the rotating frame, this
is achieved by applying a 90° pulse at the resonance frequency of the abundant nuclei.
Following the 90° pulse, the magnetization is spin locked such that the magnetization
will precess about the x-y plane maintaining the low spin temperature for the abundant
spin system. Simultaneously, the sparse spin system is also subjected to an rf pulse at its
own resonance frequency allowing polarization to be transferred from the more abundant
spin system to the sparse spin system (figure 2-11). The transfer of polarization reaches a
maximum if the oscillating field amplitudes satisfy the Hartmann-Hahn condition:

γ S B1S = γ I B1I ,

(2.35)

where S denotes the sparse spin system and I refers to the abundant spin system.23 The
thermal contact between the two spins leads to a slight warming of the abundant spin
system (due to its large heat capacity) and a cooling of the sparse spin system. The
cooling of the sparse spin system is described by

⎛B
TS = T1 = ⎜⎜ 1I
⎝ B0

⎞
⎛γ
⎟⎟TL = ⎜⎜ S
⎝γI
⎠

⎞⎛ B1S
⎟⎟⎜⎜
⎠⎝ B0

⎞
⎟⎟TL
⎠

(2.36)
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where TS is the spin temperature and TL is the lattice temperature. This translates to TS
being lowered by a factor of γS/γI. Commonly, the abundant spin is 1H and the sparse
spin system is 13C, which correlates to an increase in sensitivity by a factor of 4. In the
following chapter experimentation utilizing 1H-13C cross-polarization will allow surface
interactions between different small molecule probes and silica or glass surfaces to be
examined.

Figure 2-11: Cross polarization between an abundant spin system and sparse system
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Chapter 3
Silicate and Multicomponent Glass Surface Polymer Interface
3.1 Introduction

Multicomponent oxide surfaces are utilized extensively in engineering
applications and the sciences. The applicability of multicomponent oxide surfaces range
from adding tensile strength to concrete composites to acting as an interface for liquid
and vapor phase adsorbates.33, 34 Each different application has been tailored over time to
maximize both physical and chemical properties of the different materials. However, an
understanding of the interactions taking place at the surface polymer interface is limited
to simple oxide systems. Although trends observed in the surface reactivity of simple
oxide systems are often applied to more complex multicomponent oxide systems, the
types of binding sites and the surface reactivity of a multicomponent oxide differ greatly
from that of simple oxide surfaces.
This work is conducted as part of a joint collaboration called GOALI (Grant
Opportunity for Academic Liaison with Industry) between Penn State University, JohnsManville, and Dow Chemical (previously Rohm & Haas). The objective of the GOALI
collaboration specifically investigates the reactive surface sites of boroaluminosilicate
glass fibers. The express purpose of understanding these complex oxide systems is to
utilize green alternatives in order to replace the resins and formaldehyde based binders
that are currently being used in fiberglass production. To take a systematic approach to
understanding of the oxide/polymer interaction, a simple model oxide surface will be
used as a precursor to the complex oxide surface.
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The model oxide system selected for this study was Cab-O-Sil®, a simple high
surface area fumed silica. The Cab-O-Sil® surface is composed of only isolated, geminal,
and vicinal silanols; therefore, it served as a model for understanding silanol reactivity
towards different probe molecules. The high temperature processing of silica precursors
(SiCl4, SiH4, or HSiCl3) in the production of Cab-O-Sil® results in a surface comprised
mostly of isolated silanols. However, incomplete condensation occurs in the formation
phase resulting in some vicinal and geminal silanol species.35, 36
Cab-O-Sil® and a boroaluminosilicate multicomponent glass used in fiberglass
production are treated using an identical set of molecular probes, and these materials will
be analyzed using solid-state nuclear magnetic resonance (NMR) and temperature
programmed desorption inverse gas chromatography (TPD-IGC). Together, NMR and
TPD-IGC enable bond strengths to be correlated to specific chemical shifts. Also, using
tailored NMR experiments, the speciation and number of reactive surface sites can also
be characterized.
In order to observe the reactivity of the surfaces using NMR, 13C enriched small
molecule acid probes in the gas phase are brought into contact with the oxide surfaces.
Taking advantage of 1H-13C cross-polarization allows the interactions between the probe
molecules and the surface to be observed through distinct chemical shifts in NMR and
correlated by TPD-IGC.

In addition, using a

19

F probe, to which NMR is highly

sensitive, the number of reactive hydroxyl sites on a silica or glass can be quantified by
utilizing a silylating compound such as (3,3,3-trifluoropropyl)dimethylchlorosilane
(TFS), which is known to react primarily to isolated silanols.37, 38
3.2 Experimental
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3.2.1 Gas Phase Sample Preparation

Samples for use in NMR or TPD-IGC are prepared under an inert N2 (g)
atmosphere. Gas phase dosing of Cab-O-Sil® or multicomponent glass fiber is achieved
using the home-built apparatus shown in Figure 3-1.

Figure 3-1: Apparatus utilized for vapor phase dosing

All shut off valves remain closed prior to connecting the glass manifold to the copper
vacuum line. The dosing chamber is filled with approximately 0.5 g of sample and
connected to the main glass manifold structure. The glass manifold is then connected to
the vacuum line, and the vacuum is turned on. A tube furnace, at a set temperature, is
then placed around the dosing chamber to allow variable temperature dosing conditions.
Valves 1, 2, and 4 are then opened in order to evacuate any moisture or contaminants that
may be present in the dosing chamber or on the sample itself. The sample is allowed to
heat under vacuum for approximately 30 minutes at which time valves 2 and 1 are closed
sequentially and the vacuum is switched off. The glass manifold remains at low pressure
but is also isolated from the copper vacuum lines in order to prevent any corrosion due to
the adsorbates. Valve 3 is then opened allowing the adsorbate vapors to fill the glass
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manifold and interact with the sample for a typical duration of 16 hours. After dosing has
occurred, the glass manifold is disconnected from the vacuum line and placed in a N2(g)
filled glove bag. The samples are either stored under N2(g) or immediately packed into
NMR rotors or TPD-IGC columns. Both the 13C enriched acetic acid and acetyl chloride
probe molecules were

13

C enriched on the carbonyl carbon only and will hereto be

referred to generally as being 13C enriched.

3.2.2 TFS Surface Treatment

The quantification of adsorption sites was performed by reacting samples with
TFS for NMR experiments. Approximately 0.5 g of sample was heated to 160 °C for 16
hours under vacuum. The sample was cooled to 100 °C and placed in a Schlenk flask
with 25 mL of toluene and 1 mL of TFS. The flask was evacuated and then purged with
argon. The silylation reaction proceeded for 3 days at room temperature with constant
stirring. After 3 days, the sample was vacuum filtered using dry toluene as a rinse and
cured at 120 °C for 1 hour in order to drive off physisorbed TFS.41

3.2.3 NMR Spectroscopy

For NMR experimentats, glass or silica samples were packed into 4 mm (outer
diameter) zirconia rotors and fitted with a Kel-F drive cap.

Sample preparation,

including the packing and unpacking of rotors, was performed under an inert nitrogen
atmosphere utilizing a glove bag apparatus.

The NMR probe molecules were

13

C

carbonyl enriched (99 atom %) acetic acid or acetyl chloride (Sigma-Aldrich, St. Louis,
MO).
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1

H-13C cross polarization (CP) MAS NMR experiments were performed with

high-power proton decoupling on a Bruker 7.0 Tesla NMR Spectrometer operating at the
13

C irradiation frequency of 75.551 MHz and a 1H frequency of 300.431 MHz.

Experimental setup was performed using Bruker’s software package (Topspin version
1.3) and the NMR console was interfaced to a Bruker 4 mm double-resonance (DR)
widebore MAS probe. All experiments acquired 16,000 transients with a total of 4096
complex points and 40 kHz sweep width. CP MAS was achieved utilizing a 1H π/2 pulse
width of 5.18 μs, contact time of 5 ms, recycle delay of 5 s, and a MAS spinning speed of
5000 Hz.
Samples silylated with TFS were probed using

19

F MAS NMR.

19

F experiments

were performed on a Tecmag 9.4 Tesla NMR spectrometer operating at a

19

F Larmor

frequency of 376.346 MHz interfaced with a 4 mm DR Chemagnetics probe.
Experiments acquired either 5,000 or 50,000 transients depending upon signal intensity.
For each spectrum, a total of 2048 complex points were acquired with a 50 kHz sweep
width.

19

F MAS NMR was achieved utilizing a π/2 pulse width of 6 μs, recycle delay of

5 s, and a MAS spinning speed of 10,000 Hz. Data processing was achieved using NUTS
software (Acorn NMR Inc., Livermore, CA).

3.2.4 TPD-IGC

TPD-IGC is an analytical technique useful for studying the surface properties of a
material by examining the retention behavior of a probe molecule. The TPD-IGC
technique can be applied to study the surface chemistry of a broad range of samples
based on the high sensitivity and stability of the flame ionization detector (FID) utilized
in TPD-IGC. Also, IGC enables the distribution of the strength of adsorption sites on the
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oxide surface to be visualized as peaks in a desorption plot. However, TPD-IGC is unable
to identify the surface species reacting with the probe molecule. Fortunately, by coupling
TPD-IGC with 13C CP MAS NMR, structural identification of the adsorption sites can be
determined based upon chemical shifts.
Analytical columns for TPD-IGC experiments measured 23 cm in length and
consisted of vitreous silica tubing (6.3 mm OD, 4 mm ID, Technical Glass Products).
Silanized glass wool is used to retain the sample in the column during packing.
Approximately one inch of sample volume is held in the center of the column by
deactivated silica beads (Restek, Bellefonte, PA). If the silica beads were not used the
resulting head pressures would cause the flow of helium to cease. A background analysis
of the glass column, the silanized glass wool, and the deactivated silica beads indicated
that no appreciable desorption products were observed from the packing materials. The
TPD-IGC probe molecules were HPLC grade (99.8%) acetic acid and acetyl chloride
(Sigma-Aldrich, St. Louis, MO).
TPD-IGC chromatographic experimentation was performed on a Hewlett Packard
5890 series II gas chromatograph utilizing a FID. A home-built 20 cm long resistively
heated tube furnace was incorporated into the IGC enabling high temperature
experiments up to 650°C. A K-type thermocouple was placed inside the tube furnace and
alongside the sample column during high temperature experiments. The temperature was
maintained using a Watlow-982 programmable temperature controller capable of a 20
°C/min ramp (±2 °C). Helium used as the carrier gas was maintained at a flow rate of 10
mL/min and a head pressure of 8 psi. Also, the detector and oven temperature were held
constant at 250 °C and 100 °C, respectively.
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Once loaded into the GC, freshly packed columns were conditioned under flowing
He(g) at 100 °C for 12 hours before any desorption experiments so as to remove any
weakly bound contaminants. A standard temperature program consisted of the sample
packed columns being heated to 100 °C for 10 minutes under flowing He. The column
was then heated at 20 °C/min to 600 °C where it was held for 10 minutes before returning
to 100 °C. The rates of heating and maximum temperature were also varied in order to
isolate specific analytes.

3.2.5 Acid Leaching Procedure

A pH 3.0 solution was made from 18 M sulfuric acid. Individual multicomponent
glass samples of varying mass were immersed in approximately a 1.0 L solution at 40 °C
for 15 s. After immersion, the samples were rinsed with five 500 ml volumes of distilled
water. The samples were then blown dry under a stream of flowing air and placed in a
vacuum oven at 120 °C.

3.3 Results and Discussion
3.3.1 Cab-O-Sil® Reactive Surface Site Identification

The chemical shift range for the carbonyl carbon in esters and carboxylic acids is
typically between 160 and 185 ppm in 13C NMR experiments.39 Specifically, the isotropic
peaks for the acetic acid and acetyl chloride probes are observed at 178 and 170 ppm
respectively for the neat liquid samples. A 1H-13C CP MAS NMR spectra of Cab-O-Sil®
dosed with 13C enriched acetic acid reveals two distinct peaks at different chemical shifts
and different peak widths Figure 3-2. In order to examine the relative binding strengths
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occurring with 13C enriched acetic acid on Cab-O-Sil®, the same sample is also subject to
TPD-IGC analyses.
The resulting TPD-IGC desorption plot reveals a low temperature desorption
regime and a high temperature desorption regime as well as intricacies observed within
each peak shape (Figure 3-3). The low temperature regime is attributed to physisorbed or
hydrogen bound acetic acid. The complex peak shape is accounted for by the difference
in binding strengths observed between multiple layers of physisorbed species on the
surface. For example, the physisorbed layer nearest the surface of the glass will be more
strongly bound than each successive layer, desorbing at higher temperatures when more

Figure 3-2: 1H-13C CP MAS NMR spectra of Cab-O-Sil® dosed with 13C enriched
acetic acid.
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Figure 3-3: TPD-IGC of Cab-O-Sil® dosed with acetic acid.

Figure 3-4: 1H-13C CP MAS NMR spectra of Cab-O-Sil® dosed with 13C enriched
acetic acid at (A) approximately 115°C and (B) approximately 225°C.
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strongly bound to the surface.8 Alternatively, the high temperature regime is a product of
strongly bound chemisorbed species. However, the non-uniform desorption profiles can
be attributed to different silanol species present at the surface of Cab-O-Sil®. Acetic acid
molecules are able to bind more strongly to different silanol species resulting in a
broadened desorption temperature range. The TPD-IGC data is also used as tool to
discern the identities of the peaks observed in the NMR spectra. Dosing Cab-O-Sil® with
13

C acetic acid at a higher temperature is shown to cause a drastic decrease in the

intensity of the up-field peak at 178 ppm (Figure 3-4).
The identity of the peak at 178 ppm as the physisorbed species is evidenced not
only by the reduction of the peak intensity upon heating, but also because of the peak
shape itself. The narrow isotropic-like lineshape of the peak at 178 ppm is evidence of
the increased mobility of the weakly adsorbed acetic acid species. Liquid-state 13C NMR
experimentation on various poly(silyl ester)s reports carbonyl frequencies at and around
172 ppm.40 Therefore, identifying the peak at 178 ppm as physisorbed acetic acid allows
the peak at 172 ppm be assigned as a chemisorbed silyl ester (Figure 3-5).

Figure 3-5: Chemisorbed silyl ester

However, in order to be confident in the assignment of 172 ppm as a silyl ester, a
different probe molecule,

13

C enriched acetyl chloride, which reacts by a different

mechanism to form the same product, is used. Comparison of the spectra of 13C enriched
acetic acid on Cab-O-Sil® with 13C enriched acetyl chloride on Cab-O-Sil® reveals that a
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line at a shift of 172 ppm is present in both spectra (Figure 3-6). Likewise, the TPD-IGC
desorption plot of acetyl chloride on Cab-O-Sil® clearly illustrates the existence of a low
temperature regime and a high temperature regime (Figure 3-7).
The low temperature portion of the TPD-IGC desorption plot, although more
complex than that observed for acetic acid on Cab-O-Sil®, is still clearly distinguishable
from the high temperature desorption. In addition, the high temperature desorption peak
for both acetic acid and acetyl chloride on Cab-O-Sil® reaches a maximum at 500 °C.
Expectedly, the physical interactions of acetic acid and acetyl chloride with Cab-O-Sil®
differ between the two molecules. However, the similar high temperature desorption

Figure 3-6: 1H-13C CP MAS NMR spectra of Cab-O-Sil® dosed with (A) 13C
enriched acetic acid and (B) 13C enriched acetyl chloride.
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Figure 3-7: TPD-IGC of Cab-O-Sil® dosed with acetyl chloride.

profiles for acetic acid and acetyl chloride suggest that a strong chemical bond occurs
when either molecule interacts with the surface of Cab-O-Sil®.
Likewise, from the NMR data, it can be concluded that there is an adsorption at
172 ppm for both acetic acid and acetyl chloride on Cab-O-Sil®, which indicates that the
same electronic environment (chemical bond) occurs with the application of either probe
molecule. Also, comparing the chemical shifts between the two up-shifted physisorbed
peaks in Figure 3-6 illustrates that the physisorbed layers differ in chemical composition
and therefore chemical shift. However, both acetic acid and acetyl chloride are able to
form chemisorptions to surface silanols that result in identical functionalities.

3.3.2 Multicomponent Glass Reactive Surface Site Identification

Confident in the identification of the physical and chemical interactions between
acetic acid or acetyl chloride and a silica surface, 13C enriched acetic acid was applied to
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the surface of a freshly pulled multicomponent monofilament glass in order to compare
similar surface reactivity. However, a 1H-13C CP MAS NMR spectra of freshly pulled
multicomponent monofilament glass dosed with

13

C enriched acetic acid shows little

similarity with acetic acid on Cab-O-Sil® (Figure 3-8). Similarly, a TPD-IGC desorption
plot of acetic acid on freshly pulled multicomponent monofilament glass differs greatly
from what is observed for acetic acid on Cab-O-Sil® (Figure 3-9).
Although distinct low and high temperature profiles appear in the TPD-IGC,
observable in Figure 3-9, the main desorption peak occurs at approximately 600 °C,
which is roughly 100 °C higher than the desorption temperature observed for acetic acid
on Cab-O-Sil®. The higher temperature desorption peak indicates that there is a different

Figure 3-8: 1H-13C CP MAS NMR spectra of 13C enriched acetic dosed onto (A)
Cab-O-Sil® and (B) freshly pulled multicomponent monofilament glass.
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Figure 3-9: TPD-IGC of freshly pulled multicomponent monofilament glass dosed
with acetic acid.

and stronger interaction with the multicomponent glass. There does exist a relatively
small desorption peak in the 500 °C region, which is characteristic of the chemisorbed
silyl ester. However, both the NMR and TPD-IGC suggest that for acetic acid on
multicomponent glass the main interaction occurring at the surface is not due to reactions
with silanol.
In order to count the number of reactive surface hydroxyls present on the freshly
pulled multicomponent monofilament glass a fluorinated silane probe molecule TFS is
attached via a condensation reaction, and the fluorine molecules are counted using
single pulse MAS NMR.37, 38, 41

19

F

Although NMR is highly sensitive to fluorine, the

amount of signal observed even after 50,000 transients remains only slightly above the
level of noise (Figure 3-10). The area under the peak in Figure 3-10 is determined using
NUTS line fitting software from Acorn NMR Inc. Comparison of the peak area for the
TFS dosed multicomponent glass with the peak area of a dilute sodium trifluoroacetate
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sample of known concentration allows for the number of hydroxyls to be calculated on a
per gram basis (Table 3-1). Cab-O-Sil®, which has about one hydroxyl per 5 nm2 and a
surface area ranging between 150 and 300 m2/g, has a calculated hydroxyl coverage
approximately 5 × 104 times greater than the multicomponent glass.
Unfortunately, determining the approximate number of reactive surface silanols
present on the glass surface is insufficient for understanding the surface interactions. In
order to confidently rule out interactions with silanols as the major reactive surface
Table 3-1: Calculation of hydroxyl surface coverage on a per gram basis.
Area

Glass
NaTFA

3984751
895386.5

# of
scans
50000
4

area / # of
scans (Ax)
79.6950214
223846.6275

(AGlass/ANaTFA)*1018
# of 19Fspins
3.56025E+14

#OH sites

OH’s/gram

1.19E+14

1.27E+15

Figure 3-10: 19F MAS NMR spectra of TFS onto freshly pulled multicomponent
monofilament glass.
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species on the complex oxide surface, acetyl chloride is again used to selectively
probe the multicomponent glass. However, when a 1H-13C CP MAS NMR spectra of
freshly pulled multicomponent monofilament glass dosed with

13

C enriched acetyl

chloride is compared to that of 13C enriched acetyl chloride on Cab-O-Sil®, it is clear that
relatively few reactive silanol species are present on the multicomponent glass surface
(Figure 3-11). The low signal to noise for acetyl chloride on the multicomponent glass
observed in Figure 3-11 makes the assignment of the silyl ester peak difficult without a
visual comparison to a similar spectrum of acetyl chloride on Cab-O-Sil®.
Similarly, from FID counts, the TPD-IGC desorption plot of acetyl chloride on
freshly pulled multicomponent monofilament glass reveals that only a small amount of
acetyl chloride is able to interact with the glass surface (Figure 3-12). The low reactivity
of acetyl chloride is attributed to the sparse distribution of reactive silanols on the

Figure 3-11: 1H-13C CP MAS NMR spectra of 13C enriched acetyl chloride onto (A)
freshly pulled multicomponent monofilament glass and (B) Cab-O-Sil®.
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multicomponent glass surface. Furthermore, the main desorption peak in Figure 3-12
occurs at the same temperature (500 °C) as is observed for the silyl ester species and not
at 600 °C as with acetic acid on the multicomponent glass. Therefore, the interaction
observed for acetic acid on the multicomponent glass surface must be the result of the
formation of a different chemical bond.
In a collaborative study with Joshua Stapleton at the Materials Research Institute,
Diffuse Reflection Fourier Transform Infrared Spectrometry (DRIFTS) was used to
observe the different bond stretching and vibrational frequencies occurring at the glass
surface.

In situ application of acetic acid onto the surface of freshly pulled

multicomponent

Figure 3-12: TPD-IGC of freshly pulled multicomponent monofilament glass dosed
with acetyl chloride.
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monofilament glass during DRIFTS experiments revealed the presence of carboxylate
formation on the glass surface (IR spectra not shown).
The high sodium content of the multicomponent glass, in conjunction with the
DRIFTS evidence of carboxylate formation upon exposure to acetic acid, indicates that
sodium could provide a preferential binding site for carboxylate formation. Probing the
reactivity of sodium towards carboxylate formation is achievable through the use of a
simple sodium carbonate as a model compound. A 1H-13C CP MAS NMR spectrum of
sodium carbonate dosed with acetic acid reveals a single strong adsorption corresponding
to a chemical shift of 182 ppm Figure 3-13. Although this differs slightly from what is
observed for acetic acid on the multicomponent glass (Figure 3-13), the crystal structure

Figure 3-13: 1H-13C CP MAS NMR spectra of 13C enriched acetic acid dosed onto
(A) freshly pulled multicomponent monofilament glass and (B) sodium carbonate.
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of sodium carbonate differs greatly from the amorphous structure of the multicomponent
glass and is not expected to produce an identical chemical shift. The close proximity of
the acetic acid shift on the multicomponent glass compared to sodium carbonate gives
further evidence that sodium is the major reactive site on the multicomponent glass
surface. Also, note that the CO 32 − ions will not contribute to the 1H-13C CP MAS NMR
spectrum as they do not contain any 1H’s for use in CP.
For clarity, sodium acetate was analyzed using 1H-13C CP MAS NMR in order to
verify that dosing gas phase acetic acid onto sodium carbonate is not simply forming
sodium acetate according to the balanced equation below,
2CH3COOH + Na2CO3 → 2NaCH3COO + CO2 + H2O.

(3.1)

However, the difference in chemical shift between sodium acetate and acetic acid dosed
sodium carbonate illustrates that vapor deposition of acetic acid onto sodium carbonate

Figure 3-14: 1H-13C CP MAS NMR spectra of (A) sodium acetate and (B) 13C
enriched acetic acid onto sodium carbonate.
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does not form sodium acetate (Figure 3-14). Because acetic acid is not reacting to form
sodium acetate, it can be inferred that the single strong peak intensity is due to the
interaction of acetic acid with sodium as a sorbed carboxylate species.
To further test the hypothesis that sodium is responsible for binding acetate ions
at the glass surface, low pH leaching experiments are performed on freshly pulled
multicomponent monofilament glass. In collaboration with Joy Banerjee from the
Pantano Group at the Materials Research Institute at Penn State, X-ray Photoelectron
Spectroscopy (XPS) was performed on both the fresh pulled multicomponent
monofilament glass and the leached fresh pulled multicomponent monofilament glass in
order to compare any changes in the surface compositions. Before leaching, sodium

Figure 3-15: : 1H-13C CP MAS NMR spectra of 13C enriched acetic acid dosed onto
(A) freshly pulled multicomponent monofilament glass and (B) freshly pulled
leached multicomponent monofilament glass.

59
makes up approximately 9 atomic percent on the surface. Leaching reduces the surface
sodium content by 4.5-fold to 2 atomic percent. A 1H-13C CP MAS NMR spectrum of
13

C enriched acetic acid dosed onto fresh pulled leached multicomponent monofilament

glass correlates to the reduction in sodium content (Figure 3-15).
Neither of the two other major components in the surface of the multicomponent
glass (Al and Ca) is greatly affected by the leaching (according to XPS) and are therefore
not the cause for the decreased interaction observed for acetic acid on the leached
multicomponent glass. Additionally, cations with a charge greater than +1 are known to
form bonds to acetate with various conformations, which result in different chemical
shifts and therefore multiple peaks.41, 42, 43 The presence of only a single peak for acetic
acid on the multicomponent glass further indicates that it is sodium that acts as the
binding site for acetate ions on the multicomponent glass surface.

3.4 Conclusions
1

H-13C CP MAS NMR and TPD-IGC were used to probe the reactivity of acetic

acid and acetyl chloride on Cab-O-Sil® and multicomponent monofilament glass
surfaces. Using 19F MAS NMR, multicomponent glass surfaces silylated with TFS probe
molecules were analyzed in order to quantitatively determine the number of reactive
surface silanol groups. Both acetic acid and acetyl chloride were observed to form
physisorbed and chemisorbed species when dosed in the gas phase onto Cab-O-Sil®. The
physisorbed species are attributed to hydrogen bound acetic acid for both acetic acid and
acetyl chloride on Cab-O-Sil®. On the oxide surface, acetyl chloride will react either
with surface hydroxyls to form HCl and the silyl-ester or with physisorbed water to form
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HCl and acetic acid. Therefore, the difference in chemical shifts between the two
physisorbed acetic acid peaks in Figure 3-6 is likely due to the presence of HCl on the
oxide surface. Alternatively, the site of chemisorption is found to result from a reactive
silanol interacting with either probe molecule to form a silyl ester. The same molecular
probes were found to react very differently with the surface of multicomponent glass.
The low number of reactive surface hydroxyls present on the multicomponent glass
surface, as verified by TFS treatment, and low reactivity towards acetyl chloride indicate
that the interaction with acetic acid on the surface was due to a different binding
mechanism. Combining NMR data with XPS and DRIFTS results from collaborators
allowed for the binding mechanism on the multicomponent glass to be characterized as a
carboxylate formation. Also, by coupling XPS and NMR data for experiments performed
on acid leached multicomponent glass, it was observed that sodium was the site of the
carboxylate formation on the glass surface.

3.5 Future Directions

While the discoveries presented in this work have advanced understanding of
complex oxide surfaces, they have also served as a prelude to what is an immensely
broad topic of study. Although conclusive, the data pertaining to reactive sites on the
multicomponent glass represents only one of many multicomponent oxide surfaces.
Further experimentation on surface adsorption sites created by the introduction of other
oxides such as boron, aluminum, lead, magnesium, and calcium are all necessary steps in
understanding the reactive sites on multicomponent oxides surfaces. By utilizing the
methods presented in this work and focusing on boron, aluminum, lead, magnesium, and
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calcium oxides, the number, identity, strength, and reactivity for the specific surface
adsorption sites can be determined.
Furthermore, understanding of currently used industrial processes, such as the
addition of silanes to improve a polymer coating’s resistance to moisture, will be
addressed by studying adsorption reactions on multicomponent oxide surfaces through
the use of high surface area nano- and micro-porous sol/gels.45 In particular,
understanding the energetic, kinetic, and structural basis of the surface-polymer
interaction will be necessary in order to rationally suggest green processes that can be
scaled up from the lab setting and utilized in industrial applications. Combining NMR,
TPD-IGC, and molecular modeling will help to elucidate the multiple chemical sites that
exist on the glass surface. Again, chemisorption and complex formation at surface sites
will be determined, as well as chemisorption of specifically tailored probe molecules
designed to enable adsorption to the functional groups and molecules at those sites.
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