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Abstract
Three aluminum oxides (alpha, gamma and boehmite) and various aged metallic aluminum
powders were studied to understand their dehydration and subsequent chlorotrimethylsilane (CTMS)
adsorption behavior using Diffuse Reflectance Infrared Spectroscopy (DRIFTs) in an in situ reaction
chamber. Dehydration behavior of all surfaces was studied to 230˚C and isolated hydroxyls were
observed, in addition to removal of physisorbed water and carbonates. The interaction of CTMS with all
powders was evaluated at elevated temperature (177˚C) and retension of the adsorbate was observed in all
cases through the presence of –CH stretches in the IR spectra. High surface area aluminum oxide powders
were prepared dilute in KBr to gain access to the low frequency region. These samples were dehydrated
and dosed with CTMS and a new feature was observed in the 1100-950 cm-1 region on all three model
oxides, which may indicate the formation of a covalent Al-O-Si surface linkage. This feature was also
observed on the metallic aluminum powders prepared in the same manner. Exposure to water after CTMS
exposure showed adsorbate loss through fractional loss of –CH stretches. Based on these observations,
some improvements in the processing of silanized Al powder can be proposed.
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Chapter 1 Introduction
The diversity and widespread use of metallic aluminum powder makes its production a billion
dollar industry, exceeding 200,000 tons per year worldwide. 1 Aluminum powder has typically been used
in pyrotechnic and propulsion applications due to its high energy density and reactivity. 2 It can also be
found in paints to give a shiny, metallic appearance and in photovoltaics to provide conductivity. In the
case of spherical powders intended for use in applications with a delivery system, the particle surface can
greatly impact the flowability, or more specifically, the ability to move bulk material throughout a system.
This is particularly important in the pharmaceuticals and powder metal industries when loading materials
into hoppers, extruders and mixing devices. Ceasing and erratic flow can interrupt and alter the filling
process which changes the end-product. This thesis investigates the fundamental surface chemistry for
applying silane coatings on aluminum powders with an oxidized surface.
Metallic aluminum is not thermodynamically stable in air; exposure to oxygen forms an
amorphous native oxide on the surface. 3 This is true of all aluminum substrates, including powders which
oxidize readily to a film thickness of ~10 Å within the first few minutes.4 Initial dissociative
chemisorption of oxygen starts the process, which then can form surface hydroxyls from chemisorption of
water. Additionally, molecular water can coordinate to available Lewis acid sites (electron-pair accepting)
or hydrogen bond with the surface hydroxyls. This process is shown pictorially in Figure 1.1. With
increased aging and exposure to atmospheric water, additional oxide phases and hydrates form, making
the surface increasingly complex. 5 Cohesive forces such as hydrogen bonding from surface groups causes
agglomeration and increased adhesion between surfaces. These characteristics complicate the flowability
of the powder and increase the need for a hydrophobic surface coating to decrease cohesive forces. 6

1

H

H

O Al
Al
Al O

Al Particle Surface

O

H

O H

H

O H

O H

O

H
H

H

O
Al
O Al

H

O

H
O

O

H
O

Al

Al

O

Al

Al

O
Al
O Al

Al
Al O
Al

Al Particle Surface

O

O

Al
Al O
Al

Al

Al
Al O
Al

O Al
Al
Al O

H

OH

O H

O H

H
H

H

O

H

O H

O
O H

O H

O Al
Al
Al O

Al Particle Surface

H
O

O H
H

Al O l
A
Al

Al

H

Al O l
A
Al

Al

Al Particle Surface

Al

Al

Al Al

Al

Al O l
A
Al

Al
Al

O
Al
O Al

O

H

O

H

H

H

Al
Al

OH

H

O H

H

Figure 1.1. Process of the growth of aluminum oxide films on metallic aluminum particles showing
initial chemisorption of oxygen and hydration

The use of organosilanes for surface modification has received attention due to their versatility and
availability in various forms. Due to the variability of organosilane chemistry and applications, deposition
methods such as sprays, bulk solution (both aqueous and anhydrous, aprotic) and vapor phase are all used.
This allows a wide variety of substrate morphologies to be organosilane treated, such as planar substrates,
fibers and powders. As seen in Figure 1.2, the organic functional group can be custom tailored to change
the interfacial characteristics from hydrophilic to hydrophobic and vice versa. Organosilanes are also used
as coupling agents, joining two materials having different properties, such as metals to polymers. Some
examples of this include fillers in plastic and rubber matrices, and especially fiber reinforced composites. 7
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Figure 1.2. Structures of hydrophobic (left) and hydrophilic (right) triethoxysilane surface modification
agents
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Surface hydroxyls on the aluminum oxide surface are generally exploited as reactive sites for the
chemical attachment during gas phase processing, but during prior storage and aging, these sites can be
deactivated by the formation of an additional hydrated oxide phase. For this reason, different aluminum
oxide powders were studied here to represent the diversity of surface oxides that can form on aluminum,
specifically boehmite, alpha, and gamma. In addition, metallic aluminum powders were also studied: one
with a naturally formed passive layer and another with hydrated boehmite thin layer intentionally created
in the laboratory. FTIR spectroscopy was used as the primary characterization technique because of its
surface sensitivity to surface –OH, organics and the large archive of data that exists in the open literature.
Due to the high specific surface area of the model oxides, the ability to characterize reactive sites is
enhanced relative to the much lower specific area of the aluminum metal powders.
Although most commercial processes are slurry based, this work will utilize a simplified system
using gas phase depositon to eliminate solvent contributions and the dynamic nature of surface sites in
bulk solution. In this way, differences between the intrinsic reactivity of the various model oxides can be
evaluated, and later compared to the reactivity of the more complex oxides on aluminum powders. A
novel gas phase doser was fabricated to connect directly to the FTIR Diffuse Reflectance in situ cell, by
combining a GC injector with a heating jacket to vaporize adsorbate molecules. All samples were
subjected first to a dehydration treatment to remove physisorbed water and then to gas phase chlorosilane
to investigate their reaction with the various oxides. The surfaces were also subjected to saturation
experiments where the maximum surface coverage was determined through differential absorbance
spectra and small incremental dosing. Once the surfaces were saturated, water was injected into the
chamber to study the relative stability of the adsorbed silane at in a humid environment. Desorption
experiments were carried out after water exposure to further explore the stability of the surface produced.
The ultimate goal of the work presented in this thesis is to further the understanding of the surface
chemistry controlling the reactivity of metallic aluminum particle surfaces, complicated by surface oxides
and hydrates. These characteristics directly affect the surface treatment process and thus the quality of the
3

resulting product. This information will be used to help engineer the aluminum particle surface to a
common starting point, whether through thermal or chemical treatment and thereby create a more
reproducible surface for silanization.
This thesis is organized into seven chapters. Chapter 2 contains background information about the
inherent complexity of the oxidized metallic aluminum surface. Characterization of aged aluminum
powders was completed using Scanning Electron Microscopy (SEM), Diffuse Reflectance Infrared
Fourier Transform Spectroscopy (DRIFTs) and X-ray Photoelectron Spectroscopy (XPS). SEM was used
to show morphological surface changes and the formation of tri-hydroxide complexes was found to occur
as a function of aluminum powder age. DRIFTs was used to verify spectroscopically the identity of the
surface phases on the basis of hydroxyl stretches and deformations. The chemical composition of the
surface was characterized using high resolution XPS and a comparison made of the changes occurring as
a function of age.
Chapter 3 gives a review of the literature involving aluminum oxide surface chemistry, with
emphasis on FTIR models which exist for the characterization of surface hydroxyls based on their
isolated, local. Adsorption studies were also reviewed to help describe the surface sites available on the
three model aluminum oxides. This review also contains information on the formation of the native oxide
and growth of hydrate on metallic aluminum particles.
Chapter 4 details the materials and methods utilized to execute the research presented in this
thesis. The gas phase doser fabrication and its connection to the FTIR in situ cell are described and
relevant flow paths diagramed. The procedures used for the determination of the sample surface
temperature and subsequent calibration experiments are also described in detail. All in situ DRIFTs
dosing experiments, including the layout and specific instrument parameters were summarized including
the dosing amounts and relevant adsorption/desorption protocols. The sample preparation for all analyses
(XPS, SEM, DRIFTs) and their respective methodologies are also contained in this section.

4

Chapter 5 presents the characterization and surface adsorption studies of the model powder
surfaces, boehmite, alpha and gamma alumina. In situ dehydration and silane dosing experiments were
completed for the three model alumina surfaces. Dehydration was used to provide a surface free from
physisorbed water and for liberation of surface hydroxyls for reactivity. Silane dosing experiments were
conducted on dehydrated samples and the reactions monitored in real time to show spectroscopic changes.
An inverse correlation between the consumption of hydroxyls and presence of alkyl components was
found based on surface saturation experiments. Additional studies of the stability of the surface were
conducted post saturation using water as the probe molecule.
Chapter 6 details the results of the metallic aluminum powder samples, analyzed in the same
manner as the aluminum oxide models in Chapter 5. In order to begin studies of an “engineered” particle
surface for control of the oxide, hydrated surfaces were created in the laboratory through established
methods using water immersion techniques and through the use of a humidity chamber. In situ DRIFTs
dehydration was completed on these samples and the result compared to the nanosized boehmite powder
showing comparable absorbances for the associated and surface hydroxyl regions. CTMS dosing was
completed on the hydrated sample and a “fresh” sample of aluminum powder. Comparisons were made
between the two surfaces and additional conclusions drawn based on the findings of Chapter 5.
Additional mechanistic details were suggested based on the experimental data presented in this chapter.
Chapter 7 provides a summary of the findings and recommendations for future work. The surface
site absorbances were not conclusive based on the observed results and thus additional adsorption studies
are presented.
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Chapter 2 Background
The surface treatment of aluminum powder is complicated by a few principle challenges: the
aging process and the resulting variable surface phases. The amount of aging on a given powder is
dictated by the duration of exposure to atmospheric oxygen and water, which is also affected by
temperature. Storage in a warm, humid environment can expedite this process, adding another variable
factor. As a result, the age of a powder and storage conditions can determine how effective the bulk
treatment process will be. This makes use of a standard protocol increasing difficult as treatment
conditions may need altered based on the state of the surface. The following chapter introduces the
characterization of aged aluminum powders and there resulting surface properties. Aluminum powders
were analyzed using SEM, DRIFTs and XPS to understand the surface characteristics as a function of lot
age. Storage conditions were uncontrolled, however all powders were received from the same vendor
shortly after their production.
The SEM images in Figure 2.1 show the surface of aluminum particles with different amounts of
aging, from a few months to several years. The surface found in (a) appears relatively smooth with some
minor scale-like features. Adherent nanoparticles are observed, which is common due to very strong
particle-particle interactions at this scale and the production process (gas atomization). Bayerite or
Al(OH)3, crystals form on the surface after extensive exposure to atmospheric water and are visible in
(b). 8 There is also an increased amount of nanosized particles stuck to the surface based on hydrophilic
attractions between hydrated surfaces, forming agglomerates as also shown in (b). This qualitatively
shows the differences between two aluminum powders which, by other acceptance test standards such as
density and particle size distribution, would be considered equivalent. In an older powder, the surface
becomes rougher as a result of bayerite crystal growth, producing an uneven surface. The older powders
did not have controlled storage conditions or surface treatment, thus the surface continued to change with
time.

6

(a)

(b)
Figure 2.1. ESEM images of aluminum particles of aluminum purchased in 2011 (a) and an aged powder
from 2008 (b).

DRIFTs was used to qualitatively characterize the surface differences between aluminum
powders from varying production years (Figure 2.2) in the hydroxyl region of the spectrum. The
aluminum produced in 2012 did not contain any absorbances detectable in the hydroxyl region,
suggesting little to no bayerite growth. With increasing age, bayerite absorbances were present on the
2008 sample and very prominent in the 2000 sample. As seen in the SEM pictures, bayerite forms into
somatoids which are rods and pyramidal structures which can be easily removed from the particle through
mechanical abrasion. These structures decompose upon dehydration, which will be discussed in Chapter
6. Bayerite crystals have different IR absorbances as a function of shape, which is likely the reason for the
increased number of absorbances in the older spectrum (2000). 9

7

Figure 2.2 Comparison of aged aluminum powder lots showing growth of bayerite absorbances with
increased age.

Samples were analyzed using XPS to compare chemical composition and the surface oxide
characteristics as a function of age. The atomic concentration breakdowns of each lot are shown in Table
2.1. As the age of the lot increases, the overall aluminum content decreases. The Al 2p peak is split in two
binding energies, 74 eV for the oxygen-bonded aluminum and 71.3 eV for metallic aluminum. Curve
fitting was used to quantify increase in Al-O as a function of lot age. The ratio of Al-O to Al increases
with age suggesting a thicker oxide layer as shown in Table 2.2. Additional information was available by
investigating the C 1s peak which shows carbonates (BE=288.3 eV) on all surfaces, regardless of age.
Table 2.1. XPS Atomic Concentration for as received aluminum lots
Year Lot Produced
2008
2009
2011
2012

Al 2p (%)
24.8
26.4
27.8
28.9

O 1s (%)
45.87
42.2
43.2
46.5

C 1s (%)
29.3
30.9
28.1
24.5

8

Table 2.2. Metal and Oxide content within the Al 2p peak for aged Aluminum Surfaces
Year Lot Produced
2008
2009
2011
2012

% Al-O
82
81
80
79

% Al
18
19
20
21

Ratio
4.6
4.4
3.9
3.8

Conclusions
The results presented above show the differences between metallic aluminum powder surfaces
that have aged for different periods of time. Morphologically, the surface texture changes significantly
with the formation of bayerite complexes over time. Chemically, the oxidation and hydration alters the
surface groups available for surface treatment. Due to the inability to control the state of the aluminum
surface as received, this work will serve as a fundamental study to help understand the surface properties
based on model oxides. There are few studies in the literature to determine which oxide phase is best for
reaction with organosilanes.
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Chapter 3 Literature Review: Aluminum Oxide Surface Chemistry and Passivation of the
Metallic Aluminum Surface

Surfaces are generally considered extended defects of the original crystal structure where the
properties can vary drastically from the bulk. On the surface, there are various energetically unfavorable
components, such as missing nearest neighbors and open coordination sites. The adsorption of various
atmospheric molecules such as O2, CO2 and H2O onto reactive surface sites lowers the overall surface
energy and forms an outermost layer with new properties. Chemisorption of O2 is responsible for the
formation of oxide layers on many metallic surfaces, which stabilizes the material thermodynamically. 10
Chemisorption of water onto oxides creates surface hydroxyl groups, which can be used as reactive sites
for further changing the surface chemistry. Aluminum oxide is an example of a material that has surface
chemistry that can be utilized through the formation of reactive hydroxyls groups from water adsorption.
The structure of aluminum oxide varies depending on its crystallographic form. Although there
are several transition phase aluminas, only alpha, gamma and boehmite will be addressed in this thesis.
The crystal structure of alpha alumina, or corundum, is hexagonal with an HCP sub lattice of oxygen
atoms with the aluminum cations filling two-thirds of the octahedral interstices. Gamma alumina is
considered to have a defective spinel type structure which incorporates vacancies to accommodate the
standard spinel structure based on a FCC arrangement of oxygen atoms. The Al atoms occupy both
octahedral and tetrahedral sites within the structure to produce the unit cell. Boehmite is a hydrated
aluminum oxide with a sheet like structure held together by hydrogen bonding between the layers and has
an HCP packing group. The aluminum is octahedral in coordination with four tetrahedral oxygens and
two hydroxyl groups. These structural differences give rise to different terminating atom coordinations on
the surface and more specifically the possibility of coordinationally unsaturated (cus) Al atoms and other
defects such as five and three coordinated Al atoms, in addition to oxygen anions.
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After exposure to atmospheric water, the surface is covered with hydroxyl groups which differ
depending on the coordination of the Al atom, the state of the oxygen, and other H bonding contributions.
As seen in Figure 3.1, a physisorbed water molecule can form two hydroxyl groups on a cus Al surface
atom (a) and subsequently create sites for molecular water physisorption (b).
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Figure 3.1. Dissociative chemisorption of water on dry aluminum oxide surface (a); formation of the first
water layer (b).
The structure shown Figure 3.1 is not all encompassing of the potential ways hydroxyls can form
on the aluminum oxides surface. A more structurally specific picture of the different surface hydroxyls is
shown in Figure 3.2 which shows the three general forms, namely bridged, terminal and tri-bridged. The
distribution of hydroxyl types varies depending on the crystalline phase, face and aging (ie, exposure to
atmospheric water).
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Figure 3.2 Surface structure of hydroxyls on a generic aluminum oxide surface, shown without different
coordinations of Al atom.

An important component in controlling the reactivity of the alumina surface is dehydration or
removal of physisorbed water, followed by further dehydroxylation. The activation of gamma and alpha
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alumina has been studied experimentally at various temperatures. 11 Hendricksen, et al., determined
hydroxyl coverage as a function of outgassing temperature, which decreased upon increasing temperature.
More recent studies have looked at the dehyroxylation and its relationship to Lewis acid sites using
pyridine as a probe molecule post dehydration/dehydroxylation. 12 Their study determined that with
increasing outgassing temperature, more Lewis acid sites are generated. This occurs through desorption of
molecular water, followed by the secondary dehydroxylation step and formation of the cus Al site.
Surface hydroxyls on alumina have been characterized using many techniques; however IR
spectroscopy has been used extensively and has a very robust history. The assignment of absorbances for
differing structural types still remains debatable. Various models have been developed over the past 60
years in an attempt to describe all the potential local structures. The following section serves as a brief
introduction to each model and their relevance to this thesis.

Aluminum Oxide Surface Hydroxyl Characterization through IR Spectroscopy

Initial surface studies of the hydroxyl groups and their structure was completed by J. B. Peri. His
first work published in 1960 was largely experimental and utilized a synthetic alumina gel for the
investigation. 13 The advent of these high surface area dried plates made it possible for the first time to
observe absorbances for surface hydroxyl groups. Peri’s work looked at the effects of dehydration on the
appearance of surface hydroxyls and the new absorbances formed as a result of deuterium exchange
reactions. Extending this work, Peri developed a statistical model to differentiate between surface
hydroxyl absorbances based on structure.14 Through a Monte Carlo simulation, he proposed a surface
structure based on complete filling of vacancies with hydroxyl groups. This surface was simulated to
dehydroxylate with a number of different conditions restricting how the surface dehydrated.
The significant result of this model was that five different types of hydroxyl groups were created
as a result. They differed by the number of nearest neighbor oxygens, ranging from 0-4 which changes the
local charge density of the site. Using this assumption, the “A” site or site with the highest local charge
12

density should be the most basic and conversely, the “C” site with no near neighbors should be the most
acidic. The different configurations are shown in Figure 3.3. Based on absorbance, the highest frequency
is that with the most near neighbors and the site with the fewest has the lowest absorbance, as seen in
Table 3.1. This was the first spectroscopic model for surface hydroxyls published in the open literature
and is still used to today.
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Figure 3.3 Peri’s model of surface hydroxyls on aluminas based on oxygen nearest neighbor
configurations, configurations A-E shown as labelled.
Table 3.1 Peri Model Surface Hydroxyl Absorbances associated with nearest neighbor model.
Letter Designation

Wavenumber (cm-1)

Nearest Oxide Neighbors

A
B
C
D
E

3800
3744
3700
3780
3733

4
2
0
3
1

As an extension of Peri’s model, Tsyganenko attempted to also include the coordination of the
hydroxyl to the metal atom. 15 His study included several different oxides systems which included
alumina. Tsyganenko argued that there are only really three types of hydroxyls on the surface which
corresponded to the absorbances seen in Figure 3.4 and the number of nearest neighbor oxygens had only
a negligible effect, which conflicted with Peri’s model. He designated these types I, II and III. One
failing of Tsyganenko’s model is that it assumes all metal-oxygen coordinations are the same. This is
known not to be the case based on the spinel type structure of gamma alumina.
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Figure 3.4 Tsyganenko’s model for surface hydroxyls based on oxygen coordination with metal atoms
and their IR absorbance assignments.

Knözinger’s model was the first model of surface hydroxyls on alumina which accounted for the
coordination number of the metal atom and, by electrostatic bond strength, the overall charge of the
hydroxyl group. 16 His model differed significantly from that of Peri and Tsyganenko, in that the surface
charge was also designated with each type. The hydroxyls Knözinger designated are shown in Table 3.2
and their structures in Figure 3.5.
Table 3.2 Knözinger’s Model for Surface Hydroxyls based on Aluminum oxidation state and charge.
Hydroxyl Type
AlIV-OH
AlVI-OH
AlIV-OH- AlVI
AlVI-OH- AlVI
AlVI-OH- (AlVI)2

Surface Charge
-0.25
-0.25
0.25
0
0.5

H
O

H

Designation
Ia
Ib
IIa
IIb
III

H

H

O

O

H

O

AlIV

AlVI
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AlIV

AlVI

Bridged

O
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AlVI

AlVI
VI

Al

Tri-Bridged

Figure 3.5 Knözinger’s model for surface hydroxyls based on both cation oxidation state and
coordination of the hydroxyl group.
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Knözinger did not account for surface cation vacancies and assumed no surface reconstruction or ion
migration as a result of drying, which makes the model still somewhat incomplete. Additional work in
the field had shown evidence for both these phenomena, which left the model still incomplete.
In another iteration of this model, Busca 17 and Morterra 18 extended the work to account for cation
vacancies known to occur on the surface. With increased information about cation vacancies on aluminas,
each author attempted to incorporate them into the models using various spinel type structures with
known vacancies. By using pyridine as a probe molecule, Busca was able to differentiate between
tetrahedral and octahedral sites on gamma and alpha alumina which both had been demonstrated to have
substantial cation vacancies. Morterra’s work extended further to suggest that the reasoning for the
reactivity of these hydroxyls was in fact due to the vacancies and not the charge of the group. This had
not been considered in any of the previous models. The structural representation and absorbances are
shown in Figure 3.6.
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Figure 3.6. Busca and Morterra’s Model incorporating vacancies and metal atom coordination.

A more recent study used density functional theory (DFT) based on slab surfaces of aluminum
oxide to understand the vibrational frequencies associated with isolated hydroxyl groups on the surface of
gamma alumina. 19 Digne, et al., presented findings that conflicted with the original findings of Knozinger.
Digne found computationally that the highest frequency –OH was due to a tetrahedrally coordinated Al,
not octahedral as proposed by Knozinger. He also presented two additional modes at 3717 and 3616 cm-1
due to water coordinated to octahedral and penta Al Lewis acid sites as shown in Figure 3.7. He also
presented data which suggested the heat of formation of an Al-Cl bond on the surface, based on reaction
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with these hydroxyls groups which of particular interest to this thesis which will be described later.
Interestingly, the pentavalent terminal hydroxyl group was the only group found to have a negative ΔH.
This information could provide additional insight into the specificity of the formation of Al-Cl bonds in
the reaction with Lewis acid sites and their preferred locations. Shown in Table 3.3 are the assignments
based on DFT calculations and the corresponding heats of formation with each hydroxyl.
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HOH
O
Al

Al
O

O

O

O

O
O
Three
Five
Coordinated Coordinated

Figure 3.7. Surface three and five coordinated aluminum with coordinated molecular water which arise
from missing atoms on tetrahedral and octahedral Lewis acid sites

Table 3.3. DFT assignments of isolated hydroxyls groups by Digne, et al. indicating differences with
previous assignments
Hydroxyl
type

Experimental
(cm-1)

Calculated
(cm-1)

Differences with original assignments

ΔrH(Cl)
(kj/mol)

HO-AlIV
HO-AlVI
HO-AlV
terminal
HO-AlV
bridged
HO-AlVI, tribridged

3785-3800
3760-3780
3730-3735

3842
3777
3736

Terminal octahedral -OH
Terminal tetrahedral -OH
Bridged –OH bridged by AlIV and AlVI

+19
+2
-4

3690-3710

3707

Tri-bridged

+29

3590-3650

3589

H-bonded

+95

The assignments of surface hydroxyls still remains controversial in the literature; however
Digne’s work has been referenced ~250 times in the past ten years indicating its growing acceptance for
hydroxyl group assignments. Using this information, the work was extended to chemisorption of various
molecules to understand the reactivities of each type of hydroxyl. The following section serves as a brief
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review of this work on alpha alumina, gamma alumina and boehmite, with focus on those using IR
spectroscopy as their primary characterization technique.

Surface Adsorption Studies of Small Molecules on Aluminum Oxides
To help elucidate the reactivity and acidity/basicity of the hydroxyl groups on the surface of
aluminum oxide, many authors have used small molecules, including silanes, to probe for these
properties. Silanes as adsorbates will be the topic of a specific section as they are the main focus of this
thesis. The following section will serve as a brief review of the work using various small molecule probes
for surface sites and properties.
The surface of alpha alumina was studied initially by Morterra by using carbon monoxide, carbon
dioxide and pyridine as a probe molecules in the 1970s. 20 He found that CO did not chemisorb onto alpha
alumina, which would indicate the Lewis acid sites were fairly weak. In the case of CO2, it was found to
readily adsorb to form surface carbonates. Pyridine is a typical probe for Lewis acid sites and he was able
to ascertain that there were tetrahedral cus Al atoms on the surface. The adsorption behavior indicates the
presence of various adsorption sites, including surface hydroxyls, which is determined by the amount of
dehydration prior to pyridine exposure. In the regime used for this thesis (drying at < 300ºC), there should
be both tetrahedral and octahedral Lewis acid sites, in addition to free surface hydroxyls. The presence of
tetrahedral Al centers on the surface of alpha has been debated, however most recent research has
confirmed their presence through both CO and pyridine adsorption.
The most studied of all the phases of aluminum oxide is the gamma phase due to its use as a
catalyst and catalyst support in many industrial processes. In one of the first studies, Peri subjected
gamma alumina to carbon tetrachloride to prove that the hydroxyls were in fact on the surface.3 Exposure
at room temperature showed a decrease in intensity of the isolated hydroxyl groups with exposure to
carbon tetrachloride. After heating, the CCl4 was desorbed from the surface, with a subsequent
reappearance of the isolated hydroxyl groups. Based on the large size of the CCl4 molecule, it was
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unlikely that it would adsorb anywhere other than the surface. In additional studies, Peri used butene to
show selective desorption from individual hydroxyl groups based on the acidity of the -OH. Ammonia
was also used to probe the acid/base character of each site. This was one of the first works attempting to
differentiate between the active sites on the surface of gamma alumina. Together with the results of
others, a collective finding of these studies is that the most reactive hydroxyl found on gamma alumina is
a tetrahedral, terminal hydroxyl group.
The surface of boehmite has been studied by Morterra in two different publications. 21,22 His work
showed the presence of both cus Al octahedral and tetrahedral centers after drying to 200ºC through CO
adsorption studies. The acidity and basicity of active sites on boehmite has been studied by Morterra by
adsorption of CO, CO2 and pyridine. His study determined that there were two different temperature
regimes for the drying of boehmite. The first regime, 20-200ºC, is the most relevant to the content of this
thesis. In this regime, molecular water was shown to desorb from cus AlVI centers. After drying in this
regime, Morterra used surface probes to elucidate active sites on the surface. Using CO, he determined
that the AlVI cus centers were not sufficiently acidic enough for chemisorption. However, some
chemisorption was observed and attributed to cus AlIV centers based on previous literature.
In a related work, McBride described the adsorption of Catechol (a diol) onto boehmite. 23 The
study was carried out using a similar technique to the work completed in this thesis. Gas phase catechol
was delivered and the reaction monitored using IR. This study determined that the diol was less reactive
towards the bridged –OH than a free –OH from the material hydroquinone. This may suggest that the
bridged hydroxyls in this study would also be less reactive towards the chloro group of the CTMS, since
both would be considered basic groups due to their negative charge.
The above information is a very brief summary of the literature available on the surface
adsorption studies of the aluminas. Due to the vast amount of research dedicated to aluminum oxide, a
yearly publication entitled “Advances in Aluminum Oxide Research and Application” was created to
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summarize the most influential aluminum oxide research for the given year”. 24 Books have also been
published on the subject matter as well. The above information was limited to the typical adsorbates used
to determine surface sites on oxide surfaces.
In addition to the above mentioned molecules, silanes have also been used to probe surface
reactivity of aluminum oxide surfaces. The following section serves as an overview of the material and its
surface chemistry.

Silane Adsorption Chemistry

Surface chemical passivation and/or modification of materials has been used to maintain the
integrity of their chemical and physical properties and to control their processing for many years. Many
industries, including paint, adhesives and water repellants utilize silanes to protect their materials from
chemical attack, moisture, and heat exposure, or to modify the surface of particulate for control of its
dispersion. The specific types of silanes used in this thesis are organosilanes with hydrophobic moieties.
Silanes generally consist of a Si with various ligands and functional groups which are tailored for
the intended use. They have a general form of X3SiR where X is the reactive/hydrolysable group and R is
the organic functional piece. The X group can consist of methoxy, ethoxy or chloro groups. These
materials are generally reacted with a substrate –OH group to form a covalent linkage. In the case of
chlorosilanes deposited anhydrously, the Cl undergoes a direct reaction with the surface hydroxyl in a
condensation type reaction with loss of HCl. The ethoxysilanes need to be hydrolyzed first, then undergo
reaction with surface hydroxyls. The general chemical reactions for chloro and ethoxy silanes are shown
in equations 3.1-3.2 where R’ is the substrate material:
Chloro
Ethoxy

Cl3Si-R + R’OH  (OH)2SiOR’ + HCl
Step A: OEt3Si-R + H2O  (OH)3Si-R + EtOH
Step B: (OH)3Si-R + R’OH  (OH)2SiOR’ + H2O

Eqn. (3.1)
Eqn. (3.2a)
Eqn. (3.2b)
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A complicating factor with silanes with three functional groups is their ability to react with each other and
dimerize, which can subsequently react further and form oligomers and polymers. This reaction
mechanism is commonly accepted, however the details are somewhat controversial.
Understanding the fundamental surface reactions that can influence commercial, production
scale silanization of aluminum powders in solution served as inspiration for the work presented in this
thesis. For example, Figure 3.8 shows the proposed mechanistic details of the treatment of
methyltriethoxysilane on the aluminum powder surface in solution. This bulk scale processing technique
poses a number of problems in understanding the surface chemistry involved. The surface sites available
are strongly affected by the pH of the solution, which is difficult to control at this scale. The drying
process consists of solvent evaporation at elevated temperature, which makes the system pH variable.
There are several factors which make it difficult to conclude that the surface remains consistent
throughout the drying process. This thesis will take a much simpler approach to narrow down these
variables. To focus on the role of the surface adsorption site, a small, gas phase silane,
chlorotrimethylsilane (CTMS), was selected for study in this thesis. CTMS also has only one reactive
chloro group, which eliminates the possibility of extended oligmerization and its small size is expected to
access all reactive surface sites. The gas phase deposition also elimantes solvent effects, causing the
system to change throughout the process. This system should provide a set of stable sites dosed with a
silane that can only react with the surface, or itself through self-condensation, which will also be
addressed.
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Figure 3.8. Pictorial showing the expected deposition mechanism of methyltriethoxysilane in an ethanol solution on aluminum particles.
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This reaction has been previously studied by Yates, et al., under ultra-high vacuum conditions
and extensive drying of the surface.25 They studied the reaction in situ, similar to the work presented in
this thesis. Yates proposed two different interactions based on surface temperature. In the low temperature
regime, < 177ºC, physisorption was observed through a hydrogen bond formed between the H of the
surface Al-OH and the Cl of the CTMS. This reaction was also found to be reversible where desorption
occurred with increased temperature. In the higher temperature regime, > 177ºC, the reaction formed a
covalent linkage between the surface hydroxyl and the trimethylsilane moiety, which was irreversible. He
also determined through his in situ work that the thermal stability of the bond was limited to ~227ºC.
Both regimes are shown schematically in Figure 3.9.
CH3
H 3C

CH3
H 3C

CH3

CH3

Si

Si
Cl
Cl

+

OH

OH

(a)
CH3
H 3C

CH3
Si

CH3
CH3
- HCl

Si

Cl

+

OH

O

CH3

(b)
Figure 3.9. Reversible surface hydrogen bonding type interaction with surface hydroxyl of
aluminum oxide surface (temperature ~25ºC) (a) and irreversible reaction with loss of HCl and formation
of Al-O-Si bond (>177ºC) (b).

After the results above were published in 1990, Slavov et al., attempted to ascertain the formation
of HCl as a by-product, to confirm the high temperature mechanism suggested. 26 The produced a slightly
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different setup, with an MS coupled to the output of the test cell. With this capability, they could confirm
the generation of HCl in the gas phase by mass. In their results, no HCl was detected. They suggest the
reaction occurs most likely with a cus Al site on the surface, which then forms a covalently bonded Cl and
trimethylsilane pedant group. They base their results on Cl quantitated by elemental analysis and energy
dispersive spectroscopy of the product. This would suggest that the presence of Lewis acid sites are
paramount to the formation of trimethylsilane pedant groups, which are present on sufficiently dehydrated
samples. Shown schematically in Figure 3.10 is Slavov’s proposed mechanism. In the drying regime used
for this work, there may be a small distribution of these types of sites.
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Figure 3.10.Slavov Mechanism (a) and subsequent crosslinking reaction with subsequent methane
elimination upon heating (b).
While most of this work focuses on gamma alumina, much less work has been done on the
silanation of boehmite. A recent article by Brostow et al, (2008) describes the modification of boehmite
with ethoxy silanes through aqueous deposition. 27 They characterized their treated samples through the
use of IR and TGA. Their primary goal was to show an increase in hydrophobic character as a result of
treatment. After treatment with a slightly larger silane, vinyltri(2-ethoxy)silane (VTMES), the TGA
results showed less weight loss, indicating less physisorption of molecular water. Though this treatment
was not used for enhanced flowability, the powder should flow differently based on the hydrophobic
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interfacial interactions between particles. The IR data also did not show a large molecular water peak,
corroborating this finding. They did not comment on the presence of an Al-O-Si absorbance in their IR
data.
The above information was provided to summarize the literature related to the model oxides, their
surface site studies and reactivity with various adsorbate molecules. The model oxides were selected to
serve as paradigms for the surface phases formed on metallic aluminum powders with aging. This thesis
serves to identify an appropriate oxide to deposit of the surface of metallic aluminum particles which will
provide the best reactivity with silane. It will also serve as a common starting point for powders received
with different ages, and thus wide variability of the surface phase. The following section will review the
aging and hydration of metallic powders.

Metallic Aluminum Powders

The native oxide on aluminum has been studied since the beginning of the 20th century. Bare
metallic aluminum is not thermodynamically stable in the presence of oxygen as mentioned in the
introduction. Amorphous aluminum oxide forms due to the adsorption of oxygen on metallic aluminum at
ambient temperature. 28 One of the first articles detailing the thin film thickness under ambient conditions
was by Vernon, et al. 29 using an ambient chamber microbalance. They demonstrated the growth of the
oxide layer to reach ~100 Å after 2 weeks. The theory of the oxidation of metals was described by
Caberera and Mott in 1949. 30 His review covers the formation of films in various temperatures regimes
and thicknesses. His model predicts a stable film to form with a thickness of ~20-100Å under ambient
conditions.
An accelerated aluminum aging process was studied on nanometer and micron sized particles by
Cliff et al. 31 They subjected both nano and micron sized aluminum powders to a controlled humidity
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environment. The variants included low temperature-low humidity and high temperature-high humidity
conditions over 40 days. In all cases, the major surface product was found to be bayerite. This was
confirmed in their study through microprobe elemental anaylsis, XRD and IR. Bayerite was also observed
on the powders analyzed in the background of this thesis.

Formation of a Boehmite Film on Aluminum
Understanding of the aluminum/water interface has been researched over the years, including
interest in the formation of hydrated thin films. 32 Numerous studies have shown that boehmite is the
initial product formed upon soaking in distilled water or exposure to water vapor at elevated temperature
(>60 ºC). 33,34,35 The general reaction is shown in equation 3.3:
Al + 2 H2O  AlO(OH) + 1.5 H2

Eqn. (3.3)

This is also common to use this method to “seal” the aluminum surface. An electron diffraction study
produced by Hart was used to watch the growth of boehmite on an aluminum substrate after water
immersion for various time periods. 36 Immediately after the specimen was prepared, it was dried and
placed in the electron diffraction instrument. Polycrystalline structures of boehmite were found by
electron diffraction. He claims that this process is not the hydration of a previous oxide layer, due to the
growth curve being linear. If this had been hydration of the original amorphous oxide, the growth would
reach a limiting value as shown by others and the accepted mechanism of boehmite formation in water is
a condensation-polymerization type reaction.37 The two layers associate with loss of water and
subsequent polymerization. The film growth in solution is driven by an electrochemical process between
metallic aluminum and water. A pictorial of the boehmite growth process is shown in Figure 3.11.
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Figure 3.11. Stages of growth to produce firstly a thin amorphous oxide layer of ~10Å thickness,
followed by water or water vapor exposure at elevated temperature to form boehmite film (~2000Å) on a
metallic aluminum surface.
Increased time in solution and under atmospheric conditions produces further hydroxylation to
the trihydroxide. The formation of specific polymorphs of the oxyhydroxide and trihydroxide are
temperature dependent.14 To preferentially grow boehmite on the surface, hydrothermal treatment can be
used. 38 This method was selected for the growth of boehmite films on metallic Al particles to run parallel
experiments with pure boehmite. Previous studies have shown that 30 minutes of immersion in 80 ºC
water produced crystallized boehmite films. 39
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Chapter 4 Materials and Methods
Materials
Ethanol (Pharmco), Boehmite (50 nm, Sasol), alpha-alumina (300 nm, Electron Microscopy Sciences),
gamma-alumina (size, vendor) aluminum powder (20 μm, Valimet H15, Lot# 12-2008) and deuterium
oxide were all used as received. CTMS (Sigma Aldrich, triple distilled, high purity >99.9%) was purified
just prior to use by distillation under N2. Purity of CTMS was verified by gas phase FTIR.

Preparation of Laboratory Aged Aluminum Surfaces
Humidity Chamber: Powdered aluminum (~10 g, Valimet, H15) was placed in the bottom of a 50 mL
beaker and placed in a humidity chamber at 85ºC and 85% RH from 10 minutes to 7 days. The samples
were agitated daily to prevent localized surface exposure. The resulting sample was rinsed with ethanol
and dried under N2 prior to analysis.
Dispersion: Powdered aluminum (100g, Valimet, H15) was dispersed in dH2O (50 mL, 70ºC) and
allowed to stir for 1 hour. The resulting product was recovered via Hirsch funnel, rinsed with ethanol
three times and dried under N2 prior to analysis.

Scanning Electron Microscopy
Powders were studied using an environmental scanning electron microscopy (ESEM, Hitachi S300N)
with a tungsten filament and 10 nm resolution. Metallic aluminum powders were mounted using carbon
tape to a standard SEM stub and analyzed in high vacuum mode. Aluminum oxide powders were
mounted in the same manner, however analyzed in low vacuum mode at ~0.6-0.8 torr H2O.

X-Ray Photoelectron Spectroscopy
The surface XPS analysis was performed on a spectrometer (Kratos Axis Ultra) with a monochromatic Al
Kα x-ray source. During analysis the system pressure was held at 10-8 torr and pass energies were 80 eV
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for survey scans and 20 eV for high resolution scans. The step sizes were 0.5 eV for surveys and 0.1 eV
for high resolution. Powdered samples were mounted on 3M® double sided tape on a Cu substrate. 40

Diffuse Reflectance Infrared Spectroscopy
All DRIFTS measurements were collected on a Fourier transform infrared spectrophotometer (Bruker,
Vertex V70) in a Praying Mantis® accessory (Harrick) equipped with an environmental reaction
chamber. Spectra were collected using liquid nitrogen cooled Mercury-Cadnium-Telluride (MCT)
detector and CaF2 windows (~900 cm-1 cutoff) at 6 cm-1 resolution and 400 scans. CTMS silane dosing
onto KBr used a deuterated triglycine sulfate (DTGS) detector at 16 cm-1 resolution and 100 scans.
Samples were prepared dilute in KBr (~20%w/w) to provide access to the low frequency region or neat
for maximum sensitivity where noted.

Surface Temperature Calibration Experiments
Due to the temperature dependence of the silane surface reactions, a thorough investigation of the actual
surface temperature needed to be completed. The Praying Mantis DRIFTS cell comes with a temperature
thermocouple which is placed directly above the heater, however at the bottom of the sample cup. To
determine the actual surface temperature as related to the setpoint temperature, a separate thermocouple
was placed directly on the surface of the powder. The thermocouple was inserted through a rubber
septum, which was subsequently placed where a window would be placed on the hood of the in situ cell,
as shown below in Figure 4.1. All conditions were made to match those of the dosing experiments for
consistency. The temperature was incremented in steps of 10ºC, with the corresponding actual
temperature recorded as a function of set point.
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(a)

(b)

Figure 4.1. Top down view of in situ cell, showing sample cup (a) and thermocouple placement for
surface temperature calibration experiments (b)
The temperature differences were found to be drastically different. For example, the setpoint temperature
was approximately 2 times the actual surface temperature measured for boehmite. This was not overly
surprising based on the thermal conductivity of boehmite being fairly low (2.25 W/(m·K)). To help
resolve this issue, a copper insert was fabricated to facilitate the heat transfer to the surface and decrease
the overall amount of sample needed. Shown in Figure 4.2 is a picture of the cup insert fabricated out of
copper. Only the calibration experiments with the insert are shown here.

Figure 4.2 Copper Insert used to facilitate heat transfer from cup to sample and lower the overall amount
of sample used
The surface temperature experiments completed with the copper insert and calibration curves shown in
Figure 4.3. The improvement over the previous method was substantial and the temperature differential
was much smaller when using the copper insert.
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(a)

(b)

(c)

(d)

(e)
Figure 4.3 Surface calibration experiment for KBr (a), boehmite (b), gamma alumina (c), alpha alumina
(d) and metallic aluminum (e) using copper insert.
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In Situ Doser and Dosing Procedure
Typical dosing experiments consisted of the following preparations and methods. A Vertex 70
(Bruker) FTIR instrument with a liquid nitrogen cooled MCT (Mercury-Cadmium-Telluride) detector
using a DRIFTS high temperature reaction chamber (Praying Mantis, Harrick) was used to make all
measurements. The custom dosing apparatus was fabricated using a standard split/splitless GC injector
(Restek) and heating jacket (Cole-Parmer). The purge gas was purified using at super clean triple-gas
(moisture, oxygen, hydrocarbon) filter (see Figure 4.5). The doser was equipped with a flow controller
(Cole-Parmer) calibrated to Ar and a spot welded thermocouple on the injector to measure doser
temperature. A constant doser temperature of 110 ºC was used for all experiments with an Ar purge (80
cc/min). See Figure 4.4 for the relevant flow path from the doser to the in situ cell. The copper insert as
described previously and in situ cell were dried in air for 30 minutes at 350 ºC prior to use. Wet KBr (~15
mg) was loaded into the insert and dried for 30 minutes at 350 ºC. Appropriate temperature reference
spectra were collected (generally surface temperatures of 177 and 30º C) after outgassing of KBr. The
sample (~15 mg) was loaded into the copper insert and wet reference spectra collected. The sample was
raised to the appropriate surface temperature and outgassed for 1 hour prior to injection. If needed, the
sample temperature was lowered to ambient to collect a dried spectrum for referencing and the sample
was allowed to equilibrate at dosing temperature again for ten minutes. Injections of 0.5 uL were typically
used. In saturation experiments, 0.5 uL and 1 uL incremental injections of CTMS were used and the time
elapsed between doses was ~10 minutes. After all dosing was completed, the sample was allowed to
equilibrate for 30 minutes and spectra collected. After equilibration, the sample was cooled to ambient
temperature and additional spectra collected. Water dosing experiments were completed at ambient
temperature. After ten minutes of equilibration, the sample was raised to the decomposition surface
temperature (227 ºC) and allowed to dry for ten minutes. The sample was cooled to ambient and the
resulting product spectra collected.
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Figure 4.4. Basic schematic showing setup of fabricated gas phase consisting of a GC split/splitless
injector, heating jacket, and gas purifier reactant doser and associated gas flow path into sample chamber
of Harrick HVAC in situ cell.

Figure 4.5. Picture showing the entire dosing setup including spectrophotometer, HVAC cell, fabricated
doser and two PID controllers.
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Chapter 5 Dehydration and Chlorotrimethylsilane Adsorption Studies on Aluminum Oxide
Powders

This chapter focuses on the dehydration of the model aluminum oxide powders, the subsequent
adsorption behavior with CTMS and the stability of the treated surface upon water exposure. All
experiments were performed using in situ DRIFTs to monitor the drying and adsorption behavior for each
of the model aluminum oxides. The results are presented sequentially to describe the dehydration, dosing,
and water exposure experiments.

Results
Characterization of as-received boehmite, alpha and gamma alumina
Table 5.1 gives a summary of the bulk and surface area properties of the as received aluminum
oxide powders. Surface area was measured using a standard N2 adsorption isotherm and the BET method.
Boehmite and gamma alumina were found to have comparable surface areas, however alpha alumina was
significantly lower which is attributed to the larger particle size (300 nm vs. 50 nm). The average particle
sizes were provided by each vendor and bulk densities calculated using a standard tap-density
measurement.
Table 5.1. Material Properties of as received aluminum oxides
Material
Boehmite
Alpha
alumina
Gamma
alumina

Surface area
(m2/g)
153.7008
17.0227

Average Particle
Size (D50)
50 nm
300 nm

Thermal Conductivity
(W/(m·K))
2.25
30-40

Bulk Density
(g/cc)
0.56
0.81

139.4133

50 nm

30-40

0.45
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XPS analysis of the as-received aluminas was completed to measure the surface composition.
Binding energies for the Al 2p peak for the oxidized component for boehmite, alpha, and gamma alumina
are reported in the literature as varying by 0.1-0.5 eV. The values measured in this study were 73.6, 74.2
and 74.1 eV respectively and are in agreement with the published literature. The C 1s peak was shown to
have two binding energies of 285 eV and 288 eV maxima which are expected to be due to adventitious
carbon and carbonate on the surface. Carbonate content will be discussed later.
References for the specific IR vibrational absorbances of the aluminum oxide models can be
found in Appendix A. The spectra collected in Figure 5.1 show the hydroxyl region for the powders as
received. Boehmite has a very distinct spectrum, as it contains hydrogen bonding layers which absorb
broadly at ~3290 and 3090 cm-1 for the asymmetric and symmetric modes respectively; in addition,
boehmite has a strong peak at 3670 cm-1 which is attributed to surface bridged hydroxyl coordination.
Alpha and gamma both show broad absorbance in the 3500-3000 cm-1 region, which is characteristic of
physisorbed water and hydrogen bonded hydroxyl groups. The absorbances for the surface hydroxyls are
damped due to the presence of physisorbed water which necessitates dehydration for surface reactions.
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Figure 5.1. Spectra of the as received aluminas: alpha, gamma, and boehmite without any further
preparation or drying. Labeled in the figure are the isolated and associated hydroxyl stretching regions
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Dehydration of alpha alumina, gamma alumina and boehmite; comparison of hydroxyl regions
The dehydration of the model aluminas was studied to understand the nature of the surface
hydroxyls present on each surface. The infrared spectra presented in this section were collected in the
following manner: the sample was heated and equilibrated at surface temperatures of 100, 200 and 230ºC,
under a constant Ar purge and ambient pressure in the in situ DRIFTs cell. All spectra were collected on
the same sample and referenced to dried KBr. The spectral contribution of water vapor was accounted for
by subtraction of the gas phase water vapor spectrum.
Figure 5.2a shows the IR spectra of the dehydration for boehmite as a function of temperature.
The spectra are presented from lowest temperature to highest as noted in the figure. At ambient
temperature, the two modes for the bulk layered hydroxyls appear at 3096 and 3290 cm-1. Heating to 100
ºC shows a small shift and increase in the isolated hydroxyl region. Upon heating to 200 ºC, there is
continued shifting and broadening of the associated hydroxyl region, attenuation, and appearance of
isolated hydroxyl peaks due to the loss of physisorbed water. Upon heating to the maximum temperature
of 230ºC, there is a small amount of blue shifting of the associated hydroxyls (~2 cm-1) and increased
broadening. The vibrational frequencies of the associated hydroxyls shift due to the increase in –OH bond
lengths as a result of the increase in temperature and relaxation of the lattice structure.41 The isolated
hydroxyl groups liberated by dehydration are of the bridged and tri-bridged type as shown in Figure 5.2b
and appear at 3665, 3700, and 3730 cm-1.

35

0.8

200ºC
100ºC
30ºC

0.2

Absorbance Units

Abs. 0.4
Units (Arbitrary)
0.6

3665
3700
3730
230ºC

Isolated Surface Hydroxyls

H

O

H

H Hydrogen Bound

O

Increasing
Temperature

0.0

O
4000

3800

3600

3400

3200
Wavenumber cm-1

3000

2800

2600

(a)
H

H

H

O

O

Al

O

AlIV

Al

O
3670 cm-1

O

O
AlVI

O
3730 cm-1

AlVI

O

AlVI

AlVI

O
3700 cm-1

O

(b)

Figure 5.2. Continuous dehydration of boehmite in situ, spectra were collected at temperatures shown in
the figure. Labeled in the figure are the bulk and surface hydroxyl stretching regions. Shown below are
the three types of hydroxyl groups according to the literature models

Figure 5.3a shows the corresponding in situ dehydration process of gamma alumina presented
from highest to lowest temperature as noted in the figure. Heating to 100º shows a decrease in the
intensity of the broad –OH feature at ~3500 cm-1 corresponding to the loss of molecular water which
makes the isolated hydroxyl peaks visible at 3670, 3720 and 3760 cm-1. Increased heating to 200ºC shows
continued loss of absorbance in the board –OH feature. At 230 ºC, the broad band still appears with a
maximum around 3500 cm-1, suggesting that some of the surface hydroxyls are still hydrogen bound.42
The assignment of the 3670 and 3760 cm-1 sites are of the bridged and isolated as shown in Figure 5.3b.
The assignment of the 3720 cm-1 site however remains debatable in the literature. It has been assigned as
either molecular water coordinated to a pentavalent, Al Lewis acid site 43 or a displaceable hydroxyl.32
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According to observations by Liu, drying increases the intensity of this peak; thus it is unlikely the site is
molecular water which should be desorbed when heated. The identity of this site will be considered in the
discussion section based on the CTMS dosing results.
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Figure 5.3. Continuous dehydration of gamma alumina shown in temperature increments of to 230 ºC. A
decrease in the bulk hydroxyl region is observed due to the desorption of physisorbed water with
subsequent growth of surface hydroxyl peaks. The types of surface hydroxyls are shown below the
spectra based on literature models.

Figure 5.4a shows the dehydration process for alpha alumina. There is a broad –OH absorbance
which decreases upon heating from 30-100ºC. The strong absorbance centered around 3500 cm-1 is
attributed to associated hydroxyl groups and the presence of molecular water. The surface hydroxyls
appearing on alpha alumina are bridged (3670 cm-1), tri-bridged (3710 cm-1) and isolated octahedral (3775
cm-1) as shown in Figure 5.4b. Gamma alumina and alpha alumina contained two similar groups, however
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the 3720 cm-1 site was not present. Alpha alumina contains Al coordinated octahedrally throughout the
bulk but also shows absorbances for tetrahedrally coordinated Al surface hydroxyls. This is consistent
with the idea that the surface should be considered an extended defect, where unique surface sites occur to
surface reorganization and relaxation. The presence of such peaks has been reported in the literature.44,45
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Liu’s regime suggests the presence of cus sites available for reaction with CTMS.
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Figure 5.4 IR spectra of the dehydration of alpha alumina in temperature increments to 230ºC which
shows a decrease in the bulk hydroxyl region and desorption of physisorbed water upon increasing
temperature (a). Subsequent growth of surface hydroxyl peaks is observed and the structural interpretation
provided in b.
Figure 5.5 shows a comparison of the hydroxyl region for each of the dehydrated model
compounds. Both alpha and gamma show a broad absorbance in the associated hydrogen bonding region,
so removal of all hydrogen bonding was not accomplished by drying to 230ºC. All three model oxides
show absorbances for surface hydroxyls whose reaction with CTMS is detailed in the next section.
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Figure 5.5. Comparison of hydroxyl regions for boehmite, alpha and gamma aluminas after dehydration
experiments.

The dehydration spectra also contain carbonates, which is corroborated with the XPS findings.
Carbon dioxide from the atmosphere has been shown to form carbonate-like complexes at the aluminum
oxide surface previously.22 Boehmite and gamma alumina both contained carbonates detectable using
DRIFTs. The spectrum of alpha alumina was complicated with high absorbance in this area, however
carbonates were found in the XPS data. With increasing temperature, the absorbances for the carbonates
were shown to gradually disappear in boehmite and gamma alumina. Heating to 230ºC removed
carbonate material from the surface of the aluminum oxide powders. The loss of carbonate for the surface
of boehmite is shown in Figure 5.6 and for gamma alumina in Figure 5.7.
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Figure 5.6. Loss of carbonate features with increasing temperature on boehmite surface, note absorbance
at 1630 cm-1 is attributed to molecular water and the spectra used dried KBr as a reference
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Figure 5.7. Carbonate losses shown on the surface of gamma alumina upon heating to 230ºC, the spectra
were referenced to dried KBr
The results from this section showed successful removal of the physisorbed surface compounds,
molecular water and carbonate to the level of detection using DRIFTs. This served as the surface
preparation for the CTMS adsorption and saturation experiments presented in the next section.
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CTMS Adsorption Behavior
In order to obtain more concise information from the raw data, it will be presented in differential
form. A differential spectrum is calculated by using the “pre-dose” or “pre-heating” spectrum as the
reference rather than KBr. This form shows changes as either positive or negative, depending on the
behavior observed. In theory, a zero baseline would be expected, however due to the appearance of
multiple changes occurring simultaneously, the data is much more complicated. For a detailed
explanation of the intricacies of the differential absorbance spectra, see Appendix B.
Figure 5.8 shows the differential absorbance spectra for the surface of boehmite, alpha and
gamma after CTMS exposure. All three oxides show the appearance (positive peaks) of the methyl groups
on the surface at the expense of the hydroxyl consumption (negative peaks). The over absorbance issue in
the associated hydroxyl region of boehmite makes it difficult to interpret the increase of H-bonding as a
result of increasing dose, however these is an apparent increase in absorbance in this area around 3600
cm-1. This would indicate an increase in associated hydroxyls, or potentially, formation of new hydroxyl
group. Due to the lack of hydrogen bond layers, information about the absorbance changes in the 35003000 cm-1 was interpretable for both alpha and gamma alumina. There was an increase in H-bonding with
increasing total dose amount for both compounds. All three model surfaces showed negative absorbance
in the surface hydroxyl region suggesting consumption of hydroxyl groups with similar minima around
3740 cm-1.
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Figure 5.8. Surface hydroxyl region showing differences in hydroxyl consumption for the three model
oxides.
Sequential doses of CTMS at constant temperature and purge rate were used to saturate the
surface sites available after the dehydration/activation of the surface was completed. The differential
absorbance spectra show absorbances in the –CH stretching which was used to produce saturation curves.
Integration of the –CH absorbances in the 3000-2800 cm-1 region was used to semi-quantitatively monitor
retention of trimethylsilyl moiety. When the integration value stopped increasing, the surface was
considered saturated. An example of a differential spectrum used for this calculation is shown below in
Figure 5.9 where both the positive –CH and negative surface –OH regions are highlighted. This data was
used to create a saturation curve for each material, correlating the integrated –CH value to the total dosed
amount of CTMS. Integration of the negative area for the surface hydroxyl region (~3800-3650 cm-1) was
also calculated to determine if there was a correlation between the losses of surface OH with the growth
of –CH, which will be presented in the discussion section. The details of the differential spectra and their
calculation are discussed in Appendix B.
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Figure 5.9. Areas used for integration of –CH (3000-2850 cm-1) and surface –OH (3650-3780 cm-1)

Figure 5.10 shows the CTMS saturation curves for boehmite, alpha, and gamma alumina based
on integration of the –CH absorbance, with apparent saturation at ~2 µL for boehmite and alpha alumina
and slightly higher for gamma alumina at ~3 µL. The surface area for boehmite and gamma alumina were
comparable as shown in the physical properties section, however alpha had a significantly lower value.
Althought the amount of material needed to saturate the alpha surface however was smaller, it did not
scale with surface area, suggesting a higher density of surface adsorption sites. Boehmite and alpha
showed the expected behavior of an initial increase in –CH absorbance with dose and then a leveling area
suggesting that no additional material could adsorb on the surface. This general shape is characteristic of
surface saturation without a secondary contribution allowing for additional adsorption. Gamma alumina
presented two regions of saturation. This behavior suggests an additional adsorption mechanism present
after the initial surface coverage was achieved. Gamma alumina has a more open, less dense structure
than alpha and boehmite. The CTMS may adsorb in the pores of the material, suggesting a higher amount
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of coverage. The saturation experiment for gamma alumina was conducted only once, so this interesting
phenomenon requires further validation.

(a)

(b)

(c)
Figure 5.10. Saturation curves for boehmite (a), gamma alumina (b) and alpha alumina (c) based on
integration of –CH absorbances from the trimethylsilyl moeity with increased total dosed amount of
CTMS
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Water Adsorption on Saturated Surface
Water exposure of the dosed samples was studied to probe the stability of the CTMS adsorption.
A small amount of water (0.5 µL) was injected after the saturation dosed surface had been allowed to
equilibrate for 30 minutes. All samples showed apparent loss of hydroxyls (shown by negative peaks in
the surface hydroxyl region), suggesting there were still some unreacted hydroxyls left on the surface.
Figure 5.11 shows a comparison of differential absorbance spectra for water dosing on boehmite, alpha
and gamma surfaces. The growth of a peak at 1630 cm-1 was observed on all three surfaces and was
attributed to molecular water and likely accounts for the –OH perturbation via physisorption of molecular
water. Boehmite showed a decrease in intensity for the associated hydroxyls in the layered structure.
Both alpha and gamma alumina surfaces showed a broad feature at 3580 cm-1 which suggests there were
increased amounts of hydrogen bonding as a result of the water dosing. This indicates that not all of the
surface hydroxyls were perturbed as a result of the saturation experiments. An explanation for this result
could be the steric hinderance of the trimethylsilyl moiety as shown in Figure 5.12; i.e. additional
hydroxyl groups were not accessible as a result of this bulky group. The water would act as an adsorbate
on the surface –OH groups, which would present as negative absorbance in this process (shown in Figure
5.12).
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Figure 5.11. Saturated Boehmite surface exposed to 0.5 µL DI H2O. Shown is the differential absorbance
spectrum of the surface post water exposure referenced to the dry equilibrated surface. Below shows the
expected mechanism of the consumption of unreacted hydroxyl groups through hydrogen bonding.
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negative absorbance in the differential absorbance spectra.
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Dilute CTMS dosing
Due to the high absorbance of the neat samples, the low energy features of the spectra could not
be analyzed. For this reason, samples of each alumina were prepared dilute in KBr such that the
absorbance was low enough to observe low frequency bands. The dosing experiments were completed in
the same manner as the saturation experiments, however only one dose was administered. The inverse
behavior, observed in the neat samples, between the surface –OH and –CH regions as reproduced here,
althought the negative absorbances in the –OH region were slightly shifted (Figure 5.13). The alkyl
components, -CH stretches and the –CH3 deformation all appeared at the same absorbances of 2955, 2900
and 1255 cm-1 respectively.
The growth of a feature in the low frequency region was present in all three samples. As
mentioned previously, the formation of a covalent Al-O-Si linkage was observed previously in the
literature by Yates in a similar experiment. Previous literature findings give an assignment of 1070 cm-1 to
the Al-O-Si absorbance. For boehmite, this absorbance was red-shifted to 1000 with a low energy
shoulder at 950 cm-1. Alpha and gamma alumina showed similar absorbance bands in the same positions
at 1065 and 1025 cm-1. The identity of this absorbance and its shape will be examined further in the
discussion.

47

C

H

CH3

Al-O-Si,
Si-O-Si

Isolated Surface
Hydroxyls

Boehmite

Alpha

Gamma

0.00

Absorbance Units

H

0.05units (arbitrary)
0.10
Abs.

0.15

O

3500

3000

2000
2500
Wavenumber cm-1

1500

1000

Figure 5.13. CTMS dosing experiments of model aluminas prepared dilute in KBr for access to the low
frequency region.

Discussion
The details of the dehydration of each alumina are important in deducing a mechanistic
description of the adsorption behavior. Aluminum oxide surfaces are “activated” through heating, which
liberates physisorbed molecular water to render surface hydroxyls available for interactions with
adsorbates. The drying regime used in this thesis was selected based on the low temperature of 230ºC to
maintain the integrity of the boehmite structure. 46 Under this protocol, the three aluminas produced
surface hydroxyls which were structurally similar according to literature models after dehydration.
Boehmite produced a single, sharp absorbance at 3665 cm-1, distinguishing itself from alpha and gamma.
This absorbance is assigned as the bulk bridge hydroxyls present in the crystal structure as described in
the literature review.23 All types observed in the dehydration data were consumed with CTMS exposure
and thus considered reactive.
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The commonly accepted mechanism for the reaction of CTMS with surface hydroxyls on alumina
is through condensation of HCl whereby surface hydroxyls are consumed and a covalent surface linkage
formed. The increase in –CH absorbance and subsequent decrease in –OH absorbance for the CTMS
saturation experiments produce an inverse correlation between the loss of hydroxyl groups to the growth
of an alkyl component. The graphs for these correlations are shown in Figure 5.14 for boehmite, alpha
and gamma alumina. This would agree with the accepted mechanism for this reaction, and that
chemisorption occurred in the adsorption process.
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(a)

(b)

(c)
Figure 5.14 Correlations made between loss of surface –OH groups to the growth of –CH groups for
boehmite (a), alpha (b) and gamma alumina (c).
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The samples that were prepared dilute in KBr and subjected to a small dose of CTMS provided
additional insight into the adsorption behavior. An overlay of the ~3900-3500 cm-1 region for each of the
model aluminas is shown in Figure 5.15a. This region shows the different types of surface hydroxyl
groups that were consumed based on literature references. There did not appear to be a type of hydroxyl
that was preferentially consumed based on structure. The most negative absorbance in all three cases was
the most positive absorbance from the dehydration data, suggesting it was the highest density state. The
adsorption of CTMS could have occurred in two different ways: chemisorption or physisorption. In both
cases, surface hydroxyls absorbances are consumed through H-bonding or condensation of HCl. It is
clear that the surface –OH groups are reduced through H-bonding or condensation reactions, however the
exact mechanism is difficult to ascertain. A comparison of the 1300-900 cm-1 region is shown in Figure
5.15b. The formation of the absorbance feature in the 1100-950 cm-1 wavenumber region is consistent
with the conclusion of the chemisorption of CTMS and formation of an Al-O-Si linkage based on the
inverse correlations drawn in all three models. Competing side reactions could complicate this region
which will be discussed based on intentional dosing of HMDSO, the dimer of CTMS.
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Figure 5.15. Comparison of the surface hydroxyl region (a) and low frequency region (b) for the three
model aluminas.

It must be pointed out that the presence of Lewis acid coordinated water is a possibility
considering the low drying temperature used and the 3720 cm-1 absorbance. The presence of water would
hydrolyze the CTMS to a silanol, which could either associate to the surface through H-bonding
interaction or potentially dimerize if two were formed in close proximity. The reaction to form the silanol
and dimer are shown in reactions 5.1 and 5.2
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(CH3)3SiCl + H2O  (CH3)3SiOH + HCl
2 (CH3)3SiOH  (CH3)3SiOSi(CH3)3 + H2O

Eqn. (5.1)
Eqn. (5.2)

To further investigate the possibility for surface dimerization, the dimer, hexamethyldisiloxane
(HMDSO), was dosed onto KBr and dilute boehmite to compare the adsorption behavior and relevant
absorbances with the CTMS dosing data. As seen in Figure 5.16, the Si-O-Si absorbance is a sharp peak
at 1070 cm-1 when dosed onto KBr. When dosed on dilute boehmite, this absorbance is red shifted ~60
cm-1 and appeared as a complex absorbance with a high energy component at 1050 cm-1 and a low energy
shoulder at ~980 cm-1. However, it was still was not equivalent to the CTMS dosing absorbance
appearing at 1000 and 950 cm-1. When comparing the CTMS and HMDSO differential spectra, there is a
stronger absorbance found in the associated hydroxyl region as a result of CTMS exposure. This is not the
case in HMDSO, where there is only a small increase in the associated hydroxyl absorbance. The
interaction of Cl with a surface hydroxyl could possibly explain this phenomenom which presents as an
H-bonding type interaction. The surface hydroxyls are also perturbed in dimer dosing, however this is
likely due to a hydrogen bonding type interaction of the O in the HMDSO with the Al-OH surface groups.

HMDSO on KBr

HMDSO on dilute Boehmite

CTMS on dilute Boehmite

Figure 5.16. Comparison of CTMS and HMDSO dosed onto KBr and dilute boehmite
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A simple mechanism based on the dimerization dosing findings is shown in Figure 5.17. This
mechanism assumes the presence of Lewis acid coordinated by molecular water being present on the
surface as a result of the low temperature drying protocol used. Initially, the CTMS would react with the
water to form silanol species which would associate to surface Al-OH hydroxyls followed by subsequent
dimerization of two silanols within close proximity. As shown through the dimer dosing data, HMDSO
can hydrogen bond to the surface showing consumption of surface Al-OH. It would be conceivable that
the O of the HMDSO could coordinate to a liberated Lewis acid site or H-bond to a proximal surface AlOH.
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Figure 5.17. Proposed mechanism without the presence of free Lewis acid sites with hydrolysis of CTMS
by surface coordinated molecular water and subsequent dimerization to form HMDSO (dimer) on the
surface.
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Due to literature references suggesting the presence of Lewis acid sites present on the surface of
the aluminas given the drying regime used, a second mechanism was considered based on a surface
reaction of the Lewis acid site to form Al-O-Si. The Cl of the CTMS would firstly coordinated with a cus
Al site, followed by transfer of the Si(CH3)3 to a proximal oxygen anion site. This mechanism was
suggested by Slavov et al as mentioned in the literature review. It is difficult to determine the exact
mechanism of adsorption and retention based on the differential absorbance data alone. The first
mechanism is supported more in conjunction with the dimer dosing data.
The reaction sequence for silanization cannot be inferred from the IR data alone. The molecular
weights of Al and Si are different by only 2 a.m.u.s, which makes the molecular vibration very similar
based on mass. The removal of the dimer in distillation ascertains that the Si-O-Si was not present in the
CTMS and was also checked for purity just prior to use in the experiments, via gas phase dosing onto
KBr. This also showed no presence of a Si-O-Si absorbance. It has been ruled out that the dimer would be
formed in the reagent prior to dosing, so the only potential formation is on the surface of the aluminum
oxide in the presence of molecular water. Without a conclusive Al-O-Si standard and additional
experimentation, an exact identification of the low frequency features cannot be made at this time.

Conclusions
In this chapter, the low temperature dehydration/dehydroxylation of three powder model aluminas
was studied and subsequent reactivity with CTMS investigated using in situ DRIFTS. It was found that
physisorbed water desorbs readily from each surface upon thermal treatment to 230ºC which liberates
surface hydroxyls as active sites. CTMS was shown to adsorb on all surfaces and water exposure
produced adsorbate loss. The following conclusions were drawn from the data collected in this chapter:
1. All model oxides were found to contain isolated surface hydroxyls upon dehydration at 230ºC.
2. CTMS was found to adsorb to all model oxide surfaces after activation at 230ºC and subsequent
dosing at 177ºC.
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3. Saturation experiments showed an inverse correlation between the consumption of hydroxyl
groups and the growth of –CH absorbances in all three model surfaces.
4. Exposure to small doses of water caused material loss through hydrolysis in the case of alpha and
gamma alumina but not in boehmite.
5. Dilute KBr experiments showed the formation of an absorbance in the 1100-950 cm-1; it could
signal chemisorption of the silane but its exact identity cannot be verified on the IR spectra alone.
6. It was confirmed through intentional dosing of dimer onto dilute boehmite that an H-bonding
interaction is a possible competitive reaction with (5) above.

In addition to these conclusions, this chapter shows the first low temperature activation study of
aluminum oxide powders to the best of our knowledge. This chapter also provides additional insight into
the 1100-950 cm-1 feature reported previously in the literature as the Al-O-Si linkage.
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Chapter 6 Dehydration and Chlorotrimethylsilane Adsorption Studies on Aluminum
Powders
While the chemical details of the gas adsorption of organosilanes on aluminum oxides are still
somewhat controversial as detailed in Chapter 5, the existing knowledge about such reaction on
aluminum metal powders is almost non-existent. This chapter examines the dehydration and adsorption of
CTMS on metallic aluminum powders using in situ DRIFTS as the primary characterization technique in
an analogous manner to the work presented in Chapter 5. Four different samples were considered for
dehydration behavior: two aged samples, a “fresh” powder (powder received in 2012, as described in the
background), and a hydrated aluminum sample henceforth referred to as “boehmitized aluminum” or BAl. Boehmite has been grown on aluminum for many applications including corrosion resistance and
barrier protection, thus established protocols were available. Here, the aluminum powder was soaked in
water for 1 hour at 70ºC which grew a boehmite overlayer. CTMS exposure experiments were conducted
on the “fresh” Al powder and the B-Al sample. Saturation experiments were also completed and the
resulting saturation curves and correlations between available absorbances presented.

Results
Characterization of “Fresh” Aluminum Powder
The “fresh” aluminum powder was characterized using DRIFTS and XPS. (The XPS data will be
presented in the characterization of the B-Al section for comparison of the two surfaces.) References for
the specific absorbances of aluminum hydroxides, CTMS and HMDSO are found in Appendix A. There
were no detectable absorbances observed in the surface hydroxyl or carbonate regions of the spectrum. As
seen in Figure 6.1, the only detectable absorbance was at ~950 cm-1, which is an Al-O vibration from the
amorphous oxide. This absorbance is close to the cutoff of the CaF2 windows, so a well-defined peak was
not observed. The sample was dried to 230ºC for one hour to remain consistent with the model oxides
investigated in Chapter 5. The lack of a detectable molecular water peak made it difficult to ascertain that
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all of the physisorbed water was lost, however this drying temperature was shown to be sufficient for
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Figure 6.1. “Fresh” Al powder DRIFTS spectrum of oxidized aluminum powder.

Dehydration of Naturally and Artificially Aged Samples
One of the interests of this work was to study the behavior of naturally and artificially aged
aluminum powders subjected to heat treatments. Variability in powder surfaces as a function of age was
considered in the background section and here drying behavior is considered. The naturally aged sample
had been left under ambient storage conditions for the past 13 years (the initial IR spectrum was presented
in the Background section as the 2000 Al sample). To provide a comparison with an artificially aged
surface, Al powder was subjected to high humidity and temperature as described in the Materials and
Methods.
The naturally aged sample was dehydrated to 300˚C and its behavior shown in Figure 6.2.
Initially, there are several absorbances attributed to the tri-hydroxides stretches as described in the
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background. Upon increasing temperature, these absorbances decreased in intensity until a flat line was
observed after reaching 300ºC. This behavior suggests that the tri-hydroxides complexes were
decomposed and no detectable hydroxyl content was left on the surface after drying.
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Figure 6.2 Hydroxyl stretching region showing the dehydration of a naturally aged aluminum powder
bottom spectrum represents the final spectrum collected after heating to 300ºC which is higher than the
decomposition temperature of the trihydroxides.

Shown in Figure 6.3 is the dehydration of the artificially aged aluminum surface. The spectrum at
room temperature appears differently than the naturally aged sample with additional absorbances in the
tri-hydroxide region. The different shapes of bayerite clusters, such as the needles, rods and pyramids
observed in the SEM images presented in the background section, present different IR absorbances.10
Upon increasing the temperature to 300ºC, there is a loss of bayerite absorbances, however the boehmite
absorbances observed at ~3100 and 3300 cm-1 are maintained. Surface hydroxyls emerge at 3670 and
3730 cm-1, which was also observed in the boehmite model surface described in Chapter 5.
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Figure 6.3. Hydroxyl stretching region showing the dehydration of an aluminum powder that was
prepared in a humidity chamber; the final product observed is comparable to a boehmite spectrum.

Characterization of Boehmitized Aluminum
XPS was used to characterize the B-Al and “fresh” Al powder (as characterized earlier in this
section through DRIFTs). The XPS data for the “fresh” Al sample presented two maxima in the Al 2p
peak for both metallic and oxidized Al components at 71 and 74 eV respectively. The B-Al sample
contained one Al component with a binding energy of 74 eV corresponding to only oxidic Al, which
suggests qualititively that the film is thicker than the information depth of ~10 nm for XPS. Other
structural information could be obtained from the XPS data. Examination of the O 1s scans for the B-Al
shows two different binding energies for the O species: one for O-Al at 530 eV and the other for O-H at
531 eV. This has been reported previously in the literature in an XPS study of aluminum oxide and
boehmite. 47 Additionally, carbonate content was observed in the C 1s peak at 288 eV and adventitious
carbon at 285 eV, which was present on both surfaces.
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The DRIFTs spectrum of the B-Al sample showed distinct absorbances characteristic of boehmite
and bayerite as shown in Figure 6.4. Based on the growth mechanism described in the literature review,
the formation of bayerite clusters is favorable in solution preparation of boehmite surfaces. A bulk –OH
deformation characteristic of boehmite was observed at 1070 cm-1. Physisorbed water and carbonate
peaks were observed as well, in similar positions to the boehmite model presented in Chapter 5. Surface
hydroxyl absorbances at 3700 and 3743 were also present on the surface prior to dehydration.
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Figure 6.4 Spectrum of product resulting from soaking in 70 ºC distilled H2O, showing Bayerite hydroxyl
stretches, carbonates, and bulk –OH deformation.

FESEM was also used to characterize the B-Al particles after soaking to image the bayerite
complexes on the surface. Bayerite surface complexes can take many different forms, such as needles,
rods (which form as plates in stacks) and pyramidal shapes. The images shown in Figure 6.5 depict the
bayerite clusters which formed as distinct particles with the shape of rods and pyramids on the surface of
the B-Al.
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(a)
Bayerite Clusters

Boehmite

Boehmite, Alpha and Gamma
Aluminas

Amorphous oxide interface

Amorphous oxide interface

Metallic Aluminum

Metallic Aluminum

Amorphous oxide interface

Metallic Aluminum

(b)
Figure 6.5. FESEM images of boehmitized aluminum particles prior to drying, showing bayerite clusters on the surface (a). Also shown is a
schematic of films grown on aluminum substrates showing bayerite clusters as seen in the SEM images (b)
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The B-Al sample was dehydrated in situ as shown in Figure 6.6. As the temperature was
increased to 100ºC, there was a large drop in absorbance in the bulk hydroxyl region indicating loss of
molecular water and there was also loss of bayerite absorbances. When raised to 200 ºC, the bayerite
peaks had dissipated completely, which were likely decomposed into boehmite structures. 48 The surface
hydroxyls revealed were all comparable to the absorbances observed on the model boehmite surface
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Figure 6.6 Drying of B-Al shown with increasing temperature, also shows loss of molecular water at
1645 and carbonates at ~1500, and 1400 cm-1
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CTMS Adsorption Studies
All samples were dehydrated for 1 hour prior to CTMS exposure experiments. The differential
absorbance spectrum for the “fresh” aluminum powder after CTMS exposure is shown in Figure 6.7.
There was retention of the adsorbate as shown through positive absorbances for the alkyl components at
2956 and 1260 cm-1. The presence of a peak at 1075 cm-1 again believed to be indicative of the formation
of an Al-O-Si surface linkage, however this is not considered conclusive evidence for chemisorption (as
noted in Chapter 5) and will be discussed further below. The –OH region did not reveal any negative
absorbances related to surface hydroxyl consumption, which is likely due to the low surface area and lack
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Figure 6.7. Differential absorbance spectrum for naturally oxidized Aluminum particles dosed with
CTMS

The differential absorbance spectrum for B-Al exposed to CTMS is shown in Figure 6.8.
Negative absorbances were observed in the surface hydroxyl region and positive absorbances in the alkyl
component region. There appeared to be a large increase in the associated hydroxyl portion of the
spectrum, which was not observed in the boehmite model data presented in Chapter 5. A low frequency
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absorbance was observed at 1070 with a shoulder at 1040 cm-1, which is likely due to the formation of an
Al-O-Si surface linkage. There is also the potential for dimerization of the CTMS into HMDSO and
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subsequent hydrogen bonding which will be discussed later.
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Figure 6.8 Differential absorbance spectrum of boehmitzed aluminum sample equilibrated at dosing
temperature of 177ºC for 1 hour and dosed with 0.5 μL CTMS.
Saturation Experiments
The “fresh” Al sample and B-Al were subjected to saturation experiments as described in the
materials and methods section. The differential absorbance spectrum showed absorbances in the –CH
stretching and the –CH3 deformation regions, which were used to produce saturation curves. Saturation
curves based on the intensity of the –CH3 deformation are shown in Figure 6.9. The saturation point for
the “fresh” Al sample appeared to occur at 1 µL, however the intensity still increased upon total dosed
amounts of 1.5 and 2 µL. This experiment was conducted only one time, so it warrants further
investigation. The saturation point for the B-Al was found at ~1.5 µL.
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(a)

(b)
Figure 6.9 Saturation Curves for Fresh Al (a) and B-Al (b) based on integration of –CH absorbances and
CTMS dose size

Water Stability Studies
An injection of 0.5 μL DI H2O was administered after equilibration of the saturated B-Al surface
at room temperature. Negative peaks were observed in the isolated hydroxyl region at 3665, 3700 and
3740 cm-1 and at 1263, 2892, 2950 cm-1 which are attributed to –CH and –CH3 features as shown in
Figure 6.10. A positive, broad feature centered around 3380 cm-1 grew in addition to a peak at 1630 cm-1
which are attributed to molecular water. Small negative absorbances were observed in the alkyl
component deformation and stretches areas which suggest some adsorbate loss from water exposure.
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Figure 6.10 Differential absorbance spectrum of B-Al after a 0.5 uL injection of water, showing growth
of the molecular water bending mode and negative absorbance for –C-H and isolated surface -OH
stretches

Discussion
The dehydration of a naturally and an artificially aged aluminum powder sample was considered
to determine differences in their resulting surfaces. A significant difference between these two samples is
the composition of the surface structure which was determined by their aging processes. In the naturally
aged sample, the amorphous oxide layer had grown to an estimated thickness of at least 10 Å with time
and due to water exposure, the tri-hyroxide complexes grew on the surface.4 Decomposition of these
complexes lead to formation of small areas of boehmite, which were not detectable in the IR spectrum.
The artificially aged sample did not follow the same decomposition pathway due to its thicker, hydrated
oxide layer grown on top of the amorphous oxide layer from exposure to high humidity and temperature.
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After decomposition of the bayerite complexes, a boehmite surface resulted. This information shows the
surface differences between two samples, aged through different methods.
Shown in Figure 6.11 is a comparison of the dehydration treatments for samples created in the
laboratory via water immersion (B-Al) and in the humidity chamber (artificially aged) compared to the
high purity boehmite standard used in Chapter 5. All laboratory created samples were found to
decompose into boehmite as a result of thermal treatment. They also shared common absorbances of
~3100 and 3300 cm-1 for the associated –OH groups and the surface hydroxyls were also consistent at
3670, 3700 and 3730 cm-1. These results show that powders artificially oxidized and hydrated can be
prepared on metallic aluminum surfaces and subsequently dried to have a boehmite-like surface.

Figure 6.11. Comparison of hydroxyl region for samples aged using a humidity chamber and immersion
in water with boehmite standard
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The differential absorbance spectra presented for the “fresh” and B-Al powders indicated sorption
of the adsorbate on the surface. Additional confirmation of this can be drawn from the saturation
experiments. Due to the low surface area and lack of observable surface –OH on the fresh Al sample, a
correlation could not be drawn between the loss of –OH to growth of –CH. Instead, a correlation was
drawn between the growth of the Al-O-Si feature and the corresponding –CH3 absorbance growth as
shown in Figure 6.12a. Although this correlation suggests the two are related, it does not confirm the
involvement of surface –OH groups in the adsorption behavior. If this is a H-bonding interaction, the two
should be directly involved as shown in the direct correlation.
The surface hydroxyl absorbances were observable on the B-Al sample and thus a correlation
could be drawn between the loss of surface –OH to the growth of the Al-O-Si feature on this surface. This
correlation indicates the involvement of surface hydroxyls with the formation of the Al-O-Si as shown in
Figure 6.12b. As decribed in Chapter 5, the closeness of the Si-O-Si and Al-O-Si absorbances makes it
difficult to differentiate between potentially surface dimerization and chemisorption of CTMS. Intentional
dosing of the dimer was completed on B-Al for additional information.

69

(a)

(b)
Figure 6.12. Correlation of Formation of Al-O-Si with the depletion of surface hydroxyl groups.

HMDSO was dosed onto B-Al and KBr as shown in Figure 6.13. The known Si-O-Si absorbance
appears at 1070 for dimer dosed onto KBr which is within a few wavenumbers of the possible Al-O-Si
feature observed on B-Al and fresh Al. The peak was either a sharp individual peak or a broadened
complex peak. A second difference observed is the lack of increase in associated –OH group bonding as a
result of dimer dosing. This was similar to the observations made on boehmite in Chaper 5 where there
was also no increase in H-bonding associations. The chloro group can participate in H-bonding, however
in the presence of molecular water, it is unlikely that is interaction would be favored over hydrolysis and
formation of the silanol. The mechanism postulated in Chapter 5, based on the presence of coordinated
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water to Lewis acid sites and subsequent dimerization, is the likely explanation of the phenomena
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Figure 6.13. Comparison of Aluminum powder samples dosed with CTMS and with HMDSO as labeled

In reality, it is likely that a combination of these processes are occurring the surfaces of these
powders. The inability to differentiate between the Al-O-Si and the Si-O-Si makes it difficult to make a
definitive conclusion on one specific method of adsorption, however the presence of isolated hydroxyls
perturbed through CTMS exposure suggests chemisorption. The complex peak observed centered ~1050
cm-1 could contain a combination of Al-O-Si and Si-O-Si absorbances. Due the observation that the dimer
physisorbed to the surface, likely through an H-bonding interaction and subsequent formation of a ~1050
absorbance, indicates this is also another strong possibility for the explanation of this peak.
The results for the “fresh” Al powder were different than every other surface presented in this
thesis. The low frequency absorbance feature at 1075 cm-1 was a relatively sharp peak, without a low
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energy shoulder. This may indicate that there was only one type of adsorption observed on this surface. In
contrast with the the B-Al, this feature also did not change with increased dosing. This is the most
conclusive evidence for an Al-O-Si surface linkage formation without the competing reaction of the
formation of Si-O-Si from dimerization.
Water exposure to the B-Al surface produced a loss of –CH absorbance, “loss” of surface
hydroxyls and large increase in the associated hydroxyl region, which was not observed in the boehmite
model surface as described in Chapter 5. The loss of surface hydroxyls is attributed to the physisorption
of molecular water to isolated hydroxyls groups that did not react with CTMS. The loss of –CH suggests
fractional loss of the adsorbate from water exposure. The water could displace the weakly hydrogen
bound CTMS or react with it to form HCl and a silanol.

Conclusions

The dehydration and CTMS silane experiments on metallic aluminum powders showed similar
results to the model oxides. In the B-Al sample, an inverse correlation was made between the
consumption of hydroxyl groups to the formation of the Al-O-Si absorbance and to –CH growth. This
was similar to the correlation made for the model oxide boehmite in Chapter 5 for the –OH/-CH growth.
A significant difference between the two is the increase in associated –OH bonding on the B-Al sample,
which was not observed on boehmite. Boehmite has two very strong absorbances however in this region,
which could mask this behavior if it occurs. The following conclusions were drawn from the combined
data presented on the oxidized aluminum substrates:
1. Aged aluminum powders present complex surface oxides which vary with the history of the
sample.
2. Heat treatment to dehydrate or decompose the surface oxide can lead to different reaction
products.

72

3. A reproducible boehmite surface oxide successfully formed on the surface of aluminum particles
through two different methods after dehydration and decomposition of bayerite complexes.
4. CTMS was shown to adsorb on the surface of both fresh and naturally oxidized Al and
Boehmitized-Al, although the low surface area of the naturally aged powder precluded validation
of hydroxyl consumption.
5. Evidence for the chemisorption of the CTMS was revealed by emergence of an Al-O-Si
absorbance, but similar to the conclusion in Chapter 5, could not be confirmed because of the
competing reaction to form dimer.
6. Water Exposure showed material loss on the Boehmitized-Al surface which was attributed to
hydrolysis of the Al-O-Si component.
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Chapter 7 Summary and Future Work

The work embodied in this thesis was an evaluation of the dehydration/dehydroxylation of
various types of aluminum oxides and metallic aluminum powders and their subsequent reaction with a
simple silane, CTMS. The adsorption behavior was studied to provide a basis for commercial production
of silanized aluminum powder where the initial condition of the oxidized Al surface could not be
predicted or guaranteed. It was found that the exact nature of the oxides or oxidized Al surfaces could
vary, but these differences did not exert a significant effect on the ability to gas phase silanize them.
However, the heterogeneity of the oxidized aluminum powders, and the fact that the complex hydrated
oxides phases were often distinct particulate phases on the aluminum particle surface, is a characteristic
that would severely influence the processing and performance of such powders. This work not only
characterized those features of the Al powders, but also provides guidance for their heat treatment and
transformation into a more suitable surface for silanization.
The details of the surface chemistry underlying the gas phase reactions completed in this thesis
were difficult to determine based on the closeness of the Al-O-Si and Si-O-Si absorbances in the IR
spectra of the CTMS dosing experiments. It is likely that a combination of the chemisorption of CTMS
(Al-O-Si), and the surface dimerization and physisorption of the dimer (Si-O-Si), are all occurring under
the reaction conditions used in this study. All three model systems should be studied using pyridine
adsorption as a method for resolving the Lewis acid sites and their relative acidity. This experiment would
strengthen the surface dimerization argument, as molecular water would be displaced through a stronger
interaction with pyridine.
Some additional fundamental work will also be useful in developing a more thorough
understanding of the results presented hereinto. Additional surface characterization using XPS was
difficult on the samples treated in the in situ cell due to their very small size (~5 mg). When the process is
scaled and performed in solution, larger samples will be available, permitting this type of analysis for a
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better understanding of the mechanism by which dissociative chemisorption occurs, whether through
Lewis acid sites or consumption of surface hydroxyls. A more thorough look at the formation of the AlO-Si moiety could also be completed to complement the results found in this work, including use of
different adsorbates.
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APPENDIX A: INFRARED ABSORBANCES FOR ALUMINUM OXIDES, ALUMINUM
HYDROXIDES, CHLOROTRIMETHYLSILANE AND HEXAMETHYLDISILOXANE
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Table A.1 Infrared Assignments for Aluminum Oxide Bulk and Isolated Components
Peak or Band
(cm-1)
3800-3785

Label

Designation

Description

Reference

νs(OH)

A, Ib

[22]

3780-3760

νs(OH)

D, Ia

3745-3740

νs(OH)

IIa

3735-3730

νs(OH)

E, IIb

3710-3690
3700

νs(OH)
νs(OH)

C, III
III

3670

νs(OH)

3650-3590
3297

νs(OH)
νs(OH)

3090

νs(OH)

1650
1630-1640
1600
1541
1450
1440
1412
1400
1145

νs(CO)
δ(HOH)
νs(CO)
νs(CO)
νa(CH3)
νs(CO)
νa(CH3)
νs(CO)
δ(OH)

Isolated surface hydroxyl, single metal atom,
tetrahedral coordination (charge = -0.5)
Isolated surface hydroxyl, single metal atom,
octahedral coordination, next to cation vacancy
(charge = -0.25)
Bridged surface hydroxyl, both metal atoms
octahedrally coordinated, (charge = 0)
Bridged surface hydroxyl, one metal atom
tetrahedral and one octahedral, or next to
cation vacancy (charge = 0.25)
Tri-bridged surface hydroxyl,
Tri-bridged surface hydroxyl, three octahedral
metal atoms (charge = 0.5)
Bridged hydroxyl on Boehmite, observed
when liberated from hydrogen bonding (upon
dehydration)
Associated hydroxyl groups
Boehmite, Bulk OH group, asymmetic
stretching
Boehmite, Bulk OH group, symmetric
stretching
Bidentate carbonate
Molecular water bending
Mondentate carbonate

1070
1065
1050
965
900
835

δ(Al-O-Si)
δ(OH)
δ(Alδ+Oδ-)
δ(OH)
δ(OH)
δ(OH)

900-750

δ(Al-O)

750-600

δ(Al-O)

Asymmetric –CH3
Bidentate carbonate
Asymmetric –CH3
Mondentate carbonate
Boehmite, Bulk OH group deformation,
asymmetric
Deformation of Al-O-Si Bond
OH deformation of bulk, symmetric
Surface Localized Al-O deformation
Surface localized OH deformation, Boehmite
Surface Localized OH deformation
Surface Localized, non-H bonded OH
deformation
Tetrahedral Al-O deformation from interlinked
tetrahedral, as seen in γ-alumina
Octahedral Al-O deformation, as seen in
Boehmite and Corundum

[22]
[22]
[22]
[22]
[22]
[21]
[22]
[21]
[21]
[22]
[22]
[22]
[22]
[22]
[22]
[22]
[21]
[25]
[21]
[22]
[21]
[12]
[12]
[22]
[22]
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Table A.2. Infrared Assignments for Aluminum Hydroxides
Peak or Band (cm-1)
3616
3533
3518
3454
3428
3401
3378
3361
1650
1640
1600
1541
1440
1400
1016
1015
975
964
776
741

Hydroxide, Identity
Gibbsite
Bayerite
Gibbsite/Bayerite
Bayerite
Gibbsite
Bayerite
Gibbsite
Bayerite
Carbonate
Molecular Water
Carbonate
Carbonate
Carbonate
Carbonate
Bayerite
Gibbsite
Bayerite
Gibbsite
Bayerite
Gibbsite

Label
νs(OH)
νs(OH)
νs(OH)
νs(OH)
νs(OH)
νs(OH)
νs(OH)
νs(OH)
νs(CO)
δ(HOH)
νs(CO)
νs(CO)
νs(CO)
νs(CO)
δ(OH)
δ(OH)
δ(Al-O)
δ(Al-O)
δ(Al-O)
δ(Al-O)

Description
-OH stretch
-OH stretch
-OH stretch
-OH stretch
-OH stretch
-OH stretch
-OH stretch
-OH stretch
Surface carbonate
Molecular water bending
Surface carbonate
Surface carbonate
Surface carbonate
Surface carbonate
-OH deformation
-OH deformation
Al-O deformation
Al-O deformation
Al-O deformation
Al-O deformation

Ref
[37]
[37]
[37]
[37]
[37]
[37]
[37]
[37]
[22]
[22]
[22]
[22]
[22]
[37]
[37]
[37]
[37]
[37]
[36]

Table A.3. Infrared Assignments for CTMS
Absorbance (cm-1)
2970 49
2909
1262
853
643
484

Observed (cm-1)
2970
2910
1261
852
638
483

Assignment
C-H stretching
C-H stretching
CH3 umbrella
CH3 rocking
CH3 rocking
Si-Cl

Ref.
[49]
[49]
[49]
[49]
[49]
[49]

Table A.4. Infrared Assignments for HDMSO
Absorbance (cm-1)
2965 50
2908
1254
1074

Observed (cm-1)
2965
2907
1260
1073

Assignment
C-H stretching
C-H stretching
CH3 umbrella
Si-O-Si deformation

Ref.
[50]
[50]
[50]
[50]
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APPENDIX B: INTERPRETATION OF DIFFERENTIAL ABSORBANCE SPECTRA
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The differential absorbance spectra presented in this thesis are frequently complicated by multiple
surface changes occurring simultaneously. Generally, there are both positive and negative changes which
cannot be resolved. Thus, an exact zero baseline cannot be calculated. An example of this is shown in
Figure B.1. Here, a large increase in H-bonding occurs simulataneously with a loss of alkyl components,
and surface hydroxyl groups where all absorbance areas overlap. As shown, the loss of alkyl components
could be interpreted as “positive” peaks however this is not the case. When split into the two different
features, spectra “addition” show that “baseline” is simply higher due to the increase in H-bonding such
that the negative features would not drop into negative area. These two features cannot be resolved due to
the time scale at which the reaction occurs.

H-Bonding

Absorbance (arb.)

Positive
Features

-CH loss
Negative
Features

-OH loss

Overall

Combined Spectrum does not have zero baseline
Wavenumber (cm-1)

Figure B.1. Reasoning for non-zero baseline in differential absorbance spectrum
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