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ABSTRACT
The use of silicon oxide with its native oxide layer for the fabrication of
microelectromechanical systems (MEMS) with contacting sliding parts requires the need for
innovative lubrication methods to extend device lifetimes. The most promising method to date
involves the equilibrium vapor phase lubrication (VPL) of MEMS using short chain linear
alcohols in ambient conditions. Still, some questions remain regarding the effectiveness of this
lubrication method, these include (1) whether or not the adsorbed n-alcohol molecules are the
primary lubricant and (2) is this lubrication method effective in humid environments.
This study investigates the vapor phase lubrication of SiO2 surfaces using short chain
linear alcohols, more specifically n-propanol and n-pentanol. Macro-scale ball-on-flat tribometer
tests are used to evaluate the lubriciousness of n-pentanol vapor under a series of contact loads/
pressures. Wear reduction of the SiO2 surfaces is achieved when there is complete coverage of
the SiO2 surfaces with the adsorbed n-pentanol molecules. This occurs when the partial pressure
relative to the saturation pressure (P/Psat) of n-pentanol was kept above 20% P/Psat which
corresponds to approximately monolayer coverage of the SiO2 surface.

In contrast to the

lubricious effect of n-pentanol vapor, water vapor proves to enhance wear of the SiO2 surfaces
when compared to dry (low moisture) conditions. This study also demonstrates that the primary
lubrication method of the SiO2 surfaces is most likely the adsorbed n-pentanol molecules and not
the tribochemical reaction species produced during the sliding contact. Although this reaction
species is always present within the wear tested regions, the production of the tribochemical
reaction species is enhanced when more severe wear is observed. So, the adsorbed n-pentanol
molecules are the primary method of lubrication.
The effectiveness of the lubrication method in environments containing water vapor is
also investigated. This study is important because in the ambient, water molecules are always
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present. In order to fully understand how the n-alcohol molecules interact with the SiO2 surfaces
under co-adsorption conditions with water molecules, attenuated total reflectance infrared
spectroscopy (ATR-IR) and sum frequency generation (SFG) vibration spectroscopy are
performed to understand the thickness, composition, and structure of the binary adsorbate layer
on SiO2 in the absence of sliding. These studies show that the water and n-alcohol molecules
form a bi-layer structure with the water molecules adsorbed to the SiO2 surface and the n-alcohol
molecules adsorbed on top of the water molecules. Once water is adsorbed to the SiO2 surface it
is difficult to remove.

So, the effectiveness of adsorbed n-pentanol molecules in humid

environment in lubricating a MEMS sidewall friction tribometer is investigated. This study
demonstrates that an environment containing 50% P/Psat n-pentanol can lubricate these MEMS up
to a relative humidity of 25% without device failure. Above this, too much water is adsorbed to
the SiO2 surface which inhibits device operation. Thus, although adsorbed water is considered
detrimental to SiO2 surfaces during sliding contact, its effect can be offset using n-pentanol VPL.

Cellulose is considered the most abundant naturally occurring polymer on earth. Because
of this, many applications in the biofuels and pharmaceutical industries are under evaluation.
Despite studies dating back to the 1940s, the structures of cellulose in its naturally occurring form
(I) as well as fabricated polymorphs (II and III) are not completely agreed upon in the literature.
Conventional spectroscopic techniques such as Fourier transform infrared spectroscopy (FTIR),
Raman spectroscopy, X-ray diffraction (XRD), and solid-state
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C Nuclear magnetic resonance

(NMR) spectroscopy are widely utilized in pursuit of understanding the structure of cellulose.
Three of these techniques, FTIR, Raman, and NMR, require the separation of cellulose from its
surrounding components in biomass. The chemical processes used for this separation can alter
the structure of cellulose.
cellulose I (α or β).

XRD cannot completely differentiate between the sub-types of
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This study investigates the use of SFG in analyzing crystalline cellulose within biomass
samples, which included hemicellulose and lignin, and the different cellulose polymorphs. This
study also demonstrates that SFG is able to selectively detect crystalline cellulose within biomass
samples as well as quantify the amount of crystalline cellulose present using proper calibration
curves. Unlike what is observed in FTIR, Raman, and NMR, only crystalline cellulose generates
a true SFG spectrum so separation from the other components in biomass is not required. Also,
SFG is able to differentiate between the different polymorphs showing more distinct differences
in spectra when compared to FTIR and Raman. These include distinct differences between the
sub-types of cellulose I. SFG is a very promising complementary spectroscopic technique for
studying crystalline cellulose.
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Chapter 1
Introduction and Motivation
This dissertation will be presented in two parts as it will discuss two separate solutions to
problems found in the literature. The first part will discuss vapor phase lubrication (VPL) of
microelectromechanical systems (MEMS) and other silicon oxide surfaces using short chain
linear alcohols, specifically n-propanol and n-pentanol.

In brief, vibrational spectroscopic

techniques, attenuated total reflectance infrared (ATR-IR) spectroscopy and sum frequency
generation (SFG) vibrational spectroscopy were used in tandem with macroscopic ball on flat
tribometer tests and MEMS side-wall friction tribometer tests to monitor the most effective
lubrication conditions for the adsorbed n-alcohols. The second part of the dissertation will
discuss the use of SFG to study crystalline cellulose polymorphs. The common thread between
these two studies is the usage of advanced spectroscopic techniques to solve existing scientific
and technological problems.

Introduction to and Motivation for Vapor Phase Lubrication of SiO2 Surfaces Using Short
Chain Linear Alcohols
The size of mechanical devices has steadily decreased from the macroscopic scale to the
nanoscopic scale.2 This transition has created a need for new and innovative materials and
lubrication methods that are able to address the mechanical problems seen at these smaller scales.
For instance, at the microscopic and nanoscopic scale, the surface area to volume ratio increases,
which causes surface forces such as friction and adhesion to become much larger than what is
observed at the macro-scopic scale.2 Inertial forces such as gravity become inconsequential when
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compared to friction and adhesion.3

An existing example of these types of machines is

microelectromechanical systems (MEMS).

Current MEMS in operation include the

acceloremeters in air bags, micromirror arrays, and the ink pumps found in ink jet printers.2,4
These MEMS have little to no parts with sliding contacts. MEMS with parts that undergo sliding
contact are not readily available. However, it is agreed upon by many experts that MEMS such
as these would revolutionize many existing industries. The problem is that these MEMS have
many buried interfaces which make it hard for conventional lubricants to efficiently lubricate
them while in operation and if the lubricant method fails, these MEMS will have very short
operation lifetimes.4,5 This has sparked many studies into new and innovative materials and
lubrication methods for MEMS.
The most common material used for MEMS fabrication is silicon with its native SiO2
layer. This is due to existing, well established bulk micromachining and lithography techniques
for silicon.3,6-9 Silicon itself does not have intrinsic lubrication properties and thus is subject to
wear.10 As most MEMS are made from silicon, many lubrication methods have been investigated
for use with silicon based MEMS in preventing both high friction and adhesion.

These

lubrication strategies have included self assembled monolayers (SAMs),11-14 perfluorpolyethers
(PFPEs),15,16 hard surface coatings,17-19 polymer based lubricants,20 and lubrication from the vapor
phase.4,21-23 PFPE’s have shown to be effective in lubricating MEMS, however PFPE’s can no be
used to lubricate MEMS fabricated from silicon because they can degrade over time to HF.24,25
Hard surface coatings such as diamond like carbon (DLC) have exhibited much lower friction
coefficients than silicon during sliding; however it is difficult to achieve conformal coatings of
buried surfaces that are common in MEMS with sliding parts.26-28 SAMs successfully prevent
high friction and adhesion in MEMS until worn away, as there is no way to replenish this one
time coating during operation, MEMS fail quickly after the coating is removed.4,29 Vapor phase
lubrication (VPL) of MEMS

has been demonstrated both under ambient and vacuum
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conditions.4,23 VPL avoids the issue of conformal coatings seen in other methods. In this case, the
choice of the lubricant molecule is important as it affects how the molecule adsorbs to the
silicon/silicon oxide surface.
The in-situ equilibrium vapor phase lubrication silicon oxide surfaces using short chain
linear alcohols has shown the most promise for application is MEMS. N-alcohols were chosen as
the lubricant as they interact with the silicon oxide surfaces through hydrogen bonding.

The

lubrication method is referred to as “in situ” lubrication because the surface modification
responsible for low friction and wear prevention occurs automatically at the sliding contact
locations when there is sufficient vapor present in the gas phase. The alcohol VPL can protect the
SiO2 surface in MEMS- and macro-scale contacts that typically exhibit low Hertzian contact
pressures, to nano-scale contacts such as those in atomic force microscopy (AFM) where the
contact pressure exceeds a few GPa.21,30 An unprecedented lifetime of MEMS was recorded in a
near saturating n-pentanol vapor environment, being user stopped after 108 cycles which
corresponded to a device lifetime of 11 days.4

In this test, the n-pentanol vapor was able to

prevent the high friction (average friction coefficient ~0.2) and high adhesion normally observed
in a low moisture (dry) environment. This same type of MEMS fails within ~2-3 minutes when
operated in a dry environment. Similarly, low friction coefficients (~0.2) and low wear were
observed at the macro-scopic scale using ball on flat tribometer tests.21,31,32 These macro-scale
tests yielded another very important observation: the presence of a high molecular weight
tribochemical reaction species present only in the wear track regions of the SiO2 surfaces
lubricated with n-pentanol vapor. Taken together, these observations became the foundation for
two main questions discussed in this dissertation:21,31,32
1. Is the primary lubrication method for SiO2 surfaces lubricated with n-alcohol vapors the
adsorbed n-alcohol molecules or is it the produced tribochemical reaction species?
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2. Can lubrication with adsorbed n-alcohol molecules be equally as effective in the presence
of co-adsorbed water molecules which often lead to high adhesion?
Chapters 2 and 3 of this dissertation will address the first question. In brief the results of
these studies suggest that the primary lubrication method for SiO2 surfaces using a continuously
replenished source of n-pentanol vapor is the adsorbed n-pentanol molecules themselves. These
results were demonstrated using macro-scale ball on flat tribometer experiments with Fourier
transform infrared (FTIR) spectroscopy with microscope capabilities, optical profilometry, and
Time of Flight Secondary Ion Mass Spectrometry (ToF-SIMS) characterization of the wear
regions. Density Functional Theory (DFT) results produced through collaborations with Dr.
Michael J. Janik of the Department of Chemical Engineering at the Pennsylvania State University
corroborated these results.31
The second main question will be addressed in Chapters 4, 5, and 6. In order to fully
answer the second question, fundamental spectroscopic studies on the adsorption isotherms of coadsorbed n-alcohol molecules with water molecules were used in addition to MEMS side-wall
friction tribometer and macro-scale ball on flat tribometer tests. Attenuated total reflectance
infrared spectroscopy and sum frequency generation vibrational spectroscopy were used to study
the structure and orientation the binary adsorbate layers of n-alcohols and water. These studies,
discussed in chapters 4 and 5, will yield the effective thicknesses of the binary adsorbate layers
and the average orientation of the n-alcohols molecules.

The structure of adsorbed water

molecules is important for SiO2 surfaces as the structure of interfacial water has shown to affect
adhesion.33 The binary adsorption studies are compared to the single adsorption isotherm and
orientation of n-alcohols on SiO2 and the structure and orientation of adsorbed water molecules,
which were the subjects of my Master’s thesis. The resulting publications from these studies can
be found in Appendix A.34,35 In addition to the fundamental spectroscopic studies, MEMS sidewall friction tribometer tests and preliminary ball on flat tribometer tests were performed under
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co-adsorption conditions of n-pentanol and water. These studies, discussed in Chapter 6, will
reveal two very important observations: (1) the critical amount of water vapor that causes device
failure within an n-pentanol vapor environment and (2) that the effect of water vapor on the
dynamic friction coefficient in an n-pentanol environment is strongly length scale dependent.
Finally, Appendix C will discuss the foundation for future vapor phase lubrication studies of
silicon oxide surfaces. These studies will focus on whether or not the co-adsorbed species or
carrier gas can affect the formation of the tribochemical reaction species. Also, the ability of the
tribochemical reaction species to act as a secondary lubrication method will be demonstrated.

Introduction to and Motivation for the Sum Frequency Generation Vibrational
Spectroscopy Studies of Crystalline Cellulose Polymorphs

Cellulose is a high molecular weight polymer comprised of β-D-glucopyranose units
linked by 1,4-glycosidic bonds.36 It is considered the most abundant substance on earth.37-39
Cellulose is of interest for many experimental and theoretical studies.38,40

For instance, it has

shown promise in pharmaceuticals as a micro-sensor/actuator as coatings, and the main feedstock
for biofuels.36,38,40 Therefore, it is important to understand both the structure and crystallinity of
cellulose samples to better utilize cellulose in its various applications.
It is agreed upon in the literature that the only polymorph of cellulose that exists in nature
is Cellulose I.36 Cellulose I exists as two subtypes, I-α and I-β, where I-α is primarily produced
by algae and bacteria while I-β is produced primarily in higher order plants. Cellulose I-α is also
considered metastable as it is easily converted to I-β upon heating.36,41,42 Both cellulose I-α and Iβ can be converted to the other observable polymorphs, II, III, and IV. Cellulose II is produced
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either through regeneration or mercerization of type I using an alkaline solution such as NaOH.4042

Cellulose I can be converted to type III after being treated with liquid ammonia.40-42 Finally,

cellulose I is converted to type IV using heat and glycerol treatments.40-42 As all of the cellulose
polymorphs exhibit different structures and crystallinities, many experimental and theoretical
studies have been utilized in pursuit of understanding cellulose structure.42-45
The most common experimental techniques that have been used to study cellulose are
Fourier transform infrared (FTIR) spectroscopy, Raman Spectroscopy, 43,283-285 X-ray diffraction
(XRD), and solid-state 13C Nuclear magnetic resonance (NMR) spectroscopy.1,39,42-48 The use of
these techniques in studying cellulose structure and crystallinity will be elaborated on in Chapters
7-9. In brief, FTIR is a linear spectroscopic technique that can differentiate between the cellulose
polymorphs. Both the OH stretching vibration region (3000-3600 cm-1) and low wavenumber
region (400-1000 cm-1) can show differences between the polymorphs.1,42,49 FTIR is not as
widely used in determining the crystallinity of lignocellulosic samples as hemicelluloses and
lignin can generate similar FTIR spectra. So, the cellulose portions of biomass must be separated
from all other components when using FTIR. Raman spectroscopy gives similar information as
FTIR. In Raman, both the OH vibration region and the low wavenumber region (200-1400 cm-1)
yield the differences in the cellulose polymorphs.43,50 Similar to FTIR, Raman requires separation
of cellulose from lignocellulosic biomass as hemicelluloses and lignin generate similar Raman
spectra. XRD shows characteristic diffraction peaks for each of the cellulose polymorphs.48
XRD cannot however, differentiate between I-α and I-β cellulose. Also, only crystalline cellulose
materials produce diffraction peaks while amorphous cellulose, hemicelluloses, and lignin
generate broad “halos.”48 XRD has been widely used to study the crystallinity of cellulose, both
pure and lignocellosic biomass. It has been demonstrated, however, that the method used for
determining the crystallinity of the cellulose greatly affects the reported numbers.36,46
state

13

Solid-

C NMR shows characteristic peak shifts of the C4 and C6 carbons which are used to
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identify cellulose structure including amorphous samples.46,48 Unlike XRD, solid-state 13C NMR
can differentiate between I-α and I-β cellulose.47 Similar to XRD, the crystallinity of cellulose
samples can be determined through NMR data, again, however, the method used to calculate the
crystallinity can greatly affected that reported number.36,46 Also, another drawback of solid-state
13

C NMR is that it requires the separation of cellulose from lignin and hemicelluloses in biomass

samples as these materials generate similar spectra.

These separation methods may affect

cellulose structure.
The inability to detect crystalline cellulose within intact lignocellulosic biomass samples
is the motivation for the second part of this dissertation. Here, the prospect of using SFG for the
detection of crystalline cellulose will be presented. SFG is considered as an ideal technique to
study cellulose within lignocellulosic samples as it is a second order non-linear spectroscopic
technique where optical responses from a system are only seen when the centrosymmetry is
broken.51 It is believed that the cellulose crystalline structure will provide non-centrosymmetric
ordering of certain functional groups of the glucose unit on the nanoscale.52-54 Chapters 7 and 8,
will present preliminary SFG studies on lignocellulosic biomass samples and Chapter 9 will
present present the SFG spectra different polymorphs of cellulose. In all chapters, the SFG
spectra of the various cellulose samples are compared to FTIR and XRD spectra. Chapters 7 and
8 will demonstrate the effectiveness of SFG in detecting subtle differences in crystallinity among
lignocellulosic samples.

Chapter 9 will show that SFG is very effective in differentiating

between the cellulose polymophs. The work presented in Chapters 7, 8, and 9 have become the
foundation for a 2011 seed grant from the Center for Lignocellulose Structure and Formation
(CLSF) for further SFG studies of lignocellulosic biomass and polymorphs of cellulose.
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Chapter 2
Experimental and Density Functional Theory Study of the Tribochemical
Wear Behavior of SiO2 in Humid and Alcohol Vapor Environments
Reproduced with permission from ACS: A. L. Barnette, D. B. Asay, D. Kim, B. D. Guyer, H. Lim,
M. J. Janik, & S. H. Kim, Langmuir, 2009, 25, 13052-13061

Overview:
This paper explains the fundamental reaction steps involved in tribochemical wear of
SiO2 surfaces in humid ambient conditions and the mechanism of wear prevention due to alcohol
adsorption. The friction and wear behaviors of SiO2 were tested in three distinct gaseous
environments at room temperature: dry argon, argon with 50% relative humidity (RH), and argon
with n-pentanol vapor pressure 50% relative to the saturation pressure (P/Psat). Adsorbed gas
molecules have significant chemical influences on the wear of the surface. The SiO2 surface
wears more readily in humid ambient compared to the dry case, however it does not show any
measurable wear in 50% P/Psat n-pentanol vapor at the same nominal contact load tested in the
dry and humid environments. The tribochemical reaction associated with the SiO2 wear can be
considered the Si-O-Si bond cleavage upon reactions of the surface Si atom with the impinging
vapor molecules under tribological stress. Density functional theory (DFT) calculations were
used to estimate elementary reaction thermodynamics and kinetics of the tribochemical processes
for two model SiO2 surfaces, -cristobalite (111) and -quartz (001), in the presence of water and
alcohol vapor. The alkoxide termination of the SiO2 surfaces increases the energy barrier required
to cleave the Si-O-Si bonds when compared to hydroxyl terminated SiO2 surfaces.

9
Introduction
Mechanical systems and devices operate under a wide range of contact pressures,
temperatures, and sliding speeds in a variety of fluid phase compositions (including both gas and
liquid).55 The size of these systems can span from macro- to nano-scales. Regardless of the size
scale, efficient lubrication methods are necessary to prevent wear and increase the operation
lifetime of mechanical systems. In lubrication, the fluid phase composition drastically influences
the wear behavior between two rubbing surfaces. These effects can be beneficial or detrimental
depending on the chemistry occurring between the solid surface and fluid.56 Detrimental
chemistry facilitate the formation of wear debris particles that can deteriorate the lubrication
process, causing the failure of various devices.57,58 Beneficial chemistry can enhance the
effectiveness of a lubrication method. Understanding the effects of different fluid phase
compositions on wear processes may provide the fundamental insight needed to develop effective
and efficient lubrication methods for mechanical devices.
This chapter presents the friction and wear behaviors of SiO2 surfaces observed with a
pin-on-disc tribometer in three different gaseous compositions: dry argon, argon with 50%
relative humidity (RH), and argon with n-pentanol vapor pressure 50% relative to the saturation
pressure (P/Psat). As mentioned previously, silicon oxide substrates were of interest as they are
the main material used for MEMS. Density functional theory (DFT) calculations are used to
explain the origin of the observed differences in the friction and wear behaviors. The SiO2
surface wears more readily in 50% RH compared to the dry case, however, it does not show any
measurable wear in 50% P/Psat n-pentanol vapor. Since the applied nominal mechanical load was
kept constant in the tests, the difference observed in these vapor conditions must originate from
chemical processes rather than mechanical ones. The chemical reaction responsible for wear is
the Si-O-Si bond cleavage reactions of surface Si atoms involving also impinging vapor
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molecules. In fact, DFT calculations show that alkoxide groups formed at the SiO2 surface
significantly increase the activation barrier for Si-O-Si bond dissociation compared to a hydroxyl
group terminated surface.

Experimental Details

Tribological Tests and Characterization of Wear Tracks
Bi-directional wear tests were performed with a home-built pin-on-disk tribometer.59 The
contact load applied during the wear tests ranged from 0.1 ~ 1 N. These loads correspond to an
average Hertzian contact pressure from 0.19 ~ 0.4 GPa. The sliding speed was 0.3 cm/s. Fused
silica balls with a 3 mm diameter and silicon (100) wafers with an amorphous oxide layer were
used for the wear tests. Both silica balls and Si wafers were cleaned in a 5:1:1 mixture of water,
30% hydrogen peroxide, and 30% ammonium hydroxide at a temperature of 75±5 °C (commonly
known as RCA-1) for 15 minutes. Immediately following the cleaning step, both the wafer
substrate and silica balls were rinsed with copious amounts of milli-Q water (resistance = 18
M/cm) and dried with high purity argon. The cleaned amorphous oxide layer was characterized
using x-ray photoelectron spectroscopy (XPS) and ellipsometry. The layer is composed of SiO2
and ~2 nm thick. This procedure cleaned the silicon oxide surface and produced a highly
hydrophilic oxide surface.60-62
The friction and wear tests were performed in dry argon, 50% relative humidity, and 50%
P/Psat of n-pentanol compositions at room temperature (~25±2°C). The humid and alcohol
compositions were controlled with previously described methods.63 A Wyco NT100 optical
profilometer was used to determine the depth profile and volume of the wear tracks. Scanning
electron microscopy (SEM) was performed on the wear regions using a Hitachi S-3000H. A
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Bruker IFS 66S Fourier Transform Infrared (FTIR) spectrometer with microscope capabilities
was used in transmission mode for examination of the wear track regions.

Density Functional Theory (DFT) Calculations

DFT calculations were performed to evaluate barriers to the cleavage of Si-O-Si
siloxane bridges as a function of surface termination and attacking species. Calculations
were carried out using the Vienna Ab-initio Simulation Program (VASP), an ab-initio totalenergy and molecular dynamics program developed at the Institute for Material Physics at the
University of Vienna.64,65 The projector augmented wave (PAW) method66 was used with the
valence electron density expanded using a plane wave basis set cutoff at 450 eV. All calculations
were performed spin-restricted. The Brillouin zone was sampled using a (221) Monkhorst
Pack grid,67 with the third vector perpendicular to the surface.

The generalized gradient

approximation (GGA) with the Perdew-Wang (PW91) functional was used to incorporate
exchange and correlation energies.68 Structural optimizations were performed by minimizing the
forces on all atoms to below 0.05 eV·Å-1. Transition states were located using the climbing
image nudged elastic band method (CI-NEB),69-71 which optimizes a series of images connecting
initial and final states while causing one image to climb along the reaction coordinate. Transition
states were converged such that the force tangent to the reaction coordinate and all individual
atom forces were less than 0.05 eV·Å-1. Harmonic vibrational frequencies were calculated for a
representative subset of transition state structures and confirmed to have a single imaginary
frequency.
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The solvolysis (hydrolysis, alcoholysis) of the Si-O-Si siloxane bridge was investigated
for hydroxyl or alkoxyl terminations of the -cristobalite (111) and -quartz (0001) surfaces. cristobalite represents a relatively stable polymorph of silica,72 and exhibits a refractive index and
density similar to amorphous silicates.73 The -cristobalite (111) surface contains Q3 silicon
atoms (Si tetrahedra in which 3 of 4 oxygen atoms bridge to another Si) with isolated, terminal
silanol or alkoxide groups. The terminating silicon-oxygen bond is along the surface normal,
allowing substantial spacing between isolated hydroxyl or alkoxide groups such that interaction
between these groups is insignificant (hydroxyl number density of 4.2 nm-2). This surface was
cleaved from an optimized cubic face centered -cristobalite lattice with space group Fd3m and
unit cell dimensions a = b =c = 7.45 Å .72 A slab containing 8 silicon layers (16.1 Å), illustrated
in Figure 1a-b, was used to represent the -cristobalite (111) surface. A vacuum region of at least
5 Å, depending on terminating species, was placed between slab layers. The bottom 5 silica
layers were frozen at their bulk positions during structural optimization whereas the top three
layers were relaxed. An asymmetric slab was used, with the top layer hydroxyl terminated and
the bottom layer containing unsaturated silicon atoms. Evaluation of the local electrostatic
potential distribution in the cell indicated that this configuration avoided spurious dipole-dipole
slab interactions between repeated slabs. Four silanol groups are exposed per surface unit cell.
The cleavage of Si-O-Si siloxane bridges was also considered over the -quartz (001)
surface. This surface is terminated, in the hydroxylated form, with Q2 silicon atoms and two
geminal OH groups per surface Si atom.

The Si-OR terminating groups are oriented at a

substantial angle from the surface normal. The stability of this hydroxylated surface has been
previously illustrated using DFT calculations.74 The number density of silanol surface groups is
9.6 nm-2, and both the density and orientation allows for hydrogen bonding between adjacent,
associated hydroxyl groups. This surface, therefore, contrasts -cristobalite (111) in investigating
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Si-O-Si solvolysis due to the density of the functional groups and Q2 rather than Q3 Si atoms at
the surface. The -quartz (001) surface was cut from an optimized bulk crystal, space group
P3221, with optimized lattice parameters a = 4.98 Å, c = 5.48 Å (a 1% over-prediction of the
experimental value75). A slab containing 6 silicon layers (11.3 Å), illustrated in Figure 1c-d, was
used to represent the -quartz (001) surface, and a vacuum layer of at least 13 Å separated
repeated slabs. Both the top and bottom surfaces were hydroxyl terminated. Eight silanol groups
were exposed on each surface, and the entire slab was allowed to relax during structural
optimization.
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Figure 2-1 Hydroxylated surfaces of b-cristobalite (111) (A-side, B-top) and b-quartz (001) (C-side, D-top). The
solid line delineates the computational unit cell, and arrows indicate the oxygen atom of the Si-O-Si linkage for
which the cleavage energetics are considered. The two inequivelant terminating hydroxyl groups of a-quartz
(001) surface are labeled a and b in D. Hydrogen atoms are white, silicon atoms are yellow, and oxygen atoms
are red.
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Results and Discussion:

Tribochemical Wear of SiO2 due to Humidty and Wear Preventation in Alcohol Vapor
Environment
As a reference point for comparison of the effects of humid and alcohol vapor conditions,
the friction and wear behaviors of SiO2 were measured in dry argon. Figure 2-2 shows the friction
coefficient at various contact loads and Figure 2-3 compares the wear track images taken with
SEM. At contact loads less than 0.3 N, the friction coefficient starts initially at an average value
of 0.4 ~ 0.5 and then decreases quickly to an average value of ~0.2 within the first one or two
cycles. In the low contact load regime (0.1 ~ 0.2 N), cylindrical wear particles are prevalent
throughout the center regions of the wear tracks. These cylindrical debris particles range from 5
~10 µm in length and aligned mostly perpendicular to the sliding direction. The formation of the
cylindrical particles has been reported previously.10 They must be formed during the first one or
two cycles where the friction coefficient is high (~0.4). Once silica wear debris are formed and
shaped into cylinders, then they can support the contact pressure and mitigate the friction by
rolling along the sliding direction.10 This also minimizes further wear of the interfaces. Also
present at these low load conditions are piles of smaller debris particles along the sides of the
wear tracks. The distance between these debris piles is much larger than the Hertzian contact
diameter (26 m at 0.1N; 33 m at 0.2 N). This is simply due to wear.
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Figure 2-2: Friction coefficient measured for a silica ball sliding on a silicon wafer in dry Ar at an applied load
of (a) 0.1 N, (b) 0.2 N, (c) 0.3 N, (d) 0.5 N, (e) 0.7 N, and (f) 1.0 N.
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Figure 2-3 SEM images of wear tracks formed in dry Ar at an applied load of (a) 0.1 N, (b) 0.2 N, (c) 0.3 N, (d)
0.5 N, (e) 0.7 N, and (f) 1.0 N.
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At 0.3 N load, cylindrical debris particles are still present but not as prevalent as in the
lower contact load case. The width of the wear track is so large that the debris piles at the side of
the wear tracks are present outside the SEM image shown in Figure 2-1c. The 0.3 N load seems
to be just enough to break cylindrical rolls and push them outside the wear track. As they are
removed from the sliding track, the friction coefficient increases and more debris particles are
produced.
As the contact load increases to 0.5 ~ 1 N, the friction coefficient values stay high and
erratic for up to ~100 cycles and then decreases to a low value with some fluctuations. When the
contact load is 1 N, the initial friction coefficient value is similar to the 0.5 N contact load case,
but it does not decrease below 0.4. Cylindrical wear debris particles are sparse and short. Instead,
piles of fine debris particles are present throughout the central region of the wear tracks. In this
load regime, the contact pressure is high enough to break cylindrical rolls or prevent their
formation, push wear particles out of the contact region, and continuously produce new wear
debris in each sliding cycle.
The dry tribo-test results suggest that gas adsorption effects should be tested in three
distinct load regimes: (1) a low load regime where wear is minimal due to cylindrical debris
formation, (2) a high load regime where wear is continuously occurring, and (3) an intermediate
load region corresponding to the transition between these two cases. Both water and n-pentanol
partial pressures were chosen to be 50% of their saturation vapor pressures. This is the relative
partial pressure region where the surface is fully covered with a monolayer of adsorbates and the
surface coverage is the least sensitive to the fluctuation of the vapor pressure.63,76
Figure 2-4 displays the friction coefficient for the three contact loads (0.1, 0.3, and 0.7 N)
measured in the three different vapor compositions. In 50% RH, the friction coefficients are
higher than the dry case at all loads tested. In 50% P/Psat n-pentanol, the friction coefficient
remains low with an average value of ~0.15 for the duration of the experiment for all contact
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Figure 2-4 Friction coefficient measured in dry (black), 50% RH (blue), and 50% P/Psat pentanol vapor (red)
environments with an applied load of (a) 0.1 N, (b) 0.3 N, and (c) 0.7 N.
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pressures. In the low load condition (0.1 N), the friction coefficient at 50% P/Psat n-pentanol is
slightly higher but much less noisier than that observed in dry Ar. In the dry environment, the
presence of cylindrical wear particles produces a third body rolling contact condition, which
exhibits low friction. In the intermediate and high load regimes, the friction coefficient observed
in the 50% P/Psat n-pentanol vapor are lower and fluctuate much less around their average values
than those observed in both dry Ar and 50% RH conditions. These friction coefficient data
indicate that the water vapor is detrimental and the n-pentanol vapor is beneficial.
The vapor effects are manifested more drastically in the wear behavior, as shown in
Figure 2-5. The wear volume is increased in 50% RH when compared to dry Ar at the same
contact pressure. The wear pattern is also different between the dry Ar and 50% RH cases. At
0.1 N load, the wear track made in dry conditions is relatively flat in the center with some piles of
debris at the sides. In contrast, the wear track made in humid conditions contains many scratch
lines running along the sliding direction and not as much pile-ups at the sides of the wear track as
the dry case. Debris piles are more prominent at both ends of the wear track in the humid
condition. At 0.3 N load, the dry wear tracks now exhibit some scratch lines in the center. In 50%
RH at this contact pressure, deeper scratches into the SiO2 surfaces and some fine debris piles
within the wear tract are observed. At the higher contact load (0.7 N) the detrimental effect of
humidity is more noticeable. The wear track is much deeper and wider compared to the dry case.
Since the dry and 50% RH wear tests were done at the same nominal contact load, the increase of
wear in humid condition implies that water facilitates wear of the SiO2 surface.
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Figure 2-5 Optical profilometry images and characteristic line profiles of wear tracks made in dry, 50% RH,
and 50% P/Psat n-pentanol vapor environments with an applied load of (a) 0.1 N, (b) 0.3 N, and (c) 0.7 N.

24

In 50% P/Psat n-pentanol, however, no wear of the SiO2 surfaces was observed for all
contact loads investigated. The lack of wear must be associated with the low friction coefficients.
These results suggest that a monolayer of n-pentanol molecules adsorbed from the gas phase
effectively lubricates the SiO2 surface and also prevents wear of the SiO2 surface. This clearly
indicates that the n-pentanol chemistry is beneficial and, in fact, highly efficient to prevent the
wear of silicon oxide surfaces even at a contact load as high as ~0.7 N which corresponds to a
Hertzian contact pressure of 0.4 GPa.
Micro-FTIR analyses were performed on the wear track regions to detect any
hydrocarbon species present and wear debris remaining in the wear tracks. Figure 2-6 displays
the FTIR spectra of a 70 µm×14 m area of the wear track regions created in dry, 50% RH, and
50% P/Psat n-pentanol conditions. In the dry argon and 50% RH conditions, the wear debris
particles show strong Si-O-Si vibrational peaks in the 800~1200 cm-1 region. The peak positions
of the Si-O-Si vibrations vary depending on the dry and 50% RH vapor conditions. In dry Ar, a
strong peak is observed at ~1040 cm-1, which is consistent with Si-O-Si stretching vibrations for
crystabolite.77 Another peak is observed at ~1200 cm-1 which can be attributed to disordered
silicon oxide species.78,79

In 50% RH, a peaks are observed at ~1200 cm-1 and at ~1070 cm-1.

The abundance of the disordered peak relative to the normal Si-O-Si vibration peak is
significantly increased when water is present in the gas phase. These changes in the Si-O-Si
vibrational peaks could be associated with a difference in the wear process.
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Figure 2-6 Micro-FTIR data of the wear tracks (marked with a box in the right image) made at 0.3 N in
dry, 50% RH, and 50% P/Psat n-pentanol vapor environments. The color scale bar in the right image is 1
m (height).
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In contrast, the slide track tested in 50% P/Psat n-pentanol vapor does not show any
increase of the SiO2 peaks compared to the pristine surface region, supporting that no wear
particles are produced. There are no hydrocarbons detectable with micro-IR in the slide track
which is well lubricated by the 50% P/Psat n-pentanol vapor and does not show any discernable
wear. Note that micro-IR imaging does not have enough sensitivity to detect a monolayer of
hydrocarbon species in a small probe area. When the P/Psat of n-pentanol was much lower than
50%, i.e., the vapor pressure was not sufficiently high enough to ensure the full coverage of npentanol on the SiO2 surface, a small amount of wear was observed and some hydrocarbon
species were detected in micro-IR. These species might be relevant to the tribochemical reaction
products reported in the previous study.80 More details of this incomplete lubrication case will be
the subject of a future publication.
In summary, the presence of water vapor in the gas phase causes more severe wear than
in the dry condition while the adsorption of n-pentanol at P/Psat 50% prevents wear almost
completely. Since the nominal mechanical loads applied to the contact are the same, the observed
humidity and alcohol vapor effects cannot be purely mechanical. One could speculate that the
adsorbed n-pentanol may form a lubricating layer like self-assembled monolayers and prevent
direct contact of two solid interfaces. However, the adsorbed n-pentanol cannot form the selfassembly structure and they can be squeezed out at high loads.81,82 If the load bearing capacity of
the adsorbed layer is the sole mechanism for lubrication, then the water layer should be able to
work better than n-pentanol since the water molecules in the adsorbed layer can form hydrogen
bond networks.63,83-85 Ruling out simple physical origins, one can hypothesize a chemical
mechanism in which the adsorbed molecules react with the surface and the surface species
formed via these reactions alter the energy barrier to break the Si-O-Si bond at the substrate
surface. This hypothesis is tested with DFT calculations.
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Initial, Transition, and Final States of the Si-O-Si Bond Cleavage Reaction
The specific interest in the DFT calculations was to study how the presence of alcohol at
the SiO2 surface influences the Si-O-Si bond cleavage reaction. The propensity of the Si-O-Si
bond cleavage reaction may be altered under mechanical stress conditions.

In the DFT

calculations, the mechanical force is not directly simulated. Multi-scale molecular dynamic (MD)
simulations would be required to atomistically simulate the wear process under a contact load,
however, the accuracy of such simulations using parameterized force-fields is questionable and a
fully ab initio MD simulation is extremely computationally demanding.

Herein, DFT

calculations were used to evaluate elementary energetics of the Si-O-Si cleavage reaction by
locating extrema on a static potential energy surface. For the computational studies,
methanol/methoxide and n-propanol/propoxide species are considered rather than n-pentanol to
conserve computational resources and reduce the conformational space for consideration. The
comparison of the C1 and C3 species allows for qualitative extrapolation to longer chain alcohols.
We first investigated the relative enthalpic preference to terminate the SiO2 surface with
alkoxyl and hydroxyl species by evaluating the energy change for the reaction:
Si-OH* + HOR  Si-OR* + H2O

(1)

where the asterisk represents a surface terminating group. Formation of Si-O-R alkoxide
species has been observed when silica is pretreated at high temperatures, activating alkoxide
formation reactions through replacement of silanol groups or dissociative adsorption over strained
Si-O-Si bridges.86-90. Over the -cristobalite (111) surface, the 0 K enthalpic change for this
reaction is less than 1 kJ mol-1 for a methyl or propyl alkoxide, and is not dependent on the
percentage of terminating groups replaced. The low density of terminating groups on this surface
provides enough space to accommodate isolated OR* species.

Similar surface exchange

reactions terminating Si-H or Si-R groups (with an O2 product) are found to be highly
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unfavorable.

We therefore conclude that a -cristobalite (111) surface exposed to alcohol

molecules will terminate with a high density of alkoxide groups. For the -quartz (001) surface,
substitution of OH* with OCH3* terminating groups was considered. The high density of the
associated silanol groups, with stabilizing hydrogen bonding interactions among these groups,
causes the exchange reaction to be unfavorable. Replacing a single hydroxyl group (of 8 in the
surface cell) with a methoxide is endothermic by 7 or 15 kJ mol-1 depending on which of the
inequivalent hydroxyls is replaced (marked with a and b in Figure 1 respectively). Replacing all
eight hydroxyl groups is endothermic by an average of 55 kJ mol-1 per species exchanged.
The Si-O-Si solvolysis reaction mechanism is depicted in Scheme 1 for a generic Si-O-R1
terminating group and attacking species H-O-R2. The hydrolysis and alcoholysis reactions have
previously been investigated with ab initio methods, motivated by the relevance of silica to
catalysis, geoscience, and materials applications.86,91-96 Each of these studies locates transition
state structures similar to that depicted in Scheme 1. Solvolysis occurs through transfer of a
proton from the attacking H-O-R2 species to a bridging O1 atom, together with formation of a Si1O2 bond. The transferring proton is shared at the transition state between O2 and O1 atoms within
a four atom O1-Si1-O2-H ring. The Si1-O1 bond is elongated at the transition state as compared to
the initial state and the Si1-O2 bond is partially formed. Though variation in R2 group may alter
the proton donating character of the attacking species, the impact of this variation on the reaction
energetics is reduced by a competing trend in O2-Si1 bond formation.

29

Substantial differences, however, are observed for interactions of R1 and R2 species with the
extended surface.
Previous ab initio studies have employed cluster models to investigate siloxane bridge
solvolysis,86,91,92,96 with clusters constrained to mimic the extended crystalline structure,94,97
embedded within a molecular mechanics treatment of the extended structure,93 or considered
within a continuum solvation approach to mimic solution phase reactions.94,95 In each of these
studies, the solvolysis reaction was found to proceed as presented in Scheme 1. The periodic
approach employed herein better represents the extended single-crystal surface and the structural
constraints imposed by the lattice on the siloxane bridge cleavage. However, these structural
constraints may be expected to be somewhat amplified by the proximity of cleavage occurring in
the periodically repeated cell due to the small unit cells employed. As the trends in energetics are
of interest among varying surface terminations and attacking species rather than absolute values,
this limitation is of minor concern.
The energetics of Si-O-Si cleavage within the -cristobalite (111) surface were explored
as a function of surface terminating group (Si-O-R1 with R1=H, CH3, or CH2CH2CH3) and
attacking species (H-O-R2 with R2=H, CH3, or CH2CH2CH3). First, an initial equilibrium state
with the attacking HOR2 group adsorbed to the surface was calculated. A number of local
optimum positions exist for the HOR2 molecule adsorbing to the surface, each interacting through
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hydrogen bonding.

For consideration of the solvolysis reaction, a local optimum adsorbed

position was located that oriented the HOR2 molecule for the eventual reaction. A number of
reaction trajectories were considered, and it was determined that irrelevant of initial position, the
hydrogen bonding interaction in the initial adsorbed position was disrupted prior to solvolysis.
This confirms that the arbitrary choice of the initial state position and differences in the depth of
this adsorption potential energy well for various local minima are inconsequential on the relative
rate of the solvolysis reaction. The energy of adsorption to this initial state is defined as

E ads  E initial  state  ( E surface  E HOR2 )

(2)

where Einitial-state is the energy of the initial state, Esurface represents the energy of the silica
surface terminated with the Si-OR group, and E HOR2 is the energy of the isolated HOR2 molecule.
A product equilibrium state was also determined. The solvolysis reaction energy, relative to the
separated surface and attacking species, is given by

E solvolysis  E product  state  ( E surface  E HOR2 )

(3).

The CI-NEB transition state search method was used to locate a saddle-point (transition
state) on the potential energy surface between the initial and product states. The activation barrier
to the solvolysis reaction is given relative to the separated surface and attacking species by

Eactivation  Etransition  state  ( Esurface  EHOR2 )

(4).

This activation barrier indicates the energy input needed to cleave the Si-O-Si bridge, and
its relative value as a function of surface termination or attacking species is used to evaluate the
hypothesis that variation in surface terminating group affects this required energy input.
Table 2-1 reports the adsorption, solvolysis reaction, and solvolysis activation energies
for the various terminating and attacking species over -cristobalite (111). Figure 2-7 illustrates
equilibrium and transition states for hydrolysis of the OH terminated surface. Key inter-atomic
distances are reported in Table 2-2 for the structures shown in Figure 2-7.
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OR1

HOR2

Eads

Eactivation

Esolvolysis

OH

water

-65.6

113.8

-28.9

OH

methanol

-34.7

111.9

8.7

OH

propanol

-56.9

100.3

-14.5

OCH3

water

-24.1

150.5

20.3

OCH3

methanol

-11.6

154.4

25.1

OCH2CH2CH3

water

-22.2

143.8

39.6

OCH2CH2CH3

propanol

17.4

223.8

114.8

Table 2-1 Elementary energetics of Si-O-Si solvolysis at the -cristobalite (111) surface with varying surface
termination (OR1) and attacking species (HOR2). Energy differences are defined in the text and all energies are
given in kJ mol-1.

State

initial

trans.

final

Si1-O1

1.61

2.00

3.09

Si1-O2

4.04

1.86

1.66

Si2-O1

1.62

1.63

1.61

O2-H

0.98

1.10

1.75

O1-H

3.20

1.36

0.99

Table 2-2 Key inter-atomic distances in equilibrium and transition states for the Si-O-Si hydrolysis reaction over
the hydroxylated surface. Atom labels are given in Scheme 1 and atomistic representations are given in Figure
2-7. Distances are in Angstrom. Equivalent data is included in supplementary information for all surface
terminations and attacking species considered.
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a

d

initial

b

e

transition

c

final

f

Figure 2-7 Side and top views of equilibrium and transition states for hydrolysis of an Si-O-Si bridge on the
hydroxyl terminated -cristobalite (111) surface. (a, d) initial equilibrium states with water adsorbed, (b, e)
transition state for hydrolysis, and (c, f) final state. Dashed lines represent hydrogen bonding interactions.
Hydrogen atoms are white, silicon atoms are yellow, and oxygen atoms are red (color on-line).
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These values did not differ substantially among species, and the same data is presented for all
terminations and attacking species in supplementary information.

Figure 2-8 illustrates the

transition states for hydrolysis of the OCH3 terminated surface and propanolysis of the propoxide
terminated surface. All equilibrium and transition states are illustrated in the supplementary
information.
The initial state adsorption energy (Eads) is dependent on both the terminating (OR1) and
the attacking (HOR2) group due to the variable extent of hydrogen bonding with the surface.
Adsorbed water, methanol, and n-propanol can form two hydrogen bonds on the hydroxyl
terminated surface, acting as an H-donor and as an H-acceptor from a terminating hydroxyl
group. A single hydrogen bond is formed upon adsorption to the alkoxide terminated surfaces.
For n-propanol adsorption on the propyl terminated surface, adsorption forming a hydrogen bond
to the surface is endothermic due to the substantial steric repulsion between the propyl chains on
the crowded surface. The relative energy of this initial state among terminations or attacking
groups has no effects on the overall energy input needed for solvolysis ( Eactivation ).
The solvolysis reaction energy (Esolvolysis) increases (becomes more endothermic) as the
surface terminal group is exchanged from hydroxyl to methoxyl to propoxyl groups.

The

differences in the solvolysis reaction energy are explained through differences in interactions
among terminating groups in the product state. In the product state on the hydroxyl terminated
surface, two hydrogen bonds are formed due to solvolysis that involves a terminating hydroxyl
species (OR1). The Si-OR1 bond is tilted away from the surface normal following solvolysis,
enabling hydrogen bond formation with neighboring hydroxyl species through both a donating
and accepting interaction. Hydrogen bond formation in the product state of hydrolysis was
similarly observed using cluster models of the same surface.97
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a

b

a-top

b-top

Figure 2-8 Transition states for solvolysis of a Si-O-Si bridge on the -cristobalite (111) surface. (a) Hydrolysis
on the OCH3 terminated surface and (b) propanolysis on the O(CH2)2CH3 terminated surface.
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With water as the attacking species, the overall reaction on the hydroxyl terminated surface is
exothermic (Esolvolysis = -28.9 kJ mol-1).

The alkoxide terminated surfaces, however, cannot

form hydrogen bonds in the product state, and therefore the solvolysis reaction is less favorable.
For a given surface terminating group, the attacking species is a secondary factor in determining
the solvolysis reaction energy because slight differences exist in the steric constraints associated
with R2-surface interactions. The strength of the O2-H-O1 hydrogen bond formed does appear to
vary depending on the R2 substituent, as evidenced by small differences in bond lengths.
Interactions among terminating groups observed in the product state are similarly
observed to impact the solvolysis activation barriers ( Eactivation ). Activation barriers over the
hydroxyl terminated surface are of similar magnitude to those previously reported in the literature
for hydrolysis97 and alcoholysis,86 though direct comparison is complicated due to differences in
model construction and ab initio method. The hydroxyl terminated surface provides for the
lowest barrier because the transition state is stabilized by hydrogen bond formation (Figure 2-7b).
The activation barrier is only weakly dependent on attacking species over the hydroxyl
terminated surface, as previously observed by Natal-Santiago and Dumesic.86 Differences in
barriers among attacking species for the hydroxylated surface follow the trend in heterolytic O-H
bond dissociation energies: propanol<methanol<water.98 2009 At the transition state, the hydrogen
atom of the Si1-terminating hydroxyl is located 2.59 Å from a neighboring hydroxyl-oxygen
atom, and both hydroxyl groups adjust during reaction to move closer and enable this interaction.
This long hydrogen bond likely represents a weakly stabilizing interaction, and does not solely
explain the 36.7 kJ mol-1 barrier difference for hydrolysis on the methoxyl versus hydroxyl
terminated surface.
The alkoxide terminated surfaces experience repulsion between terminating groups along
the solvolysis reaction coordinate. This repulsion is evidenced by movement of neighboring
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terminating groups away from the reaction center and a reorientation of the Si1-O-CH3 group.
The angle between the O-C bond and the surface normal in the initial state is 61.5 whereas in the
final state this angle reduces to 6.3 in order to orient the methyl group away from neighboring
terminating groups. The barrier increases further for the propoxide terminated surface with
propanol as the attacking species due to repulsive steric interactions in the crowded reaction
center. Extrapolating from the barriers over the methoxide and propoxide terminated surfaces,
the activation barrier is expected to further increase for the pentoxide terminated surface with npentanol as the attacking species.
To summarize the results for the -cristobalite (111) surface, we conclude that (i) an
alkoxide terminated surface is stable in an alcohol environment, (ii) siloxane bridge solvolysis
occurs over a higher activation barrier when the surface is alkoxide terminated as compared to
hydroxyl terminated, (iii) the attacking species is not a primary factor in determining the
solvolysis barrier with the exception of combinations of longer chain (propoxide) alkoxide
terminated surfaces and larger alcohol (n-propanol) attacking species. To evaluate whether the
observed trends are strongly dependent on the silica surface structure, a subset of the above
calculations were repeated for the -quartz (001) surface.
The energetics of the hydrolysis reaction over hydroxylated, partially methoxylated, and
fully methoxylated -quartz (001) surfaces were calculated to evaluate whether the same increase
in activation barrier is observed for the alkoxide termination. The hydroxylated -quartz (001)
surface exposes Q2 surface silicon atoms and is covered with a dense layer of associated
(hydrogen bonded) silanol groups, in contrast to the Q3 silicon atoms and isolated silanol groups
on the -cristobalite (111) surface. Table 3 reports the calculated energetics for hydrolysis over
the -quartz (001) surface, and Figure 2-9 shows hydrolysis transition states.
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termination

HOR2

Eads

Eactivation

Esolvolysis

8 OH

water

-64.7

94.7

8.0

7 OH, 1 OCH3a

water

-42.7

73.2

-15.7

7 OH, 1 OCH3b

water

-65.7

119.3

17.9

Table 2-3 Elementary energetics of Si-O-Si hydrolysis at the -quartz (001) surface with varying surface
termination. Energy differences are defined in the text and all energies are given in kJ mol-1.
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a

*

b
*

*

c
*

Figure 2-9 Transition states for hydrolysis of a Si-O-Si bridge on the -quartz (001) surface. (a) Hydroxylated
surface; (b,c) A geminal OH is replaced with OCH3. In (b), the replaced H is not involved in a donating H bond
at the transition state shown in (a). In (c), the replaced H acted as an H donator in a hydrogen bond at the
transition state shown in (a). Dashed lines represent hydrogen bonding interactions, asterisks denote hydrogen
atoms on Si1-O-H silanol groups. Hydrogen, carbon, silicon, and oxygen atoms are represented with white, grey,
yellow, and red, respectively.
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Tables of interatomic distances and additional figures of all equilibrium and transition states are
included as supplementary information. The activation barrier to siloxane hydrolysis over the
hydroxylated surface is 94.7 kJ mol-1. This value is lower than the comparable value for cristobalite (111) (113.8 kJ mol-1), consistent with previous theoretical results indicating the
hydrolysis is faster for surfaces with less-linked (Q2 versus Q3) Si atoms.97 At the transition state,
the hydrolysis reaction disrupts the hydrogen bonding of one of the two geminal hydroxyl groups
bound to the Si1 atom (the surface Si atom involved in the Si-O-Si bridge being hydrolyzed). The
two hydrogen atoms of the Si1-O-H silanol groups are labeled with an asterisk in Figure 2-9. The
hydrolysis reaction disrupts the H-donating hydrogen bond of the bottom of the two atoms
denoted with the asterisk.
Alkoxide termination was considered by replacing a single (out of eight in the unit cell)
hydroxyl groups with a methoxide on the Si1 atom, and each of the two inequivalent positions
was considered. For -quartz (001), the direction of the barrier change depends on whether the H
replaced by methyl is involved in hydrogen bonding at the transition state. Replacing the H atom
that does not form hydrogen bonding at the transition state (Figure 2-9b) leads to a lower
hydrolysis barrier (73.2 kJ mol-1). This lowering of the barrier is an anomaly due to the specific
reaction trajectory and methoxide position chosen. The 94.7 kJ mol-1 barrier over the fully
hydroxylated surface includes a contribution due to dissociate a hydrogen bond present at the
initial state but disrupted at the transition state (bottom asterisk in Figure 2-9a). Replacing this
specific hydrogen atom with a methyl group avoids the need to disrupt this hydrogen bond
between the initial and transition state as the hydrogen bond is already lost on methyl substitution.
The decreased barrier therefore occurs because this specific “energy penalty” is realized on
substituting the surface with the methoxy group rather than in hydrolyzing the Si-O-Si bridge.
Replacing the other H atom (Figure 2-9c) increases the barrier due to the steric repulsion involved
in reorganizing the methyl position about the reaction center (119.3 kJ mol-1). This result is
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consistent with the β-crystobalite result where alkoxide termination increasing the energy input
necessary to cleave Si-O-Si bridges. This result is more general for alkoxide terminated surface,
as an increasing fraction of alkoxide termination will reduce the importance of hydrogen bonding
changes and increase the repulsion involved in rearrangement at the solvolysis transition state.
However, the lowering of the barrier for the specific example of Figure 2-9b highlights the local
structure dependence of the solvolysis energetics.

Conclusions
The wear behavior of SiO2 was investigated in three different Ar environments: dry, 50%
RH, and 50% P/Psat of n-pentanol vapor. The adsorption of water molecules from a 50% RH
phase composition facilitates wear of the SiO2 surface. In contrast, the adsorption of n-pentanol
molecules from a 50% P/Psat vapor prevents wear of the SiO2 surfaces. DFT calculations revealed
molecular-level insights into these tribochemical processes. The alkoxide termination of the SiO2
surfaces raises the energy barrier required to cleave the adjacent Si-O-Si bonds as compared to
hydroxide terminated SiO2 surfaces. The activation energy required to break the Si-O-Si bonds is
directly related to the chain length of the terminal alcohol molecules.
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Supplementary Information

R1
R2
State
Si1-O1
Si1-O2
Si2-O1
O2-H
O1-H

H
H
initial
1.61
4.04
1.62
0.98
3.20

H
H
trans.
2.00
1.86
1.63
1.10
1.36

H
H
final
3.09
1.66
1.61
1.75
0.99

R1
H
H
H
R2
propyl propyl propyl
State
initial trans.
final
1.62
2.04
3.11
Si1-O1
4.61
1.82
1.64
Si1-O2
1.62
1.62
1.61
Si2-O1
0.98
1.08
1.67
O2-H
3.89
1.38
0.99
O1-H

CH3
H
initial
1.61
4.03
1.62
0.97
3.16

CH3
H
trans.
1.97
1.92
1.63
1.10
1.35

CH3
H
final
3.09
1.67
1.62
1.75
0.98

H
CH3
initial
1.61
4.13
1.61
0.97
3.12

H
CH3
trans.
2.02
1.83
1.62
1.08
1.39

H
CH3
final
3.11
1.65
1.62
1.65
0.99

CH3
CH3
initial
1.62
4.43
1.62
0.97
3.31

CH3
CH3
trans.
2.00
1.91
1.63
1.07
1.39

CH3
CH3
final
3.08
1.66
1.62
1.75
0.99

propyl propyl propyl
H
H
H
initial trans.
final
1.62
1.97
2.88
4.02
1.90
1.67
1.63
1.63
1.61
0.99
1.09
1.69
3.15
1.38
0.98

R1
propyl propyl propyl
R2
propyl propyl propyl
State
initial trans.
final
1.62
2.06
3.03
Si1-O1
4.59
1.84
1.67
Si1-O2
1.63
1.62
1.61
Si2-O1
0.97
1.05
1.60
O2-H
4.05
1.45
0.99
O1-H
Table 2-4 Key interatomic distances in equilibrium and transition states for the Si-O-Si solvolysis reaction with
varying surface termination (OR1) and attacking species (HOR2). Atom labels are given in Scheme 1 and
atomistic representations are given in Figure S1. Distances are in Angstrom.
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OR1=OH, HOR2=HOH
initial

transition

final

transition

final

OR1=OH, HOR2=HOCH3
initial

OR1=OH, HOR2=HOCH2CH2CH3
initial

transition

final
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OR1=OCH3, HOR2=HOH
initial

transition

final

transition

final

OR1=OCH3, HOR2=HOCH3
initial

OR1=OCH2CH2CH3, HOR2=HOH
initial

transition

final

OR1=OCH2CH2CH3, HOR2=HOCH2CH2CH3
initial

transition

final

Figure 2-10 Equilibrium and transition states for solvolysis of an Si-O-Si bridge on the -cristobalite (111)
surface. The terminating and attacking species are given, as labeled in Scheme 1. Hydrogen atoms are white
(light), silicon atoms are yellow (grey), and oxygen atoms are red (dark).
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termination = 8OH

initial
*

transition

final
*

*

*

*

*

termination = 8 OH, 1 OCH3, configuration illustrated in Figure 9b
*

*

*

termination = 8 OH, 1 OCH3, configuration illustrated in Figure 9c

*

*

*

Figure 2-11 Equilibrium and transition states for hydrolysis of an Si-O-Si bridge on the -quartz (001) surface.
The text and Figure 9 provide further discussion of the difference between the two different methoxide
terminations. Dashed lines represent hydrogen bonding interactions, asterisks denote hydrogen atoms on Si1-OH silanol groups. Hydrogen atoms are white (light), silicon atoms are yellow (grey), and oxygen atoms are red
(dark).
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Chapter 3
Tribochemical polymerization of the adsorbed n-pentanol on SiO2 during
rubbing: When does it occur and is it responsible for effective vapor phase
lubrication?
Reproduced with permission from ACS: A. L. Barnette, D. B. Asay, J. A. Ohlhausen, M. T.
Dugger, & S. H. Kim, Langmuir, 2010, published on web.

Overview:
The origin and role of tribochemical reaction products formed while sliding silicon oxide
surfaces in the presence of adsorbed alcohol molecules in equilibrium with the vapor phase were
studied.

Wear and friction coefficient studies with varying contact loads and n-pentanol vapor

environment were used to determine under what operating conditions the tribochemical reaction
species was produced. Imaging time-of-flight secondary ion mass spectrometry and microinfrared spectroscopy found that hydrocarbon species with a molecular weight higher than the
starting vapor molecules are produced when there is wear of the SiO2 surface. When the npentanol vapor lubrication is effective and the silicon oxide surface does not wear, then the
tribochemical polymerization products are negligible. These results imply that the tribochemical
polymerization is associated with the substrate wear process occurring due to insufficient
adsorbate supply or high mechanical load. The tribochemical reactions do not seem to be the
primary lubrication mechanism for vapor phase lubrication of SiO2 surfaces with alcohol,
although they may lubricate the substrate momentarily upon failure of the alcohol vapor delivery
to the sliding contact.
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Introduction:
Wear of sliding interfaces in mechanical devices is ubiquitous and various lubrication
methods have been developed to reduce friction and wear processes. As manufacturing methods
evolve to enable greater precision, and with the advent of microfabrication techniques, more
innovative wear mitigation strategies are required to contend with the need for device operation in
much more severe tribological conditions.99

These include multifunctional synthetic

hydrocarbons, vapor phase lubricants, and a variety of solid coatings.14,100,101 Frequently observed
in these developments is the formation of unexpected by-products by the chosen lubricant during
sliding. These by-products have been referred to as “friction polymers” or “tribo-polymers” in
the literature.21,102-118 Understanding the formation of these by-products and whether or not their
presence is beneficial to device operation and lifetime is of great importance to many industrial
applications as well as surface reaction and tribochemical reaction fundamentals.
The presence of friction polymers was first reported in the 1950s by Hermance and
Egan.106

These studies found that the rubbing of two metal surfaces in the presence of

hydrocarbon gases produced a brown “stain” in the rubbed region.106 Changing the composition
or structure of the gas phase molecules greatly influenced the formation of the tribochemical
species, which were insoluble in the liquid phase that supplied the vapor-phase lubricant. As long
as they did not interfere with the designed function of the solid contacts,102 these products were
usually considered to be beneficial to sliding metal contacts since the friction polymers could also
act as lubricants.106,117 This phenomenon was also observed for metals rubbed in liquid lubricant
media.119 The tribo-polymers have also been observed on semiconductor surfaces.120,121 Studies
involving magnetic memory discs have reported the presence of “stains,” and these have been
shown to be detrimental to device operation as they deteriorate not only the mechanical properties
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but also the electrical properties of the materials.120 Similarly, tribochemical species are reported
to form during sliding of ceramics in both liquid and vapor lubricants.111,112,115,122
In this chapter, the origin of tribochemical reactions forming polymeric species observed
during the vapor phase lubrication of silicon oxide with n-pentanol is addressed experimentally.
The friction and wear of SiO2 surfaces under various n-pentanol vapor and applied load
conditions were measured and the production of tribochemical reaction species were monitored
with micro-infrared spectroscopy (micro-IR) and multivariate imaging time-of-flight secondary
ion mass spectrometry (ToF-SIMS). It was found that the tribochemical reaction products are
readily formed only when the substrate wear is noticeable. Without discernable wear of the
substrate, the formation of tribo-polymers is negligible. These observations, along with previous
density functional theory (DFT) calculations showing that the chemisorbed alcohol molecules at
the SiO2 surface increase the activation energy for the Si-O-Si bond dissociation,123 indicate that
the tribo-polymers are not essential for the protection of the SiO2 surface from wear, although
they may momentarily help lubricate the substrate upon failure of the vapor delivery to the sliding
contact.

Experimental Methods:
A ball-on-flat tribometer was used to test friction and wear between a silicon substrate
with native oxide layer and a fused silica ball (diameter = 3 mm).124 Both the substrate and the
ball were cleaned in a 5:1:1 mixture of Milli-Q water (resistance 18 M/cm), 30% ammonium
hydroxide, and 30% hydrogen peroxide at 70°C. This cleaning method is commonly referred to
as RCA-1. After cleaning, both substrate and ball surfaces were rinsed with copious amounts of
Milli-Q water and then dried with Ar. This surface has been characterized previously as a
hydroxylated silicon oxide surface primarily composed of SiO2.35 The silicon surfaces were not
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coated with a self assembled monolayer, as usually seen in MEMS studies, as these can degrade
quickly in the presence of sliding contacts.29
The friction and wear tests were performed in various relative partial pressures of npentanol with respect to its saturation vapor pressure (P/Psat). The procedure to control the npentanol P/Psat has been described previously.125 Briefly, dry Ar (purity 99.99%) was supplied
through flow meters to a mixing manifold and to a column filled with n-pentanol, where the gas is
bubbled through the fluid column to create a gas stream saturated with n-pentanol vapor. The two
gas streams (pure Ar and n-pentanol-saturated Ar) were recombined in the desired proportion to
yield the relative partial pressure of interest. The ball-on-flat tribometer was operated at a sliding
speed of 0.3 cm/s. Both the contact load and n-pentanol P/Psat were varied during the sliding tests
to determine what conditions were necessary to prevent wear of the silicon surfaces as well as for
the production of the tribochemical species. The contact load was varied from 0.1N to 0.7N,
while the P/Psat of n-pentanol was controlled between 8% and 50%.
The tribo-tested samples in controlled vapor environments were analyzed ex situ,
immediately after the tribo-test, with optical profilometry, Fourier transform infrared
spectroscopy, and time-of-flight secondary ion mass spectrometry (ToF-SIMS).

Optical

profilometry of the wear regions was performed with a Wyko NT1100 to determine the extent of
wear of the tested surfaces. Optical profilometry of the wear regions was performed in ambient
conditions using the vertical scanning interferometry mode.
Infrared spectroscopy analyses of the wear regions were carried out with a Bruker IFS
66/S with microscope capabilities (micro-IR) in a transmission mode to probe the hydrocarbons
or wear debris present on the worn silicon surfaces. The analyzed areas were as small as 15x70
μm2 to as large as 70x100 μm2 depending on the size of the wear region.
Imaging ToF-SIMS of the wear regions was performed with an Ion-Tof TOF.SIMS 5
spectrometer employing a bismuth cluster ion source at 25 kV in burst alignment imaging mode
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without charge compensation. A total of 40 scans were acquired to detect tribochemical reaction
products in the wear regions. Multivariate analysis was performed using AXSIA (Automated
eXpert Spectral Image Analysis) developed at Sandia National Laboratories.126 The multivariate
curve resolution method was used to separate the spectral image into its unique components.

Results and Discussion:
The friction coefficient of the fused silica ball sliding on the native SiO2 surface was
measured at 8%, 20%, and 50% P/Psat n-pentanol vapor. These three P/Psat conditions were chosen
as they correspond to different adsorption isotherm regions. The n-pentanol adsorption isotherm
follows a type-II behavior with a knee point at ~15%.34 So, complete surface coverage of npentanol is expected to occur at ~15%. At 8% P/Psat n-pentanol, the flat SiO2 surface is not yet
fully covered with n-pentanol, however, the asperity contact may be fully covered with npentanol due to capillary condensation.127,128 At P/Psat = 20%, the flat surface is fully covered with
n-pentanol. The surface coverage of n-pentanol at P/Psat = 50% is slightly higher than one
monolayer. Figure 3-1 displays some of representative friction coefficient data obtained for 3
mm diameter fused silica ball sliding over the native SiO2 surface on a Si wafer at an applied load
of 0.1 N, 0.3 N, 0.5 N, and 0.7 N in three n-pentanol P/Psat vapor conditions. These load
conditions correspond to maximum apparent Hertzian contact pressures of 260 MPa, 380 MPa,
450 MPa and 510 MPa, respectively. These Hertzian contact pressures are an order of magnitude
larder than the average Hertzian contact pressure calculated for a MEMS tribometer, ~10-20
MPa.30
For the lowest contact load tested (0.1N), the 8% P/Psat n-pentanol condition appears to
be sufficient to maintain a friction coefficient of ~0.2 with little to no fluctuation around its
average. The wear of the SiO2 surface is immeasurable with optical microscopy, which is
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consistent with previously reported results.21,123 In the literature, a friction coefficient lower than
0.2 has been reported for dry sliding of SiO2 surfaces.123,129 But, this is observed only after an
initial run-in period with a friction coefficient higher than 0.2 during which small wear debris
particles are produced and the real contact area is reduced. In the conditions where the npentanol VPL works efficiently, there is no run-in period observed, implying that fine wear debris
particles modifying the real contact area are not generated. The observation of low friction
coefficient with little fluctuation is highly reproducible whenever the n-pentanol VPL lubricates
effectively and does not generate measurable wear.
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Figure 3-1 Friction coefficient behaviors of SiO2 in (a) 8%, (b) 20%, and (c) 50% P/Psat n-pentanol vapor
environments at an applied load of 0.1N (black), 0.3N (red), 0.5N (green), and 0.7N (blue).
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At a 0.3 N load in 8% P/Psat n-pentanol, a run-in period is observed and the steady-state
value of the friction coefficient is higher than 0.2. When the applied load is increased to 0.5N
and 0.7N in 8% P/Psat n-pentanol, the average friction coefficient increases and fluctuates
significantly, indicating that the surface is not well lubricated.

Note that the high friction

behaviors vary from sample to sample since the substrate wear process takes place stochastically.
When severe wear occurs, the contact area varies dramatically as some particles are ejected from
the contact and more particles are formed.
At the higher P/Psat conditions (20% and 50%), the critical load corresponding to the
transition from a low and steady friction coefficient of 0.15 ~ 0.2 to a higher and more variable
friction coefficient is much higher than the low P/Psat case. The data in Figures 3-1b and 3-1c
shows that the n-pentanol VPL works well at up to 0.5 N. The contact load of 0.7 N appears to be
too high for the n-pentanol VPL to reliably lubricate and protect the SiO2 surface. At this contact
load condition, the n-pentanol VPL always fails at P/Psat = 20%, and fails most of the time at
P/Psat = 50%. Figure 3-2 summarizes the effectiveness of VPL at each P/Psat of n-pentanol for
preventing wear of the SiO2 surfaces at each contact load. The data clearly show that the
effectiveness and reliability of the n-pentanol VPL depends on the applied load.
The degree of wear of the SiO2 surfaces was determined with optical profilometry. Figure
3-3 compares the difference between good lubrication (no visible wear) and poor lubrication
(visible wear present) at a 0.7N contact load in a 50% P/Psat of n-pentanol environment. At this
condition, the VPL lubrication often fails, but not always. The factors determining success or
failure are not fully understood, but it is expected that the local roughness and/or contamination
of the ball and surface play some roles. A factor determining the failure rate of the n-pentanol
VPL at the highest contact load tested, 0.7 N, could be that the Hertzian contact pressure exceeds
the fracture strength of the silicon wafer.130 Even at this high contact stress condition, the 50%
P/Psat n-pentanol VPL can, but not always, protect the SiO2 surface from wear and leave no wear
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mark on the surface which is big enough to be detected with optical profilometry (Figure 3-3a).
When VPL fails, there are deep wear marks that are easily observable even with the naked eye
(Figure 3-3b).
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Figure 3-2 Occurrence of SiO2 surface wear (damage to the surface observable with optical
microscopy) as a function of contact load and the P/Psat of n-pentanol. The data are
constructed from 5-15 measurements at each condition.
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Figure 3-3 Optical profilometry images with line profiles for (a) effective lubrication and (b) ineffective
lubrication examples at 0.7 N in 50% P/Psat of n-pentanol after 400 reciprocating slide cycles.
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It is very important to know whether the failure of the n-pentanol VPL is related to the
lack of tribo-polymer formation in the contact region. It is generally believed that the polymers
produced in the tribo-tested region would be beneficial and responsible for good
lubrication.102,106,117

To probe the tribochemically produced species within the friction test

regions, two surface analytical techniques were used – micro-IR and ToF-SIMS.
Figure 3-4 displays some characteristic micro-IR data of the friction test tracks lubricated
effectively and ineffectively with n-pentanol vapor at different P/Psat conditions. The micro-IR
spectrum of a wear region tested in dry Ar is also shown for comparison. The region outside the
friction test track was taken as a background. So any negative or positive peaks in the micro-IR
spectra indicate the depletion or growth of specific species during the friction test. In the good
lubrication examples, there is no additional hydrocarbon species detected in the sliding test
regions with micro-IR, indicating that the tribochemical reaction products are negligible. Also,
there is no Si-O vibration peak in the 1000 – 1200 cm-1 region, indicating the oxide layer
thickness in the tribo-test region is not changed compared to outside the sliding region.
When there is significant wear of the substrate while the sample is friction-tested in the npentanol vapor, the growth of C-H vibration peaks in the 2850 – 3000 cm-1 region and the SiOx
vibration peaks in the 1000 – 1200 cm-1 region are noticed. The micro-IR spectra of two
inefficient lubrication cases (tested at a 0.3 N load at 8% P/Psat of n-pentanol and a 0.7N at 50%
P/Psat) are shown in Figure 3-4. Note that when the Si substrate is tested in a dry Ar environment,
only SiOx peaks grow, but no C-H hydrocarbon peaks grow since there is no n-pentanol in the gas
phase during the friction test. One may ask why the SiOx peaks grow upon severe wear of the
substrate. The oxide layer is only ~2.5 nm thick, which is much thinner than the wear depth
shown in Figure 3. So, it is obvious that the wear occurs in the Si substrate too. When Si micrograins are removed from the Si substrate but remain as debris in the wear track, then they will get
oxidized upon exposure to air subsequent to the tribo-test. This is believed to be the main reason
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for growth of the SiOx peaks upon substrate wear. The oxidation processes of the wear debris
seem to be different in dry and n-pentanol vapor environments since the peak positions and
relative intensities of the SiOx peaks are different.131 In any case, the most important observation
is that the growth of the hydrocarbon peaks in the C-H stretching vibration region coincides with
the growth of the SiOx peak due to substrate wear. These hydrocarbon peaks are not reduced or
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Figure 3-4 Micro-FTIR spectra of the wear regions tested at different n-pentanol P/Psat and applied
load conditions. The C-H vibrations are in the 2850-3000 cm-1 region and the Si-O vibrations are in
the 1000-1200 cm-1 region.
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Multivariate imaging ToF-SIMS analyses of the friction test regions were performed to
further probe the presence and chemical nature of the tribo-product.132,133 Figure 3-5 displays the
ToF-SIMS images of the total ion signal from the friction test tracks, and the relative
concentration maps of the spectral component associated with the tribo-product in the same
regions. The total ion images show the extent of wear in the test tracks, analogous to secondary
electron images. Wear tracks or marks can be seen at all conditions tested, although they are
much smaller at the lower load. The extent of wear increases with increasing contact load, and is
the largest at 0.7 N load and 10% P/Psat n-pentanol. The mass spectrum of the tribochemical
reaction product indicates that the reaction products are polymer-like, rather than lower molecular
weight derivatives of n-pentanol (molecular weight = 88 amu) or n-pentoxide (molecular weight
= 87 amu).

The mass spectrum shown in Figure 3-5e is comparable to the one reported

previously.21 These high molecular weight hydrocarbon species are the ones detected in ex-situ
micro-IR analyses of the tribo-test regions (Figure 3-4). Although absolute concentrations cannot
be derived from the ToF-SIMS data, the relative intensity of the spectral component maps
indicates that the amount of hydrocarbon tribo-product formed correlates with the degree of wear
of the SiO2 surface – increased SiO2 wear led to increased tribo-product formation.

The

polymeric products are mostly located in the wear track, but not in the wear debris regions
outside the track that was in direct contact with the ball.

58

(a) Total Signal

Product Signal

(b)Total Signal

Product Signal

(c) Total Signal

(d) Total Signal

Product Signal

Product Signal

59

8

(e) Product Mass Spectra

7
6
5
4
3
2
1
0
0

20

40

60

80

100

120

140

160

180

200

Figure 3-5 ToF-SIMS total ion spectra and the tribo-product spectra of wear regions corresponding
to tests at (a) 10% P/Psat n-pentanol and 0.2 N load, (b) 50% P/Psat and 0.2 N, (c) 10% P/Psat and 0.7
N, and (d) 50% P/Psat and 0.7N. The spectral component whose mass spectrum is shown in (e) was
used to map the spatial locations and relative concentrations of the product signal shown in (a) to (d).
The images are 500 m  500 m
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Figure 3-6 shows the montage images, each containing the three major components
detected plotted with a different color, of multivariate imaging ToF-SIMS signals of the contact
region tested in 8%, 20% and 50% P/Psat n-pentanol at a contact load of 0.1 N. The tribo-polymer
product can be seen over a large area inside the wear track if the P/Psat is not high enough to
ensure complete monolayer coverage of the n-pentanol layer (8% P/Psat case). As the n-pentanol
P/Psat increases and so does the VPL efficiency, the tribo-polymer signals diminish in the sliding
contact track. Again, this result supports the correlation between the tribo-polymer formation and
the substrate wear. If the n-pentanol VPL is efficient and the substrate wear is prevented, then the
tribo-polymer formation is negligible.
The micro-IR and ToF-SIMS analysis results suggest that the tribo-product is not
responsible for the wear prevention and they may be a by-product associated with the substrate
wear process. Chemisorption of the alcohol alone to form an alkoxide may be sufficient to
prevent wear up to some limiting contact stress that is dependent upon the partial pressure of the
alcohol in the environment. This observation is consistent with previous DFT calculations which
found that the activation energy for dissociation of the Si-O-Si bond in the substrate is higher for
the SiO2 surface terminated with the chemisorbed alkoxide group compared to the hydroxylterminated SiO2 the surface.123 Indeed, recent large scale molecular dynamics simulations of
amorphous silica surfaces shearing in the presence of alcohol vapors suggest that friction
reduction and healing of the adsorbed passivation layer do not require the formation of long-chain
hydrocarbons.134 It is not clear how the mechanical energy transferred to the interface from the
sliding surface induces or catalyzes the tribochemical reactions of the adsorbed molecules. The
tribochemical reactions could be driven thermally due to a temporary temperature rise at the
asperity sliding contact or through a triboplasma formation observed on diamond like
carbon.122,135-137 They could also take place via some high energy processes involving electrons or
ions ejected upon bond dissociation or energy relaxation processes involved in substrate wear.138-
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The strong correlation between the tribochemical reaction and the substrate wear seems to

support the latter hypothesis.

Figure 3-6 Montage images of the wear track region created by rubbing a 3mm diameter fused silica ball on a Si
wafer at a 0.1 N load in n-pentanol vapors of (a) 8%, (b) 20%, and (c) 50% P/Psat. The red color indicates regions
containing the tribo-polymers whose mass spectra are similar to the one shown in Figure 5. Blue corresponds to
adsorbed hydrocarbons and green to Si plus short-chain hydrocarbons. Scale bar = 50 m.
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Although the tribo-polymers are not primarily responsible for the lubrication and wear
prevention of the SiO2 surface, they might be beneficial when the n-pentanol vapor supply is
disrupted and reduced to a level below which the monolayer surface coverage cannot be
sustained.30 Figure 3-7 shows the friction coefficient data measured at a 0.2 N load while the
vapor environment was cycled between 95% P/Psat n-pentanol in nitrogen, and dry nitrogen. In
the n-pentanol vapor environment, the friction coefficient is low (~0.2). The test was stopped
briefly while the n-pentanol flow was shut off, and the test chamber was allowed to equilibrate
with a dry nitrogen environment. When the sliding motion was resumed, the friction coefficient
gradually increased. The test was again stopped while the n-pentanol flow was switched back on
and the test chamber was allowed to equilibrate with a 95% P/Psat n-pentanol environment. When
sliding was resumed once more, the friction coefficient dropped to ~0.2 immediately. The
environment was switched back and forth between dry nitrogen and 95% P/Psat n-pentanol several
times, and the same behavior was observed each time. The rate of friction coefficient increase
seems to be correlated with the time slid in the n-pentanol environment. When sliding proceeded
for a longer time in n-pentanol vapor, the friction coefficient increased more slowly when the npentanol vapor was turned off. The rate of increase in friction coefficient appeared to be lower
when more tribo-polymer was present in the wear track. The reaction product can act as a
lubricant, but will eventually be consumed or squeezed out of the sliding contact region. The fact
that the friction coefficient dropped immediately to ~0.2 when the n-pentanol vapor was reintroduced to the environment supports the conclusion that the adsorbed n-pentanol is the main
lubricant, not the tribo-polymer products.
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Figure 3-7 Changes in friction coefficient when the vapor environment is cycled from 95% P/Psat n-pentanol in
nitrogen to dry nitrogen. Sliding was stopped to allow the environment to equilibrate after each change.
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Conclusions:
The wear behavior of SiO2 under various mechanical contact pressures and n-pentanol
partial pressure environments was studied in order to determine the origin of tribochemical
reaction product formation and to shed light on the role of the tribo-product in wear prevention. It
was found that an increasing partial pressure of n-pentanol molecules in the environment was
required to prevent wear of the SiO2 surfaces as the contact pressure was increased. Micro-IR
confirmed that the tribo-products are hydrocarbons. ToF-SIMS showed that they have molecular
weights much higher than n-pentanol. The tribo-product was detected only in the sliding contact
region when the n-pentanol vapor was present in the environment. The amount of tribo-products
formed was dependant on the degree of wear of the SiO2 surface – increased wear caused a
greater amount of hydrocarbon tribo-product formation. This suggests that the tribo-product is not
the primary lubrication mechanism for the wear prevention of SiO2 in n-pentanol environments
but the by-product of the SiO2 wear process. The adsorbed alcohols are sufficient for reduction
of friction and wear of the SiO2 interfaces up to some limiting contact stress that is dependent
upon the partial pressure of the alcohol in the environment.
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Chapter 4
A Sum Frequency Generation (SFG) Vibration Spectroscopy Study of the
Binary Adsorbate Layer of N-Propanol and Water on Silica

Overview

The thickness and structure of the binary adsorbate layer of n-propanol and water
molecules formed on fused silica in their vapor mixtures at near-saturation vapor pressure were
studied using attenuated total reflectance infrared spectroscopy (ATR-IR) and sum frequency
generation (SFG) vibration spectroscopy. The thickness and composition of the binary adsorbate
layer does not change linearly with the vapor composition. Approximately 0.9 nm thick npropanol is adsorbed onto the silica surface when the n-propanol vapor fraction is one
(ypropanol=1). This corresponds to roughly 1.5 monolayer of n-propanol. The thickness of the
adsorbed n-propanol layer remains relatively constant until ypropanol = ~0.36 and then decreases
below a monolayer coverage when ypropanol is reduced below 0.36, which is very close to the
azeotrope point of the vapor-liquid equilibrium (VLE). In contrast, the water adsorption remains
relatively constant until ypropanol = ~0.6 (ywater changes from 0 to ~0.4) and then increases relatively
linearly up to ~6.5 nm as the water composition in the vapor increases to ywater = 1. Even at
ypropanol=0, a trace amount of n-propanol remains in the adsorbed layer. The adsorbate layer
composition appears to vary in a fashion similar to the xy diagram of n-propanol/water VLE. The
SFG analysis of the binary adsorbate layer found that the adsorbate/vapor interface structure is
similar to the liquid /vapor interface in that the interface is terminated with n-propanol molecules
and the orientation of the terminal CH3 group does not change with the composition. But, the
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dependence of the propyl SFG intensity on the composition was quite different – while the propyl
SFG signal from the liquid/air interface increases to a maximum value as the liquid composition
decreases from xpropanol=1 (ypropanol=1) to xpropanol=~0.1 (ypropanol=~0.35), the propyl signal from the
adsorbate layer decreases slightly until ypropanol reaches ~0.36 where it drops suddenly with a small
decrease of ypropanol (0.36  0.35). The results of this study suggest that the binary adsorbate
layer of n-propanol and water assumes a bi-layer structure in which n-propanol is at the
adsorbate/vapor interface and water is inside the layer and, unlike the liquid/vapor interface, the
propanol molecules do not form a paired structure at the adsorbate/vapor interface.

Introduction
The thickness and structure of adsorbed molecules at an interface play important roles in
catalysis,141 adhesion,84,142 wetting,143,144 protein adsorption,145 and tribology.4,21,31,146

The

adsorption of molecules at an interface can either be detrimental or beneficial to the substrate. In
catalysis, metals surfaces are often partially covered with adsorbed organic molecules, the
interactions between the adsorbed molecules and surface influence reactions that can occur at the
interface.147,148 In tribology, the adsorption of water onto silicon substrates has shown to increase
adhesion and wear during sliding contact.31,149 The increase in adhesion due to water adsorption
has shown to be dependent on the structure of the adsorbed water layers.149,150 These examples as
well as others have spurred numerous theoretical151-153 and experimental studies152,154-162

in

pursuit to understand the thickness and structure of adsorbed molecules present at various
interfaces as it may yield important insight into how adsorbed molecules affect various interfacial
phenomena.
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The thickness of the adsorbate layer is important as it can yield the surface coverage,
complete or incomplete, by the adsorbed molecules and the coverage of the molecules can affect
the properties of or phenomena that can occur at surface.31,149

The thickness of adsorbed

molecules at the adsorbate/solid interface can be determined from attenuated total reflectance
infrared spectroscopy (ATR-IR) as there is a direct correlation between intensity and amount of
molecules adsorbed to a surface.34,150 ATR-IR is suitable to study adsorbate layers from the gas
phase.34,150,163 This is because the penetration of the evanescent wave into the adsorbate layer is
shallow, ~300nm at 3000 cm-1 for silicon. ATR-IR cannot yield information about the molecular
structure of the adsorbate/solid or adsorbate/vapor interface.
The structure of molecules at interfaces can be studied with sum frequency generation
(SFG) vibration spectroscopy.

It has been primarily used for liquid/vapor interfaces152,154-159 and

solid/liquid interfaces161,162,164-167 as these systems are not as easily studied using conventional
spectroscopy techniques such as infrared spectroscopy and Raman. SFG studies of the
acetone/vapor interface revealed that the acetone/vapor interface is terminated with the methyl
groups.168 Similarly, the alcohol/vapor interface was found to be terminated with methyl groups
rather than hydroxyls.157,169

SFG has also been used to study the structure and orientation of

molecules at the liquid mixture/vapor interface.156,158,159,170,171 These studies have found that the
structure or ordering of molecules depends on the composition of the binary mixture. Sung et. al.
measured the SFG signal intensity dependence of the terminal methyl group of n-propanol as a
function of liquid mole fraction of n-propanol in water.170 The maximum signal intensity of the
CH3 symmetric stretching vibration was observed for a liquid mole fraction of n-propanol of 0.1,
which coincides with the concentration at which the surface excess of n-propanol reaches its
maximum.170,172 Sung et. al also studied the orientation of the methyl groups from the surface
normal and determined that the orientation does not change over the entire concentration range
tested.170
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Compared to the liquid/vapor interface the adsorbate layer systems comprised of multiple
components is far less studied. In the ambient, water molecules are always present so there
adsorption must be considered in any studies involving adsorbed layers. Water adsorption can
influence substrate interactions with the surrounding media.84,173 Water adsorption onto silicon
surfaces with their native oxide layers is considered detrimental as it accelerates wear and
increases adhesion between these surfaces during sliding contact.31 In contrast, the adsorption of
n-alcohols onto silicon oxide surfaces has shown to reduce wear and adhesion of these surfaces
during sliding contact.4,31,146

The n-alcohol lubrication of silicon surfaces have mostly focused

on the single component adsorption.

However, a more recent study showed that the co-

adsorption of water with the n-alcohol lubricant reduces its efficiency of the n-alcohol molecules
in reducing friction and wear of the silicon surfaces.5 The reduction in lubrication efficiency of
the adsorbed n-alcohol molecules on silicon oxide may be due a change in the thickness,
structure, or orientation of the n-alcohols molecules under co-adsorption conditions with water.
Therefore, understanding the structure and orientation of the binary adsorbate layers of water and
n-alcohol is important for improving the efficiency and feasibility of such lubrication methods.
This chapter presents the thickness and structure of the binary adsorbate layer from a
vapor containing n-propanol and water, onto fused silica using ATR-IR and SFG.

The

composition of n-propanol in the vapor phase was varied from one to zero at near saturation
conditions. ATR-IR was used to predict the thickness and composition of the binary adsorbate
layer. SFG was used to study the structure of the molecules in the binary adsorbate layer. The
liquid/vapor interface of mixtures of n-propanol and water was studied using SFG as a reference
for comparison with the binary adsorbate layer. The thickness, composition, and structure of the
binary adsorbate layer are discussed as a function of the vapor mole fraction of n-propanol. This
chapter will demonstrate that the adsorbed water and n-propanol molecules form a bilayer
structure with the water molecules adsorbed directly to the fused silica surface and the n-propanol
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molecules adsorbed via hydrogen bonding of their hydroxyl groups to the water molecules. This
structure causes the adsorbate/vapor interface to be terminated with the methyl groups of the npropanol molecules which is similar to what is observed for the liquid mixture/vapor interface.

Experimental Methods

ATR-IR Measurements

N-propanol was purchased and used as received from Sigma Aldrich at 99.95% purity. It
was mixed with Milli-Q water (resistivity 18 Ohms/cm) with liquid mole fractions between zero
and one. The theory of ATR-IR is discussed in detail in Appendix A and was the subject of my
Master’s thesis.

This section will focus of experimental conditions. The co-adsorption of n-

propanol and water was measured with a Thermo Nicolet Nexus 670 infrared spectrometer with
an ATR-IR set-up and a mercury cadmium telluride (MCT) detector. The silicon ATR crystal
used in this study was cleaned with a 5:1:1 mixture in Mill-Q water, 30% ammonium hydroxide,
and 30% hydrogen peroxide at 70°C, this cleaning method is referred to as RCA-1. The crystal
was then rinsed with copious amounts of Milli-Q water and dried with dry Argon. It was then
mounted in the ATR-IR set-up and purged with dry Ar for an additional 2 hours upon which there
was no noticeable change in the background spectra. The ATR crystal had a 45° bevel cut
providing a 45° incident angle and eleven total reflections at the probing surface.

The

composition of the vapor phase for the adsorption measurements was controlled by varying the
composition of liquid according to the vapor/liquid equilibrium curve for n-propanol and water
shown in Figure 4-1.

The vapor compositions of the n-propanol and water mixtures are
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represented by the red triangles in Figure 4-1 and the liquid compositions in equilibrium with the
vapor phase are shown as the black triangles in Figure 4-1. Ar was bubbled through the liquid
mixtures at a low flow rate (0.1 L/min) to deliver the saturated gas to the Si crystal. The
composition of the vapor was varied from n-propanol rich (ypropanol=1) to water rich (ypropanol=0).
This order avoided depositing water onto the Si surface first, as it is difficult to remove without
extensive drying and heating. Approximately 100 spectra were averaged to create each ATR-IR
spectrum. All experiments were performed at ambient room temperature, ~25°C.

SFG Measurements

The SFG experiments used an optical parametric generator/amplifier (OPG/OPA)
pumped by a picosecond Nd:Yag laser at a 10 Hz repetition rate. The OPG/OPA used an AgGaS2
crystal to generate the tunable infrared beam between 2-10 μm. The second harmonic of the
Nd:Yag laser was used for the visible light at 532 nm. The infrared and visible beams were
overlapped spatially and temporally to generate the SFG signal. The incident angles of the visible
and IR beams through air were 60° and 56° from the surface normal, respectively. The generated
sum frequency signal was filtered using a photomultiplier tube. The schematic of this set-up is
shown in Figure 4-2. The data points for each spectrum were taken at 4cm-1 steps for the
hydrocarbon stretching vibration region (2800-3000 cm-1) and at 8 cm-1 steps for the OH
stretching vibration region (3000-3800 cm-1). Each data point was the average of 100 laser shots.
The concentrations of the n-propanol and water vapor mixtures were the same as those
used for the ATR-IR measurements. The infrared and visible beams were overlapped spatially
and temporally at the air/liquid interface for the liquid mixture measurements and two geometries
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at the vapor/solid interface as described by Figure 4-3. All fused silica substrates were cleaned
using a KOH and isopropanol bath for 15 minutes. The substrates were then cleaned with the
RCA-1 cleaning method and were rinsed with copious amounts of Milli-Q water.
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Figure 4-1: Vapor/Liquid Equilibrium curve for n-propanol and water mixtures at 25°C. The vapor mole
fractions studied for the binary adsorbate layers are shown by the red triangles, the corresponding liquid
compositions are shown by the black triangles.
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Figure 4-3: (a) SFG set-up for liquid/vapor interface measurements. (b) SFG set-up for adsorbate layers probed
through fused silica. (c) SFG set-up for adsorbate layers probed through the vapor phase.

75
Review of SFG Theory

Sum frequency generation (SFG) vibration spectroscopy is a nonlinear vibrational
spectroscopy technique used for the study of non-centrosymmetric interfaces and bulk
media.148,174 It uses two photons with frequencies ω1 (visible light) and ω2 (infrared light) to
generate a third photon with frequency ω= ω1 + ω2 (sum frequency signal). The visible light and
infrared light photons are overlapped spatially and temporally to produce the sum frequency
signal.
Using the conservation of momentum, the SFG signal is related to the visible and infrared
light through Equation 1.

3 sin  3  1 sin 1  2 sin  2

(1)

The βi’s are the angles of incidence from the surface normal of the visible (1), infrared (2), and
sum frequency signal (3). Each of the three beams can be polarized into either s (perpendicular to
the plane of laser incidence) or p (parallel to the plane of laser incidence) components. The four
polarization combinations of interest for non-chiral systems are ssp, ppp, sps, and pss; where the
first term denotes the polarization of the sum frequency signal, the second denotes the
polarization of the visible light, and the third denotes the polarization of the infrared. The
intensity of the SFG signal in the reflected direction is given by Equation 2.148

I ( ) 

8 3 2 sec  2
( 2) 2

I (1 ) I ( 2 )
eff
c 3 n1 ( )n1 (1 )n1 ( 2 )

(2)

Where c is the speed of light, n1 is the refractive index of medium 1 at the sum signal, visible, and
infrared frequencies, I(ω1) is the intensity of visible light, I(ω2) is the intensity of the infrared
light, and  eff

( 2)

is the effective nonlinear susceptibility. The effective nonlinear susceptibility is

the combination of both Raman and infrared tensors, as show in Equation 3.148,158
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 eff ( 2) 

N g M  v v Ay g

 o (1   2  i)

(3)

Where Mαβ is the Raman polarizability tensor, Ay is the infrared transition dipole moment, g is
the ground state, v is the excited state, Γ is the damping constant, N is the number of molecules,
and εo is the dielectric permittivity. Equation 3 demonstrates that in order to generate SFG
resonance, a vibrational mode must be both Raman and IR active. The effective nonlinear
susceptibility can also be described by Equation 4.148
^

^

^

 eff ( 2)  [e( )  L( )]   ( 2)  [ L(1 )  e(1 )][ L( 2 )  e( 2 )]
(4)
^

Where e() is the unit polarization vector and L() is the transmission Fresnel factor at
frequency of  .

Polarization Intensity Ratio (PIR) Method

The polarization intensity ratio (PIR) method requires measurements of multiple
polarization combinations to estimate the effective nonlinear susceptibilities. The PIR method
was originally developed for second harmonic generation vibration spectroscopy (SHG).148 The
effective nonlinear susceptibilities in the four different polarization combinations for non-chiral
systems are described by Equations 5a-5d.148

 eff , ssp  L yy ( ) L yy ( 1 ) L zz ( 2 ) sin  2  yyz

(5a)
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eff , ppp  Lxx ()Lxx (1 )Lzz (2 ) cos cos1 sin 2  xxz  Lxx ()Lzz (1 )Lxx (2 ) cos sin 1 cos2  xzx
 Lzz ()Lxx (1 )Lxx (2 ) sin  cos1 cos 2  zxx  Lzz ()Lzz (1 )Lzz (2 ) sin  sin 1 sin  2  zzz

(5b)

 eff , sps  L yy ( ) L zz ( 1 ) L yy ( 2 )  yzy

(5c)

 eff , pss  L zz ( ) L yy (1 ) L yy ( 2 ) sin  zyy

(5d)

Where the χijk’s are the nonlinear susceptibilities in the laboratory coordinate system and the Lij’s
are the diagonal components of the transmission Fresnel amplitude coefficients given by
Equations 6a-6c for sum signal (ω), visible (ω1), and infrared (ω2) respectively.148

Lxx (i ) 

2n1 (i ) cos 
n1 ( i ) cos   n2 (i ) cos 

(6a)

L yy (i ) 

2n1 ( i ) cos 
n1 ( i ) cos   n2 ( i ) cos 

(6b)

 n1 (i ) 
2n2 (i ) cos 


Lzz (i ) 
n1 (i ) cos   n2 (i ) cos   n' (i ) 

2

(6c)

In Equations 6a-6c, n1 (i ) is the complex refractive index of medium 1 at frequency i ,

n2 (i ) is the complex refractive index of medium 2 at frequency i , n' ( i ) is the complex
refractive index at the interface which is generally chosen to be equal to n1 (i ) ,148 and γ is the
transmittance angle of the beams from medium one into medium two. The transmittance angle, γ
is related to β through Snell’s law, n1 ( i ) sin   n2 (i ) sin  .
The effective nonlinear susceptibilities are determined through fitting SFG spectra of the different
polarizations with Equation 7.148

( 2)





q
  NR  
q ( 2   q )  iq
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Where  q  q , and q represent the strength, resonant frequency, and damping factor of the qth
vibrational mode. χNR is determined from the non-resonance background of the SFG spectrum.
The symmetry of the molecule must be considered to determine what polarizations
should be studied. This is done through examination of the effective nonlinear susceptibilities.
In order to generate SFG signal, the effective nonlinear susceptibilities must remain equal to itself
upon reversal of the x and y axes. For examples, when the x axes are reversed for  zxx , meaning
z-x-x, the resulting nonlinear susceptibility is still  zxx . This is true for all nonlinear effective
susceptibilities that are quadratic in either x or y. This is also true for  zzz as reversal in the x or
y axes will not cause a change in the sign of this nonlinear susceptibility. The orientation of the
methyl group of n-propanol is of interest for this study as it yields the orientation of the terminal
n-propanol molecules at the adsorbate/vapor or liquid/vapor interface. The methyl group for npropanol has C3v symmetry. For a molecule exhibiting C3v symmetry, only three independent
effective nonlinear susceptibilities remain that contribute to SFG signal.148 Equation 8 displays
the independent chi susceptibilities.148

 xxz   yyz

(8a)

 xzx   yzy   zxx   zyy

(8b)

 zzz

(8c)

So, only three polarization combinations are needed to determine the orientation angle for
the methyl group of n-propanol. The polarization combinations generally measured are ssp, ppp,
and sps. The nonlinear susceptibilities determined from these polarizations are related to the
orientation angle, θ, and the hyperpolarizability ratio, R of the methyl group. For ethanol and
longer chain alcohols, R is ~3.4.155,175 Equation 9 displays these relationships.148



 yyz  0.5 N s cos  (1  R )  cos 3  (1  R )



(9a)
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 yzy  0.5 N s  cos   cos 3  (1  R )



 zzz  N s R cos   cos 3  (1  R )



(9b)
(9c)

The orientation angle from the surface normal and R are determined from simultaneously
solving Equations 5-9.

Polarization Null Angle (PNA) Method

The PNA method for determining the orientation angle of functional groups was
developed for interfaces that show strong resonance peaks in only one polarization combination,
usually ssp.168,176-178 This method was originally developed for SHG.179 In the PNA method, the
visible polarization is set half-way (45°) between the s and p-polarizations and the infrared is
fixed at p-polarization. The SFG polarization is then rotated from s-polarization to p-polarization
in degree increments. For the PNA method, full spectra at each polarization combination can be
taken (this is known as polarization mapping)176 or one can sit at a wavenumber of interest which
corresponds to the vibrational mode of interest.
The PNA method finds the sum frequency polarization angle at which the SFG signal
intensity is nulled or zero, as described by Equation 10.168,178
2

I ( sfg )  A  sin( sfg   null )  0

(10)

Where Ωsfg is the polarization angle of the sum frequency signal, Ωnull is the polarization angle
where the sum frequency signal is zero, and A contains all other experimental constants. Ωnull is
determined through fitting SFG intensity data of a vibration mode interest as a function of Ωsfg to
Equation 10.
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Once Ωnull is calculated, the orientation parameter, D, is determined from Equation 11a11c.25,41

B  0.5(1  R ) tan  null L yy ( ) L yy (1 ) Lzz ( 2 ) sin  2
 0.5(1  R) Lxx ( ) Lxx (1 ) Lzz ( 2 ) cos  cos 1 sin  2
 0.5(1  R) Lxx ( ) Lzz (1 ) Lxx ( 2 ) cos  sin 1 cos  2

(11a)

 0.5(1  R) Lzz ( ) Lxx (1 ) Lxx ( 2 ) sin  cos 1 cos  2
 RLzz ( ) Lzz (1 ) Lzz ( 2 ) sin  sin 1 sin  2
C  0.5(1  R ) tan  null L yy ( ) L yy (1 ) Lzz ( 2 ) sin  2
 0.5(1  R ) Lxx ( ) Lxx (1 ) Lzz ( 2 ) cos  cos 1 sin  2
 0.5(1  R ) Lxx ( ) Lzz (1 ) Lxx ( 2 ) cos  sin 1 cos  2

(11b)

 0.5(1  R) Lzz ( ) Lxx (1 ) Lxx ( 2 ) sin  cos 1 cos  2
 (1  R) Lzz ( ) Lzz (1 ) Lzz ( 2 ) sin  sin 1 sin  2

D

B
C

(11c)

Where the Lii’s are the previously defined transmission Fresnel amplitude coefficients, βi’s are the
angle of incidences of the SFG, visible, and IR respectively.

R is the hyperpolarizability ratio

and is known to be 3.4 for ethanol and longer chain aliphatic alcohols.175 The orientation
parameter, D, is then used to calculate the orientation angle, θ, from the surface normal for the
CH3 symmetric stretching vibration through Equation 12.25,41

D

cos 
cos 3 

(12)

The PNA method provides a much simpler and straightforward method to determine the
orientation of functional groups from the surface normal than the PIR method.
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Results and Discussion

The purpose of this chapter was to determine the thickness, composition, and structure of
the binary adsorbate layers on fused silica from a vapor containing n-propanol and water. The
thickness and composition of the binary adsorbate layer as predicted by ATR-IR will be discussed
first. Then, the structure predicted from SFG will be discussed for two different experimental
geometries, probed through the silica substrate (Figure 4-3b) and probed from the vapor phase
(Figure 4-3c). Two geometries were investigated as it has been shown in the literature that the
geometry of the system can affect the intensities and locations of vibrations observed in
SFG.175,183 These SFG spectra are compared to the liquid/vapor interface of the n-propanol and
water mixture solution for the same compositions of n-propanol and water. The orientation of the
methyl group of the n-propanol molecule as a function of vapor mole fraction of n-propanol for
both the adsorbed n-propanol and liquid n-propanol molecules was determined using the PNA
method to determine whether the composition of the vapor mixture affects the orientation of the
n-propanol molecules.

Effective Thickness and Composition of the Binary Adsorbate Layer determined with ATR-IR

Figure 4-4 displays the ATR-IR spectra as a function of vapor mole fraction of npropanol. Three characteristic peaks are seen in the CH stretching vibration region. These peaks
are centered at 2965 cm-1, 2940 cm-1, and 2880 cm-1 and correspond to the CH3 asymmetric
stretch, the Fermi resonance of the symmetric CH3 stretch, and the CH3 symmetric stretch,
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respectively.34 The intensities of the alkyl stretching vibrations remain rather constant between
ypropanol=0.4 and ypropanol=1.

When the vapor mole fraction of n-propanol is decreased below

ypropanol=0.36, which is close to the azeotrope concentration, the intensities of the alkyl stretching
vibrations decrease.

The decrease in peak intensities corresponds to less n-propanol present in

the binary adsorbate layer. Even at ypropanol=0, the adsorbate spectrum of water displays weak
alkyl peaks. So, some n-propanol still remains in the adsorbate layer on the fused silica surface.
The adsorbate spectrum at ypropanol=1 shows an OH stretching vibration centered at 3350
cm-1, which is known to be the OH vibration for liquid n-propanol.34 The OH stretching vibration
does not vary substantially between ypropanol=0.6 and ypropanol=1.

As the vapor mole fraction of n-

propanol decreases below ypropanol=0.6, the OH vibration increases and exhibits a prominent peak
centered at 3400 cm-1. This peak corresponds to liquid water.150,163 The increase in the peak
intensity of the OH stretching vibration is linear between ypropanol=0.4 (ywater=0.6) and ypropanol=0
(ywater=1). At these conditions, the liquid water structure is dominant in the binary adsorbate
layer. This liquid structure is most likely a result at the experiments being performed near
saturation conditions.
The effective thickness of the adsorbed layers was estimated by the peak intensities for
the OH stretching vibration150 and the CH3 stretching vibrations.34 Figure 4-5a displays the
effective thickness of each component (water and n-propanol) in the binary adsorbate layer. The
thickness of the adsorbed n-propanol layer for ypropanol=1 is approximately ~0.9 nm which
corresponds to ~1.5 monolayers of coverage (ML).

34

The effective thickness (amount) of n-

propanol in the binary adsorbate does not decrease between ypropanol=1 and ypropanol=0.4. When
ypropanol<0.4, the thickness of n-propanol in the adsorbate layer decreases with decreasing vapor
mole fraction of n-propanol. At ypropanol=0.35 approximately 0.6nm of n-propanol remains in the
binary adsorbate layer, this thickness corresponds to roughly monolayer coverage. As the vapor
mole fraction of n-propanol is decreased further to ypropanol=0.24, ~0.23 nm of n-propanol remains
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in the adsorbate layer which is ~0.4ML. Even when the mole fraction of n-propanol is zero, some
n-propanol remains in the binary adsorbate layer, 0.3ML.
The initial increase in effective thickness of the adsorbed water layers is insignificant
between ypropanol=1 and ypropanol=0.6.

Then, the effective thickness of the adsorbed water layers

increases linearly, forming many multilayers adsorbed onto the silica surface.150 The increase in
the multilayers coincides with the growth of the liquid water peak in the ATR-IR spectra. When
ypropanol=0.4, the thickness of the adsorbed water layers is ~2.4 nm which corresponds to
approximately 9 ML of water.150 As the vapor mole fraction is decreased further to ypropanol=0.35,
the thickness of the adsorbed water layers only increases slightly to ~2.7 nm which still
corresponds to ~8 ML.150 As the vapor mole fraction of n-propanol is decreased further to zero,
the thickness of the water in the binary adsorbate layer increases to ~6.5 nm which corresponds
too many multilayers of water (~20 ML) adsorbed onto the silica surface. Even at this condition,
a small amount of n-propanol (0.3 ML) remains in the binary adsorbate layer.
Figure 4-5b displays the fraction (relative amount) of n-propanol in the binary adsorbate
layer. The relative amount of n-propanol in the binary adsorbate layer was estimated from the
thickness of n-propanol in the layer relative to the total thickness of the adsorbate layer. The
overall trend of the relative amount of n-propanol within the binary adsorbate layer in equilibrium
with the vapor phase appears to be similar to the liquid/vapor equilibrium relationship of the npropanol and water mixture system. Initially, the amount of n-propanol present in the binary
layer is ~0.85. As the vapor mole fraction of n-propanol decreases from ypropanol=1 to ypropanol=0.6,
the total amount of ypropanol in the adsorbate layer decreases only to ~0.73. The slow decrease in
the amount of n-propanol within the adsorbed layer appears to be analogous to the mole fraction
of the liquid in equilibrium with the mole fraction of the vapor. Initially, the mole fraction of the
liquid decreases slowly with decreasing vapor mole fraction between ypropanol=1 and ypropanol=0.6.
When the vapor mole fraction of n-propanol decreases to ypropanol=0.4, the amount of n-propanol
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in the binary adsorbate layer decrease to ~0.3. Between ypropanol=0.4 and ypropanol=0.35, the amount
of n-propanol decreases from ~0.3 to ~0.2. At these conditions, the mole fraction of n-propanol
in the vapor is close to the azeotrope concentration, ypropanol=0.36.

Then, as the vapor mole

fraction of n-propanol is decreased further to ypropanol=0.24, the relative amount n-propanol present
within the layer drops to ~0.05, it then decreases only slightly to ~0.03 when the vapor mole
fraction of n-propanol is equal to zero. Figure 4-5b demonstrates that the amount of n-propanol
within the binary adsorbate layer in equilibrium with the vapor phase composition varies in a
fashion similar to the composition n-propanol in the liquid in equilibrium with the vapor phase.
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Figure 4-4: ATR-IR spectra of the n-propanol and water adsorbate layers as a function of the vapor mole fraction
of n-propanol.
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Structure of Binary Adsorbate Layer of N-Propanol and Water on Fused Silica Probed with
SFG

The structure of the binary adsorbate layers on fused silica from vapor containing npropanol and water was determined using SFG. Similar to the ATR-IR measurements, the mole
fraction of n-propanol within the vapor mixtures was decreased from one to zero to avoid
depositing a large amount of water on the silica surface which would be difficult to remove
without extensive drying and heating between measurements. The ssp spectra of the binary
adsorbed layers probed through a silica window are shown for the CH stretching vibration region
(2800-3000 cm-1), Figure 4-6a, and OH stretching vibration region (3000-3800 cm-1), Figure 46b. The SFG spectra for the binary adsorbate layer display four features in the CH stretching
vibration region. These features are centered at 2850cm-1, 2880 cm-1, 2910 cm-1, and 2940 cm-1.
The shoulder at 2850 cm-1 and the small peak at 2910 cm-1 could be assigned to the CH2
symmetric and CH2 asymmetric stretching vibrations, respectively.155,157 The strong resonance
peak centered at 2880 cm-1 corresponds to the CH3 symmetric stretching vibration.155,157,170,180
The resonance peak centered at 2940cm-1 is most likely the Fermi resonance of the CH3
symmetric stretch.155,157,170,180

Overall, the intensities of these four peaks decrease with

decreasing vapor mole fraction of n-propanol. These four peaks are even present when the vapor
mole fraction of n-propanol is decreased to zero, which is consistent with the ATR-IR
measurements and suggests that a small amount of n-propanol remains in the binary adsorbate
layer.
Figure 4-6b shows that one broad vibration with two shoulders is detected in the OH
stretching vibration region for all compositions. These shoulders are centered at 3220 cm-1 and
3400 cm-1 and are attributed to strong hydrogen bonding (solid-like water) and weaker hydrogen
bonding (liquid water) of OH groups, respectively.158 The adsorbed water spectrum at ypropanol=0
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exhibits a slightly larger intensity of the peak positioned at 3400 cm-1 when compared to the
intensity observed in all other spectra. The intensity of this peak decreases as soon as n-propanol
is introduced into the layer and remains relatively constant at all other vapor compositions.

In

addition to these, the adsorbed water spectrum exhibits an additional peak at 3700 cm-1 when
ypropanol=0. This peak is attributed to the “free” OH group.157,158 The absence of this feature in all
other spectra suggests that all OH groups from water and n-propanol in the binary adsorbate layer
are involved in hydrogen bonding and there are no free OH groups present at the adsorbate/vapor
interface.157 The lack of the “free” OH vibration in adsorbed layers with compositions of npropanol greater than zero suggests that the adsorbate/vapor interface is terminated with the npropanol molecules. The multilayers of adsorbed water molecules would then be underneath the
n-propanol molecules as this configuration would lower the surface energy at the adsorbate/vapor
interface.165,181
The CH stretching vibration region for the binary adsorbate layers probed through the
silica window (Figure 4-3a) and from the vapor phase (Figure 4-3b) were compared as the
geometry of the system has been shown to affect the presence and location of features detected
within in a SFG spectrum.175,182,183

Figure 4-7a and 4-7b display the SFG spectra for the

adsorbate layers probed though the silica window and through the vapor phase, respectively. The
adsorbate spectra probed from the vapor phase show only two main resonance peaks which are
centered at 2880 cm-1 (CH3 symmetric stretching vibration) and 2940 cm-1 (Fermi resonance of
the CH3 symmetric stretch), respectively.155,157,170,180 The SFG spectra for the adsorbate layers
probed from the vapor phase lack prominent shoulders at 2850 cm-1 and 2910 cm-1. These
features were observed in the SFG spectra when the adsorbate layer was probed through the silica
window. So, the presence of these peaks in Figure 4-6a (4-7a) may be an artifact of the
experimental geometry or related to the phase angle of molecular vibration.175,183 Despite these
minor differences, the SFG intensities of the observed vibrations for the adsorbate layer probed
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from the vapor phase vary in the similar way as those probed through the silica window with
decreasing vapor mole fraction of n-propanol. The peak intensities observed for the adsorbate
spectra in Figure 4-7b are much smaller than those observed in Figure 4-6a. This is due to the
transmission Fresnel amplitude coefficient being larger than the reflectance Fresnel amplitude
coefficient for the air/fused silica interface.184 SFG experiments through windows, similar to this
study, have been used to enhance the intensities of resonance peaks observed in spectra.185-187
The structure of the molecules present at the liquid/vapor interface of n-propanol and
water mixtures was studied with SFG as a reference to compare with the structure observed for
the binary adsorbate layers.

The liquid mole fractions of n-propanol and water used for this

study were in equilibrium with the vapor compositions used in the adsorbate study. Figures 8a
and 8b display the ssp SFG spectra for the CH stretching vibration region (2800-3000 cm-1) and
OH stretching vibration region (3000-3800 cm-1) for the liquid mixture solution. The spectra in
Figure 4-8a display two resonance peaks centered at 2880 cm-1 and 2940 cm-1. These peaks are
attributed to the CH3 symmetric stretching vibration and the Fermi resonance of the CH3
symmetric stretching vibration respectively.155,157,170,180 Similar to the adsorbate layers probed
from the vapor phase, the liquid/vapor interface of the n-propanol and water mixtures lack
features at 2850 cm-1 and 2910 cm-1. However, there is an important difference between SFG the
peak intensities observed at the liquid/vapor interface and the peak intensities observed for the
binary adsorbate layer. In the case of the liquid/vapor interface, the intensity of these features
initially increase with decreasing mole fraction of n-propanol from xpropanol=1 to xpropanol=0.1
(ypropanol =1 to ypropanol=0.35) and then decrease with further decreasing of mole fraction of npropanol. This behavior will be discussed in more detail in Figure 4-9. The intensities of the
alkyl vibrations become indistinguishable from the noise level for pure liquid water as no npropanol is present within liquid water.
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Figure 4-6: SFG spectra of the mixed adsorbate layer of n-propanol and water at varying vapor compositions.
The data were collected at the saturation vapor pressure of each vapor composition. The adsorbate layers were
probed through the silica window. (a) hydrocarbon stretching vibration region and (b) OH stretching vibration
region as a function of vapor mole fraction of n-propanol.
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The OH stretching vibration region in Figure 4-8b shows the same features observed in
Figure 4-6b, 3220 cm-1 (solid-like water/strong hydrogen bonded)

and 3400 cm-1 (liquid

water/weaker hydrogen bonded) OH groups. 157,158 The pure liquid water spectrum also exhibits
the peak positioned at 3700 cm-1. The absence of this vibration in the liquid n-propanol and water
mixtures spectra suggests that all hydroxyl groups between water and n-propanol are involved in
hydrogen bonding and free hydroxyl groups are absent from the liquid/vapor interface. 157,158 So,
similar to the adsorbate/vapor interface, the liquid/vapor interface is terminated with the methyl
groups of the n-propanol molecules.147,155-159,165,167,170,171,188 Surface tension measurements at the
liquid mixture/vapor interface [data shown in supporting information] also support the interface
being terminated with the methyl groups of the n-propanol molecules.172 As the mole fraction of
n-propanol is increased from 0 to 0.04, the surface tension decreases towards the surface tension
of pure n-propanol even at this low propanol concentration. For this to happen, the liquid
mixture/vapor interface should be terminated with the methyl groups of the n-propanol
molecules. This surface excess of n-propanol lowers the surface energy at the interface.
The relative intensity of the OH stretching vibration to the CH3 symmetric stretching
vibration for the binary adsorbate layer in Figure 4-6 is larger than the relative intensities
observed for the liquid mixture/vapor interface.

For the liquid n-propanol and water mixtures,

only one interface exists between the liquid and vapor. When a small amount of n-propanol is
introduced into the mixture, the interface becomes terminated with n-propyl groups which would
cause the observed decrease in OH vibration intensity. In contrast, there are two interfaces
present for the binary adsorbate layer: adsorbate/vapor interface and adsorbate/silica interface.
These interfaces are 2~7 nm apart depending on the vapor composition, and are both detected in
the SFG adsorbate layer spectra. So, the higher intensities observed for the OH vibrations in the
binary adsorbate spectra when compared to the intensities at the liquid mixture/vapor interface
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are most likely due to SFG signal from the adsorbate/silica interface.

The intensities of these

vibrations do not change with composition (except for when ypropanol=0) because all other water
molecules adsorbed on top of the initial layer are randomly arranged and would not be detected
by SFG. Only when ypropanol=0 for the binary adsorbate layers an increase in intensity of the peak
positioned at 3400 cm-1 increases slightly. Also, the “free” OH vibration is present in the
ypropanol=0 (ywater=1) adsorbate spectrum. The presence of this peak and the slight increase in the
intensity of the peak positioned at 3400 cm-1 for the binary adsorbate layer when ypropanol=0 is
most likely due to water being the dominant species at both the adsorbate/vapor interface and
adsorbate/silica interface and the adsorbate/vapor interface.
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Figure 4-8: SFG spectra of liquid n-propanol and water mixtures for (a) hydrocarbon stretching vibration
region and (b) OH stretching vibration region as a function of liquid mole fraction of n-propanol.
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The dependence of the intensities of the CH3 symmetric stretching vibration at 2880 cm-1
on the vapor mole fraction of n-propanol is compared for the adsorbed layers and liquid/vapor
interfaces.

The peak intensities were normalized by their transmission Fresnel amplitude

coefficients for ssp-polarization. 162 The refractive indices used for the materials were as follows,
nwater=1.3, npropanol=1.387, nair=1, and nfused silica=1.4. The refractive indices of the n-propanol and
water liquid mixtures were estimated using the Lorentz-Lorenz model.189,190

The angles of

incidences for the visible, IR, and sum frequency signal were calculated using Snell’s law to
account for the adsorbate layer being probed through the fused silica window.
Figure4-9a displays the normalized intensities of the CH3 symmetric stretching vibration
for the binary adsorbate layers (both geometries).

After normalization, the peak intensities

observed for both geometries of the adsorbate layers are within 10~50% of one another. Despite
this difference in intensities, the overall trends observed for the two geometries are the same: the
intensity of the CH3 symmetric stretch decreases with decreasing vapor mole fraction of npropanol.

The observed peak intensity initially decreases slowly, between ypropanol=1 and

ypropanol=0.36 and then drops drastically at the azeotrope concentration, ypropanol=0.36.

Based on

the ATR-IR data (Figure 4-5a), we know that the initial decrease in peak intensity, observed
between ypropanol=1 and ypropanol=0.36, is not due to a decrease in the thickness of n-propanol in the
binary adsorbate layer. Only when the vapor mole fraction of n-propanol is decreased below 0.36
is a decrease in the n-propanol thickness observed. The decrease in the SFG peak intensity of the
CH3 symmetric stretch at the lower vapor mole of n-propanol is attributed to a decrease in the
amount of n-propanol present in the binary adsorbate layer. An explanation for the decrease in
the peak intensities of the CH3 symmetric stretch in the binary adsorbate layer over the entire
concentration range could be a change in orientation of the n-propanol molecules from a more
ordered structure (ypropanol=1) to a less ordered structure. Figure 4-9b displays the normalized
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intensities of the CH3 symmetric stretch for liquid mixture/vapor interface as a function of npropanol vapor mole fraction. The pure n-propanol liquid/vapor interface exhibits a larger CH3
intensity than the pure n-propanol adsorbate layer on fused silica observed for both geometries.
In contrast to the trend observed for the binary adsorbate layer, the intensity of the CH3
symmetric stretching vibration for the liquid/vapor interface initially increases from its value at
ypropanol=1 and reaches a maximum at a composition of ypropanol=0.35 (xpropanol=0.1). The intensity
then decreases between ypropanol=0.35 (xpropanol=1) and ypropanol=0 to become indistinguishable from
the noise level. The inset of Figure 4-9b displays the intensities of the CH3 symmetric stretching
vibration as a function of liquid mole fraction of n-propanol for the liquid mixtures. Again, the
peak intensities of the CH3 symmetric stretch initially increase until xpropanol=0.1 and then decrease
as the liquid mole fraction of n-propanol is decreased further. At xpropanol=0.1, the surface excess
of n-propanol in the liquid mixtures is known to be at its maximum [data shown in Supporting
information].172 The initial increase followed by a decrease in the CH3 symmetric stretching
intensities could be attributed to two phenomena: the formation of a double-layer or dimer-like
structure that initially reduces SFG signal,159,170,191,192 or a change in orientation of the n-propanol
molecules from less ordered to a more ordered state.156,193
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Orientation of the Methyl Group of n-Propanol at the Adsorbate/Vapor Interface and the
Liquid/Vapor Interface

The orientation of the n-propanol molecules was investigated for the binary adsorbate
layer (both geometries) and liquid/vapor interface in order to determine if a change in orientation
of the n-propanol molecules as the cause for the observed trends in the peak intensities observed
at the interfaces. The PNA method168,176,177 was used to calculate the orientation angle, θ, from
the surface normal for the methyl groups of the n-propanol molecules. The PNA method was
used because the ppp and sps spectra of the adsorbate layers and liquid/vapor interface, which are
needed for the PIR method, exhibit much lower intensities than the ssp spectra [data shown in the
Supporting information]. The low intensities can cause larger uncertainty in the data fitting
which could lead to inaccurate orientation parameters.175 Figure 4-10a displays the intensity of
the CH3 symmetric stretching vibration as a function of the SFG polarization angle (ΩSFG) and
their best fit curves made with Equation 10 for liquid n-propanol/vapor interface and binary
adsorbate layer probed through the silica and vapor phase, respectively.

The null angles

determined from fitting the data with Equation 10 for the binary adsorbate layers probed from the
vapor phase, binary adsorbate layers probed through silica, and the liquid/vapor interface are
~15°, ~5°, and ~15°, respectively. These angles did not vary greatly over the entire concentration
range for the liquid/vapor interface and adsorbed layers.
Figure 4-10b displays the calculated orientation angles of the methyl groups (θ) from the
surface normal as a function of vapor mole fraction of n-propanol for the adsorbed layers and
liquid/vapor interface. The average orientation angles of the methyl groups from the surface
normal for the adsorbed layers probed through the silica window and the adsorbed layers probed
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from the vapor were 75±10° and 40±5°, respectively. This difference in the calculated orientation
angles demonstrates that the θ is highly dependent on the experimental geometry. The reason for
this dependence is not fully understood and is of interest for future study.175,182,183 It should be
noted that the θ predicted in this study for the adsorbed n-propanol molecules probed from the
vapor phase (40±5°) is close to what was predicted by Liu et. al. (~35°) for adsorbed n-propanol
on fused silica from the vapor phase.167,194 An orientation angle of the methyl groups at the
adsorbate/vapor interface of 40±5° is more likely as it would ensure that the hydrophobic methyl
groups are oriented away from the hydroxyl groups of water. Also, this orientation angle would
allow more efficient packing of the n-propanol molecules on top of the adsorbed water layers.
The higher tilt angle, 75±10°, would suggest that the n-propanol molecules either have a gauche
conformation at the Ci position or are lying down on top of the adsorbed water layers.

This

would cause unfavorable interactions of the hydrophobic alkyl chains with the water layers
below. Similar to the adsorbate spectra in Figure 4-7b, the SFG spectra reported by Liu et. al for
adsorbed n-propanol on fused silica did not exhibit the CH2 symmetric and asymmetric stretching
vibrations.167

The orientation angle determined for the liquid/vapor interfaces, 35±2°, is

consistent with literature values for n-propanol where the SFG spectra display only the CH3
symmetric stretching vibration and it’s Fermi Resonance. This low tilt angle from the surface
normal suggests that the liquid/vapor interface is terminated with well-ordered n-propanol methyl
groups.
For the liquid mixture/vapor interface no change in θ over the entire concentration range
tested was observed. The initial increase in intensity for the CH3 vibration observed at the
liquid/vapor interface is not due to more orientated n-propanol molecules within the liquid
mixture. Instead, this increase in the SFG peak intensity could be due to the disappearance of a
dimer-like or double layer structure of the n-propanol molecules which is present in the mixtures
at higher n-propanol concentrations.159,170,191,192

The dimer-like or double-layer structure has
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been proposed for liquid methanol-water solutions.191 In this study, methyl groups terminated the
liquid/vapor interface, however, at the layer below the top most outer layer, the methanol
molecules are hydrogen bonded to other methanol molecules with their methyl groups pointing
towards the bulk solution for the higher methanol concentrations. So, some of the methyl group
SFG vibrations cancel due to symmetry within the interfacial region.191 As the concentration of
methanol is decreased further to xmethanol=0.1, it was suggested that there were no longer enough
molecules to maintain the double layer structure at the interface.191 An increase in the SFG peak
intensity was attributed to the disappearance of the dimer structure.191 The dimer-like layer
structure appears to follow the surface excess relationship of n-propanol for liquid mixtures of npropanol and water. When the composition of the liquid mixture is decreased to ypropanol=0.35
(xpropanol=0.1) there are no longer enough molecules present within the mixture to form this dimerlike structure which enhances the SFG signal.170 As the concentration of n-propanol decreases
further within the mixture, the surface excess of n-propanol decreases too. In other words, there
are less n-propanol molecules present at the liquid/vapor interface.
No change in θ over the concentration range was observed for the binary adsorbate layer
adsorbed for both geometries. So, the initial slow decrease in the CH3 symmetric stretch peak
intensity until ypropanol=0.36 and the fast decrease observed when the vapor is decrease further is
not due to a change in orientation of the n-propanol molecules present within the binary adsorbate
layer. The decrease is most likely due to a decrease in the amount of n-propanol molecules at the
interface of the “propanol-rich” adsorbate structure. The binary adsorbate layer is terminated
with ordered methyl groups (average orientation most likely 40±5° from the surface normal) of
the n-propanol molecules which are hydrogen bonded through their hydroxyl groups to the
multilayers of water adsorbed below as such a configuration would lower the surface energy at
the adsorbate/vapor interface. Figure 4-11 shows a representation of the binary adsorbate layer
on the silica surfaces. The n-propanol molecules within the binary adsorbate layer are unable to
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form the dimer-layer structure reported for the liquid mixture/vapor interface as there are not
enough n-propanol molecules present within the binary adsorbate layer. As the vapor mole
fraction of n-propanol is increased, the thickness and amount of n-propanol molecules should
approach the single component adsorbate layer (ypropanol=1). At this condition, ~1.5 ML of npropanol molecules are adsorbed to the fused silica surface and the adsorbed n-propanol
molecules do not form the dimer structure facing one of the methyl groups toward the silica
surface.
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Conclusions

The thickness and structure of the binary adsorbate layer of n-propanol and water
molecules near equilibrium saturation conditions were studied using ATR-IR and SFG.
The thickness and composition of the binary adsorbate layer did not change linearly with the
vapor composition.

Approximately 0.9 nm thick of n-propanol molecules were adsorbed onto

the silica surface when the n-propanol vapor fraction was equal to one which corresponded to
~1.5ML of coverage.

The thickness of the adsorbed n-propanol layer remained relatively

constant until ypropanol = ~0.4 and then decreased below a monolayer coverage when ypropanol was
reduced below 0.36. In contrast, the water adsorption remains relatively constant until ypropanol =
~0.6 (ywater changes from 0 to ~0.4) and then increased linearly up to ~6.5 nm which
corresponded to ~20ML of water adsorbed onto the silica surface. Even at this condition a small
amount of n-propanol remained in the adsorbate layer. The adsorbate layer composition varied
similarly to the xy diagram of n-propanol/water VLE. The SFG analysis of the binary adsorbate
layer found that the adsorbate/vapor interface structure is similar to the liquid /vapor interface in
that both interfaces were terminated with n-propanol molecules.

And the orientation of the

terminal CH3 group did not change with the composition of the vapor/liquid mixture at these
interfaces. Also, the orientation angle was shown to be dependent on the probing geometry for
the binary adsorbate layer. The dependence of the peak intensity of the CH3 symmetric stretch on
vapor mole fraction of n-propanol observed in SFG was quite different for the binary adsorbate
layer when compared to the liquid/vapor interface. The peak intensity in the binary adsorbate
layer decreased slightly between ypropanol=1 and ypropanol=0.36 before decreasing fast when
ypropanol is reduced below 0.36. The peak intensity of the CH3 symmetric stretch for at the
liquid/vapor interface initially increased from xpropanol=1 (ypropanol=1) and reached a maximum
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value when xpropanol=~0.1 (ypropanol=~0.35) before decreasing as the mole fraction of n-propanol
was decreased further to zero. This study suggested that the binary adsorbate layer of n-propanol
and water forms a bi-layer structure in which n-propanol is at the adsorbate/vapor interface and
water is inside the layer as this configuration would lower the surface energy at the
adsorbate/vapor interface. Also, the propanol molecules within the binary adsorbate layer do not
form a paired structure at the adsorbate/vapor interface as was hypothesized at the liquid/vapor
interface.
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Supporting Information

Figure 4-12: Surface Excess of n-propanol and water liquid mixtures and surface tension of the mixtures as a
function of liquid mole fraction of n-propanol.172
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Figure 4-13: The (a) ssp, (b) ppp, and (c) sps for pure liquid n-propanol and adsorbed n-propanol probed
through the fused silica window.
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Figure 4-14: Reference ssp, ppp, and sps, spectra for pure liquid n-propanol and other linear alcohols.169
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Chapter 5
An ATR-IR study of the Structure and Thickness of Co-adsorbed Layer of
Water and N-Alcohols on Silicon Oxide

Overview
The structure and thickness of the binary adsorbate layers formed on silicon oxide
exposed in n-propanol/water and n-pentanol/water vapor mixtures under atmospheric pressure
and room temperature conditions were investigated using attenuated total reflectance infrared
spectroscopy (ATR-IR). The ATR-IR spectra of the adsorbate layers were analyzed while the
vapor composition was gradually varied from the n-alcohol single component (95% P/Psat for npropanol and 85% P/Psat for n-pentanol) to the water single component (95% P/Psat in the npropanol experiment and 85% P/Psat in the n-pentanol experiment) and vice versa in a cyclic
fashion. The amount and structure of the water adsorbed on the surface showed hysteresis while
the n-alcohol molecule showed negligible hysteresis in the amount adsorbed. The isotherm
thickness of the solid-like water structure in the binary adsorbate layer increased in successive
cycles. The same hysteresis behavior is not observed when the water vapor is cycled between dry
and 85% relative humidity conditions in the absence of alcohol vapor. The origin of this behavior
is attributed to hydrogen bonding interactions between water and n-alcohol molecules. The nalcohol molecules at the adsorbate/vapor interface lower the surface energy of the system and
stabilize the solid-like water structure in the alcohol-water binary adsorbate layer on silicon
oxide.
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Introduction
Equilibrium chemical compositions of molecular layers adsorbed on solid surfaces in
ambient pressure and temperature conditions play important roles in a variety of
systems.4,31,147,195,196

Both theoretical151-153,197 and experimental170,198-200 studies have been

conducted to investigate the adsorption of molecules on various substrates. One of the most
extensively studied systems is water adsorption as it readily occurs in humid air.35,201-204 The
hydrogen bonding interactions between adsorbed water molecules and the solid surface can
induce certain structural arrangements in the adsorbed water layer which is different from the
condensed liquid phase.205-209 These structural ordering can influence wetting and capillary
adhesion behaviors.149
In ambient air, other components such as organics molecules exist besides water. Thus,
they can be co-adsorbed along with water onto the solid surface, which could significantly alter
the adsorbate thickness and structure of the layers on the surface. In the literature, most mixed
adsorbate studies are found for activated carbons used as absorbents and filters.210-212 These
studies have mainly focused on the amount of adsorbed water in the co-adsorbed layers on the
carbon surfaces at various temperatures and pressures. It was shown that adsorbed n-alcohols
reduced water adsorption onto the activated carbon surfaces at room temperature.210 At 100°C,
however, the adsorption of n-alcohols enhanced the adsorption of water onto the activated carbon
surfaces.210 This difference in adsorption of water was attributed to more efficient pore filling at
the higher temperatures causing more water to be adsorbed on the activated carbon surfaces.210
There are many reports on molecular interactions in the water and organic liquid
solutions,151-153,156,170,197-200 which can be a guide to predict the structure of the co-adsorbate layer
formed on solid surfaces through mixed vapor adsorption. Molecular dynamic simulations predict
that for a water-methanol liquid solution, the hydrogen bond structure of water around the
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methanol molecules exhibits a tetrahedral structure which is characteristic of ice water rather than
liquid water.152 This phenomenon has been referred to in the literature as clathrate hydration or
cage-like water.213-215 Similarly, an attenuated total reflectance infrared spectroscopy (ATR-IR)
study of binary liquid mixtures of n-propanol and water found that the IR peak position of the OH
stretching vibration for water was shifted from ~3400 cm-1 in the water rich mixtures, to ~3220
cm-1, (peak position observed for ice) as the n-propanol concentration increased within the waterpropanol mixture.216 As the concentration of n-propanol was increased further, the OH vibration
shifted to ~3320 cm-1 which was attributed to the OH vibration for n-propanol.216 All these
studies indicate that the hydrogen bonding interactions between water and n-alcohol molecules
can alter the ordering of the water molecules around the n-alcohol molecules.
In this chapter, the thickness and structure of the adsorbate layers formed on silicon oxide
in binary vapor mixtures of n-alcohol and water at atmospheric pressure and room temperature
conditions are presented. The adsorption isotherm of the binary mixture layer shows hysteresis in
the amount and structure of the adsorbed water layer upon cycling of the vapor composition
gradually from alcohol only to water only and vice versa. In contrast, negligible hysteresis is
observed in the amount of the adsorbed alcohol layer. The enhancement of the solid-like water in
each successive cycle of the vapor composition change is observed when the vapor composition
is varied from alcohol to water, but not when it is cycled from dry to humid air conditions. These
results imply that the enhancement of the solid-like water structure in the alcohol/water binary
adsorbate layer is due to the presence of alcohol molecules at the adsorbate/vapor interface. This
effect appears to be more significant with n-pentanol than n-propanol.
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Experimental Methods
High purity n-propanol and n-pentanol were purchased from Sigma Aldrich and used as
received for the ATR-IR co-adsorption studies.

Their purities were 99.99% and 99.9%,

respectively. N-pentanol was further purified through freeze-pump-thaw cycles. Milli-Q water
(resistivity 18 Ohms/cm) was used to generate the saturated water vapor.
The partial pressures of the n-alcohol and water were controlled using a previously
described method.201 In brief, the Ar gas streams containing n-alcohol and water vapors at their
saturation vapor pressure were mixed with a dry Ar stream to produce the desired vapor
compositions. Varying the flow rates of the respective streams (dry Ar, saturated n-alcohol, and
saturated water vapor) yielded stepwise variations of the binary mixture vapor mole fraction. The
maximum single component vapor pressures were 2.7 kPa for n-propanol (94% P/Psat) and 3.0
kPa for water (94% P/Psat) for the n-propanol/water mixture and 0.24 kPa for n-pentanol (83%
P/Psat) n-propanol and 2.7 kPa for water (85% P/Psat) for the n-pentanol/water mixture.
The vapor composition and total pressure of the mixture were varied gradually between
alcohol-rich and water-rich conditions in a cyclic fashion. The initial vapor condition was always
n-alcohol. The amount of n-alcohol was reduced stepwise while the amount of water was
increased. Upon reaching the alcohol-free humid condition, the vapor composition was changed
stepwise back to the water-free alcohol vapor condition. For simplicity, cycle-1 will refer to the
first increase of the water vapor mole fraction from zero to one, cycle-2 for the first decrease of
water vapor mole fraction from one to zero, cycle-3 for the second increase of water vapor mole
fraction, and cycle-4 for the second decrease of water vapor mole fraction.
The vapor pressure of n-propanol is similar to that of water at room temperature. So, it
allows a linear change in the vapor composition while keeping the total vapor pressure relatively
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constant (2.7~3.0 kPa). Note that since the saturation vapor pressure of the mixture varies with its
composition, the relative partial pressure of the vapor mixture with respect to its saturation point
of the given composition is not constant (Figure 5-1). In the case of the n-pentanol/water mixture,
the total vapor pressure could not be varied linearly between n-pentanol P/Psat=85% (0.24 kPa)
and water P/Psat=85% (2.7 kPa) since it will cause the condensation of liquid mixture in the gas
handling line as well as on the ATR crystal (Figure 5-1).
The adsorption isotherm of the n-alcohol and water mixture on silicon oxide was
measured with a Thermo Nicolet Nexus 670 infrared spectrometer with an ATR-IR set-up and a
mercury cadmium telluride (MCT-A) detector. The silicon ATR crystal used in this study was
cleaned with a 5:1:1 mixture of Mill-Q (resistivity 18 Ohms/cm), 30% ammonium hydroxide, and
30% hydrogen peroxide at 70°C.

This cleaning is commonly known as the RCA-1 cleaning.

Then, the ATR crystal was rinsed with copious amounts of Milli-Q water. This procedure
renders the ATR crystal highly hydrophilic, contact angle less than 5°, suggesting the silicon
oxide surface is fully covered with surface hydroxyl groups.35 It was then mounted in the ATRIR set-up and purged with ultra-high purity Ar for 2 hours until there was no noticeable change in
the background spectra. The ATR crystal had a 45° bevel cut providing a 45° incident angle and
eleven total internal reflections at the probing surface. Approximately 150 spectra were averaged
to create each ATR-IR spectrum, with each spectrum encompassing the CH stretching vibration
region (2850-2950 cm-1) and the OH stretching vibration region (3200-3750 cm-1). All spectra
were taken with 2 cm-1 resolution.
temperature.

The substrate surface and vapor were kept at room
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115
Results and Discussion
The composition, thickness, and structure of the co-adsorbed layers of n-alcohol and
water on silicon oxide were determined as a function of the composition of the vapor mixture
under sub-saturation conditions. N-propanol and n-pentanol were compared in this study. The
former is completely miscible with liquid water while the latter is partially miscible. In other
words, n-propanol is more hydrophilic and n-pentanol is less hydrophilic. In this section, the npropanol/water mixture will be described first and then the n-pentanol/water mixture data will be
followed.
The ATR-IR spectra of successive vapor composition change cycles for the co-adsorbed
n-propanol and water on SiO2 are shown in Figure 5-2. The initial n-propanol adsorbate spectrum
(black line in Figure 5-2a) shows an OH stretching vibration centered around 3350 cm-1, which is
very close to the OH stretching vibration for liquid n-propanol.34

The hydrocarbon region

displays the CH3 asymmetric stretching vibration at 2955 cm-1 and the CH3 symmetric stretching
vibration at 2880 cm-1. The peak centered at 2940 cm-1 could be either the CH2 asymmetric
stretching vibration or the Fermi resonance of the CH3 symmetric stretching vibration, or a
combination of the two.34,155,157,170 As the vapor mole fraction of water (ywater) increases in cycle-1
(black lines), the OH vibration peak intensity grows slowly as the amount of water adsorption
increases. The OH peak growth is more prominent at ~3220 cm-1 and ~3400 cm-1. The former
can be attributed to a solid-like tetrahedral arrangement of water molecules in the adsorbate layer
and the latter is to a liquid structure of the water molecule arrangement.186,201,217-220 As the mole
fraction of water in the vapor is increased, the CH stretching vibration peaks become smaller
indicating a decrease of the n-propanol concentration in the binary adsorbate layer. When ywater
reaches one, the n-propyl peaks almost completely disappear and the liquid water peak is
dominant.
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While the vapor composition is changed from water-rich to n-propanol rich conditions
(cycle-2; red lines in Figure 5-2), the n-propyl vibration peak grows back to the almost the same
level as observed in the cycle-1. However, the decrease of the OH vibration peak does not follow
the initial spectra of the cycle-1. It seems like a larger amount of the solid-like structure water
(3220cm-1) remains than the liquid-like structure water (3400cm-1) on the surface. When ywater is
decreased to zero at the end of the cycle-2, it can clearly be seen that the OH stretching peak
intensity is significantly larger than the original spectrum and the 3220 cm-1 peak is now
dominant. This indicates that the solid-like water layer, produced due to the adsorption of water
on SiO2, does not desorb and remains on the surface even after the vapor composition is
completely changed back to the water-free n-propanol condition.
In the cycle-3 (n-propanol  water; blue lines in Figure 5-2), one can see that the amount
of water adsorbed onto the silicon oxide surface at the same vapor composition is much larger
than those in the previous cycles while the peak intensity of the n-propyl vibration does not show
any hysteresis. Especially, it is noticeable that the 3220 cm-1 peak intensity is larger than the 3400
cm-1 peak intensity, except at the high water partial pressure conditions (ywater > 0.85). At ywater =
1 in cycle-3, the overall OH peak intensity is slightly higher than the previous cycle spectrum. In
other words, the relative difference (hysteresis) in the overall OH peak area is smaller at ywater=1
than at ywater < 0.8. In the cycle-4 (water  n-propanol; purple lines in Figure 2), the growth and
remaining of the solid-like water is still observed while the n-propyl peaks follow the previous
cycle. These results imply that the amount and structure of the adsorbed water layer are
significantly influenced by the presence of the co-adsorbed n-propanol layer and they depend on
the history of the vapor composition changes.
The effective thickness of the adsorbed n-propanol and water layers was estimated by
comparing the deconvoluted peak area with the spectra of the corresponding single component
adsorbate layers.34,150 The initial adsorbed n-propanol spectrum obtained at 2.7 kPa (P/Psat =
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94%) was subtracted from all of the collected spectra. The difference between the intensity of the
hydrocarbon stretching vibration region of the initial spectrum and all other spectra was used to
calculate the amount of n-propanol removed for all other vapor compositions. The effective
thickness of n-propanol remaining on the surface was then calculated by subtracting the removed
amount from the initial thickness of n-propanol. The effective thickness of the adsorbed water
layer was determined using a similar method. The OH stretching vibration peak of the initial npropanol spectrum was subtracted from all other spectra. The intensities of the 3220 cm-1 and
3400 cm-1 peaks were then divided by a pristine adsorbed water spectrum (partial pressure = 3.0
kPa, relative humidity = 94%) to determine the percentage of water molecules adsorbed at the
varying vapor mole fractions. The pristine spectrum had a similar intensity (i.e. less than 10%
difference) to the spectra observed in the co-adsorption experiments for ywater = 1 at the end of the
cycle-1.
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Figure 5-2: ATR-IR spectra of the n-propanol/water co-adsorbate film on SiO2 during successive vapor
composition change cycles. The black lines are the data for cycle-1 (vapor composition change from n-propanol
to water), the red lines for cycle-2 (water  n-propanol), the blue lines for cycle-3 (n-propanol  water) and the
purple lines for cycle-4 (water  n-propanol).
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Figure 5-3 displays the results of this calculation for the four successive vapor
composition change cycles of n-propanol and water. The initial thickness of the n-propanol layer
adsorbed at ypropanol = 1 (ywater = 0) is ~1 nm, which is slightly thicker than the monolayer coverage
of n-propanol on the silicon oxide surface.34 The thickness of the water layer adsorbed at ywater =
1 at the end of the cycle-1 is ~3nm. Since the average size of water is only 0.3nm, this
corresponds to ~10 layers of water.34,201 The effective thickness of n-propanol measured at the
same concentration of different cycles does not show any hysteresis behavior larger than the
experimental uncertainty. This suggests that the adsorption and desorption of n-propanol is fully
reversible and not influenced by the presence of co-adsorbed water vapor.

In contrast, a

significant hysteresis can be seen for the effective thickness of the water layer in the successive
vapor composition cycles, indicating that the water adsorption and desorption is not fully
reversible upon vapor composition changes. Figure 5-3 shows that at ypropanol = 1 (ywater = 0) of
cycle-2 (water  n-propanol), about a monolayer thick water layer remains on the silicon oxide
surface; these layers are mostly solid-like (red line in Figure 5-2a). The thickness of the residual
solid-like water layer, which is not removed from the surface even after the water vapor is
completely removed, appears to grow with consecutive changing vapor composition cycles.
The ATR-IR spectra of the co-adsorbate layer of n-pentanol and water are displayed in
Figures 5-4. The initial thickness of the n-pentanol at the beginning of the cycle-1 (n-pentanol
pressure = 0.24 kPa; P/Psat = 83%) is about ~1nm (see Figure 5-5), similar to that of the npropanol case (n-propanol pressure = 2.7 kPa; P/Psat = 95%). Compared to the n-propanol
adsorption spectrum (Figure 5-2a), the n-pentanol spectrum shows a stronger CH2 symmetric and
asymmetric vibration peak at 2861 cm-1 and 2933 cm-1, respectively, and the O-H/C-H vibration
peak intensity ratio is much smaller. The n-pentyl vibration intensity decreases and the O-H
vibration intensity increases as the vapor composition changes gradually from n-pentanol-rich to
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water-rich conditions. At ywater =1 at the end of cycle-1, little to no n-pentanol remains in the
adsorbate layer, which is similar to the n-propanol/water case. The only difference from the OH
spectrum of the water layer at the end of cycle-1 is slightly more solid-like water at 3220 cm-1
relative to the liquid water at 3400 cm-1 in the case of the n-pentanol/water mixture (black line in
Figure 5-4k) compared to the case of the n-propanol/water mixture (black line in Figure 5-2k). In
cycle-2 (water  n-pentanol) and cycle-3 (n-pentanol  water), the solid-like water peak,
centered at 3220 cm-1, is even more prominent than the n-propanol/water mixture case. Similar to
the n-propanol/water mixture case, the n-pentyl vibration peak intensities in cycle-2 and cycle-3
were almost the same as those in cycle-1 at the same vapor composition.
The effective thickness of the co-adsorbed layers of n-pentanol and water were estimated
using the same method described for the n-propanol and water co-adsorption experiment. Figure
5-5 displays the isotherms of the co-adsorbed n-pentanol and water layers. Similar to the npropanol/water mixture case, the n-pentanol adsorption isotherms show negligible hysteresis,
suggesting that the n-pentanol adsorption is reversible and does not strongly depend on the vapor
composition change history.

In contrast, the water adsorption isotherms show significant

hysteresis between the successive isotherms. In the cycle-1 (n-pentanol  water), the increase in
the OH vibration peak intensity seems to be slower for the n-pentanol/water mixture (Figure 5-5)
compared to the n-propanol/water mixture at the same vapor composition (Figure 5-3). Instead,
the OH peak intensity in the cycle-1 appears to be more closely related to the actual partial
pressure of water vapor in the vapor mixture (see Figure 5-1). During the cycle-2 (water  npentanol), the total amount of water remaining in the adsorbate layer is much larger compared to
the n-propanol/water mixture case. For example, the hysteresis between cycle-1 and cycle-3 at
pwater = 0.15 ~ 0.8 kPa is only <0.5 nm in the case of n-propanol/water (ywater = 0.06 ~ 0.29 in
Figure 5-3), while it is 0.75 ~ 1.0 nm in the case of n-pentanol/water (ywater = 0.5 ~ 0.92 in Figure
5-5). This difference must be attributed to the alkyl chain length dependence of the hysteresis.
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Figure 5-4: ATR-IR spectra of the n-pentanol/water co-adsorbate film on SiO2 during successive vapor
composition change cycles. The black lines are the data for cycle-1 (vapor composition change from n-pentanol
to water), the red lines for cycle-2 (water  n-pentanol) and the blue lines for cycle-3 (n-pentanol  water).
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The residual solid-like water layer in the binary adsorbate layer upon vapor composition
cycling appears to be associated with the co-existence of alcohol molecules in the adsorbate layer.
The same effect is not observed when the vapor composition is cycled between dry and high
humidity conditions. Figure 5-6 plots the ATR-IR spectra of the water layer adsorbed on the
silicon oxide surface formed during the cycling of vapor condition between dry and 85% relative
humidity conditions. In the first desorption cycle (cycle-2), it can be noticed that a small amount
of residual water remains on the surface. This layer thickness is about 0.3nm, corresponding to
about a monolayer of water. This residual water is not removed easily upon extensive drying (up
to 1 hour) with Argon at room temperature. What is different from the n-alcohol/water binary
adsorbate case is that solid-like water component (3220 cm-1) does not grow upon cycling of the
vapor from dry to humid conditions and vice versa. These results indicate that the growth of the
solid-like water structure in the adsorbed layer is not significant under single component
adsorption/desorption conditions. Therefore, it is the consequence of the n-alcohol co-adsorption
with water from the vapor phase.
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Figure 5-6: ATR-IR spectra of the water adsorbate film on SiO2 during successive vapor pressure change cycles.
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The growth of the solid-like water structure in the n-alcohol/water binary adsorbate layer
upon cycling of the vapor mixture composition could be attributed to the low surface energy of
the alkyl group of the n-alcohol molecule at the adsorbate/vapor interface and the hydrogen bond
interactions between the hydroxyl group of n-alcohol and the water molecule. It is well known
for the alcohol-water mixture that the surface excess of solute (alcohol) occurs since the
aggregation of hydrophobic alkyl group at the liquid surface lowers the surface energy of the
liquid.170,181,165,167,170,172,221-223 The similar effect is expected for the n-alcohol/water co-adsorbate
layer since exposing the n-alkyl group at the adsorbate/vapor interface will result in lower surface
energy. The alcohol molecule aggregation at the adsorbate/vapor interface is accompanied by the
strong hydrogen bond interaction underneath the alcohol layer.172,224 Thus, it is very likely that
the alcohol molecules are adsorbed on top of the water layer whenever the water molecules are
present in the co-adsorbate layer. This geometry also allows the maximum hydrogen bonding
interactions between water and the silanol group at the SiO2 surface. In fact, this co-adsorption
geometry was confirmed with sum frequency generation (SFG) vibration spectroscopy in Chapter
4.225
The growth of the solid-like water structure in the co-adsorbate film even in the absence
of water in the vapor phase imply that the alcohol-terminated adsorbate layer structure can
stabilize the solid-like structured water in the co-adsorbate film. In the absence of alcohol, the
solid-like water structure can be formed due to the influence of SiO2 surface containing highdensity silanol groups. But, the presence of the alcohol layer at the adsorbate/vapor interface
could provide an additional stabilization of the highly ordered hydrogen bond network. A similar
phenomenon was observed for water layer trapped between an ocatdecyltrichlorosilane (OTS)
self-assembled monolayer and the SiO2 surface.226 Also, the existence of more solid-like water or
ordered water has been observed in liquid binary solutions of n-alcohols and water.152,194,201,227,228
Here, the n-alcohol molecules in the liquid solution influence the ordering of the water molecules

127
causing a more tetrahedral-like structural ordering of the water molecules around the n-alcohol
molecules.152,194,201,227,228

The more tetrahedral-like or clathrate hydration around n-alcohol

molecules has been observed to be more prominent for longer chain n-alcohols due to the larger
hydrophobic alkyl chain.213,215,229 In our study, more solid-like water was observed in the binary
adsorbate layer containing n-pentanol when compared to the n-propanol binary adsorbate layer in
the “water rich” environments.

This enhancement of the solid-like water structure may be a

consequence of the longer alkyl chain length.

Conclusions
The adsorption isotherm of the n-alcohol-water binary adsorbate layer on silicon oxide
was studied using ATR-IR as a function of the vapor mixture composition history. N-propanol
(completely miscible with liquid water) and n-pentanol (partially miscible) were investigated for
this study. The vapor compositions were varied between n-alcohol-rich to water-rich in a cyclic
fashion. For both the n-propanol-water and n-pentanol-water adsorbate layers, the equilibrium
thickness of the n-alcohols was reversible showing little hysteresis, while the adsorption
isotherms for water revealed hysteresis behavior between cycles leading to the growth of solidlike water structure. The n-pentanol molecules in the binary adsorbate layer induced more solidlike water when compared to the n-propanol-water adsorbate layer.

This enhancement is

attributed to the longer length of the alkyl chain. The growth of the solid-like water structure
observed in the co-adsorbate layer was caused by the presence of the n-alcohol molecules in the
binary adsorbate layers.
isotherms.

The same was not observed for the water only cycled adsorption
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Chapter 6
In-Situ Vapor Phase Lubrication of Microelectromechanical Systems
(MEMS) with n-Pentanol vapor in Humid Ambient

Overview:
The effect of water vapor on n-pentanol vapor phase lubrication (VPL) was studied with
a microelectromechanical system (MEMS) side-wall tribometer, a ball-on-flat tribometer, and
attenuated total reflection infrared (ATR-IR) spectroscopy. The n-pentanol vapor pressure was
fixed at 50% relative to its saturation vapor pressure (Psat = ~2.2 Torr at room temperature), which
is sufficient to form a monolayer of n-pentanol in a dry Ar environment. As the relative humidity
(RH) was increased from zero to 30%, ATR-IR measurements show that the water adsorption on
the surface increases and the adsorbed pentanol thickness decreases by 60%. These changes in the
adsorption isotherm were manifested as higher and more scattered friction coefficients observed
during the MEMS tribometer operation. The maximum RH tolerance appears to be 30% RH
above which the MEMS tribometer failed to operate. In contrast, the n-pentanol VPL efficiency
was not affected significantly during the macro-scale ball-on-flat tribometer tests. These results
imply that the friction behaviors of the asperity contacts in MEMS are more susceptible to coadsorption of water than the macro-scale friction behaviors.

Introduction:
The development of moving microelectromechanical systems (MEMS) has spurred much
interest in their potential applications as sensors, actuators, and microengines.230 A common
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problem in operation of MEMS with moving and sliding components is high adhesion and
friction. These could be due to direct solid-solid contact or from the presence of condensed water
vapor or capillaries between the moving and stationary parts.3

The high static adhesion problem

in initial operation of MEMS can be addressed by texturing the device surfaces to reduce contact
area, application of a hydrophobic coating to reduce capillary adhesion, or dry removal of
sacrificial layers at the last step of device fabrication to completely avoid capillary formation.8
However, the adhesion-related problems produced during device operation still remains to be
solved. An efficient in-use lubrication method for MEMS operation is needed that reduces high
friction and adhesion that can occur during device operation.
The in-situ n-pentanol vapor phase lubrication (VPL) of MEMS has been demonstrated
previously using a side wall friction tribometer MEMS in argon or nitrogen environments.4 The
lubrication method is referred to as “in situ” lubrication because the surface modification
responsible for low friction and wear prevention occurs automatically at the sliding contact
locations when there is sufficient vapor present in the gas phase. An unprecedented lifetime of
>108 operating cycles (11 days at 100Hz operation frequency) was observed when lubricating a
MEMS tribometer with a continuously supplied n-pentanol vapor in dry N2.4 If operated in dry
conditions, the same device failed within a few minutes. The previous n-pentanol VPL was
demonstrated in water-free condition. In order to test the feasibility of the VPL approach, it must
be proved to work in humid environments.
In this chapter, the effect of water vapor co-adsorption on n-pentanol VPL of silicon
surfaces is presented. Dynamic friction coefficient, adhesion, and lifetime of MEMS side-wall
tribometers were investigated as a function of the relative partial pressure of n-pentanol and water
with respect to their saturation pressure (P/Psat). This study shows that a VPL with 50% P/Psat npentanol vapor can tolerate RH up to 25%. At 30% RH, the co-adsorbed water negates the n-
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pentanol VPL effect in the MEMS-scale while it does not induce any measureable changes in the
macro-scale ball-on-flat friction and wear tests.

Experimental Methods:

MEMS Preparation
The MEMS tribometer was fabricated using Sandia National Laboratories’ SUMMiT
process231, and has been described previously.4 It consists of a moveable post (load/unload
actuator) and a moveable shuttle (push/pull actuator). All MEMS devices were coated with a
tridecafluorotris(dimethylamino)silane SAM (FOTAS) after sacrificial layer etching. This coating
avoids the initial capillary adhesion problem caused by water adsorption between the contacting
surfaces. All MEMS were packaged in 24 pin ceramic dual inline packages (KD-78516-D,
Kyocera Corporation, Kyoto, Japan) and wire-bonded with aluminum wires. These connections
were used to apply voltage to the MEMS devices inside a controlled environment chamber. The
packaged MEMS devices were mounted in a custom vacuum chamber with a volume of ~0.5L for
testing. The chamber was purged overnight with dry argon before testing to achieve a low
oxygen and low moisture (dry) condition. The partial pressures relative to the saturation pressure
(P/Psat) of n-pentanol and water were controlled by varying the flow rates of dry, n-pentanolsaturated, and water-saturated Ar gas streams.

This method has been described in detail

previously.201 The chamber was purged with each gas mixture for ~30 minutes before the start of
each experiment to ensure that the intended gas concentration had been achieved, and that the
adsorbed surface films were in equilibrium with this gas mixture. The topography of the sidewall
surfaces of the polycrystalline silicon used to fabricate MEMS tribometers was investigated using
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atomic force microscopy (AFM). The AFM measurements were made (Dimension Icon from
Veeco Instruments) using the instrument’s “peak force tapping” mode which controls the applied
tip force to minimize tip wear and provide calibrated topographical information. To resolve sharp
features, line scans were taken with ~1.5 nm data point increments using tips with a nominal 3-4
nm radius (Veeco ScanAsyst Air probes).

MEMS Tribotests
Sliding motion of the MEMS tribometers was achieved by supplying actuation voltage
signals to the comb drives (actuators) via levitation compensated waveforms.232 The electrostatic
force generated by the comb drive was calculated from Equation 1.

FE 

NhVnet
g

2

(1)

where N is the number of comb fingers, ε is the gas permittivity, h is the thickness of the comb
fingers, Vnet is the net applied voltage to a given actuator, and g is the gap between the comb
fingers. From Equation 1, one can see that the force is proportional to Vnet2. The actuators for the
shuttle and post are bidirectional, having comb drives that can pull it in either forward or reverse
directions. The net force exerted by each actuator was determined from the difference between
the voltage applied to the push actuator (load actuator) and the pull actuator (unload actuator).
Most electrostatically-actuated MEMS structures experience an unbalanced force in the direction
normal to the plane of the wafer, or so-called “levitation” force, due to asymmetrical ground
plane locations on the actuators. The levitation force in the present work was compensated by
operating with voltage waveforms that hold the contacting surfaces at constant height during
operation, as described elsewhere.232
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All MEMS tribometer displacements were determined from images acquired with a
charge coupled device (CCD) camera. The displacement of the push/pull actuator (for dynamic
friction measurements) or the load/unload actuator (for adhesion measurements) was determined
at a point in time using position indicators on the respective actuators and a pattern-matching
algorithm. These displacement values were used in the calculation of forces.
The dynamic friction coefficient was calculated based on the difference between the
displacements of the shuttle with and without the post contact at a given load. A net force of 500
nN was applied between the post and the shuttle. Using the 50 m radius of curvature of the
post’s contact surface, the maximum Hertzian contact pressure is calculated to be ~50 MPa. This
is a nominal value; the actual asperity contact pressure would be higher than this value. The
shuttle was oscillated back and forth at a frequency of 100 Hz and a maximum displacement in
one direction was ~9 μm from the rest position. The measured displacement was multiplied by
the spring constant for the push/pull actuator, 0.028 N/m, to calculate the force due to friction
between the post and shuttle. The friction coefficient was determined from Amonton’s law by
dividing the calculated lateral force by the calculated applied normal force.
The relative humidity test was carried out in an Ar environment containing 50% P/Psat npentanol vapor. This n-pentanol vapor pressure was chosen to ensure that the surface is always
covered with at least one monolayer of n-pentanol.

34,127

The operating lifetime of the MEMS

tribometer was determined as the number of oscillation cycles required to reach a friction
coefficient greater than one. A dynamic friction coefficient greater than one in this device means
that the friction force is larger than the maximum available actuation force, thus the device will
not operate. It was previously reported the MEMS tribometer with the same structure did not fail
even after ~108 cycles in a n-pentanol environment, while it failed in less than 104 cycles in dry
nitrogen (O2 < 10 ppm, H2O <200 ppm) which corresponded to a device lifetime of 2~3 min.4
Generally, if the friction coefficient remains at ~0.2 and steady, the MEMS device will continue
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to operate.4,21 Each MEMS device was operated for 106 cycles which corresponds to a test time of
~3 hrs. This test time of 106 cycles was deemed sufficient for these wear tests as it was
approximately two to three orders of magnitude longer than typical device operation under poor
lubrication conditions.4 The contacting interface regions of the MEMS tribometers were imaged
with scanning electron microscope (SEM) after 106 cycles to check if there is any severe wear.

Contact Area Shift Measurements
The method developed by Dickerell et. al. was used to investigate the displacement of the
contact points between the post and shuttle actuators based on the local asperities.233

This

method uses topographic data of the MEMS side-wall tribometer to calculate the contact area.233
Atomic force microscopy (AFM) imaging of the post and shuttle regions was done to generate the
topographic data needed for this analysis. The MatLab program developed by Dickerell et. al.
calculated the points of contact between the two rough polysilicon surfaces with indentation
hardness of ~12 GPa234 under a target load of 500 nN. The contact area dimensions for the
contacting surfaces were chosen to be 3.5 μm x 1.5 μm, which included the center regions of both
the shuttle and post actuators. One of the surface’s contact area was then shifted in 150 nm
increments in both the x and y directions to determine the dependence of the points of contact on
the local asperities.

Macro-scale Ball-on-Flat Tribotests
A home-built ball-on-flat tribometer was used for macroscale friction measurements.124
The contact load used for this study was 98 mN corresponding to a maximum Herztian contact
pressure of 272 MPa.

Both the fused silica balls (diameter 3.18 mm) and silicon wafers were
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cleaned with a 5:1:1 mixture of Milli-Q water (resistance 18 Ohms), 30% ammonium hydroxide,
and 30% hydrogen peroxide at ~70°C. Then the wafers and balls were rinsed with copious
amounts of Milli-Q water and dried with Ar. The prepared surfaces a ~ 2 nm thick oxide layer
composed primarily of SiO2.35

Clean silicon wafers rather than ones coated with FOTAS were

used for this study as macro-scale tribometer tests of FOTAS coated wafers have been shown to
produce similar friction coefficients as native silicon wafers when lubricated with n-pentanol
vapor.4,31 Also, the FOTAS layer degrades easily in the presence of sliding contacts.29 The ballon-flat tribometer was operated at a sliding speed of 0.3 cm/s. The P/Psat of n-pentanol and RH
were controlled by previously described methods.201 Optical profilometry of the tested regions
was performed with a Wyko NT1100 to determine the extent of wear of the tested surfaces. These
measurements performed in ambient conditions using the vertical scanning interferometry mode.

Attenuated Total Reflectance Infrared Spectroscopy (ATR-IR) Measurements
The equilibrium co-adsorption isotherm of n-pentanol and water was measured with a
ThermoNicolet Nexus 670 infrared spectrometer with an ATR-IR set-up and a mercury cadmium
telluride (MCT) detector. The silicon ATR crystal used in this study was cleaned with the same
cleaning method described previously. It was then mounted in the ATR-IR set-up and purged
with dry Ar for 2 hours upon which there was no noticeable change in the background spectra.
The ATR crystal had a 45° bevel cut providing a 45° incident angle and eleven total reflections at
the probing surface. The partial pressures of n-pentanol and water were controlled according to
the same procedure used for the MEMS and ball-on-flat tribometer tests.201
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Results and Discussion:
The dynamic friction coefficient of a MEMS side-wall tribometer in Ar environments
containing 50% P/Psat n-pentanol vapor and varying RH from 0% to 30% will be discussed first.
Reasons as to why the RH affects the dynamic friction coefficient in the n-pentanol vapor will be
presented using adhesion, contact area measurements, and ATR-IR spectroscopy. The RH effect
on the MEMS-scale dynamic friction coefficient will be compared to macro-scale ball-on-flat
tribometer tests in the same vapor conditions to determine if the MEMS-scale RH effect can be
modeled with macro-scale tests.
Figure 6-1 displays the dynamic friction coefficient of a MEMS side-wall tribometer as a
function of cycles for the 50% P/Psat n-pentanol and varying RH environments tested. At 50%
P/Psat of n-pentanol and near-zero RH (<0.5%), the friction coefficient is steady at 0.25±0.05.
When the RH was increased to 5% RH and 10% RH while maintaining the n-pentanol vapor
pressure at the initial value, the dynamic friction coefficient remained unchanged from what was
observed in 50% P/Psat n-pentanol, 0.25±0.05. This suggests that the RH up to 10% has no
measureable effect on VPL at 50% P/Psat n-pentanol. As RH is increased to 15%, the friction
coefficient increases slightly to 0.3±0.05 initially and then to ~0.4±0.1 after 105 cycles. The
increase in the friction coefficient over time suggests that the co-adsorption of water at 15% RH
begins to interfere with the n-pentanol VPL. The dynamic friction coefficient did not reach the
failure value, meaning that 15% RH is still tolerable within the 106 cycle lifetime test.
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Figure 6-1: Dynamic friction MEMS tests at a 500nN contact load for 106 cycles in environments containing
50% P/Psat n-pentanol plus (a) 0%RH, (b) 5% RH, (c) 10% RH, (d) 15% RH, (e) 20% RH, and (f) 25% RH.
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The dynamic friction coefficient values at 20% RH are similar to those at 15% RH, but
the data fluctuate more. As the RH is increased to 25% RH, the friction coefficient fluctuates
drastically ranging from 0.1 to 0.6. This indicates that the n-pentanol VPL effect is significantly
disrupted at 25% RH. Up to 25% RH, the device does not fail within the 106 cycle test period.
When the RH is increased to 30% while maintaining the 50% P/Psat n-pentanol environment, the
MEMS device never starts moving. From these results, it can be deduced that the critical amount
of water vapor that can cause failure of the MEMS sidewall tribometer under this load condition
is ~30% RH with 50% P/Psat n-pentanol.

For reference, devices operated in ≥5% RH

environments in the absence of n-pentanol vapor never move.
Since none of the above MEMS tribometers failed within the 106 cycles selected for the
lifetime screening tests, a few specific combinations of n-pentanol and water vapor environments
were selected for longer duration experiments. The environments chosen for these tests included
dry Ar (as a reference for poor lubrication), 50% P/Psat n-pentanol (as a reference for good
lubrication), and 50% P/Psat n-pentanol and 20% RH. In these tests, the MEMS were operated
until device stoppage/failure. Figure 6-2 displays the results of the MEMS tribometer lifetime
tests. In the dry Ar environment, the friction coefficient is initially 0.5±0.2 and then increases
above the failure level after 1.3104 cycles (2.1 min). In the 50% P/Psat n-pentanol environment,
the friction coefficient remains low at 0.25±0.05 and the device does not fail until stopped by the
user after 2.6 107 cycles (72 hours) of operation. In the 50% P/Psat n-pentanol plus 20% RH
environment, the friction coefficient is initially 0.25±0.1, and increases above 1.0 at ~1.6x107
cycles (~46 hours). This result shows that water adsorption within a well lubricated n-pentanol
vapor environment still reduces the device operation lifetime compared to the water-free alcohol
VPL condition.
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Figure 6-2: Lifetime of MEMS tested in dry Ar, 50% P/Psat n-pentanol vapor, 50% P/Psat n-pentanol plus 20%
RH vapor, and 50% P/Psat n-pentanol plus 30% RH environments.
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SEM analysis of the contact areas for the MEMS tribometers was used to investigate the
contact region between the shuttle and post. Figure 6-3 displays the SEM images of the contact
regions for 50% P/Psat n-pentanol, 50% P/Psat n-pentanol plus 15% RH, and 50% P/Psat n-pentanol
plus 20% RH. No wear debris on the post side of the contact was noticeable within the resolution
of SEM for all three conditions tested. The mating surfaces were similarly indistinguishable (data
not shown). Ruling out changes in geometry caused by debris formation, the large fluctuation of
the friction coefficient might be attributed to increased capillary adhesion forces between the
polysilicon surfaces as the amount of adsorbed water on the surface increases.
Before and after the dynamic friction measurements, the adhesion (or pull-off) force
between the post and the shuttle was measured (data not shown) to determine if there was any
significant change when the water vapor was introduced to the 50% P/Psat n-pentanol VPL
condition. The scatter in the adhesion data was so large, 100nN ± 100nN; at all vapor conditions
before and after the 106 cycles, no noticeable or meaningful increase larger than the scatter range
was observed. This result was somewhat unexpected as it was thought that the adhesion would
increase with increasing amounts of RH. Increases in adhesion upon failure (or wear) of the
FOTAS layer have been observed as a function of operation cycles using similar MEMS
devices.29,235,236

These previous experiments were performed in either dry (low moisture)

environments236 or under vacuum conditions235 in contrast to our measurements being performed
in varying environments of RH in 50% P/Psat n-pentanol.
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Figure 6-3: SEM images of the post side of the contact for dynamic friction MEMS tests under a 500nN contact
load after 106 cycles in environments containing 50% P/Psat n-pentanol vapor, plus (a) 0% RH, (b) 15% RH, and
(c) 20% RH.
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One possible explanation for the lack of correlation between the measured adhesion data
and the large data scatter of the friction coefficient could be the fact that the contact area is
inevitably changing between adhesion measurements. So, the possibility of a changing contact
area was investigated using the method determined by Dickerell et. al.233

Figure 6-4a displays

the points of contact between the polysilicon surfaces on the non-shifted surface when their
relative positions are shifted by 150 nm increments. Figure 6-4b displays the counter-face that
was shifted. The area enclosed by the dotted line in Figures 6-4a and 6-4b display the original
contact area chosen for both surfaces. Figure 6-4a clearly demonstrates that the point of contact
between the polysilicon surfaces depends on the local asperities. So, the lack of noticeable
change in adhesion observed before and after the dynamic friction tests could be due to shifts in
the points of contact in each engagement and disengagement cycle of the post to the shuttle. It
should be noted that the magnitude of the shifts in the contact region were chosen based on a
small percentage (less than 7%) of the entire contact area (~4μm2). We do not know how much a
slight change in voltage would shift the contact area. So, Figure 6-4a demonstrates how easily the
points of contact can change but we are unsure what voltage variation is required to cause such
shifts.
Another possible explanation for the lack of trend in adhesion with increasing relative
humidity could be due to the structure of the binary adsorbate layer. Chapter 4 demonstrated that
under co-adsorption conditions, the binary adsorbate layer was terminated with the n-propyl
methyl groups. So, a similar structure is likely for the n-pentanol and water molecules. If this
structure holds for all environments tested, a measurable change in adhesion may not be observed
as both the shuttle and post should be terminated with n-pentanol molecules in the varying
humidity environments during the adhesion measurements.
In contrast, the dynamic friction coefficients show a significant RH dependence in the
50% P/Psat n-pentanol environment. These measurements in this study were performed at a much
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higher driving frequency (100 Hz) than the adhesion measurements (0.1 Hz). At the faster sliding
conditions the capillaries structured in this way may not have enough time to form. AFM
measurements performed in varying RH environments have shown that the time to form
capillaries is on the order of seconds.237 During the dynamic friction measurements, a cycle is
completed in 0.01s. For a 100 nm asperity, the actual contact time would be ~0.06 ms which may
be an insufficient amount of time to form the capillaries. Also, A. J. Gellman has demonstrated
that vapor conditions required to lubricate MEMS asperities is dependent on the channel length
and width as well as the shearing rate.22

Longer and narrower channels as well as higher

shearing rates require more lubricant supplied in the vapor phase.22

So, the higher driving

frequency of 100 Hz may be too fast to allow for sufficient lubrication of the n-pentanol
molecules in the vapor phase when water vapor is also present. In contrast to a dynamic friction
cycle, an adhesion cycle, coming into contact and then pulling off the SiO2 surface, is completed
in 10s, which is most likely enough time to form the structured capillaries. So, it is hypothesized
that the adsorbed water molecules have a more substantial effect on the dynamic friction
coefficient than what was observed in the adhesion measurements as there is not enough time to
form the structured capillaries between the post and shuttle actuators in the n-pentanol and RH
environments.
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Figure 6-4: (a) AFM image of the shuttle surface which includes the simulation of the shift in the points of
contact under 500 nN. (b) AFM image of the shifted post surface/
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In order to estimate the relative amounts of n-pentanol and water molecules co-adsorbed
onto the MEMS surface without a FOTAS layer, ATR-IR analysis was performed. Figure 6-5a
displays ATR-IR spectra of selected n-pentanol and water vapor compositions. Upon introduction
of water vapor to the ambient already containing 50% P/Psat n-pentanol, the hydrocarbon peaks
detected within the range of 2800 cm-1 to 2950 cm-1 decrease and the OH stretching vibration
within the range of 3000 cm-1 to 3700 cm-1 increases. Figure 6-5b displays the difference spectra
for each of the co-adsorption environments compared to the 50% P/Psat environment. In the
absence of water vapor, the ATR-IR spectrum of 50% P/Psat adsorbed n-pentanol shows an OH
peak centered at ~3350 cm-1, corresponding to the OH stretching vibration for alcohols. As the
RH increases, three broad peaks appear in the OH stretching vibration region, centered at 3220
cm-1 , 3400 cm-1, and ~3520 cm-1. The peak centered at 3220 cm-1 has been previously attributed
to the solid-like water structure of the adsorbed film on SiO2 at room temperature.35,201 The peak
located at 3400 cm-1 corresponds to the liquid water structure. The peak at ~3520 cm-1 could be
attributed to weakly hydrogen-bonded OH functional groups.238
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The relative amounts of displaced n-pentanol and water adsorbed on the surface upon the
introduction of water vapor to the 50% P/Psat n-pentanol environment were estimated by
comparing the co-adsorption spectra with the single-component adsorption data. An isotherm
thickness of 0.8 nm has been determined previously for equilibrium adsorbed n-pentanol
molecules at 50% P/Psat, which is considered full coverage of the silicon surface with adsorbed npentanol.34 When the intensity of the hydrocarbon region (2800 to 2950 cm-1) observed at this
P/Psat is compared to the 50% P/Psat n-pentanol and RH environments, one can infer a decrease in
the amount of n-pentanol molecules in the adsorbate layer. For instance, at 50% P/Psat n-pentanol
plus 20% RH, the intensity of the hydrocarbon region is ~70% of the water-free case. This
decrease corresponds to an effective thickness of ~0.6 nm, which is still close to full (monolayer)
coverage of n-pentanol in the adsorbate layer.34 The effective thickness of the adsorbed water
layers at this condition is ~0.05 nm or ~2 layers of adsorbed water.163 In contrast, when the RH
was increased to 30% in 50% P/Psat n-pentanol, the intensity of the hydrocarbon region is
decreased to ~40% of its original value. The predicted n-pentanol adsorption isotherm thickness
is ~3 angstroms, which would correspond to incomplete coverage with n-pentanol molecules.34
The thickness of the adsorbed water layer at this vapor condition increases to ~7.5 angstroms
which corresponds to ~3 monolayers of water adsorbed onto the silicon surfaces.163 This data
suggests that although the same amount of n-pentanol molecules exists in the vapor phase, the
amount of n-pentanol present in the binary adsorbate layer on the silicon surface is reduced due to
the adsorption of water molecules. The observed reduction of n-pentanol molecules in the binary
adsorbate layer negatively affects the dynamic friction coefficient causing it to increase with
increasing RH. When 30% RH is present in the 50% P/Psat n-pentanol environment, the amount
of water molecules adsorbed to the MEMS surfaces causes the friction coefficient to exceed one
and the device no longer operates.
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Figure 6-5: (a) ATR-IR spectra of the n-pentanol and water mixtures for the environments used in the MEMS
tribometer tests. (b) Difference spectra from those of 50% P/Psat n-pentanol.
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Ball-on-flat tribometer measurements were used to determine if the RH dependence of
the dynamic friction coefficient observed at the MEMS-scale in the 50% P/Psat n-pentanol
environment can be modeled at the macro-scale.

Macro-scale tribometer experiments have

previously been shown to produce similar friction coefficients and wear behavior when compared
to those observed in MEMS in n-pentanol environments.21,31 Figure 6-6a displays the friction
coefficients from the ball-on-flat tribometer in 50% P/Psat n-pentanol vapor with increasing RH.
In all conditions, the friction coefficient remains low at 0.15±0.05. Also included in Figure 6-6b
are the optical profilometry images of the wear regions and corresponding line profiles for the
50% P/Psat n-pentanol case and the 50% P/Psat n-pentanol plus 30% RH case. No wear of the
silicon surfaces are observed at the macro-scale which is consistent with the MEMS-scale tests.
The fact that the macro-scale dynamic friction coefficients do not display the same RH
dependence as observed at the MEMS-scale implies that the RH dependence of the dynamic
friction coefficient observed at the MEMS-scale is not effectively modeled by macro-scale ballon-flat tribometer tests. If the large fluctuations observed during the MEMS tribometer tests are
due to an increase in capillary formation between the nano-asperity contacts, it would not be
detected in the ball-on-flat tribometer tests. At the macro-scale, the contributions due to adhesion
and capillary forces are negligible compared to the elastic restoring force of the mechanical
device.239 At the MEMS-scale however, the adhesion or capillary forces acting on the MEMS
can easily equal or surpass the elastic restoring force which could cause the changes observed in
the dynamic friction coefficient.4,239 If the actuation force supplied to the device is increased, it
may be able to overcome the adhesion forces; however, such a test was beyond the capabilities of
the device.
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Figure 6-6: (a) Friction coefficient measured in macro-scale pin-on-disc tests in 50% P/Psat n-pentanol in Ar, at
a maximum Hertzian contact pressure of 200 MPa. (b) Optical profilometry and line profiles of 50% P/Psat
n-pentanol and 50% O/Psat n-pentanol plus 30% RH.
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Conclusions:
The dynamic friction coefficient of a MEMS tribometer was measured in a 50% P/Psat npentanol environment as a function of increasing RH (0-30%). The decrease in the amount of npentanol molecules adsorbed onto the polysilicon surfaces in the increasing RH conditions caused
fluctuations in the recorded dynamic friction coefficients. The critical amount of water molecules
present to cause MEMS failure is found to be 30% RH when the n-pentanol vapor pressure is
50% P/Psat. At this condition, the thickness of the adsorbed n-pentanol layer was reduced to 40%
of its original value. In contrast, the RH dependence of the dynamic friction coefficient in the npentanol environment was not observed the macro-scale ball-on-flat tribometer tests. This study
implies that the asperity contacts in MEMS are more susceptible to co-adsorption of water while
the macro-scale friction and wear measurements are not sensitive enough to see the effect of the
co-adsorbed water in the adsorbate layers.
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Chapter 7
Selective detection of crystalline cellulose in plant cell walls with sumfrequency-generation (SFG) vibration spectroscopy
Submitted to Angewandte Chemie International Addition

Overview
The selective detection of crystalline cellulose in lignocellulosic biomass was
demonstrated for the first time with IR-visible sum-frequency-generation (SFG) vibration
spectroscopy. The SFG signals originate from the non-centrosymmetric ordering of the glucosyl
group in the crystalline structure of cellulose. Other cell wall components such as hemicellulose
and lignin do not contribute the SFG signals. This selective detection of cellulose in biomass has
not been possible with other conventional techniques such as XRD, solid-state NMR, FT-IR, and
Raman analyses.

Therefore, the SFG analysis presents a unique opportunity to reveal the

crystalline feature of cellulose in lignocellulosic biomass.

Introduction
Cellulose is the most abundant natural polymer on earth and is an important constitution
of pulp, paper, and textile materials. In addition, cellulose has recently been considered a
renewable source for bioenergy production. Cellulose in plant cell walls consists of -Dglucopyranose units polymerized through -1,4-glycosidic linkage and the chains are crystallized
into two distinct polymorphs (I and I) through hydrogen bonds.43 These hydrogen bonds hold
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the chains together edge-to-edge in flat sheets and provide structural rigidity. The sheets are
stacked to form the crystalline fibrils with a diameter of 3~6 nm in plant cell walls. It is important
to detect and quantify the cellulose crystalline structure in lignocellulosic biomass to understand
the growth process of plant cell wall as well as its enzymatic deconstruction for bioenergy
production.
X-ray diffraction (XRD) and solid-state 13C nuclear magnetic resonance (NMR) are two
most widely employed characterization methods to study cellulose crystalline structure such as
crystal structure and crystallinity index.240,241 However, XRD cannot provide the accurate spatial
arrangement of functional groups and the OH hydrogen bonds within and between cellulose
chains due to low x-ray scattering cross-section of hydrogen and small crystallite sizes. NMR can
distinguish the crystalline and amorphous cellulose structures based on the chemical shift of the
C-4.47 But, the overlapping peaks from hemicellulose and lignin make the analysis extremely
challenging when lignocellulosic biomass is used. It is necessary to remove hemicellulose and
lignin, which could alter the structure of cellulose in an unknown way.242 In addition, even for
the pure cellulose, the crystallinity index obtained from XRD and NMR analyses varies
depending on calculation methods.36,46
Here we report selective detection of crystalline cellulose in plant cell walls without any
modification and separation of biomass components using IR-visible sum-frequency-generation
(SFG) vibration spectroscopy. SFG is a second-order non-linear optical response from a system
where the optical centrosymmetry is broken.51 The cellulose crystalline structure provides the
non-centrosymmetric ordering of certain functional groups of the glucose unit on a nanoscale. In
cellulose I-β which is most abundant in higher order plants, two glucosyl units are placed with the
P21 space group possessing a monoclinic unit cell with a two-fold screw symmetry.241 The
extension of this nanoscale ordering along the crystalline microfibers allows non-linear optical
activities.52-54
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Experimental Methods

Experimental Materials:
Commercially available Avicel PH-101 (Fluka 11363), xylan (Sigma X4252; from
beechwood), and alkali lignin (Aldrich 370967) were used as model cellulose, hemicellulose, and
lignin. Wood chip samples were obtained from tree trunk portions of Scarlet oak, Scandinavian
birch, and Loblolly pine. The chemical compositions of wood samples were analyzed by
extraction, Klasson lignin test and followed by HPLC sugar analysis as shown in Table 7-1.
[TAPPI Test Method T204, Solvent Extractives of Wood and Pulp; NREL Laboratory Analytical
Procedure, Determination of Structural Carbohydrates and Lignin in Biomass] Figure 7-4(a)
compares the XRD spectra of the birch wood sample and Avicel, which confirms that the
cellulose in the wood sample has the crystal structure similar to Avicel (microcrystalline cellulose
with Iβ structure dominant). In addition, only broad amorphous halo peaks were determined for
xylan and lignin. Figure 7-1(b) displays the optical microscope images of the birch wood chip and
the physical mixture of 40% Avicel, 30% xylan, and 30% lignin.

Extractives
Scarlet Oak
Scandinavian
Birch
Loblololy
Pine

3.2

Acid
Arabinan
Klasson
Total
Mass
soluble Glucan Xylan Galactan
+
lignin
Carbohydrates Balance
lignin
Mannan
19.8
4.4
37.2
19.6
3.1
8.5
68.5
95.9

1.9

19.0

1.9

39.7

19.0

1.9

8.8

69.4

92.2

3.3

29.9

0.5

42.4

6.3

1.8

10.5

60.9

94.6

Table 7-1 Chemical composition of oak, birch, and pine samples
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Figure 7-1: (a) XRD patterns of birch wood, Avicel, xylan, and lignin and (b) optical microscope images of a
birch wood chip (top) and a pellet of a physical mixture of 40% Avicel, 30% xylan, and 30% lignin (bottom).

SFG Set-up
A schematic view of the SFG system used in this experiment is given in Chapter 4. The
SFG spectrometer is an EKSPLA system which consists of a optical parametric generator (OPG)
pumped by a picosecond Nd:Yag laser at a 10 Hz repetition rate. The OPG used an AgGaS2
crystal to generate the tunable infrared beam between 2-10 μm. The second harmonic of the
Nd:Yag laser was used for the visible light at 532 nm. The incident angles of the IR and visible
beams were 56o (IR) and 60o (VIS) from the surface normal respectively. The IR and visible
beams were overlapped at the sample surface (which are pressed cellulose pellet or wood chips)
and the SFG signal was collected in a reflection geometry. A beam collimator was used to
increase the collection efficiency of the SFG signal generated from the sample (see Figure 7-7a).
The generated sum frequency signal was filtered using a photomultiplier tube. The data points
for each spectrum were taken at 4cm-1 steps for the hydrocarbon stretching vibration region
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(2700-3000 cm-1) and at 8 cm-1 steps for the OH stretching vibration region (3000-3800 cm-1).
Each data point was the average of 100 laser shots.

FTIR Set-up
The Fourier transform infrared (FT-IR) spectroscopy measurements were performed
using a Thermo-Nicolet 760 with a DGTS detector. The FT-IR spectrum of the cellulose and
biomass samples were analyzed from 4000-400 cm-1 to encompass the OH and CH stretching
vibration regions as well as the OH and CH bending vibration regions. The data points were
taken at 2 cm-1 steps and each spectrum shown here was the average of 100 spectra. The
cellulose and biomass samples were combined with KBr for all of the FT-IR measurements in a
1:10 ratio by weight. All data were collected in the transmission mode.

FT-Raman Set-up
The Fourier Transform Raman measurements were performed using a Renishaw Invia
Reflex Single Grating Deep UV MicroRaman Spectrometer with a 514 nm excitation source.
The FT-Raman spectrum was obtained from 800-3800 cm-1 with a 1cm-1 step.
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Results and Discussion
Figure 7-2 compares the SFG spectrum of microcrystalline cellulose powers (Avicel
PH-101) pressed into a pellet with its infrared and Raman spectra. In IR and Raman, the O-H
region (3200-3750 cm-1) is extremely broad due to extensive hydrogen bonds in cellulose and the
presence of water remaining in the amorphous region of the sample. C-H region (2800-3000 cm-1)
has a broad peak centered at 2902 cm-1 and small shoulders at 2945 cm-1 and 2965 cm-1. The peak
at 2902 cm-1 is attributed to the axial C-H group in the glucosyl unit, which is the most dominant
C-H group in cellulose.11 The ill -resolved C-H and O-H vibration peaks in IR and Raman
provide only limited information in cellulose structure. The 400-1700 cm-1 region show richer
vibration peaks, but they are not very useful in structural analysis since multiple C-C and C-O
stretching modes or C-C-H, O-C-H and C-O-H bending modes are involved in these vibration
peaks.44

Peak intensity (a.u.)
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Figure 7-2: Comparison of IR, SFG and Raman spectra of microcrystalline cellulose (Avicel® PH-101) taken in
ambient air. The SFG spectrum was obtained with all polarization for SFG output photons and s-polarized
visible and p-polarized IR input laser beams.
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The SFG spectrum of cellulose shows much sharper and fewer vibration peaks compared
to IR and Raman. The reason for this difference is that not all vibration modes are SFG-active;
only the ones arranged non-centrosymmetrically in the cellulose crystal can generate SFG signals.
The absence of the peak at 2902 cm-1, which is dominant in IR and Raman, must be due to the
symmetry cancellation of the axial C-H bonds since they are oppositely oriented in the cellulose
chain [molecular structure in Supporting Information].243

The weak peak at 2850 cm-1 and the

strong 2945 cm-1 are attributed to the CH2 symmetric and asymmetric vibrations, respectively, of
the exocyclic 6CH2OH group. Its peak position is consistent with those of ethylene glycol.244-246
The shoulder at 2965cm-1 could be associated with hydrogen bonding of 6OH group with other
OH groups.244,245 The O-H 3325 cm-1 peak position in SFG is very close to those of 3O-H
hydrogen-bonded to 5O and 2O-H hydrogen-bonded to 6O in IR.247 Although these O-H groups
are positioned at the opposite sides of the glycosidic linkage, they are not symmetrically arranged
and the 2O-H6O group is known to be more disordered than the 3O-H5O group.241 In the
cellulose I-β crystal, all 3O-H5O groups are aligned in the same direction.
Even though the chemical composition is similar to cellulose, hemicellulose does not
produce any SFG signals since it is amorphous. As shown in Figure 7-3, xyloglucan and xylan
show the IR spectra almost identical to cellulose, but no SFG signal is detected. Note that the
xyloglucan has the β-1,4-D-glucan chain backbone, the same as cellulose; but the xyloglucan side
chain prevents the crystalline ordering of the backbone. Similarly, when the cellulose crystalline
structure is disrupted by, for example, derivatization with carboxymethyl group, the SFG signal
disappears. Lignin, another main component in lignocellulosic biomass, is highly cross-linked
aromatic hydrocarbons. Again it does not produce SFG signal at all since it is amorphous. Other
control experiments were carried out and confirmed that the SFG signals of cellulose originate
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from the vibration modes inside the cellulose crystal, not from the sample surface or the
crystallite surface [see Supporting Information].

Figure 7-3 Comparison of (a) IR and (b) SFG spectra of xyloglucan, xylan, methylcarboxy
cellulose, and lignin taken in humid ambient air. The SFG spectra were obtained with all
polarization for SFG output photons and s-polarized visible and p-polarized IR input laser
beams.
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The fact that hemicellulose and lignin are SFG-inactive and only cellulose is SFG-active
allows the selective detection of crystalline cellulose structure present in plant cell walls without
any modification or separation processes. Figure 7-4 compares the C-H and O-H stretching region
of the IR and SFG spectra of three different wood chips (Scarlet oak, Scandinavian birch, and
Loblolly pine) and a mixture of 40% cellulose (Avicel), 30% hemicelluloses (xylan), and 30%
lignin powders taken in ambient humid air. The mixture composition was chosen to mimic typical
hardwood compositions (oak and birch).6 Figure 7-3 clearly shows that the SFG spectra of the
wood sample is almost identical to that of Avicel which is used as a model for crystalline
cellulose I-β phase. There is no spectral interference in SFG from hemicellulose and lignin due to
their amorphous nature. The SFG signal intensities measured from wood samples are comparable
to that of the physical mixture containing 40% Avicel, 20% xylan, and 30% lignin. Since
hemicelluloses and lignin are SFG-inactive and the SFG signal intensity is governed by the
number density of the noncentrosymmetrically ordered vibration mode in the laser probe volume,
the comparable SFG intensities for these samples imply that the crystallinity of the cellulose in
these wood samples is similar to the crystallinity of the Avicel, which is about 78% based on the
separate XRD analysis of pure samples.36,46

Further study on the correlation between the SFG

intensity and cellulose crystallinity is under way.
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Figure 7-4 IR and SFG spectra of (a) birch and (b) a mixture of 40% Avicel, 30% xylan, and 30%
lignin taken in humid ambient air. The SFG spectra were obtained with all polarization for SFG
output photons and s-polarized visible and p-polarized IR input laser beams.
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Conclusions
In summary, we demonstrate the selective detection of crystalline cellulose in
lignocellulosic biomass with SFG vibration spectroscopy for the first time. The SFG signals
originate from the non-centrosymmetric ordering of the glucosyl group in the cellulose crystal in
which cellulose chains are hierarchically arranged. The selective and sensitive detection of
crystalline cellulose in biomass is not readily achievable with any combination of other
conventional techniques such as XRD, solid-state NMR, IR, and Raman analyses due to several
reasons including interference from hemicellulose and lignin, large amorphous background,
overlapping peaks, and interferences from water signals in samples. Therefore, the SFG analysis
presents a unique opportunity to reveal the crystalline feature of cellulose in lignocellulosic
biomass.

Supporting Information

IR, Raman, and SFG spectra of other control samples

Figure 7-5 shows the schematic view of the β-1-4-connected glucopyranose units present
in the cellulose chain. It can be seen that the axial C-H bonds at the 1, 3, and 5 positions in the
left glucopyranose unit are pointing upward, while those in the right unit are pointing downward.
In contrast, the axial C-H bonds at the 2 and 4 positions are downward in the left unit, while those
are upward in the right unit. In this configuration, their C-H stretch signal (2902cm-1) must be
cancelled in SFG as in the case of the symmetric CH2 stretch signal of the highly-ordered selfassembled monolayers.248 This might be the reason that the 2902 cm-1 peak dominant in IR and
Raman is not detected in SFG.
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Figure 7-5: Schematic view of two glucopyranose units in cellulose chain
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Although the 2O-H and 3O-H bonds are opposite side of the β-1-4-glycosidic bond, their
angles with respect to the cellulose chain axis are different because they are interacting with
different oxygen atoms – i.e., 2O-H6O and 3O-H6O. Therefore, these two peaks do not seem to
cancel each other in SFG. In IR, the O-H stretching vibration peak with the transition dipole
moment parallel to the cellulose chain direction appears at ~3340cm-1, which is very close to the
O-H peak observed in the SFG spectra (3320cm-1).
Avicel is the most widely used as a model for microcrystalline cellulose. We also
analyzed other commercially available celluloses such as cotton linter and Sigmacell. These
celluloses give the similar SFG spectra to Avicel cellulose as well as IR and Raman, as shown in
Figure 7-6.
The cellulose SFG signals are not entirely generated at the very near surface of bulk
sample. The SFG signal is detected even if the sample surface, where the pressed pellet surface is
o

not optically flat, is tilted ±5 away from the laser reflection angle and this indicates that the
collected spectrum is from the scattered SFG signal (Figure 7-7a). If the SFG signal is generated
at the very near sample surface, then the signal should be detected only at one angle satisfying the
phase match condition.
It is believed that the detection of SFG signal from the sample consisting of randomlyoriented nanocrystalline powders (or crystalline domains) is similar to the powder XRD principle.
The phase match condition for SFG is

sin

sin

sin

(where  =

wavenumber and  = incidence angle with respect to the normal of the reflection plane).
Although the incidence angles for IR and VIS photons are fixed in the laboratory coordinate, their
incidence angles with respect to the crystalline cellulose domain will vary depending on the
orientation of the crystal within the probe volume (which would be roughly the irradiated area
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times the IR penetration depth). This is schematically illustrated in Figure 7-7b. Thus, the SFG
signal from randomly-oriented cellulose samples will have a broad angular distribution.
The O-H SFG signal in the 3200-3400 cm-1 region does not depend on the modification
of the hydroxyl group at the cellulose crystallite surface. It is well known that the O-H groups at
the cellulose crystal surface as well as those in the amorphous phase can be deuterated via simply
immersing in D2O through H/D exchange reactions.249 After proper the H/D exchange treatment,
there is neither discernable O-D peak growth nor O-H peak decrease in SFG (Figure 7-8a)
although IR shows a large peak in the O-D vibration region and a significant reduction of the O-H
vibration peak. It is also known that the cellulose whiskers prepared with H2SO4 and HCl have
different surface functional groups.250 The H2SO4-treated whiskers contain negatively-charged
sulfate groups at the surface OH sites, while the HCl-treated whiskers keep the neutral OH group
at the surface. But, these two samples show the same SFG spectra (Figure 7-8b). These data
indicate that the detected cellulose SFG signal originates from inside cellulose crystallites, not
from the surface of individual crystallites.
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Figure 7-6 Comparison of IR, SFG and Raman spectra of Sigmacell and cotton linter
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Figure 7-7 (a) Changes in the 2945 cm-1 SFG signal intensity of Avicel PH101 at various sample tilt angle. The
data were obtained without the beam collimator. (b) Schematic illustration of SFG signal generated randomlyoriented cellulose crystallites inside the pressed pellet.
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Figure 7-8 (a) SFG spectra of cellulose before and after D2O exchange. (b) SFG spectra of cellulose whiskers
prepared from cotton suing H2SO4 and HCl.
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The SFG signal from the crystalline cellulose in the wood chip and the pressed-powder
pellet does not follow the polarization rule for a chiral molecule. For liquids and thin films of
chiral molecules, the SFG signal is observed at spp (SFG, Visible, IR being s, p, and p polarized,
respectively), psp, or pps.243 The chiral signal is not observed at the achiral polarization
combinations (ssp, sps, ppp, and pss). However, the SFG signal from the crystalline cellulose
shows strong polarization dependence only to the IR input laser (SFG at p-polarized IR > SFG at
s-polarized IR) and negligible polarization dependence of the visible input and the SFG output
[Figure 7-9]. The reason for this unusual polarization dependence is not understood and remains
as an open question. It could be related to the isotropic chirality.251
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Figure 7-9 Changes in the 2945 cm-1 SFG signal intensity of Avicel PH-101 (50m diameter powders,
compressed into a pellet) at various (a) polarization combinations and (b) sample tilt angle.
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Chapter 8
Quantification of Crystalline Cellulose in Lignocellulosic Biomass Using Sum
Frequency Generation (SFG) Vibration Spectroscopy

Overview
The non-centrosymmetric selection rule of the sum frequency generation (SFG) vibration
spectroscopy allows detection and quantification of crystalline cellulose in lignocellulosic
biomass without spectral interferences from hemicelluloses and lignin which are the main
challenges in other conventional characterization techniques such as x-ray diffraction (XRD) used
for cellulose structural analysis. The dependence of SFG peak intensity on mass fraction of
crystalline cellulose in biomass was studied with model biomass samples prepared by mixing
commercially available microcrystalline cellulose, xylan, and lignin with known concentrations.
It was found that although the amorphous xylan and lignin components in the sample cannot
produce SFG signal, lignin can absorb visible and SFG photons and thus reduce the SFG signal
from the crystalline cellulose. It was also found that the XRD peak intensity does not depend
linearly on the crystalline cellulose mass fraction in biomass. Both SFG and XRD could be used
to estimate the crystallinity of cellulose in biomass with proper calibration curves; but SFG
appears to be more sensitive since there is no spectral interference while XRD suffers from broad
amorphous halos altering the baseline of the crystalline diffraction peaks. The estimation of
crystalline cellulose content in wood samples was demonstrated.
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Introduction
Cellulose is considered the most abundant carbohydrate substance on earth.37-39 It is a
high molecular weight homopolymer comprised of β-D-glucopyranose units linked by 1,4glycosidic bonds.36 Beyond its most traditional use as precursors for papers and fabrics, it also
has many potential applications in pharmaceutical industries,40 microdevices,38,252 coatings.38 It
has recently been receiving attentions as a potential feedstock for biofuels.46 Depending on final
applications, the crystalline structure of cellulose provides mechanical rigidity for strengthneeded products and recalcitrant barrier for deconstructed-needed process. Also, the crystalline
structure of cellulose is a key determinant of plant growth and differentiation.253 In all these cases,
it is critical to understand the crystalline structure of cellulose.36,40-42,44,254-258
The main experimental techniques used for studying the crystallinity of cellulose are xray diffraction (XRD),36,41,257 and solid-state
spectroscopy.

46,240,259

13

C nuclear magnetic resonance (NMR)

In XRD, the crystalline lattice of cellulose produces characteristic

diffraction peaks centered at 14.7°,16.4°, 22.6°, and 34.4° while hemicellulose and lignin as well
as amorphous cellulose give a broad scattering halo between 14-27°.36,48,260,261 The relative
intensity ratio of the diffraction peak and the amorphous halo intensity can be used to calculate
the portion of crystalline cellulose in lignocellulosic biomass.36,260,262 The width of the crystalline
diffraction peak can also be used to estimate the average size of cellulose crystallites.263,264 In 13C
NMR, each carbon atom in the glucopyranose unit exhibits different chemical shift due to subtle
difference in magnetic field shielding by neighboring atoms covalently bonded to that specific
carbon atom.48,265,266 The chemical shifts of the C4 and C6 carbons are especially sensitive to the
cellulose structure. The crystalline structure generates sharper peaks at higher chemical shifts
(89.1 ppm for C4 and 66.2 ppm for C6) while the amorphous structure gives broader peaks at
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slightly lower chemical shifts (84 ppm for C4 and 63 ppm for C6).48,265,266 The ratio of these two
peaks in 13C NMR can be used to calculate the crystallinity of cellulose.267
It is noted that the terminology “crystallinity” in the cellulose literature is defined and
used ambiguously. When the test sample is purified cellulose, then the crystallinity calculated
from XRD means that the fraction of crystalline phase in the cellulose.36 When the test sample is
lignocellulosic biomass, the crystallinity calculated from XRD implies the fraction of crystalline
cellulose in the entire sample, not the crystallinity of cellulose itself.268,269

The cellulose

crystallinity in lignocellulosic biomass is often estimated by measuring the amount of cellulose in
sample with an assumption that signal contribution is only from the crystalline cellulose.
Measuring cellulose crystallinity in lignocellulosic biomass using solid NMR is complicated due
to the signal overlap from non-cellulosic components as well as amorphous cellulose.

By

manipulating NMR pulse program, carbon signal from crystalline cellulose has been isolated to
calculate cellulose crystallinity in lignocellulosic biomass.224
Although both XRD and

13

C NMR peaks are sensitive to the degree of the cellulose

crystallinity, converting their peak intensities to the actual crystallinity is highly dependent on the
calculation methods.36,46,258,260 The XRD diffractogram can be analyzed with peak height analysis
(most commonly used in the literature), amorphous subtraction, and peak deconvolution methods;
but all these methods give quite different crystallinity values for the same data.36 The situation is
similar for the crystallinity calculation from 13C NMR data.36,46 While one might choose a certain
analysis method to evaluate cellulose crystallinity among samples at a relative basis, it is
extremely challenging to assess an accurate crystallinity. The main difficulty originates from the
fact that the amorphous signals overlap with the crystalline peaks and there is no accurate or
quantitative ways to deconvolute these two contributions from the measured spectra.
Fourier transform infrared spectroscopy (FTIR) has been widely used since it is readily
available in many laboratories42,44,255,256,270 and some vibration peaks in the finger print region

173
(700 ~ 1500 cm-1) appear to be sensitive to the crystalline structure.271 However, FTIR cannot be
directly applied to analysis of cellulose in lignocellulosic biomass due to the spectral
interferences from hemicellulose and lignin.42-44 Also, calibration standards developed from
XRD or solid-state 13C NMR are necessary.
Chapter 7 demonstrated that sum frequency generation (SFG) vibration spectroscopy can
be used to selectively detect crystalline cellulose in lignocellulosic biomass. SFG is a nonlinear
optical process in which infrared and visible laser pulses are irradiated to a sample and a new
photon whose frequency is sum of the infrared and visible frequencies is emitted from the sample.
The SFG signal can be generated from non-centrosymmatrically arranged vibration modes at
interfaces or in crystalline structures.51,155,167,194,204,248,272 Conventional vibration spectroscopy such
as FTIR gives vibration spectra of broad peaks due to overlap of similar vibrational modes in the
CH and OH stretching vibration regions.42,44,45 Since these peaks could not be deconvoluted to
individual vibration modes, little structural information can be obtained from FTIR spectra. In
contrast, the non-centrosymmetric selection rule of SFG allows only certain vibration modes to be
detected and the vibrational modes that are randomly or centrosymmetrically arranged in the
sample will not be detected in SFG. Thus, SFG spectra will contain much less and well-resolved
peaks than FTIR. In fact, this was recently demonstrated that the crystalline cellulose (such as
Avicel PH-101, Sigmacell, and cotton linter that are used as model cellulose materials in the
literature) gives strong SFG signals while hemicellulose and lignin do not have any peaks in SFG
spectra.273 Thus, the SFG analysis has a potential to be used as a means to detect and estimate the
amount of crystalline cellulose in biomass.
This chapter presents the correlation between the SFG signal intensity and the crystalline
cellulose concentration in lignocellulosic biomass. Model biomass samples with known cellulose
contents were prepared by mixing commercially available microcrystalline cellulose (Avicel PH101), xylan, and lignin and analyzed with SFG as well as FTIR and XRD. As expected, FTIR
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cannot provide any meaningful data for crystallinity analyses. The XRD peak intensity decreases
as the cellulose content in the model biomass sample decreases; but it varies in a non-linear
fashion. The SFG signal intensity also varies non-linearly with the cellulose content. This seems
to be due to the absorption of visible and ultraviolet photons by lignin. With proper calibration
curves, both XRD and SFG can be used to estimate the amount of the crystalline cellulose in
biomass; but, SFG appears to be advantages since there are no peaks from hemicellulose and
lignin that interfere with the crystalline cellulose peaks.

Experimental Methods

Sample Preparation
Avicel® PH-101 (from Cotton linters, CAS-No. 9004-34-6), xylan (from beech wood,
Poly(β-D-xylopyranose[1→4]), CAS-No. 9014-63-5), and lignin (alkali kraft lignin, CAS-No.
8068-05-1) were purchased from Sigma-Aldrich and used as received. Powder mixtures of
Avicel:xylan, Avicel:lignin, and Avicel:xylan:lignin were made with varying mass fraction of
Avicel PH-101 from zero to one. All mixtures were pressed into pellets at 104 psi and used for
SFG, FTIR and XRD analyses. Small pieces of wood parts were cut from air-dried tree trunk
portions of Loblolly pine, Scandinavian pine, Scarlet oak, and Scandinavian birch and used for
SFG analyses without further treatments. The chemical compositions of wood samples were
analyzed by extraction and Klasson lignin test and followed by HPLC sugar analysis.274
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Sum Frequency Generation (SFG) Vibration Spectroscopy Measurements
The theory describing the SFG vibration spectroscopy can be found elsewhere.51,148
Therefore, this section will focus on experimental set-up used in this study.

The SFG

measurements were made using an optical parametric generator (OPG/OPA) pumped by a
picosecond Nd:YAG laser at a 10 Hz repetition rate. The OPG/OPA used an AgGaS2 crystal to
generate the tunable infrared pulse with a wavelength between 2~10 μm. The second harmonics
of the Nd:YAG laser was used for the visible pulse at 532 nm. The incident angles of the visible
and IR beams were 60° and 56° from the surface normal of the sample, respectively. The two
laser pulses were overlapped spatially and temporally at the cellulose/air interface to generate the
sum frequency signal. A beam collimator was used to capture diffuse SFG signal from randomly
oriented crystalline cellulose in the sample.273

The SFG signal was filtered with a

monochromator from 442.5 nm (when IR = 3800 cm-1) to 465.2 nm (when IR = 2700 cm-1) and
detected with a photomultiplier tube. The data points for each spectrum were taken at 4 cm-1
steps for the CH stretching vibration region (2700-3000 cm-1) and at 8 cm-1 steps for the OH
stretching vibration region (3000-3800 cm-1). Each data point was the average of 100 laser shots.
The SFG signal intensity at 2945 cm-1 was plotted as a function of Avicel mass fraction in the
model mixture. The sample uniformity was checked by monitoring the 2945 cm-1 SFG signal
intensity while moving the location of the overlapped beams on the sample.

Fourier Transform Infrared (FTIR) Measurements
Transmission FTIR measurements of the cellulose mixtures were performed using a
Thermo Nicolet Nexus 670 spectrometer with a deuterated triglycine sulfate (DTGS) detector.
The measurements were taken at 2 cm-1 resolution and 100 spectra were averaged to create each
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spectrum. The wavenumber region studied for all samples was from 500 cm-1 to 4000 cm-1. The
cellulose mixtures were combined with KBr crystals at a mass fraction of 5-6% and pressed into
pellets for each FTIR measurement.

X-ray Diffraction (XRD) Measurements
XRD experiments were performed using a Philips XLF ATPS X-ray diffraction 1000
instrument equipped with OMNI Instruments customized automount and a Cu tube (λ = 1.5405
Å). The x-ray was generated at 25 mA and 35 kV. The scattering angle of 2θ from 9 to 41 was
measured at the step size of 0.05 with 5 seconds exposure at each step.
Three methods were compared to evaluate the cellulose crystallinity of samples from
XRD patterns.4,6 In the peak height method (which is the most widely used in the literature), the
crystallinity was calculated from the intensity (height) ratio between the crystalline peak at
2=22.7o and the amorphous background at 2=18o. In the peak deconvolution method, a peak
fitting program (PeakFit, www.systat.com) was used to extract individual crystalline peaks from
the diffraction intensity profiles, assuming Gaussian functions for each peak and a broad halo at
around 21.5 as amorphous contribution. Iterations were repeated until the maximum F number
was obtained. In the amorphous subtraction method, the XRD data of the xylan and lignin
powder mixture was used as an amorphous standard to subtract the amorphous portion from the
diffraction profiles. A scale factor was applied to the amorphous standard spectrum so that the
baseline between the crystalline XRD peaks is zero without any negative values after subtraction
of the amorphous portion. The crystallinity index was then calculated as the ratio between the
peak area of the crystalline diffraction peaks and the total subtracted amorphous area.
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Results and Discussion
The main focus of this study is to evaluate the capability of SFG to quantitative
determine crystalline cellulose in lignocellulosic biomass. In this section, a comparison of the
SFG, FTIR, and XRD of pure reference samples will be discussed first. Then, the challenge of
applying conventional XRD method to analysis of crystalline cellulose in lignocellulosic biomass
is addressed using model biomass samples constructed using commercially available
microcrystalline cellulose, xylan and lignin with known concentrations. Next, how the cellulose
SFG signal intensity is affected by the SFG-inactive xylan and lignin components in the model
biomass sample. Finally, the amount of crystalline cellulose present in a few wood samples will
be determined and compared with the sugar analysis results.
The advantage of using SFG to selectively detect and quantify crystalline cellulose in
lignocellulosic biomass can be seen from the comparison of SFG, FTIR, and XRD spectra of pure
components shown in Figure 8-1. Due to the non-linear optical selection rule which allows
detection of non-centrosymmetrically arranged vibration modes,52-54 amorphous xylan and lignin
do not give any SFG signal while microcrystalline cellulose (modeled with Avicel PH-101)
produces strong SFG signal (Figure 8-1a). Notice that the SFG spectrum of Avicel contains a
few well-resolved peaks compared to its FTIR spectrum which shows broad ill-resolved peaks
(Figure 1b). The broad FTIR peak in the CH stretching vibration region is due to spectral overlap
of the 1,2,3,4,5C-H groups at the axial position of the glucopyranose ring unit and the 6CH2 group in
the exocyclic ring.44 The even broader FTIR peak in the OH stretching vibration region is the
consequence of varying degree of hydrogen bonding interactions among three hydroxyl groups
(2OH, 3OH, and 6OH) in the cellulose crystal and the water molecule inclusion in amorphous
regions.44,275 Figure 8-1b demonstrates that the FTIR spectrum of cellulose in the CH and OH
vibration region is hardly distinguishable from those of xylan and lignin.
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Figure 8-1: (a) SFG, (b) FTIR, and (c) XRD spectra of the pure Avicel, xylan, and lignin samples.
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The sharp peaks in the cellulose SFG spectra can be assigned from careful analysis of the
crystal structure of cellulose I-β which is the main crystalline phase in Avicel.36,258,260 The I-β
polymorph of cellulose has a monoclinic unit cell with a two-fold screw symmetry (P21 space
group).241 In this structure, the glucose chains are held together edge-to-edge through hydrogen
bonds and all run in the same direction in flat sheets. These sheets are stacked together forming
three-dimensional crystalline structure. Looking into this structure, one can notice that the axial
1,2,3,4,5

C-H groups are arranged almost centrosymmetrically in the opposite sides of the glycosidic

linkage. These groups would exhibit a vibration peak at 2902 cm-1. This peak is the most
dominant peak in the FTIR spectrum (Figure 8-2b) since they are the most abundant C-H groups
in cellulose; but this peak is absent in the SFG spectrum since they are canceled due to symmetry
and are therefore forbidden in SFG.276 Instead, the peak at 2945 cm-1 is dominant in SFG, which
is observed as a small shoulder in FTIR. This peak can be attributed to the asymmetric vibration
of the exocyclic 6CH2 group, which is not arranged centrosymmetrically in the cellulose Iβ unit
cell. This peak position is the same as the CH2 peak of ethylene glycol.244-246,273 The weak peak at
2850 cm-1 can be attributed to symmetric stretching vibrations of the 6CH2 group.
The 3325 cm-1 peak position in SFG is very close to those of 3O-H hydrogen-bonded to
5

O and 2O-H hydrogen-bonded to 6O observed in IR with electric polarization along the chain

axis.16 Although these O-H groups are positioned at the opposite sides of the glycosidic linkage,
they are not symmetrically arranged and the 2O-H6O group is known to be more disordered than
the 3O-H5O group.28,34 In the cellulose I-β crystal, all 3O-H5O groups are aligned in the same
direction.
Figure 8-1c displays the XRD spectra for Avicel, xylan, and lignin. The XRD spectra of
Avicel has a main peak at 2 = 22.6° assigned to the [002] plane. The small peaks at 2 = 14.7°,
16.4°, and 34.7o are from the [010] and [101] planes of the cellulose Iβ crystal, respectively.36,46
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Unlike FTIR, amorphous xylan and lignin do not display any diffraction peaks but broad
amorphous scattering halos. Unfortunately, the amorphous halos exist over a 2 range from 12o to
25o, which overlaps with the crystalline diffraction peak positions. In addition, the XRD detection
efficiency of the amorphous phase is not well understood. These introduce significant
uncertainties in the quantification of the cellulose crystallinity from the XRD data.36,41,257
Figure 8-2 demonstrates the inaccuracy of the XRD-based crystallinity calculation
methods. Figure 8-2a plots several XRD profiles of model biomass samples constructed with
known amounts of Avicel and 1:1 mixtures xylan and lignin. As the Avicel mass fraction
decreases in the model biomass sample, the intensities of the crystalline cellulose diffraction
peaks at 2 = 14.7°, 16.4°, 34.7°, and 22.6° decrease and the broad background in the 2 region
between 12o and 25o increases. Figure 8-4b plots the crystallinity of the sample (=amount of
crystalline cellulose in the entire sample) calculated with three different methods: peak height
method (black), peak deconvolution method (red), and amorphous subtraction method (blue).
The peak height method, which is the most widely used in the literature, predicts the highest
percentage of crystalline cellulose for each mixture. But it can clearly be seen that the calculated
crystallinity does not vary linearly with the actual amount of the Avicel. The calculated
crystallinity decreases from 89% to 67% (only 25% decrease) while the actual Avicel mass
fraction is creased by 60% (from 100% to 40%). At an Avicel mass fraction of 20%, the
calculated crystallinity is 46%.
The peak deconvolution method and amorphous subtraction methods gives the similar
error predicting a crystallinity higher than the actual amount. These two methods seem to be more
linear than the peak height method; but the predicted crystallinity of the pure Avicel sample is too
low compared to the generally accepted crystallinity value of microcrystalline cellulose, Avicel
PH-101.36,46[refs] One could find a correction factor to increase the crystallinity of the 100%
Avicel sample to the accepted value and multiply to all other calculations. But, this still cannot
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correct the non-linearity of the calculated crystallinity with the actual mass fraction of crystalline
cellulose in biomass. These results suggest that the crystallinity calculated from XRD data is
only qualitative and cannot be taken as a true value.
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Figure 8-2: (a) XRD spectra of the model biomass samples constructed by mixing Avicel, xylan, and lignin with
concentrations of xAvicel=0.9 & xxylan&lignin=0.1 (black), xAvicel=0.6 & xxylan&lignin=0.4 (red), xAvicel=0.2 &
xxylan&lignin=0.8 (blue), and xAvicel=0 & xxylan&lignin=1 (green). (b) Plot of the crystallinity indices calculated with
three different methods versus the actual amount of Avicel (microcrystalline cellulose) in the model biomass
sample. The dotted lines are drawn as a guide for the linear dependence case.
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This impasse could be alleviated by using the SFG data to estimate the amount of
crystalline cellulose in biomass, since the amorphous components do not produce any signal in
SFG spectrum. Figure 8-3 compares the FTIR and SFG spectra of model biomass samples with a
few selected Avicel concentrations. As discussed previously, the spectral changes in FTIR is
hardly noticeable since all three components have similar FTIR spectra. In contrast, the SFG
spectra of the same samples show a very clear Avicel concentration dependence of the peak
intensity. Notice that the Avicel peak intensity decreases as its concentration decreased and the
baselines of the SFG spectra are flat and do not change with the increase of the amorphous xylan
and lignin content. Thus, a SFG-based crystallinity calculation method would not require any
peak fitting to remove the amorphous contribution, which is a great advantage over the XRDbased method.
Figure 8-4 plots the intensity of the 6CH2 asymmetric vibration peak at 2945 cm-1 as a
function of Avicel mass fraction measured with the model biomass samples constructed with
different matrix compositions (xylan-to-lignin ratios). It is interesting and very important to note
that the crystalline cellulose SFG intensity can vary depending on the matrix composition even
though the matrix itself does not give any peaks or distort the baseline of the SFG spectrum. For
example, the Avicel-xylan mixture shows a linear dependence of the Avicel SFG signal on the
Avicel concentration in the sample. However, the samples containing lignin reveal a non-linear
dependence.
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Figure 8-3: (a) (a) FTIR and (b) SFG spectra of the model biomass samples constructed by mixing Avicel, xylan,
and lignin with given concentrations.
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Figure 8-4: Plot of the SFG intensity of the CH2 asymmetric vibration peak intensity at 2945 cm-1 as a function
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More insight into the matrix composition dependence can be gained if the UV/Vis
absorption behaviors of the cellulose, xylan and lignin are considered. Both cellulose and xylan
vary in color from white to ivory and have zero absorption cross-section at 532 nm (incident
visible photon) and 460 nm (= 532 nm + 2945 cm-1; emitted SFG photon). Thus, the linear
concentration dependence for the Avicel-xylan mixture implies that the effect of the physically
mixed xylan is simply reducing the available Avicel concentration within the SFG probe volume.
Although xylan absorbs the IR photon, its effect on the cellulose SFG seems to be negligible.
Unlike xylan, lignin is brown and has finite light absorption cross-sections at both 460 nm and
532 nm.277,278 So, the lignin present in the sample can absorb the SFG photon (460 nm) generated
from crystalline cellulose inside the sample, lowering the SFG photon emission yield. Also,
lignin absorbs visible photons (532 nm) which lowers the intensity of the SFG signal via
Equation 2 in Chapter 4.
The matrix composition dependence of the SFG intensity of crystalline cellulose in
biomass may not be fully modeled through simple linear combination of UV/Vis absorption
behaviors of pure components. When comparing the data in Figures 8-4b and 8-4c, it can be seen
that the decrease of the cellulose SFG signal is faster in the Avicel-xylan-lignin mixtures than the
Avicel-lignin mixtures although the actual amount of lignin in the sample is less. The cause of
this unexpected behavior is not understood at this time. It might be caused by spectral absorbance
change upon mixing and pressing of xylan and lignin. Further investigation is needed to fully
explain and predict this matrix effect. In any case, the results presented here suggest that the
cellulose SFG intensity can be converted to the actual amount of crystalline cellulose in biomass
if a proper calibration curve is made available. For accurate determination, the calibration curve
should be constructed with the matrix (hemicellulose and lignin) extracted from the analyte
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sample of interest. If that is not available, the UV/Vis absorption property of the matrix should be
adjusted to closely mimic the actual analyte sample.
The feasibility of the SFG-based analysis of the structure and crystallinity of cellulose in
real biomass samples was tested with four wood samples taken from the tree trunk parts of
Loblolly pine, Scandinavian pine, Scarlet oak, and Scandinavian birch.

Figure 8-5a displays the

normalized SFG spectra of the four wood samples. The SFG spectra of these wood samples look
very similar to that of Avicel, indicating the main cellulose structure in these samples is cellulose
I-β. In a closer inspection, some minor differences can be observed. For example, the shape and
relative intensity of the OH stretching vibration peak are somewhat different for each species. It is
speculated that these differences might originate from the interactions between the cellulose and
hemicellulose components in the secondary cell walls in these wood samples.279-282 Further
detailed analysis is beyond the scope of this paper and it is the subject of future study.
The intensity of the 6CH2 stretching vibration peak at 2945cm-1 can be used to estimate
the amount of crystalline cellulose in the wood sample. Figure 8-5b plots the measured SFG
signal intensities of the wood samples. Scarlet oak and Scandinavian pine exhibit relatively weak
SFG signals when compared to Loblolly pine and Scandinavian birch. Since the hemicellulose
and lignin components of these trees are not commercially available, the calibration shown in
Figure 8-4c was used in this feasibility test. Table 8-1 compares the crystalline cellulose contents
in these samples estimated from the SFG intensity and the chemical composition analysis results.
The glucan content is equivalent to the total amount of cellulose in the sample. In the case of
Scandinavian pine and Scarlet oak, the SFG-based estimate of crystalline cellulose is very close
to the total glucan content in the sample. It is interesting to note that the ratio of hemicellulose
and lignin is roughly 1:1 for these samples, which is similar to the model biomass samples tested
in Figure 8-4c. In contrast, the SFG-based estimate is much higher than the total glucan content
for Loblolly pine and Scandinavian birch. This implies that the calibration curve shown in Figure
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8-4c may not be suitable for these samples. In fact, the hemicellulose-to-lignin ratio for these
samples is different from the one used in Figure 8-4c. Note that the hemicellulose and lignin
structures in these samples are all different from the commercially available xylan and lignin
samples used in this feasibility test. It is important to note that other possible sources of error in
using the calibration curve displayed in Figure 8-4c to calculate the amount of crystalline
cellulose in the wood samples include a difference in densities and water content in the
compressed pellets when compared to the wood samples. These errors could cause additional
uncertainties in the calculated percentages of crystalline cellulose.
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Table 8-1: Comparison of SFG crystallinities for Scarlet oak and Scandanavian pine with sugar analyses.

Wood Type
Scandanavian Pine
Scarlet Oak

SFG
SFG CI (%)
43
33

Glucan
44.9
37.2

Lignin
27.4
24.4

Sugar Analysis
Hemicelluloses Extractives
25.3
2.2
31.3
3.2

Mass Balance
99.8
95.9

Table 8-2: Comparison of SFG crystallinities for Loblolly pine and Scandanavian birch with sugar analyses.

Wood Type
Loblolly Pine
Scandanavian Birch

SFG
SFG CI (%)
58
65

Glucan
42.4
39.7

Lignin
30.4
20.9

Sugar Analysis
Hemicelluloses Extractives
18.5
3.3
29.7
1.9

Mass Balance
94.6
92.2
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Conclusions
SFG was used to determine the correlation between peak intensity of the 6CH2
asymmetric stretching vibration and the amount of crystalline cellulose in lignocellulosic
biomass.

Model samples were created by mixing known concentrations of commercially

available crystalline cellulose, xylan, and lignin. Neither amorphous xylan nor lignin produced
SFG signal, however these components affected the peak intensity of the crystalline cellulose
differently. Lignin absorbed both visible and SFG photons which resulted in a faster, nonlinear
decrease of the crystalline cellulose signal intensity while a linear decrease was observed for the
mixtures containing only xylan. Both XRD and SFG were used to calculate the percentage of
crystalline cellulose within biomass using calibration curves; however SFG was shown to be
more sensitive as it did not suffer from spectral interference from xylan and lignin.

The

percentage of crystalline cellulose present in wood samples was calculated based on the
calibration curves determined from the model samples. The percentage of crystalline cellulose
calculated from SFG for Scarlet oak and Scandanavian pine were very close to the amount of
cellulose predicted from Klasson lignin extraction and HPLC sugar analysis. This study showed
that with proper calibration curves, SFG can be used to quantify the amount of crystalline
cellulose present within lignocellulose biomass.
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Chapter 9
Sum Frequency Generation (SFG) Vibration Spectroscopy Study of Cellulose
Polymorphs: I, II, and III

Overview
The different cellulose polymorphs, I, II, III, and IV, are known to have different crystal
structures.

These different crystal structures give rise to different non-centrosymmetric

arrangements of the cellulose molecules depending on the polymorph. It is believed that the
different crystal structures can be probed using sum frequency generation (SFG) vibration
spectroscopy. SFG was used to study different cellulose polymorphs which included I-α, I-β, II
from I-β, III from I-α, and III from I-β. Fourier transform infrared spectroscopy (FTIR) was
performed as a reference for comparison for all samples. Each polymorph was shown to exhibit a
unique spectrum in SFG in both the CH stretching vibration region and OH stretching vibration
region. The differences observed between the polymorphs were more prominent in SFG than
those observed in FTIR. This study demonstrates that SFG is an efficient spectroscopic analysis
method that can differentiate between the cellulose polymorphs.

Introduction
Cellulose is a high molecular weight polymer that consists of β-D-glucopyranose units
linked by 1,4-glycosidic bonds.43 It is shown in the literature that different polymorphs of
cellulose exist, the most common types being I, II, III, and IV. The only polymorph of cellulose
that occurs in nature is cellulose I and it exists as two main subtypes, I-α and I-β.39,43 Cellulose I-
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α is primarily produced by algae and bacteria while cellulose I-β is produced by higher order
plants.43 The glucan chains of cellulose I are oriented parallel to each other, with the only
difference between I-α and I-β being through the extent of hydrogen bonding between the chains.
Cellulose I-α is considered metastable as it is easily converted to I-β through heating. Cellulose I
can be converted to the other polymorphs.283 Cellulose II is irreversibly produced from cellulose
I through mercerization or regeneration with alkaline solutions, after which the chains have an
antiparallel structure.39,40,283-285 Cellulose III can be produced from cellulose I and cellulose II
through treatment with liquid ammonia.40,283,286-288 Cellulose IV is produced from all polymorphs
using heat and treatment with glycerol.40 The summary of how these polymorphs are produced is
shown in Figure 9-1. All of these polymorphs of cellulose exhibit slightly different structures,
thus elucidating their structures would be important for understanding their potential applications
in various industries.40
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Figure 9-1: Schematic of how to generate the different cellulose polymorphs.

The main experimental techniques used for studying cellulose structure include Fourier
transform infrared spectroscopy (FTIR),1,42,44,49,256,270 Raman spectroscopy,43,50,289,290 X-ray
diffraction (XRD),36,39,48,287,291,292 and solid-state
spectroscopy.46,47,266,286

13

C Nuclear magnetic resonance (NMR)

FTIR is a linear spectroscopic technique that can differentiate between

the cellulose polymorphs. Both the OH stretching vibration region (3000-3600 cm-1) and low
wavenumber region (400-1000 cm-1) can show differences between the polymorphs [data shown
in the Supporting information].1 A shoulder centered at 3420 cm-1 in the OH stretching vibration
region and a shoulder centered at 750 cm-1 are characteristic of I-α cellulose.1 Also, a peak
centered at 3490 cm-1 usually signifies cellulose III.49 A drawback of using FTIR to differentiate
between cellulose polymorphs is that the CH stretching vibration region is ill-resolved due to
multiple overlapping symmetric and asymmetric stretching vibrations.49 In addition to this, water
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can be absorbed into the amorphous regions of the cellulose sample causing the OH stretching
vibration region to be extremely broad.42,44,45
Raman spectroscopy is also a linear spectroscopic technique that has been used to study
cellulose.43,283-285 Similar to FTIR, Raman can show difference between the polymorphs in the
OH vibration region and low wavenumber region [data shown in Supporting information].50
More specifically, Raman shows slight differences in spectra between I-α and I-β cellulose, where
I-β rich cellulose exhibits more prominent peaks in the OH stretching vibration region and the
low wavenumber region, ~800-900 cm-1, than the I-α rich cellulose. [data shown in Supporting
information].43 Like FTIR, Raman requires that the cellulose portion of biomass is separated
from all other components as they can generate similar Raman spectra.
XRD shows characteristic peaks, both shaper and location, in the diffractograms for the
different cellulose polymorphs [data shown in Supporting information].39,48

Cellulose I is the

only polymorphs that exhibits a diffraction peak at 14°.48 In addition to being able to differentiate
between the polymorphs, XRD is also sensitive to the crystallinity of the cellulose polymorphs as
only crystalline cellulose samples generate diffraction peaks while amorphous samples generate a
broad scattering halo. A drawback with XRD, however, is it is unable to distinguish between the
subtypes of cellulose I-α and I-β as the differences in XRD are so small they are unable to be
resolved.
Solid-state

13

C NMR shows distinct differences in spectra between the cellulose

polymorphs, including differences between I-α and I-β [data shown in Supporting
information].36,46,293 These differences manifest themselves in shifts of the C4 and C6 peaks for
the glucopyranose unit as these peaks are sensitive to cellulose structure.20,21 For instance,
cellulose I exhibits peaks at ~89.1-89.8 ppm (C4) and at ~65.5-66.2 ppm (C6).20 These peaks
shift downward to ~88.7-88.8 ppm (C4) and ~63.5-64.1 ppm (C6) for cellulose II.20

The

locations and shape of the C1, C2, C3, C5 peaks show less distinct differences between cellulose
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polymorphs and are often not used in determining cellulose structure. The drawback in using
solid-state

13

C NMR is that it normally requires the separation of cellulose from its other

components within biomass.
Chapters 7 and 8 demonstrated that sum frequency generation (SFG) vibration
spectroscopy is an effective non-linear spectroscopic technique that can be used to study
crystalline I-β cellulose within lignocellulosic biomass.273 The advantages of SFG demonstrated
in these chapters were that only crystalline cellulose generates an SFG spectrum and because of
this it does not require the separation of cellulose from other biomass components via harsh
chemical treatments.273 These studies have primarily focused on I-β cellulose samples. However,
not all cellulosic materials are purely I-β, in nature; most materials also contain varying amounts
of I-α cellulose. Also, the conversion of cellulose I to types II and III via their respective
treatments may not always be complete. Therefore, a means to probe the relative amounts of the
different types of cellulose within a sample would be beneficial for its use in various applications.
What is needed first, however, is a SFG study of the pristine cellulose polymorphs in order to
understand their contributions within a mixed sample.
In this chapter, a SFG study of the cellulose polymorphs is presented. The resulting SFG
spectra are compared to FTIR spectra of the same polymorphs for reference. Cellulose from
Acetobacter xylinus and cladophora (predominantly I-α), cotton (predominantly I-β), cellulose II
produced from mercerization with NaOH and regeneration with NMMO/H2O, and cellulose III
produced through ammonia treatment were used in this study. Each of the cellulose polymorphs
produced a unique SFG spectrum.

This study demonstrates that SFG is a very effective

spectroscopic technique that can be used to differentiate between the cellulose polymorphs.
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Experimental Methods

Sample Preparation
Avicel PH-101 (11365) and cotton linter was purchased from Sigma Aldrich.
Glucoacetobacter xylinus was cultured in Hestrin Schramm medium containing 2% glucose at
30°C under static conditions and incubated for 4 days.294 Cellulose pellicles were harvested,
sterilized with 2.6% sodium hypochlorite, washed in deionized water, and dried in a clean hood at
room temperature. Cladophora and cellulose III (produced from Cladophora and Avicel PH-101
using ammonia treatment) were supplied from Dr. David Johnson at National Renewable Energy
Laboratory.

The cellulose II samples were prepared from Avicel PH-101 (11365) through

mercerization with 5M NaOH solutions and regeneration with NMMO/H2O (received from Prof.
Yong-Lak Joo at Cornell University). Six week old wild type and xxt1xxt2 mutant (xyloglucan
deficient) Arabidopsis samples from Dr. Yong Bum Park in the Dept. of Biology at Penn State
were used as received.

SFG Measurements
The theory describing Sum frequency vibrational spectroscopy (SFG) has been discussed
in detail previously and is reviewed in Chapter 4.148,174,295 Therefore, this section will focus on
experimental set-up for the cellulose samples. The SFG measurements were made using an
optical parametric generator/amplifier (OPG/OPA) pumped by a picosecond Nd:Yag laser at a 10
Hz repetition rate. Both the laser and OPG/OPA were supplied from Ekspla. The OPG/OPA
uses an AgGaS2 crystal to generate the tunable infrared beam between 2-10 μm.

The 2nd

harmonic of the Nd:Yag laser was used for the visible light at 532 nm. The incident angles of the
visible and IR beams through air were 60° and 56° from the surface normal, respectively. The
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beams were overlapped spatially and temporally at the cellulose/air interface to generate the sum
frequency signal. A beam collimator was used to capture diffuse SFG signal from randomly
oriented crystalline cellulose in the sample.273 The data points for each spectrum were taken at
4cm-1 steps for the hydrocarbon stretching vibration region (2700-3000 cm-1) and at 8 cm-1 steps
for the OH stretching vibration region (3000-3800 cm-1). Each data point was the average of 100
laser shots. The cellulose samples that were received as powders were pressed into pellets at 104
psi without any other additives.

FTIR Measurements
Transmission FTIR measurements of the cellulose samples were performed using a
Thermo Nicolet Nexus 670 spectrometer with a deuterated triglycine sulfate (DTGS) detector.
The measurements were taken at 2 cm-1 resolution and 100 spectra were averaged to create each
spectrum. The wavenumber region studied for all samples was from 4000 cm-1 to 500 cm-1,
which encompassed the OH stretching vibration, hydrocarbon stretching vibration region, OH
bending vibration, and the hydrocarbon bending vibration regions. The samples received as
powders were combined with KBr crystals at a mass fraction of ~5-6% and pressed into pellets at
104 psi.

Results and Discussion
The different structure exhibited by cellulose polymorphs I, II, and II, were in order to
understand how differences in structure are observed by SFG. The SFG spectra of I-α and I-β
cellulose samples will be discussed first. Then, the SFG spectra of polymorphs II and III will be
compared to their parent materials. In all cases, the corresponding FTIR spectra will be shown
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for comparison. This study will demonstrate that SFG is a very effective spectroscopy technique
in showing distinct differences between the cellulose polymorphs.
The SFG spectra of the cellulose I samples are shown in Figure 9-2a. Cotton linter and
Avicel are primarily composed of I-β cellulose. Cellulose from cladophora and acetobacter are
primarily I-α, 65% and 80%, respectively.296,297 The SFG spectra of cotton linter and Avicel are
nearly identical and display characteristics peaks positioned at 2850 cm-1, 2945 cm-1, and 3325
cm-1.

Previously reported results suggest that the shoulder at 2850 cm-1 and strong resonance

peak at 2945 cm-1 are attributed to the CH2 symmetric and asymmetric stretch, respectively, of
the exocyclic 6CH2OH.273 The resonance peak positioned at 3325 cm-1 is most likely due to the
hydrogen bonding between 3O-H and 5O as the hydrogen bond between 2O-H and 6O has been
shown to be more disordered.273
The SFG spectra for the cladophora and acetobacter samples show many more resonance
peaks in the OH stretching vibration and CH stretching vibration regions. The OH vibration
region for cladophora contains a strong resonance peak at 3325 cm-1 and weaker peaks observed
at 3220 cm-1, 3250 cm-1, 3300 cm-1, and 3375 cm-1. The OH vibration region for acetobacter is
similar in that it also exhibits a maximum peak positioned at 3325 cm-1 in addition to shoulders
present at 3240 cm-1, 3270 cm-1, and 3375 cm-1. The peak positioned at 3325 cm-1 is believed to
be due to the hydrogen bonding between 3O-H and 5O and the hydrogen bond between 2O-H and
6

O.241,287 The other OH stretching vibrations regions are a result of slight differences in the

hydrogen bonding between the cellulose chains for the I-α rich samples when compared to the I-β
rich samples, as shown in Figure 9-3.292 The I-α rich samples have slightly more disordered 2O-H
to 6O when compared to the I-β geometry. 10,33,292 Also, I-α cellulose do not exhibit the 2-fold
screw symmetry which is required in I-β cellulose.
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Figure 9-2: (a) SFG spectra of cellulose I samples. (b) FTIR spectra of cellulose I samples.
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Figure 9-3: Comparison of hydrogen bonding interactions for I-α (left) cellulose and I-β (right) cellulose.292
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The CH stretching vibration regions for the I-α samples also contain more peaks than
those observed for the I-β samples. The cladophora cellulose exhibits strong resonance peaks at
2945 cm-1 and 2970 cm-1 and weaker resonance peaks at 2870 cm-1 and 2920 cm-1 in the CH
stretching vibration region. The cellulose from acetobacter exhibits strong resonance peaks
positioned at 2860 cm-1, 2920 cm-1, and 2965 cm-1 and weaker resonance peaks positioned at
2850 cm-1, 2890 cm-1, and 2945 cm-1 in the CH stretching vibration region. All of these peaks are
believed to be due to CH2 symmetric and asymmetric stretching vibrations and are a consequence
of the higher degree of hydrogen bonding between the cellulose chains.245
The differences in spectra between the cladophora cellulose and acetobacter cellulose
samples are believed to be due to the remaining I-β component of the samples. The cladophora
cellulose exhibits are larger resonance peak at 2945 cm-1 than the weaker shoulder observed in the
acetobacter cellulose.

This higher peak intensity may be attributed to the larger amount of I-β

cellulose (~35%) present within the cladophora sample.296,297 The I-β cellulose samples exhibit a
strong resonance peak only at 2945 cm-1. Also, the highest intensity observed for the OH
vibrations of the I-α dominant samples is centered at 3325 cm-1. This is the only OH vibration
observed for the I-β samples. The OH vibration centered at 3325 cm-1 may suggest that both I-α
and I-β cellulose have the same hydrogen bonding interactions for 3OH-5O. This peak intensity is
larger for the cladophora cellulose than acetobacter which could be attributed to the larger amount
of I-β cellulose present within the cladophora sample. In order to confirm this hypothesis
cellulose samples of higher I-α content, for example glaucocystic ~90% I-α, should be studied
using SFG.292
FTIR analysis of the same cellulose I samples was performed as a reference for
comparison with the SFG spectra. Figure 9-2b displays the FTIR spectra these samples. Similar
to the SFG spectra of cotton linter and Avicel, their corresponding FTIR spectra are nearly
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identical. The CH stretching vibration region exhibits a broad peak positioned at 2902 cm-1
which is attributed to the axial CH group in the glucosyl unit, which is the most dominant CH
group in cellulose.42,44 Also present in this region are small shoulders at 2945 cm-1 and 2965 cm1

.

The OH vibration region is ill-resolved due to both extensive hydrogen bonding in the

cellulose samples and residual water absorbed in the amorphous regions.273 The FTIR spectra of
the predominantly I-α samples show little differences when compared to the FTIR spectra of the
I-β samples. The only difference is seen in the OH stretching vibration where the FTIR spectra
for the acetobacter pellicle and cladophora cellulose show a small shoulder at 3240 cm-1. This
vibration is known as a characteristic vibration for I-α cellulose samples.42 It is also seen in the
SFG spectra for the I-α samples. The differences in the FTIR spectra of the cellulose I subtypes
are not as drastic as those observed in the SFG spectra.
Figure 9-2a showed the uniformity of I-β cellulose samples and the non-uniformity
predominantly I-α samples. This observation was investigated further by comparing multiple
spectra of I-β cellulose from cotton and I-α cellulose from acetobacter pellicles.

Figure 9-3a

shows the SFG spectra for five I-β cellulose samples from cotton, Avicel, cotton linter, cotton,
and two nanowhisker samples produced from cotton. All five spectra exhibit the three resonance
peaks observed for I-β cellulose: a small peak at 2850 cm-1, a strong peak at 2945 cm-1, and a
peak at 3320 cm-1. In addition to these peaks, the SFG spectra for the nanowhiskers from cotton
that were treated with H2SO4 exhibits a small resonance peak at 3376 cm-1, the origin of this peak
is not yet understood, however it is speculated that it is due to the nanowhisker treatment with
H2SO4 as the nanowhiskers treated with HCl do not exhibit this resonance peak. Figure 9-2a
demonstrates the uniformity of I-β cellulose samples from cotton.
In contrast to Figure 9-4a, Figure 9-4b demonstrates the non-uniformity of predominantly
I-α cellulose samples from acetobacter pellicles.

The resonance peaks observed for the

acetobacter pellicles are the same as those reported in Figure 9-2b, however, the peaks in the CH
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stretching vibration region differ in relative intensity between the samples. The peak positioned
at 2970 cm-1 usually exhibits the largest intensity in the CH stretching vibration region; however
in one sample its intensity was very close to the peak positioned at 2920 cm-1. Also, depending
on the location on the acetobacter pellicle the peak positioned at 2945 cm-1 is more prominent.
The maximum peak observed in the OH stretching vibration region is always centered at 3325
cm-1, however the intensities of the other peaks observed in this region differ in intensity among
the acetobacter pellicle samples. Also, the nanowhiskers produced from acetobacter pellicles
display more variation in spectra. For the acetobacter pellicles, the intensities of the peaks in OH
vibration region are always larger than the intensities of the peaks in the CH stretching vibration
region. However, the intensities of the OH stretching vibration are lower than those observed in
the CH stretching region for the nanowhiskers produced from acetobacter.
The SFG spectrum of the nanowhiskers from acetobacter treated with HCl shows the
same resonance peaks observed in both the CH and OH stretching vibration regions as those
reported for the acetobacter pellicles. In contrast, the SFG spectrum of nanowhiskers produced
from acetobacter and treated with H2SO4 display resonance peaks centered at 2885 cm-1, 2945 cm1

, and 3380 cm-1.

The shifts in these peaks as well as the resonance peak at 2945 cm-1

(characteristic of I-β cellulose) are not yet understood.

However, it is speculated that the

differences in spectra may be due to the nanowhiskers treatment with H2SO4 as both the
nanowhiskers from acetobacter and nanowhiskers from cotton exhibited different resonance
peaks than the HCl treated counterparts.

Overall, Figure 9-3b demonstrated that cellulose

produced from acetobacter is highly non-uniform when compared to cotton.
Figure 9-4c compares the SFG spectrum of cotton other plant samples that contain
hemicelluloses and lignin. SFG spectra of all plant samples show exhibit a weak resonance peak
centered at 2850 cm-1 and the strong resonance peak centered at 2945 cm-1 in the CH vibration
region which is similar to cotton.

These peaks are characteristic of I-β cellulose. The OH
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vibration region, however, slightly differs between the samples. The SFG spectra of Loblolly
pine and Scandinavian pine show a resonance peak at 3325 cm-1 and a weak shoulder at 3450 cm1

. This shoulder is more prominent in the SFG spectra of Scarlet oak, Scandanavian birch, the

wild type Arabidopsis and xxt1xxt2 mutant Arabidopsis. The presence of the vibration at 3450
cm-1 may be due to interactions between the cellulose and hemicellulose molecules (xylan,
xyloglucan, mannan, etc) as cotton has almost no hemicelluloses. Several models have been
hypothesized in the literature where cellulose molecules are hydrogen bonded with
hemicelluloses.279-282 These additional hydrogen bonds may be the cause of the shoulder present
at 3450 cm-1. The lower intensity of the peak positioned at 3450 cm-1 in the xxt1xxt2 mutant
Arabidopsis spectrum, which is a xyloglucan (hemicellulose) deficient mutant, when compared to
the wild type Arabidopsis spectrum may be caused a lower amount of hemicellulose present
within the mutant. Further study is needed to determine the effect of hemicelluloses on the
structure of crystalline cellulose to reach a more definitive conclusion.
The SFG spectra of the cellulose II samples produced from mercerization with 5M NaOH
and regeneration with NMMO/H2O are compared to their parent material, Avicel, in Figure 9-5a.
The cellulose II sample produced through mercerization exhibits a weak resonance peak
positioned at 2890 cm-1 and a strong resonance peak positioned 2965 cm-1 in the CH stretching
vibration region. The cellulose II samples produced from NMMO/H2O exhibits two strong
resonance peaks positioned at 2890 cm-1 and 2965 cm-1 as well as a shoulder at 2865 cm-1. Note
that, no OH vibration is detected for either of the cellulose II samples. The absence of and OH
vibration supports the anti-parallel structure of cellulose II suggested in the literature.241 An antiparallel arrangement of the chains would cause the OH vibrations to cancel due to symmetry as
3

OH to 5O in adjacent chains would be oriented in the opposite direction.

An interesting

observation in the CH stretching vibration region is that the two cellulose II samples do not
exhibit the characteristic vibration at 2945 cm-1 observed in their parent material (Avicel). It is
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believed that the change in the alignment of the cellulose molecules from parallel (polymorph I)
to antiparallel (polymorph II) is the cause for the shift in CH2 vibrations and the absence of an
OH vibration. It would also be interesting to check if cellulose II produced from I-α and cellulose
III produced from II confirms this hypothesis.
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Figure 9-4: (a) SFG spectra of cellulose I-β samples from cotton. (b) SFG spectra of cellulose I-α samples from
acetobacter. (c) SFG spectra of I-β cellulose in biomass.
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Figure 9-5: (a) SFG spectra of cellulose II samples compared to their parent material. (b) FTIR spectra of
cellulose II samples compared to their parent material.
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The FTIR spectra of the cellulose II samples are shown in Figure 9-5b with their parent
material Avicel. Similar to what was observed in Figure 9-2b, the cellulose II samples show only
slight differences from the Avicel spectra. These differences are manifested in more prominent
vibrations observed at ~3430-3450 cm-1and ~3490-3500 cm-1 in the OH vibration region which
are characteristic peaks of cellulose II.296 Again, SFG shows more distinct differences between
the cellulose polymorphs when compared to FTIR.
The SFG and FTIR spectra of the cellulose III samples produced through NH3 treatment
are compared to their parent materials of Avicel and cladophora. Figure 9-6a displays the SFG
spectra of Avicel and type III cellulose produced from Avicel. Type III cellulose exhibits two
resonance peaks at 2885 cm-1 and 2960 cm-1 and a shoulder at 2890 cm-1 in the CH stretching
vibration region.

Again, these peaks are believed to be attributed to CH2 symmetric and

asymmetric stretching vibrations. Similar to the type II celluloses, the type III cellulose from I-β
does not exhibit a resonance peak at 2945 cm-1.

The strong OH vibration centered at 3481 cm-1

is shifted to higher wavenumbers than the peak centered at 3325 cm-1 observed for Avicel. The
shift and high peak intensity are believed to be caused by the hydrogen bonding between 3O-H
and 5O competing with 6O. This type of hydrogen bonding causes cellulose III to have only one
independent glucosyl residue.287 In cellulose I, hydrogen bonding occurs between 3O-H and 5O
and 2O-H and 6O which give rise to two independent glucosyl residues. The change in the degree
of hydrogen bonding could also cause the shift in the CH2 vibrations.287 In comparing the FTIR
spectra shown in Figure 9-6b, the CH stretching vibrations of the cellulose III cellulose show
little difference from Avicel. The broad OH vibration region of the cellulose III sample shows a
slight shoulder at ~3490 cm-1 which most likely coincides with the 3481 cm-1 vibration observed
in SFG.
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Figure 9-6c displays the SFG spectra of type III cellulose produced from cladophora
cellulose. Similar to cellulose III from Avicel, cellulose III from cladophora exhibits a very large
OH stretching vibration centered at 3481 cm-1. Also, the OH vibration increases in intensity, ~10
times, for the type III from Avicel and type III from cladophora. Similar to cellulose III from I-β,
the shift in the OH vibration is believed to be caused by the hydrogen bonding between 3O-H and
5

O competing with 6O.287 Cellulose III from cladophora exhibits three resonance peaks in the CH

stretching vibration region, these peaks are centered at 2870 cm-1, 2935 cm-1, and 2970 cm-1.
Similar to cellulose III from Avicel, these peaks are attributed to symmetric and asymmetric CH2
stretching vibrations. The positions of these peaks are very close to the CH2 stretching vibrations
reported for cladophora cellulose which suggests that the structure of cellulose III from
cladophora resembles that of its parent material or there was incomplete conversion from type I to
III.288
Figure 9-6d displays the FTIR spectra of cellulose III from cladophora. Unlike cellulose
III from Avicel, the FTIR spectra show more distinct differences between cladophora cellulose
and the type III cellulose. These differences are manifested in the OH stretching vibration region,
where the OH vibration region of the cellulose III sample exhibits a strong shoulder at 3490 cm-1
which most likely coincides with the resonance peak observed at 3480 cm-1 in the SFG spectra.
This study demonstrates that SFG shows much more prominent differences in spectra between
the cellulose polymorphs when compared to FTIR.
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Figure 9-6: (a) SFG spectra of cellulose III from I-β compared to its parent material. (b) FTIR spectra of
cellulose III from I-β compared to its parent material. (c) SFG spectra of cellulose III from I-α compared to its
parent material. (d) FTIR spectra of cellulose III from I-α compared to its parent material.
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Future Work
Although complete peak assignments could not be made for the different cellulose
polymorphs, some important questions arose from this preliminary study:
1. Why is I-β cellulose the only type of cellulose that exhibits a peak position at 2945 cm-1
in SFG?
2. Why do the spectra of I-α and I-β look so different when the only difference in their
structure is through hydrogen bonding? Why are cellulose I-α samples non-uniform?
3. What is the role of hemicellulose in the structure of crystalline cellulose in biomass
samples?
4. Does cellulose II from I-β lack an OH stretching vibration in SFG because of its
antiparallel structures? Will cellulose II from I-α and cellulose III from II also lack an
OH vibration?
5. Why do the spectra of cellulose III from I-β and cellulose III from I-α show drastic
differences from each other when the literature suggests that they should be the same?
Could this be due to differences in crystal size of the cellulose samples?
These questions are the foci of future studies. It is believed that collaboration with
theory is needed in order to make peak assignments of all the vibrations (summarized in
Table 9-1) observed for the cellulose polymorphs. For examples, Dr. Vincent Crespi and Dr.
James Kubicki at Penn State are conducting DFT calculations. These calculations could
explain why the shift in the CH2 vibrations is caused by small differences in the hydrogen
bonding for the cellulose polymorphs. Although the actual peak positions calculated will
most likely not match what is observed SFG, we hope to observe a similar trend. Raman
spectroscopy is suggested for some of the cellulose samples as another method of comparison
to SFG as Raman can differentiate between the cellulose polymorphs in the low wavenumber
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region. Also, a SFG study involving glucose in water is proposed. A preliminary experiment
showed that when glucose is dissolved in water, it exhibits the same peaks in SFG spectra as
the cellulose samples (Figure 9-7). So, in understanding the SFG spectra of glucose we may
gain further insight into the SFG spectra of cellulose.

When these peak assignments are

finally made, principle component analysis could be used to determine the relative amounts
of the cellulose polymorphs within mixed samples. Although this study was preliminary, it
demonstrated that SFG is a very efficient spectroscopic technique that can be used to
differentiate between the cellulose polymorphs and would be an excellent complimentary
technique to the already existing methods.

Table 9-1: Summary of the peak positions and relative strengths observed in SFG for the different cellulose
polymorphs.
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Figure 9-7: Preliminary SFG spectra for glucose dissolved in water, concentrations are unknown.
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Supporting Information

Figure 9-8: FTIR spectra comparison of I-α and I-β samples.1
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Figure 9-9: (a) Raman spectra comparison between Valonia (I-α rich cellulose) and Halocynthia (I-β) cellulose.43
(b) Raman spectra of cellulose I converted to type II.50
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Figure 9-10: X-ray diffractograms of cellulose polymorphs.48
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Figure 9-11: Solid state 13C NMR of cellulose polymorphs.48
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Figure 9-12: Comparison of solid-state 13C NMR of I-α and I-β cellulose samples.293
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Chapter 10
Summary and Future Work

Summary and Future Work for Vapor Phase Lubrication of SiO2 Surfaces Using Short
Chain Linear Alcohols
Two main questions were posed in the first portion of this dissertation: whether or not the
adsorbed short chain linear n-alcohols were the primary lubrication method for the silicon oxide
surfaces and whether or not the lubrication performance of the linear n-alcohols can withstand coadsorbed water vapor.
The studies presented in Chapters 2 and 3 addressed the first question. Chapter 2
compared the wear behaviors of silicon oxide surfaces in the vapor environments: dry (low
moisture), water vapor, and n-pentanol vapor. This study demonstrated that only the n-pentanol
vapor containing environment reduced friction and wear of the silicon oxide surfaces. In contrast,
an environment containing water vapor resulted in more severe wear of the silicon oxide surfaces
when compared to the dry environment. DFT calculations performed by Dr. Michael Janik
corroborated these results in that the adsorption of n-alcohols on silicon oxide increased the
energy required to break the Si-O bond when compared to a hydroxylated SiO2 surface. These
DFT calculations also suggested that only a monolayer of coverage of the adsorbed n-alcohols
was needed to reduce friction and wear.
Chapter 3 addressed what conditions were required to generate the observed
tribochemical reaction species. Tribological tests were performed at various contact loads and npentanol containing environments to monitor the formation of the tribochemical reaction product.
This study showed that the amount of tribochemical reaction species formed was proportional to
the extent of wear of the silicon surfaces. This suggests that the adsorbed n-alcohol molecules are
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the primary lubrication method for the silicon surfaces and the tribochemical reaction species is a
consequence of the wear.
Water adsorption in the ambient is ubiquitous, therefore in order to develop an efficient
lubrication method for silicon, it must also be considered. In order to understand how water
adsorption affects the structure and thickness of the adsorbed n-alcohol layers studies were
performed using SFG (Chapter 4) and ATR-IR (Chapter 5). Chapter 4 showed that binary
adsorbate layers of n-propanol and water on fused silica were structured where water was
adsorbed directly to the silica surface and n-propanol molecules were adsorbed on top of the
water layers. Chapter 5 demonstrated that the structure of water within binary adsorbate layers of
n-propanol/water and n-pentanol/water is more solid-like when compared to the single adsorption
conditions. Chapter 5 also demonstrated that the adsorption and desorption of n-alcohols is
reversible under co-adsorption conditions while water adsorption is not. These studies yielded
necessary insight into the structure of binary adsorbate layers.
Finally, the efficacy of lubricating SiO2 with n-pentanol vapor in an environment
containing also containing water vapor was investigated. Chapter 6 showed that at the MEMS
scale, the dynamic friction coefficient increased from its stable well lubricated value of ~0.2 (npentanol vapor containing environment) to ~0.5 and became unsteady as the relative humidity
was increased from zero to 25%. When the relative humidity was increased to 30%, the MEMS
devise was no longer able to operate. This change in dynamic friction coefficient was not
observed at the macro-scale under the same lubrication environment conditions. So, it was
believed that the friction behavior observed at the MEMS-scale was due to an increase in
adhesion forces caused by the water vapor which surpassed the actuation force of the MEMS.
This would not be observed at the macro-scale as the actuation force of the ball-on-flat tribometer
is much larger than adhesion forces due to the co-adsorbed water molecules. Although water
vapor is proved to have adverse effects on the efficacy of the n-pentanol vapor environment,

223
MEMS devices operated in the binary mixture vapor environments still exhibited longer lifetimes
than those operated in dry environments.

So, even though water vapor and subsequently

adsorption is still considered detrimental to MEMS, its detrimental effects on the wear behavior
of silicon is reduced by the adsorption of n-alcohol molecules.
Although several questions were addressed with the first portion of this dissertation, a
number of questions remain unanswered in order to fully develop and understand this technology.
First, if the tribochemical reaction species is not the primary lubrication method, can its
formation be hindered? Preliminary results shown in Appendix C suggest that neither the carrier
gas (Ar vs N2) nor the co-adsorbed species (H2O vs O2) prevent the formation of the
tribochemical reaction species. Only when the relative humidity was increased to 40% was the
formation of the tribochemical reaction species inhibited. At this condition, water is mostly
adsorbed to the SiO2 surface and very little n-pentanol remains.

These results do not

conclusively state that the production of the tribochemical reaction species cannot be stopped,
however, other co-adsorbed species should be investigated to reach a final conclusion.
Second, if the formation of the tribochemical reaction species cannot be prevented, can it
be used as a secondary lubrication method? For commercialization of this VPL, most MEMS
experts would prefer to run-in a device in a n-alcohol containing environment (in order to
produce the reaction species) and then remove the n-alcohol vapor and use the reaction product as
the lubricant for the remainder of device operation. Preliminary results, shown in Appendix C,
suggest that this may not be a valid option. Two MEMS demonstrated that the tribochemical
reaction species was barely able to match the device operation time observed when operated in a
dry environment (~2-3 min). These tests were only performed under one contact load, 500μN.
So, in a well lubricated environment, an insufficient amount of the tribochemical reaction may
have been produced to act as a secondary lubrication method. Therefore, more studies are needed
at higher contact loads to address this question.
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Next, the lubrication of silicon oxide with n-alcohols has been extensively studied,
however are n-alcohols the best choice for MEMS and other silicon surfaces? Other molecules
with low vapor pressures should be investigated in order to develop the most efficient lubrication
technology. Of course, similar adsorption studies, both fundamental spectroscopic studies and
application studies, should be performed to address this question.
Finally, VPL using short chain linear n-alcohols should be investigated for other
substrates; these could include diamond like carbon (DLC), stainless steel, and sapphire. Studies
already performed in this group suggest that the adsorption of n-alcohols can have varying effects
of the tribological behavior of different substrates. When DLC is lubricated with n-alcohol vapor
environments, the observed friction coefficients are increased from ~0.02 to ~0.2, which is the
value observed when silicon oxide is lubricated with n-alcohols. Although these is an increase in
friction coefficient, wear of the DLC substrates are reduced. Future studies investigating the
tribological behavior of different substrates in n-alcohol containing environments may show how
drastic an affect the vapor environmental can have on friction and wear.

Summary and Future Work for the Sum Frequency Generation Vibrational Spectroscopy
Studies of Crystalline Cellulose Polymorphs
The second portion of this dissertation discussed using SFG to study crystalline cellulose
samples. These preliminary studies yielded very important results.
First, Chapter 7 demonstrated that SFG was sensitive to only bulk crystalline cellulose.
So, samples containing other components such as hemicelluloses and lignin (which are
considered amorphous) can be studied using SFG without requiring the any separation of the
cellulose from the other components. This was demonstrated by studying three wood samples,
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birch, oak, and pine, and comparing their SFG spectra and intensities to a created mixture of the
same crystalline cellulose, hemicellulose, and lignin composition.
Chapter 8 demonstrated that the amount of crystalline cellulose within samples
containing hemicelluloses and lignin can be quantified using SFG. In this chapter, calibration
curves were created using Avicel PH101 (commercially available crystalline cellulose), xylan,
and lignin. The SFG signal intensity for the characteristic cellulose I-β peak was monitored as a
function of mass fraction of Avicel to create the calibration curves. These curves were used to
estimate the amount of crystalline cellulose present within wood samples. Chapter 8 showed that
when the correct calibration curve is used (meaning the correct amount of hemicelluloses and
lignin present within the mixtures) the percentage of crystalline cellulose predicted from SFG is
very close to what is calculated from sugar analyses.
Chapter 9 demonstrated the ability of SFG to differentiate between cellulose polymorphs,
I, II, and III.

Characteristic resonance peaks were observed for the different cellulose

polymorphs. Also, preliminary peak assignments were made for the polymorphs based on the
hydrogen bond structure and the observed OH vibration regions. The eventual goal of this study
is to be able to quantify the relative amounts of different polymorphs present within mixed
samples.
In all chapters, the efficacy of SFG in studying crystalline cellulose was compared to the
commonly used methods: FTIR, XRD, and solid-state 13C NMR. All three studies demonstrated
that SFG has a promising future for studying cellulose. In fact, these studies have become the
basis for a CLSF seed grant.
As these studies are only the beginning, many questions are raised regarding cellulose
structure studied using SFG remains.
First, more concrete peak assignments in the CH vibration region must be made. For this,
it is suggested to collaborate with theory. Also, an SFG study of glucose in water is warranted.
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Preliminary results showed that glucose and water solutions exhibited the same peaks observed
by SFG as cellulose. This study may also yield insight in why only I-β cellulose exhibits the
characteristic peak positioned at 2945 cm-1.
Another interesting study would be the primary structure of crystalline cellulose in load
bearing portions of plants. I-β cellulose is the primary component of higher order plants while I-α
cellulose is a primary component of cellulose produced by algae and bacteria. Also, preliminary
studies have shown that there is more I-β cellulose in the older portions of a tree, the trunk and
thicker branches, while leaves have little to no crystalline cellulose. So, do higher order plants
need I-β cellulose to support their structure?
Finally, collaborations with Dr. Yong Bum Park, Dr. Daniel Cosgrove, Dr. Jeffrey
Catchmark, and Ms. Jin Gu have spurred many additional studies. These studies have included
the role of xyloglucan and pectin in inhibiting the amount of crystalline cellulose present within
acetobacter cellulose. Also, the amount and type of crystalline cellulose present within wild type
versus mutant Arabidopsis plants. The increasing number of collaborators regarding cellulose
studies using SFG suggests that SFG will have a pivotal role in future cellulose research.
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The average molecular orientation in the adsorbed water layers formed on amorphous SiO2 in
ambient conditions was determined as a function of relative humidity using polarization
attenuated total reﬂectance infrared spectroscopy (ATR-IR). The silicon oxide surface was
prepared by chemically cleaning in aqueous solution, washing with water, and drying with argon.
After drying, this produced a SiO2 surface with hydroxyl groups, giving rise to a water contact
angle o51. Primarily two types of vibrational peaks that correspond to liquid water and solid-like
water were observed in the adsorbed water layers formed on this surface at room temperature.
The average orientation of the water molecules was determined from the dichroic ratio of s- to
p-polarization absorbances. At low relative humidities, the highly hydrogen bonded solid-like
structure exhibits a dichroic ratio as low as B0.4, while the liquid water structure exhibits a
dichroic ratio close to B1.0. As the relative humidity increases, the dichroic ratio of both water
structures approaches a dichroic ratio of 0.7B0.8, which is consistent with the random
orientation of molecules of bulk water and ice.

Introduction
Water adsorbs onto almost all surfaces and thus the properties
of interfacial water play important roles in a number of
interfacial phenomena encountered in biological, chemical,
and physical processes.1–4 Understanding the structure of
interfacial water has been of fundamental interest due to its
important role in various systems such as tribology, lipid/
micelles, and fuel cell research.3,5–9 Numerous spectroscopic,
microscopic, and theoretical studies have been utilized in the
pursuit of understanding interfacial water.10–37 The molecular
orientation and structure of interfacial water is critical to the
explanation or prediction of interfacial behavior of water at
ambient conditions.1,4,7–13
Water can form a varying degree of a hydrogen bond
network depending on the physical and chemical conditions
of the environment. When water is completely self-associated,
each water molecule has four hydrogen bonds with its nearest
neighbors forming a tetrahedral arrangement.14 This is usually
seen in crystalline ice structures at temperatures of and below
the freezing point.15–18 This crystalline ice structure gives a
vibrational peak at B3220 cm1 with a characteristic peak
shape in IR spectroscopy.19,20 Above the freezing temperature,
the most thermodynamically stable structure of condensed
water phase at ambient conditions is the liquid form. In the
liquid phase, the water molecule has on average two to three
hydrogen bonds.21 Liquid water exhibits a broad vibrational
peak at B3400 cm1 in IR spectroscopy.19,20 When the
hydroxyl group in a water molecule is not associated in
hydrogen bonding, it produces a vibrational peak at B3640
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cm1. These OH groups are often called free-OH or danglingOH.22 Thus, the peak position of the OH vibrational peak is
very sensitive to the degree of hydrogen bonding and has been
used as an indicative tool to study the structure of water.23
There are numerous reports on the presence of highly
structured water, which has a much higher degree of hydrogen
bonding than the liquid water structure at room temperature.
This structure is often observed at aqueous interfaces with air,
oils, or solids.15–38 A common feature of this highly hydrogen
bonded structured water at various interfaces is a prominent
vibrational peak at 3220 cm1 even at temperatures higher than
the freezing point. In the literature, this water has previously
been referred to as ice-like water,12,24–28 quasi-ice,29 amorphous
solid,30 or structured hydration layer.31 For the sake of this
study, this highly hydrogen-bonded water structure will be
referred to as solid-like water since it exhibits a vibrational
peak position similar to the solid phase of water, ice.
The observation of solid-like water at various interfaces
above the freezing temperature has spurred a number of
experimental and theoretical studies. In recent years, sum
frequency generation (SFG) vibrational spectroscopy has been
extensively used to study these interfacial waters.20,22,28,33,34 In
SFG studies of the water/air interface, it was observed that the
free OH bonds are dominant at the interface. These studies
also identiﬁed both liquid and solid-like water structures
present at this interface.22,32 At water/oil and water/solid
interfaces, the relative abundance of these three structures
appears to be dependent on the hydrophobicity of the counter
interface.28,33,34
There are a great number of reports in the literature on the
adsorption of water on metallic surfaces in ultra high vacuum
(UHV) conditions. In UHV, temperature programmed
desorption, vibrational spectroscopy, and electron/ion spectroscopy have been employed to study water adsorption.15–18
Phys. Chem. Chem. Phys., 2008, 10, 4981–4986 | 4981
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Due to the high vapor pressure of water, the UHV water
adsorption studies were conducted at cryogenic temperatures.
Thus, the main focus of these works was the formation, phase,
and stability of ice structures as well as dissociation of water
molecules on solid surfaces.35,36 However, even at these UHV
conditions, there exists evidence showing the presence of liquid
water on top of the ice layer if the temperature is not too far
below the freezing point.37 The relevancy of these studies
carried out in cryogenic UHV conditions to interfacial water
in ambient conditions remains to be tested.
In equilibrium ambient conditions, vibrational spectroscopy
is an extensively used experimental technique. Numerous
oxide powders as well as single crystalline oxide samples have
been studied with various vibrational spectroscopy techniques
such as SFG, diﬀuse reﬂection infrared Fourier transform
(DRIFT), and attenuated total reﬂectance infrared (ATRIR) spectroscopy.25,28,38 Both the solid-like and liquid water
structures are observed on these oxide samples regardless of
sample types (powers or single crystals). These results were
conﬁrmed with a newly developed high-pressure photoelectron
spectroscopy technique.12
Although there are several reports on the solid-like and
liquid water structures in water layers adsorbed onto solid
surfaces in ambient conditions, studies into the orientation of
water molecules in these structures is relatively rare.29 The
DRIFT technique cannot provide orientation information
since randomly oriented power samples are used. SFG can
provide molecular orientation information; but it is relatively
less sensitive to disordered structures and their thicknesses
when compared to ordered structures. In this study, polarization ATR-IR was used as a probe technique. ATR-IR is a
technique that allows for the detection of adsorbed water
molecules without interference from gas phase water vapor.39
The evanescent ﬁeld penetration into the probe medium is very
short (200B300 nm) and the density of vapor-phase water
molecules in this shallow volume is not high enough to
generate measurable absorbance signals. The s- and p-polarization measurements can provide average molecular orientation of molecules within the adsorbed layers on the sample.40
In this paper, the orientation of water molecules in the
adsorbed layers on a silicon oxide surface at room temperature
is discussed as a function of relative humidity (RH). Silicon
was chosen as a substrate for this study because silicon and its
oxide are of great importance in the semiconductor industry
and nanotechnology.5 Silicon oxide is an important geological
component found in sands, clays, mud, and various other
minerals.41 This paper reports the dichroic ratio, the absorbance ratio of s- and p-polarization spectra, of the water layers
formed on a silicon oxide surface as a function of relative
humidity at room temperature. This dichroic ratio provides
the average orientation information of water molecules in the
solid-like and liquid water structures within the adsorbed
layers under equilibrium conditions.

detector. A silicon ATR crystal was used in all experiments.
The crystal had a 451 bevel cut providing 451 incidence angle
and a total of 11 internal reﬂections at the probing surface.
The eﬀective penetration depth of the evanescent IR ﬁeld was
240 nm at 3300 cm1. A wire grid polarizer was used to
generate s- and p-polarized IR beams. Here s-polarization is
perpendicular to the plane of incidence and p-polarization is
parallel to the plane of incidence. Fig. 1 illustrates the orientation of the s- and p-polarization electric ﬁeld vectors at the
substrate/ﬁlm/air interface with an incident angle of y.
The amorphous oxide layer of the silicon ATR-IR crystal
was characterized with X-ray photoelectron spectroscopy
(XPS). The XPS data showed only two Si 2p components:
Si4+ at 103.1 eV and Si0 at 99.3 eV. This indicated that the
surface of the ATR crystal has chemical composition of SiO2.
The relative intensity of Si4+/(Si4+ + Si0) was B18%,
implying that the surface oxide layer was B1 nm. The
amorphous SiO2 surface was cleaned and oxidized in a UV
ozone chamber for B20 min and then placed in a 5 : 1 : 1
mixture of water: 30% ammonium hydroxide: 30% hydrogen
peroxide at a temperature of 75  5 1C (commonly known as
RCA-1) for 15 min. This cleaning procedure removed organic
contaminants and produced a clean silicon oxide layer terminated with hydroxyl groups.42 Immediately following the
cleaning step, the crystal was rinsed with copious amounts
of milli-Q water (resistance = 18 MO cm1) and then dried
with high purity argon. Upon ﬁnishing the rinse and drying
step, the crystal was promptly mounted in the ATR set-up and
purged with dry argon until there was no noticeable change in
background IR spectra.
The water contact angle on the prepared surface was
observed to be less than 51. It is known that when the SiO2
surface is saturated with hydroxyl groups, the contact angle is
01. When quartz is dehydroxylated via intense heating, the
measured water contact angle is B421.43 Using the Cassie
equation44 which relates the contact angle to hydroxyl surface
coverage, the surface giving rise to a water contact angle o51
was estimated to be B98% saturated with silanol groups
(Si–OH). Additionally, the water contact angle measurement
suggests that hydrocarbon contamination is less than B3% of
the total surface coverage.1

Experimental details
The water adsorption experiments were performed with a
Thermo Nicolet Nexus 670 infrared spectrometer with an
attenuated total reﬂectance setup (ATR-IR) and an MCTA
4982 | Phys. Chem. Chem. Phys., 2008, 10, 4981–4986

Fig. 1 Polarization ATR-IR of the adsorbed water layer on a silicon
crystal. Refractive indices for silicon (n1), water (n2), and air (n3) are
3.45, 1.3, and 1, respectively.
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The equilibrium adsorption of water onto the silicon oxide
surface of the silicon ATR crystal was conducted by varying
the relative ﬂow rates of two argon streams—one is dry and
the other is saturated with water vapor. This setup has
previously been described elsewhere.25 The relative humidities
(RH) investigated in this experiment ranged from 5 to 85%.
Once the system reached equilibrium at a given relative
humidity, ATR-IR spectra were measured with s- and
p-polarization. All experiments were run at 27  0.5 1C.

Obtaining orientation information from s- and
p-polarized ATR-IR spectra
The orientation of adsorbed molecules can be determined
from the absorbance ratio of the s- to p-polarization spectra.
This ratio is commonly referred as the dichroic ratio (DR) and
is expressed as:
As ð
nÞ
DR ¼
AP ð
nÞ

ð1Þ

where As and Ap represent the measured absorbances at the
given wavenumber n for the s- and p-polarization, respectively.
Based on the ATR-IR thin ﬁlm theory, the dichroic ratio can
be used to determine the average tilt angle (a) of the IR
transition dipole moment relative to the surface normal:45
DR ¼

Ey2 sin2 a
2

Ex2 sin a þ 2Ez2 cos2 a

ð2Þ

where Ex, Ey, and Ez are the amplitudes of the electric ﬁelds of
the incident wave in the laboratory Cartesian coordinates and
depend upon the angle of incidence and relative refractive
indices of the materials:45
Ex ¼

2ðsin2 y  n231 Þ1=2 cos y
ð1  n231 Þ1=2 ½ð1 þ n231 Þ sin2 y  n231 1=2
Ey ¼

Ez ¼

ð1 

2 cos y
ð1  n231 Þ1=2

2n232 sin y cos y
1=2
2
n31 Þ ½ð1 þ n231 Þ sin2

y  n231 1=2

ð3aÞ

ð3bÞ

ð3cÞ

The relative refractive indices n31 and n32 are the ratios of the
refractive indices of air (n3 = 1) to silicon (n1 = 3.45), and air
to water (n2 = 1.3), respectively (Fig. 1). Fig. 2 presents the
calculated relationship between DR and a for a thin ﬁlm of
water on a silicon surface with an incidence angle of 451. A
dichroic ratio of zero corresponds to the dipole moment being
oriented to the surface normal direction. When the IR transition dipole moment is parallel to the surface, the dichroic ratio
increases to 1.10, which is the theoretical maximum value for
the 451 incidence angle.

Fig. 2 Dichroic ratio calculated as a function of tilt angle (a) of an IR
transition dipole moment from the surface normal for a 451 incident
angle. The refractive indices used in this calculation are listed in Fig. 1.

in the previous study for water adsorption on silicon oxide.25
Therefore the adsorption isotherm thickness is similar to the
values determined in the previous study. The O–H stretching
adsorption band between 3000 and 3650 cm1 is composed of
three components. The peak at B3400 cm1 is attributed to
the liquid water structure. The peak at B3220 cm1 is due to
the solid-like water structure. The observation of both solidlike water and liquid water layers on silicon oxide is congruent
with a previous water adsorption study.25 Although it is small,
a growth of the free OH vibration region at B3650 cm1 is
also observed. The growth of the free OH group is more
prominent in the p-polarization spectra than the s-polarization
spectra. This would suggest that the free OH groups present at
the interface are primarily oriented perpendicular to the silicon
oxide surface. The ﬁne upward and downward spikes located
throughout these vibrational peaks are due to the gas phase
water which inevitably entered the wire grid polarizer area
during manually changing of the polarizer from s- to
p-polarization and vice versa. These small gas phase peaks
do not inﬂuence the experimental results and are not pertinent
in this discussion. Since the main focus of this paper is the
orientation of adsorbed water molecules in the solid-like and
liquid structures, the rest of this section will be devoted to the

Results and discussion
The s- and p-polarization spectra of the adsorbed water layers
on the silicon oxide surface as a function of relative humidity
at 27 1C are illustrated in Fig. 3. The vibrational peak
intensities displayed in Fig. 3 are similar to those observed
This journal is


c

the Owner Societies 2008

Fig. 3 (a) s-Polarization and (b) p-polarization ATR-IR spectra of
the adsorbed water layers on a silicon oxide surface as a function of
relative humidity at 27 1C.
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analysis of these two vibrational peaks corresponding to these
structures.
In Fig. 3, it is easily noticeable that at 5% RH the solid-like
water peak at 3220 cm1 is much larger in the p-polarization
spectrum than in the s-polarization spectrum. The dichroic
ratio estimated for the solid-like water structure peak at this
relative humidity is quite low. In contrast, the liquid water
structure peak at 3400 cm1 is much more prominent in the sspectrum at 5% RH than in the p-spectrum, thus yielding a
high dichroic ratio.
Peak deconvolution of the IR spectra in the 3000–3600 cm1
was done in order to understand how the average orientation
of the IR transition dipole moments of these structures
changes as a function of relative humidity. Two peaks corresponding to liquid water and solid-like water structures were
used for this deconvolution. The intensities of these peaks in
the s- and p-polarization spectra were compared to determine
the dichroic ratio. Fig. 4 displays the dichroic ratios of the
solid-like water and liquid water as a function of relative
humidity. The equilibrium adsorption isotherm is also displayed as a function of relative humidity in the ﬁgure.25 This
isotherm thickness was calculated by comparing with the bulk
water absorbance measured with the same ATR crystal. The
data shown in this ﬁgure is in good agreement (within reasonable error ranges) with the values reported in the literature
measured with diﬀerent experimental techniques on hydrophilic oxide surfaces.12,36,46
At 5% RH, a dichroic ratio of 0.4  0.1 was observed for
the solid-like water peak. Based on Fig. 2, this low dichroic
ratio would suggest that the average IR transition dipole
moment is oriented B351 from the surface normal. An
average dichroic ratio of around 0.7 B 0.8 was observed for
the solid-like water at relative humidities above 50%. For the
liquid water at 5% RH a dichroic ratio of B1 was observed.
This high dichroic ratio corresponds to the average IR transition dipole moment being oriented B751 from the surface
normal. Again, as the relative humidity is increased, the
average dichroic ratio of 0.7 B 0.8 is observed for the liquid
water structure.

Fig. 4 Isotherm thickness of the adsorbed water layer and the
dichroic ratio of solid-like and liquid water structures as a function
of relative humidity. The dichroic ratios for randomly oriented liquid
and crystalline ice water structures are simulated to be 0.80 and 0.73,
respectively (marked with dashed lines in the ﬁgure).

4984 | Phys. Chem. Chem. Phys., 2008, 10, 4981–4986

The analysis of these experimentally observed dichroic
ratios can be understood by comparison with theoretical
dichroic ratio calculations for various water structures on
the surface.47 The Fresnel amplitude coeﬃcients were used
to calculate the s- and p-polarization spectra from the optical
properties of bulk water and ice. In this calculation, the optical
properties of bulk water and crystalline ice were used from the
literature.48 Fig. 5a and b display s- and p-spectra calculated
for a 1 nm thick ﬁlm of the liquid water and ice ﬁlm on the
silicon surface, respectively. From this simulation, the dichroic
ratios of the liquid water and ice structures are found to be
0.80 and 0.7, respectively. These values do not change within
the thickness range observed in the experiment (o2 nm). The
diﬀerence in these two values is due to diﬀerences in the optical
properties between bulk water and crystalline ice. Since these
dichroic ratios are predicted using the optical properties of
bulk water and crystalline ice which have no preferential
orientation with respect to the laboratory coordinates, these
values can be assumed to be the dichroic ratio of the randomly
orientated liquid and solid-like water structures. Any deviation of the dichroic ratio from these values would be due to

Fig. 5 Simulated s- and p-polarized ATR-IR spectra for 1 nm thick
adsorbed ﬁlm of (a) liquid water and (b) crystalline ice on silicon
surface. The simulation was made with the optical constants of bulk
liquid water and crystalline ice.48
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some preferential orientation of water molecules in the adsorbed layers formed on the silicon oxide surface.
It is possible that the IR absorptivity of the adsorbed water
layer can vary from that of the bulk water and ice. For
comparison, ATR-IR spectra of the OH stretching region of
the adsorbed water layers were simulated with the optical
constants of bulk liquid water and ice found in the literature.48
The validity of these optical constant values was conﬁrmed by
simulating the ATR spectrum of bulk water and comparing it
with the experimental data. When the simulation results were
compared with the adsorption data, it was found that the
isotherm thickness calculated from the simulation was estimated to be B25% lower than the data shown in Fig. 4 in
average over the entire RH region studied. Note that the
isotherm thickness data in Fig. 4 was calculated from the
bending vibration region.25 This might imply some changes in
the optical constants between the bulk phase and the adsorbed
state. Changes in the degree and strength of hydrogen bonding
might also cause these deviations. However, it should be noted
that the dichoric ratio is not very sensitive to these changes as
long as the molecular orientation in the adsorbed layer
remains identical to that in the bulk phase. This has been
conﬁrmed with simulations by varying the optical constants.
Even when the imaginary part (k) of the refractive indices
(absorptivity) of liquid water and ice were changed by 50%
and the real part (n) of the refractive indices were calculated
from these new k values using the Kramers–Kronig relationship, the simulated dichroic values did not change signiﬁcantly
within the 0.7B0.8 range. Note that the deviation in the
optical properties from the bulk is expected to be small and
is not readily available in the literature.49,50 The 50% deviation
in the simulation was exaggerated to show the insensitivity of
the dichroic ratio value on the optical property change.
The dichroic ratio values of the randomly oriented liquid
water (B0.80) and ice (B0.7) are shown as the dashed lines in
Fig. 4. This ﬁgure clearly illustrates that the adsorbed water
molecules in the solid-like and liquid structures at low relative
humidities are not randomly oriented. A dichroic ratio larger
than 0.8 indicates that the average IR transition dipole moment of the water molecules is tilted more towards the surface.
In contrast, a dichroic ratio value much lower than 0.7 means
that the average IR transition dipole is tilted toward the
surface normal direction. As the relative humidity increases
so does the thickness of the adsorbed layer. As the thickness
increases, the preferential orientation of water molecules observed at low relative humidities disappears.
Density functional theory (DFT) studies have predicted an
ordered solid-like bilayer of the adsorbed water structure on a
silicon oxide surface at room temperature.14,51 In this bilayer,
half of the water molecules are oriented with the C2v molecular
plane tilted close to the surface parallel direction and the other
half with the C2v molecular plane close to the surface normal.
The O–H vibration in the condensed phase (liquid, ice, and
adsorbed layers as well) is very sensitive to the degree and
dynamics of hydrogen bonding.52,53 Due to this, the symmetry
of individual components in the broad O–H vibration peak is
not well known.54–56 Instead, it is generally conceived that the
broad OH peak is a summation of both symmetric and
asymmetric modes.57,58 If the relative optical strengths of the
This journal is
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symmetric and asymmetric OH vibrations are not drastically
diﬀerent from each other, then the dichroic ratio of the broad
OH vibration peak of the condensed water phase might be
approximated to be the average of these two symmetric and
asymmetric modes. This average value is B0.55 regardless of
the tilt angle of the C2v rotational axis with respect to the
surface normal. This is because these two vibrational modes
are orthogonal to each other. The water molecule parallel to
the surface will give a dichroic ratio of 1.1 since both symmetric and asymmetric stretching vibration modes are parallel
to the surface. If this is the case, then the dichroic ratio of the
theoretically predicted bilayer would be approximately B0.8
in the polarization ATR-IR measurement. This value is coincidentally the same as the dichroic ratio of the random
orientation structure. Thus, the ordered bilayer structure
predicted from the DFT theory may not be distinguished from
the random structure in our ATR-IR experiment. Without
knowing the exact symmetry of the adsorbed water vibrational
modes, further discussion could not be made.22 It should also
be noted that in our ATR-IR experiment, heating the silicon
oxide surface to high enough temperature to remove strongly
bound water molecules was not possible. So, unless there are
some changes in the structure of these strongly bound molecules, they cannot be probed with ATR-IR. The presence of
these small amounts of strongly bound water molecules in the
background spectrum collected in the dry environment does
not signiﬁcantly inﬂuence the spectra of multi-layer ﬁlms
collected under humid conditions since the IR spectra is
proportional to the total amount of molecules in the
adsorbed layer.
The changes in average molecular orientation as a function
of relative humidity observed in this study may provide some
physical insights into the previously reported experimental
observations for water adsorption on silicon oxide. A scanning
polarization force microscopy (SPFM) study of water adsorption on silicon oxide at ambient conditions observed signiﬁcant changes in work function as a function of relative
humidity.12 The change in the work function may be related
to the change in the molecular orientation distribution of the
water layers as the adsorbed water layer thickness increases
with the relative humidity of the ambient. In an interfacial
force microscopy study, the viscosity of the adsorbed water
layers within interfacial separations of r1 nm between silicon
oxide surfaces was measured to be 7 orders of magnitude
greater than that of bulk water at room temperature.4,13 If the
water molecules are preferentially oriented in the adsorbed
layer, the orientation might play a role in the viscous response
of the thin adsorbed water layers on silicon oxide.
While this study describes the orientation and structure of
adsorbed water layers on SiO2 as a function of RH, similar
studies investigating water’s orientation and structure on other
substrates have been reported. For example, on mica, solidlike water has been observed to adsorb initially at low RH’s
followed by liquid structured water at high RH’s. These
observations have been investigated with SFG and
SPFM.28,59–61 The heat of adsorption on this surface shows
a high isosteric heat of adsorption (higher than the heat of ice
sublimation) at low RH’s from 0 to 40% and a value close to
the heat of vaporization of bulk water above RH = 40%.62 It
Phys. Chem. Chem. Phys., 2008, 10, 4981–4986 | 4985
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is believed that this high isosteric heat of adsorption is due to
solvation of the K ions at the mica surface by water molecules.62 Similar changes in the isosteric heat of adsorption
have been observed in water adsorption studies on TiO2 under
equilibrium conditions.63,64 The transition in the isosteric heat
of adsorption coincides well with the structure of water
approaching a more liquid structure. Molecular details of
these structural and thermodynamic behaviors of the water
layers on these oxide surfaces remain uncertain.

Conclusions
The average structure and orientation of the adsorbed water
layers on a clean silicon oxide surface in ambient conditions
was studied as a function of relative humidity using polarization ATR-IR. At 5% RH the solid-like water layers exhibited
a dichroic ratio of 0.4 which corresponded to the average IR
transition dipole moments being tilted toward the surface
normal direction. The small amount of liquid water at this
relative humidity had the average IR transition dipole moments tilted close to the surface parallel direction. When the
relative humidity is higher than 50%, the dichroic ratios of
both the solid-like and liquid structures in the adsorbed water
ﬁlm approached the random orientation value of 0.7B0.8.

Acknowledgements
This project was ﬁnancially supported by the National Science
Foundation (Grant No. CMMI-0625493).

References
1. E. A. Vogler, Adv. Colloid Interface Sci., 1998, 74, 69.
2. X. Y. Chen, S. Z. Zou, K. Q. Huang and Z. Q. Tian, J. Raman
Spectrosc., 1998, 29, 749.
3. A. Ghosh, M. Smits, J. Bredenbeck and M. Bonn, J. Am. Chem.
Soc., 2007, 129, 9608.
4. R. C. Major, J. E. Houston, M. J. McGrath, J. I. Siepmanna and
X.-Y. Zhu, Phys. Rev. Lett., 2006, 96, 177803.
5. D. B. Asay, M. T. Dugger and S. H. Kim, Tribol. Lett., 2008, 29,
67.
6. K. S. Chen, M. A. Hickner and D. R. Noble, Int. J. Energy Res.,
2005, 29, 1113.
7. P. C. Shulz, J. Therm. Anal., 1998, 51, 135.
8. J. Sony and N. R. Aluru, Nano Lett., 2008, 8, 452.
9. D. E. Mollaren, D. B. Spry and M. D. Fayer, Langmuir, 2008, 24,
3690.
10. A. Verdaguer, G. M. Sacha, H. Bluhm and M. Salmeron, Chem.
Rev., 2006, 106, 1478.
11. D. B. Asay and S. H. Kim, J. Chem. Phys., 2006, 124, 174712.
12. A. Verdaguer, A. C. Weis, G. Oncins, G. Ketteler, H. Bluhm and
M. Salmeron, Langmuir, 2007, 23, 9699.
13. M. P. Goertz, J. E. Houston and X.-Y. Zhu, Langmuir, 2007, 23,
5491.
14. J. J. Yang, S. Meng, L. F. Xu and E. G. Wang, Phys. Rev. B.,
2005, 71, 035413.
15. P. A. Thiel, F. M. Hoﬀmann and W. H. Weinberg, J. Chem. Phys.,
1981, 75, 5556.
16. B. Mate, A. Medialdea, M. A. Moreno, R. Escribano and
V. J. Herrero, J. Phys. Chem. B, 2003, 107, 11098.
17. M. Nakamura, Y. Shingaya and M. Ito, Chem. Phys. Lett., 1999,
309, 123.
18. B. W. Callen, K. Griﬃths and P. R. Norton, Phys. Rev. Lett.,
1991, 66, 1634.
19. G. E. Ewing, J. Phys. Chem. B, 2004, 108, 15953.
20. Q. Du, E. Freysz and Y. R. Shen, Science, 1994, 264, 826.
21. T. A. Weber and F. H. Stillinger, J. Phys. Chem., 1983, 87, 4277.

4986 | Phys. Chem. Chem. Phys., 2008, 10, 4981–4986

22. W. Gan, D. Wu, Z. Zhang, R.-R. Feng and H. F. Wang, J. Chem.
Phys., 2006, 124, 114705.
23. D. A. Schmidt and K. Miki, J. Phys. Chem. A, 2007, 111, 10119.
24. H. A. Al-Abadleh and V. H Grassian, Langmuir, 2003, 19, 341.
25. D. B. Asay and S. H. Kim, J. Phys. Chem. B, 2005, 109, 16760.
26. M. Foster, M. D’Agostino and D. Passno, Surf. Sci., 2005, 590, 31.
27. M. Foster, M. Furse and D. Passno, Surf. Sci., 2002, 502, 102.
28. P. B. Miranda, L. Xu, Y. R. Shen and M. Salmeron, Phys. Rev.
Lett., 1998, 81, 5876.
29. I. M. P. Aarts, A. C. R. Pipino, J. P. M. Hoefnagels, W. M.
M. Kessels and M. C. M. van de Sanden, Phys. Rev. Lett., 2005,
95, 166104.
30. M. Bergren, D. Schuh, M. G. Sceats and S. A. Rice, J. Phys.
Chem. B, 1978, 69, 3477.
31. P. Fenter and N. C. Sturchio, Prog. Surf. Sci., 2004, 77, 171.
32. Q. Du, R. Superﬁne, E. Freysz and Y. R. Shen, Phys. Rev. Lett.,
1993, 70, 2313.
33. P. B. Miranda and Y. R. Shen, J. Phys. Chem. B, 1999, 103, 3292.
34. (a) D. E. Gragson and G. L Richmond, Langmuir, 1997, 13, 4804;
(b) D. E. Gragson and G. L Richmond, J. Chem. Phys., 1997, 107,
9687; (c) D. E. Gragson and G. L Richmond, J. Phys. Chem. B,
1998, 102, 3847.
35. M. A. Henderson, Surf. Sci. Rep., 2002, 46, 1.
36. P. A. Thiel and T. E. Madey, Surf. Sci. Rep., 1987, 7, 211.
37. H. Bluhm, D. F. Ogletree, C. S. Fadley, Z. Hussain and
M. Salmeron, J. Phys.: Condens. Matter, 2002, 14, L227.
38. A. L. Goodman, E. T. Bernard and V. H. Grassian, J. Phys.
Chem. A, 2001, 105, 6443.
39. M. W. Urban, Attenuated Total Reﬂectance Spectroscopy of
Polymers: Theory and Practice, American Chemical Society,
Washington, DC, 1996.
40. M. R. Kosuri, H. Gerung, Q. M. Li, S. M. Han, P. E. HerreraMorales and J. F. Weaver, Surf. Sci., 2005, 596, 21.
41. W. Stumm, L. Sigg and B. Sulzberger, Chemistry of the Solid
Water Interface: Processes at the Mineral–Water and Particle–
Water Interface in Natural Systems, Wiley, New York, 1992.
42. V.-M. Graubner, R. Jordan, O. Nuyken, B. Schnyder, T. Lippert,
R. Kotz and A. Wokaun, Macromolecules, 2004, 37, 5936.
43. R. N. Lamb and D. N. Furlong, J. Chem. Soc., Faraday Trans.,
1982, 78, 61.
44. A. B. D. Cassie, Discuss. Faraday Soc., 1948, 3, 11.
45. N. Harrick, Internal Reﬂect. Spectrosc., Interscience, New York,
1967.
46. D. Beaglehole and H. K. Christenson, J. Phys. Chem., 1992, 96,
3395.
47. M. Milosevic and S. L. Berets, Appl. Spectrosc., 1993, 47, 566.
48. W. Irvine and J. Polluck, Icarus, 1968, 8, 324.
49. S. R. Wasserman, G. M. Whitesides, I. M. Tidswell, B. M. Ocko,
P. S. Pershan and J. D. Axe, J. Am. Chem. Soc., 1989, 111, 5852.
50. N. Tillman, A. Ulman and T. L. Penner, Langmuir, 1989, 5, 101.
51. Z. Y. Lu, Z. Y. Sun, Z. S. Li and L. J. An, J. Phys. Chem. B, 2005,
109, 5678.
52. D. A. Schmidt and K. Miki, J. Phys. Chem. A, 2007, 10, 74737.
53. Y. R. Shen, Solid State Commun., 1998, 108, 399.
54. F. Rull, Pure Appl. Chem., 2002, 74, 1059.
55. N. A. Chumaevskii and M. N. Rodnikova, J. Mol. Liq., 2003, 106,
167.
56. R. Rey, K. B. Moller and J. T. Hynes, J Phys. Chem. A, 2002, 106,
11993.
57. J. Schiﬀer and D. F. Hornig, J. Chem. Phys., 1968, 49, 4150.
58. L. J. Bellamy, M. J. Blandarmer, M. C. R. Symons and
D. Waddington, Trans. Faraday Soc., 1971, 67, 3435.
59. M. Salmeron, L. Xu, J. Hu and Q. Dai, Mater. Res. Soc. Bull.,
1997, 22, 36.
60. L. Xu, A. Lio, J. Hu, D. F. Ogletree and M. Salmeron, J. Phys.
Chem. B, 1998, 102, 540.
61. C. Spagnoli, K. Loos, A. Ulmanand and M. K. Cowman, J. Am.
Chem. Soc., 2003, 125, 7124.
62. W. Cantrell and G. E. Ewing, J. Phys. Chem. B, 2001, 105, 5434.
63. G. Ketteler, S. Yamamoto, H. Bluhm, K. Andersson, D. E. Starr,
D. F. Ogletree, H. Ogasawara, A. Nilsson and M. Salmeron,
J. Phys. Chem. C, 2007, 111, 8278.
64. S. Yamamoto, H. Bluhm, K. Andersson, G. Ketteler,
H. Ogasawara, M. Salmeron and A. Nilsson, J. Phys.: Condens.
Matter, 2008, 20, 184025.

This journal is


c

the Owner Societies 2008

10632

J. Phys. Chem. C 2009, 113, 10632–10641
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The adsorption isotherm and orientation of small alcohol molecules (n-propanol and n-pentanol) on clean,
hydrophilic silicon oxide surfaces under ambient conditions were studied with attenuated total reflectance
infrared (ATR-IR) spectroscopy and density functional theory (DFT). The ATR-IR study reveals that as the
alcohol partial pressure relative to its saturation vapor pressure (P/Psat) increases from 0 to ∼10%, the isotherm
thickness of n-propanol and n-pentanol increases rapidly to ∼0.3 nm and ∼0.6 nm, respectively. Upon further
increase in P/Psat, the isotherm thickness increases only slightly until the condensation occurs at the near
saturation vapor condition. The alkyl chains of the alcohol molecules adsorbed at 5% P/Psat appear to be
tilted toward the surface, while the hydroxyl groups are oriented toward the surface normal direction. As
P/Psat increases further, the molecular orientation of adsorbed molecules drastically changes to a structure
that is either random or oriented 40-50° from the surface normal. The DFT calculations for n-pentanol
adsorbed on SiO2 support the molecular structure determined from the ATR-IR experiment. The similar
transition in molecular orientation with increase of the adsorbed thickness was observed for longer chain
alcohols (n-decanol and n-octadecanol). The alkyl chain packing into a self-assembly like structure was observed
only when the chain length is long enough and the substrate is heated. These observations are discussed in
terms of the adsorbate-substrate interactions as well as intermolecular interactions.
Introduction
The thickness and molecular orientation of organic molecules
adsorbed or covalently bonded to solid surfaces play an
important role in many interfacial phenomena including catalytic
behavior,1 adhesion,2 wetting,3,4 protein adsorption,5,6 electrochemistry,7,8 and tribology.9,10 In the cases of heterogeneous
catalysis and electrochemistry, metal surfaces are often partially
or fully covered with organic molecules and the interactions
between the organic molecules and the metal surface governs
chemical reactions occurring at the interface. Self-assembled
monolayers (SAMs) and Langmuir-Blodgett (LB) films are
often employed for the boundary lubrication of microscale
devices, and their molecular structures and orientations are
governing factors for the performance and efficacy as a
lubricant.11,12 Such coatings can also be used to chemically
modify surfaces of interest and thus change both the adhesive
forces and wetting behaviors of surfaces. Equilibrium adsorption
of short-chain linear alcohols in ambient conditions has been
proven to be efficient for lubrication of solid contacts from nanoto macroscales.9,10 Numerous spectroscopic, microscopic, and
theoretical studies have been utilized in the pursuit to understand
the structure of these organic films adsorbed to different
substrates of interest.13-21 Understanding the adsorption isotherm
and molecular orientation of organic molecules on solid surfaces
may give further insight into how such molecules affect
interfacial phenomena involved in catalyst reactivity, electrochemisty, interfacial contacts, and so on.
Heterogeneous catalysis has spurred many experimental and
theoretical studies of simple, short-chain hydrocarbons adsorbed
on metal and metal oxide surfaces under ultrahigh vacuum
(UHV) conditions. Numerous studies on the structure and
* Corresponding author. E-mail: shkim@engr.psu.edu.

orientation of the molecules adsorbed on these surfaces suggest
that the packing and orientation of adsorbed hydrocarbons are
functions of surface coverage and adsorption temperature.19,20,22-25
For example, n-butane adsorbs with their molecular axis parallel
with the Pt(111) surface at low coverages. As the surface
coverage increases, the n-butane molecules reorient themselves
with their molecular axis tilted away from the Pt(111) surface.20,24
The structure and orientation of the adsorbed alkane molecules
is also greatly affected by the temperature of the substrate.23
For example, molecular dynamic simulations of n-pentane and
n-heptane adsorbed on graphite suggest the loss of the structural
order observed at low temperatures as the substrate temperature
increases.19
Extensive fundamental surface science studies have been
carried out for polar molecules such as short-chain alkyl
halides and alcohols adsorbed on solid surfaces in UHV
conditions.16,17,21,26-29 For instance, in the adsorption of
methyl iodide on various metals and metal oxide surfaces,
the methyl iodide molecules interact with the surface
primarily through the iodide atom rather than the methyl
group at coverages less than half a monolayer (0.5 ML).30,31
As the surface coverage of methyl iodide increases over 0.5
ML, some molecules tend to absorb with the methyl group
facing the surface instead of iodine.30,31 These changes in
the molecular orientation influence the desorption behavior
and subsequent reactions of photodissociation fragments.16,17,21
The alcohols can either chemisorb or physisorb onto solid
substrates depending on the solid surface chemistry. In
general, short-chain alcohols chemisorb at vacancy sites on
metal surfaces. Removal of the hydroxyl proton of the alcohol
molecule leads to the formation of an alkoxide group.32 When
alcohols adsorb onto oxide surfaces, they can be adsorbed
molecularly via hydrogen bonding with the surface hydroxyl
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groups or chemisorbed as alkoxides after removal of hydroxyl
hydrogen.27 The chemisorbed alkoxide chains tend to orient
themselves parallel with the metal surfaces to which they
are adsorbed.26,28
While these studies carried out under UHV conditions provide
valuable fundamental details about the molecule-surface
interactions as a function of surface coverage, the relevancy of
these finding to ambient conditions remains to be tested. There
are several examples where the structure of the adsorbed layers
determined in UHV is different from the one found in ambient
conditions. For example, if CO and NO pressures are increased
above the UHV conditions, they can be adsorbed onto Pt(111)
and Rh(111) to a coverage and structure that cannot be obtained
in the UHV condition.33,34 CO has also been observed to
chemisorb onto Au(110) in an ambient environment but not in
a UHV environment.35 These discrepancies are often called a
“pressure gap”. In typical UHV experiments, the surface is dosed
with a controlled amount of molecules at cryogenic temperatures
and the adsorbed molecules are probed in the extremely low
pressure regime where the involvements of gas phase molecules
can be ignored. In this condition, the adsorbed molecules have
a very long residence time on the surface at cryogenic
temperatures and can diffuse laterally to find the twodimensional equilibrium configuration at a given cryogenic
temperature. There are no collisions with the impinging
molecules from the gas phase or desorption from the substrate
into the gas phase. In ambient conditions, the substrate temperature is much higher than the cryogenic temperature regime;
therefore, the adsorbed molecules will have much higher thermal
energy. Additionally, at equilibrium, the molecules at the surface
are constantly desorbed and adsorbed at the same rate. In other
words, the residence time of the adsorbed molecules is very
short when they are in equilibrium with the gas phase molecules.
Regarding the organic molecules on solid surfaces in ambient
conditions, a large number of studies found in the literature are
mostly focused on SAMs and LB films deposited on metal,
metal oxide, and semiconductor surfaces.36-41 SAMs can be
deposited from the vapor phase or liquid phase, while
Langmuir-Blodgett films are deposited from the liquid phase.
Once the films are removed from the deposition vessel, they
are no longer in equilibrium with the molecules in the bulk
phase. The molecules deposited on the solid surface do not
desorb or have the ability to move laterally because the
interactions with the neighboring molecules as well as the
substrate are so large. The molecule at the surface has an infinite
residence time until they are physically (via heating, scratching,
etc.) or chemically (through various chemical cleanings) removed from the surface. Thus, these systems are not ideal to
study the equilibrium behaviors of the adsorbed molecules under
ambient conditions.
In this study, the adsorption isotherm and orientation of small
linear alcohol molecules (n-propanol and n-pentanol) and longchain linear alcohols (n-decanol and n-octadecanol) on clean
hydrophilic SiO2 surfaces in ambient conditions are discussed
as a function of partial pressure of alcohol vapor relative to
their respective saturation vapor pressure (P/Psat). The adsorbed
alcohols would interact with the silicon oxide substrate through
hydrogen bonding as well as van der Waals interactions and
have the capability of lateral diffusion on the surface and
desorption back to the gas phase. A silicon surface with an
amorphous oxide layer was chosen as a substrate for this study
due to its great importance in the semiconductor and nanoscience
technologies.10,42
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Figure 1. Illustration of s-polarized and p-polarized light for a threelayer system: (1) silicon, (2) adsorbed alcohol, (3) air or vacuum.

Attenuated total reflection infrared (ATR-IR) spectroscopy
and density functional theory (DFT) calculations were used as
the probing techniques. In ATR-IR, the evanescent field
penetration into the probing medium is very short (200-300
nm in the alkyl and hydroxyl stretching vibration regions).
Because the density of vapor-phase alcohol molecules is not
high enough, the alcohol vapors in the shallow probe volume
above the substrate surface cannot generate measurable absorbance signal in ATR-IR. Therefore, this technique allows
detection of adsorbed alcohol molecules without interference
from gas phase molecules. In addition, the study with polarized
IR beams can provide the molecular orientation information of
the adsorbed alcohol layer in equilibrium with the gas phase.
Density functional theory (DFT) can predict adsorption energies
as a function of surface coverage. The molecular conformation
of the adsorbed alcohols and surface coverage can be varied,
therefore yielding the most probable orientation of adsorbed
molecules. These studies revealed interesting insights into the
equilibrium structure of adsorbed molecules in equilibrium with
the gas phase.
Experimental Details
Alcohol adsorption experiments were performed with a
ThermoNicolet Nexus 670 infrared spectrometer with an ATR
setup and a MCT-A detector. A silicon ATR crystal was used
in all experiments. The crystal had a 45° bevel cut, providing
a 45° incidence angle and a total of 11 internal reflections at
the probing surface. The effective penetration depth of the
evanescent IR field is ∼270 nm in the 2800-3000 cm-1 range,
where the C-H stretching vibrational peaks of alkyl chains are
observed. A wire grid polarizer was used to generate s- and
p-polarized IR beams. Here, s-polarization is perpendicular to
the plane of IR beam incidence (parallel to the substrate surface)
and p-polarization is parallel to the plane of incidence. Figure
1 illustrates the orientation of the s- and p-polarization electric
field vectors at the substrate/adsorbate/air interface with an
incident angle of θ.
The amorphous oxide layer of the silicon ATR-IR crystal
was characterized with X-ray photoelectron spectroscopy (XPS).
The XPS data showed only two Si 2p components: Si4+ at 103.1
eV and Si0 at 99.3 eV, indicating that the surface of the ATR
crystal had a composition of SiO2. The relative intensity of Si4+/
(Si4+ + Si0) is ∼18%. On the basis of the known inelastic mean
free path of photoelectrons, this intensity ratio corresponds to
an oxide thickness of ∼2 nm. This was confirmed with
ellipsometry. This oxide layer was cleaned with a UV/ozone
treatment for ∼20 min and then placed in a 5:1:1 mixture of
water:30% ammonium hydroxide:30% hydrogen peroxide at a
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DR )

Figure 2. Illustration of tilt angles of the IR transition dipole moment
(R) and molecular axis (φ) with respect to surface normal for an
adsorbed alcohol molecule. In the left corner, the geometric relationship
between the symmetric and asymmetric CH2 stretches (Rs and Ras) and
the molecular tilt angle (φ) for a perfect anti conformation chain.

temperature of 75 ( 5 °C (commonly known as RCA-1) for 15
min. Immediately following the cleaning step, the crystal was
rinsed with copious amounts of milli-Q water (resistance ) 18
MΩ/cm) and dried with high purity argon. This procedure
cleaned the silicon oxide surface and produced the highly
hydrophilic oxide surface.43 The water contact angle on this
surface was measured to be <5°, suggesting that the surface is
fully hydroxylated and the organic contamination coverage is
less than 3%.44,45 Upon finishing the rinsing and drying step,
the crystal was promptly mounted in the ATR setup and purged
with dry argon until there was no noticeable change in
background IR spectra.
The equilibrium adsorption of alcohol onto the silicon oxide
surface of the silicon ATR crystal was conducted by varying
the relative flow rates of two argon streamssone is dry, the
other saturated with alcohol vapor. This setup has previously
been described elsewhere.46,47 The partial pressure of alcohol
relative to its saturation vapor pressure (P/Psat) was maintained
by mixing these two streams. In these tests, P/Psat varied from
5% to ∼95%. Once the system reached the equilibrium at a
given partial pressure, ATR-IR spectra were measured with sand p-polarizations as well as without polarization. All data were
taken at room temperature.
n-Propanol (C3H7OH), n-pentanol (C5H11OH), n-decanol
(C10H21OH), and n-octadecanol (C18H37OH) were obtained from
Sigma Aldrich. Propanol was obtained at 99.99% purity and
used as received. Pentanol, decanol, and octadecanol were
obtained at 99%+, 99%+, and 98% purity, respectively. These
alcohols were further purified using lyophilization to remove
high vapor pressure impurities (including water) that might
coadsorb onto the SiO2 surface along with the alcohol of interest
during the experiment.
The thickness and orientation of the adsorbed alcohol layers
were estimated using the theoretical formalism of electromagnetic wave reflection at an interface.41,48,49 The details of this
process are described in the Supporting Information. The
orientation of the adsorbed alcohol layers were predicted from
the ratio of the s-polarized to p-polarized ATR-IR intensities,
known as a dichroic ratio (DR). The tilt angle of the IR transition
dipole moments from the surface normal, R, (as illustrated in
Figure 2) was determined from the measured DR value using
the following relationship:

E2y sin2 R
E2x sin2 R + 2Ez2 cos2 R

(1)

where Ex, Ey, and Ez are the magnitude of the electric fields of
the incident IR beam at the interface in the Cartesian coordinate
(Figure 1). Figure 3 displays the relationship between R and
DR for a layer of n-pentanol (refractive index ) 1.412) at the
interface of Si (refractive index ) 3.45) and air (refractive index
) 1). Note that the presence of the 1 nm thick oxide layer does
not influence the determination of the thickness and orientation
of the adsorbed layer because the oxide thickness is negligible
compared to the effective penetration depth of the evanescent
IR field. This has been confirmed by simulating ATR-IR spectra
for 1-2 nm thick alcohol films on a 1 nm SiO2 layer (refractive
index ) 1.46) over a silicon substrate and comparing them with
the simulation results for the case without the oxide layer.
For the Si ATR-IR crystal with a 45° incidence angle, a DR
value of ∼1.1 corresponds to the IR transition dipole moment
being oriented parallel with the substrate surface. As the IR
transition dipole tilts toward the surface normal direction, the
DR value gradually decreases to zero. If the alkyl chains are
all in the perfect anti conformation, then the relationship between
the tilt angles of the symmetric (Rs) and asymmetric (Ras)
stretching vibrations of the CH2 group and the molecular axis
tilt angle with respect to the surface normal (φ) can be
determined from the Pythagorean theorem:37

1 ) cos2 φ + cos2 Ras + cos2 Rs

(2a)

As described by Figure 2, Rs and Ras are perpendicular to
each other and both are perpendicular to φ. It should be noted
that because the substrate is amorphous, there is no particular
orientation of φ in the xy plane of the laboratory coordinate.
Therefore, Rs and Ras are indistinguishable in the laboratory
coordinate and, in fact, both are measured to have almost
identical values.37,50 In this case, the molecular tilt angle can
be estimated using the only one R value (either Rs or Ras) using
the following equation:50

cos2 φ ) 1 - 2 cos2 R

(2b)

Equation 2b was used to determine φ for the adsorbed alcohol
molecules. It should be noted that the calculated values are valid
only when the alkyl chains are assumed to be in the perfect
anti conformation. The same assumption is used in the analysis
of SAMs regardless of the chain packing degree. This is done
as an approximation to interpret the observed dichroic ratio

Figure 3. Dichroic ratio as a function of dipole moment tilt angle
with respect to surface normal for a thin film of alcohol (n ) 1.4) at
the silicon (n ) 3.45) and air (n ) 1) interface.
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change. If the molecules are not in the perfect anti conformation,
the actual geometry or average molecular tilt angle calculated
from the observed dichroic ratios could be different.
Computational Details
Density functional theory (DFT) calculations were performed
to evaluate the energetics of n-pentanol adsorption to the silica
surface. DFT can probe the structure and adsorption energies
as a function of coverage and molecular configuration, although
there are limitations in the use of an idealized crystal and surface
structure and in the accuracy of representing nonbonding van
der Waals attraction. Calculations were carried out using the
Vienna ab Initio Simulation Program (VASP), an ab initio totalenergy and molecular dynamics program developed at the
Institute for Material Physics at the University of Vienna.51-53
The core electron wave functions were represented using the
projector augmented wave (PAW) method.54 The plane wave
basis set used to represent the valence electron density was
cutoff at 450 eV. All calculations were performed spin-restricted.
The Brillouin zone was sampled using a (2 × 2 × 1)
Monkhorst-Pack grid,55 with the third latice vector perpendicular to the surface. The Perdew-Wang (PW91) version of
the generalized gradient approximation (GGA) was used to
incorporate exchange and correlation energies.56 This functional
has been shown to provide accurate hydrogen bond formation
energies (within 20% over 12 test complexes),57 however, it
does not accurately represent the energy associated with van
der Waals interactions.58 The implication of this limitation is
discussed in presenting the results. Structural optimizations were
performed by minimizing the forces on all atoms to below 0.05
eV · Å-1.
The hydroxylated termination of the β-cristobalite (111)
surface was chosen to model the interaction of n-pentanol with
silica. β-Cristobalite represents a relatively stable polymorph
of silica and exhibits a refractive index and density similar to
amorphous silicates.59 Because of the structure of the β-cristobalite (111) surface, only single hydroxyl groups that do not
interact with each other through hydrogen bonding are present.60
The surface was cleaved from an optimized cubic face-centered
β-cristobalite lattice with space group Fd3m and unit cell
dimensions a ) b ) c ) 0.745 nm (a 4% overprediction
compared with experiment, in line with results using similar
methods in ref 61). A slab representation was used to represent
the surface, with eight silicon layers (16.1 Å thick) included in
the surface normal direction. A vacuum region of 1.8 nm
(without n-pentanol adsorbed) was placed between slab layers.
The bottom five silica layers were frozen at their bulk positions
during structural optimization, whereas the top three layers were
relaxed. An asymmetric slab was used, with the top layer
hydroxyl terminated and the bottom layer containing unsaturated
silicon atoms. Evaluation of the local electrostatic potential
distribution in the cell indicated that this configuration avoided
spurious dipole-dipole slab interactions between repeated slabs.
Four hydroxyl groups are exposed per surface unit cell (2 × 2
surface cell, 10.53 Å × 10.53 Å), and the ratio of n-pentanol
molecules adsorbed per hydroxyl group will be referred to as a
fractional coverage. The n-pentanol adsorption energy was
computed for fractional coverages of 1/4, 1/2, 3/4, and 1, and
was calculated using the following equation:

∆Eads )

Esurface,x-pentanol - Esurface - xEpentanol
x

(3)

where x represents the number of n-pentanol molecules adsorbed.

Figure 4. Adsorption isotherm thicknesses for n-propanol and npentanol layers on clean hydrophilic SiO2 as a function of alcohol partial
pressure relative to the saturation pressure.

Results and Discussion
A. ATR-IR Study of Short-Chain Linear Alcohol Adsorption on Amorphous SiO2. The nonpolarized ATR-IR
spectra were used to calculate the adsorption isotherm thicknesses. The O-H stretching vibration intensities relative to the
C-H vibration peaks in the alkyl chain did not change
significantly compared to those in the bulk alcohols.32 This
implies that the alcohols are molecularly intact and did not form
alkoxides. Isotherm thicknesses were estimated in two methods.
One is to compare the experimentally measured intensity of
the adsorbed layer with the theoretical intensity simulated using
the optical constants of bulk liquids.62 The other is to divide
the intensity of the adsorbed species with the absorbance per
unit path length determined from the penetration depth of the
IR beam into the alcohol liquid and the ATR-IR intensity
measured for the bulk liquid.49 These two methods produced
essentially the same adsorption isotherm curves within our
experimental error range.
Figure 4 displays the adsorption isotherms, averaged over
multiple peaks and spectra, for n-propanol and n-pentanol as a
function of P/Psat. In both cases, the isotherm thickness increases
fast as P/Psat increases from 0 to 10% and then grows slowly
or almost levels off when P/Psat > 10%. The adsorption isotherm
at P/Psat > 10% appears to level off somewhat faster in the case
of n-pentanol than n-propanol. When the alcohol partial pressure
approaches the saturation vapor pressure (P/Psat > 80%), the
isotherm thickness increases fast again, indicating the occurrence
of multilayer condensation.63
The observed adsorption isotherm behavior can be rationalized with differences in the substrate-molecule and intermolecular interactions. The molecules in the first layer will interact
with the oxide surface primarily through hydrogen-bonding
interactions between the hydroxyl group in the alcohol molecule
and the surface silanol groups. The strong hydrogen bonding
interaction with the surface silanol group leads to the adsorption
of the alcohol molecules on the surface even at low P/Psat. The
amount of these strongly bound alcohol molecules on the surface
is governed by (or equilibrated with) the alcohol partial pressure
in the gas phase. Once the substrate surface is covered
substantially with the hydrogen-bonded molecules, the incoming
molecules from the gas phase will interact with the adsorbed
molecules mostly through van der Waals interactions. Because
the van der Waals interaction is weak, the impinged molecules
will not be held by the adsorbed molecules and desorb back to
the gas phase. As the alcohol partial pressure approaches the
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Figure 5. (a) s-Polarization and (b) p-polarization ATR-IR spectra of adsorbed n-pentanol as a function of relative partial pressure. The inset to
(a) is the bulk liquid spectrum. The inset to (b) shows the dichroic ratios of the 2960 cm-1 (black solid squares), 2937 cm-1 (red solid circles),
and 2860 cm-1 (blue solid triangles) peaks for n-pentanol.

saturation vapor pressure (P/Psat > 80%) and the chemical
potential of the gas phase approaches that of the liquid phase,
the equilibrium allows the condensation of vapor into liquid on
the substrate surface.
Comparison of the effective thickness measured from the
ATR-IR spectra with the size of each alcohol molecule provides
indirect evidence for the completion of the first layer coverage
at P/Psat ≈ 10%. When the alkyl chains are assumed to have
the all-trans conformation (as in the case of well-packed SAMs
of long alkyl chains), the length of a fully extended alcohol
molecule is estimated to be 0.56 nm for n-propanol and 0.81
nm for n-pentanol from the van der Waals radii of individual
atoms and DFT calculations.64 Dividing the measured isotherm
thickness at P/Psat ) 10% with the fully extended length of
each alcohol gives an alcohol coverage of ∼0.5 monolayer (ML)
for n-propanol and ∼0.75 ML for n-pentanol. Note that the alltrans conformation assumption overestimates the alcohol molecule size and thus underestimates the effective coverage of the
adsorbed alcohol layer. The opposite extreme assumption would
be that the short-chain alcohol molecules act like a random coil
containing both trans and cis conformations. In this case, the
average molecule size could be estimated from the hard sphere
equation describing self-diffusion coefficients. The hard sphere
diameters of n-propanol and n-pentanol are 0.48 and 0.58 nm,
respectively.65 If these numbers are used, then the isotherm
thickness at P/Psat ≈ 10% corresponds to 0.63 ML for
n-propanol and 1.05 ML for n-pentanol.
The polarization-dependent ATR-IR measurements provide
further insight into the orientation of the adsorbed alcohol
molecules. Figure 5 compares the s- and p- polarized ATR-IR
adsorption spectra of n-pentanol on the SiO2 layer of the Si
ATR crystal as a function of n-pentanol partial pressure relative
to its saturation vapor pressure (P/Psat). In the following
paragraphs, we will first discuss the hydroxyl group orientation
and then the alkyl chain orientation.
The OH stretching vibration appears as a broad peak centered
at ∼3230 cm-1. This is about 100 cm-1 red-shifted from the
OH peak position of the bulk liquid. The red-shift of the OH
stretching vibration peak position compared to the bulk peak
position indicates that the hydrogen bonding interactions in the
adsorbed layer are much stronger than those in the bulk liquid.66
It has been reported that the hydrogen bonding between the
hydroxyl group at the oxide surface and the hydroxyl group of
the adsorbed molecule is much stronger than that between two
identical molecules.67 In addition, there is no free OH peak
observed at ∼3640 cm-1. These observations imply that the
hydroxyl group of the adsorbed alcohol molecule is directly

interacting with the surface silanol group. The DR value of the
OH peak at 3230 cm-1 is ∼0.37 when P/Psat ≈ 5%, indicating
that the alcohol OH group is aligned toward the surface normal
direction. This is the P/Psat region where the isotherm thickness
is lower than the full coverage of the silicon oxide surface. Once
P/Psat increases above 10%, the DR of the OH peak increases
to 0.7-0.8. These values correspond to the OH groups of the
adsorbed alcohol being oriented 40-52° from the surface
normal.
In the case of alkyl peaks, an interesting aspect is that the
relative intensity of 2960 and 2937 cm-1 peaks changes as P/Psat
increases. For example, the intensity of the 2960 cm-1 peak
(CH3 asymmetric stretch) is slightly larger than the intensity of
the 2937 cm-1 peak when P/Psat ) 5%. This relative intensity
ratio is much different from that observed for bulk liquid. As
the alcohol partial pressure increases, the intensity of the 2937
cm-1 peak grows faster and becomes larger than the 2960 cm-1
peak, which is consistent with the bulk liquid spectrum (Figure
5a, inset). Such a trend has been observed by others but is not
fully understood yet, but it may be speculated to be related to
the molecular orientation of the adsorbed alcohol molecules.68
Another possibility for the change in peak intensities may be
that the 2937 cm-1 peak is actually a combination of multiple
peaks, which includes the CH2 asymmetric stretching vibration
and Fermi resonance of the bending vibrations (observed at 1467
cm-1 in the liquid transmission spectrum).69,70
Comparing the alkyl peak intensities in the s- and p- polarized
spectra of n-pentanol shown in Figure 5, it can clearly be seen
that the intensities of the alkyl peaks are much smaller in the
s-polarized spectra than in the p-polarized spectra, especially
when P/Psat ) ∼5%. A similar trend is observed for n-propanol
whose spectra are shown in the Supporting Information. The
inset to Figure 5b displays the DR’s for the 2960 cm-1 (CH3
asymmetric stretch), 2937 cm-1 (CH2 asymmetric stretch or
Fermi resonance of CH2 bending), and 2860 cm-1 (CH2
symmetric stretch) for n-pentanol as a function of P/Psat. Both
the dipole moments of both CH2 vibration peaks are perpendicular to the molecular axis of alkyl chain. The dipole moment
of the CH3 asymmetric stretch is also close to the perpendicular
to the chain axis. Although the DR values of the alkyl peaks
do not change as drastically as that of the OH peak, they show
a discernible trend as P/Psat increases. At 5% P/Psat, the DR
values of alkyl peaks are 0.7-0.75, and at P/Psat > 10%, they
increase to 0.85-0.9.
Figure 6 displays the average tilt angles of alkyl chains (φ)
of the adsorbed n-propanol and n-pentanol with respect to the
surface normal determined from the experimentally observed
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Figure 6. Average tilt angle of alkyl chains (φ) with respect to surface
normal for adsorbed n-propanol and n-pentanol layers as a function of
P/Psat. Note that the tilt angle is the average value estimated using eq
2b assuming the alkyl chains are in the perfect anti configuration.

dichoric ratios of the three peaks that have dipole moments
perpendicular to the molecular axis using eqs 1 and 2b. At 5%
P/Psat, the propyl and pentyl chains are tilted by 80 ( 12°and
70 ( 14° from the surface normal, respectively. When P/Psat >
10%, the average tilt angle of the alkyl groups decreases and
approaches a value of approximately 40-50° from the surface
normal.
The observed P/Psat dependence of the alkyl chain tilt angle
(φ) is believed to be related to the change in the adsorbed
molecule amount from incomplete coverage to complete coverage. In the case of SAMs where the adsorbate molecules are
covalently attached to the surface, it is known that the alkyl
chains are tilted toward the surface when the surface coverage
of the organic molecules is low.71 This geometry provides the
maximum interaction between the alkyl chain and the surface.
As the surface coverage increases, the alkyl chains have more
intermolecular interactions and become erected toward the
surface normal direction. If the alkyl chains are fully selfassembled, the alkyl chain tilt angle decreases to <20° with
respect to the surface normal. This is because the low tilt angle
gives the maximum intermolecular van der Waals interactions
at complete coverage.14,41
B. Comparison with DFT Calculations. DFT calculations
were used to probe the adsorption geometry and energetics at
the β-cristobalite (111) surface and to check if the experimental
results can be justified theoretically. The main driving force for
adsorption of n-pentanol to the β-cristobalite (111) surface is
the formation of hydrogen bonds between the surface hydroxyl
and alcohol OH group. Two hydrogen bonds can be formed
per alcohol molecule, one in which the alcohol oxygen receives
a proton from the surface silanol group and one in which it
donates the proton to the oxygen of the surface silanol group.
These two hydrogen bonds are not symmetric, as local potential
energy minima may be located with either the donating or
receiving bond shorter than the other. The reported results
represent the minimum energy configuration of a number of
adsorption structures considered.
Parts a and b of Figure 7 illustrate two orientations, differing
in the rotation of the dihedral angle about the C1-C2 bond,
considered for n-pentanol adsorbed at a fractional coverage of
1/4. In Figure 7a, the terminal propyl fragment (C3, C4, and
C5) is anti to the hydroxyl group about the C1-C2 dihedral,
whereas in Figure 7b, the propyl fragment is gauche. The surface
normal-alkyl angle (φ) is illustrated in Figure 7b as the angle
between the surface normal passing through C1 and the vector
connecting C1 and C5. This C1-C2 dihedral rotation enables

Figure 7. Optimized structures of n-pentanol adsorbed to the β-cristobalite (111) surface. The fractional coverage of n-pentanol per surface
hydroxyl group is (a,b) 1/4 and (c) 1. Also shown is the top view of
case (c). In (a), the HO-C1-C2-propyl dihedral is in the anti
conformation, in (b), the same angle is in the gauche conformation.
The distance between the surface hydroxyl H atom and the highest
alkyl H atom is used to indicate the adsorbed layer thickness (d). The
angle between the surface normal and the alkyl axis (vector connecting
C1 and C5) is the alkyl tilt angle (φ).

retaining the preferred hydrogen bond formation between the
surface hydroxyl and the alcohol while substantially altering
the orientation of the alkyl chain to the surface. As given in
Table 1, the adsorption energies of n-pentanol in these two
conformations are very similar, whereas the angle formed
between the alkyl chain and the surface normal changes from
30° in the anti conformation to 70° in the gauche conformation.
Though the adsorption energies estimated with the DFT
calculation are similar, it should be noted again that the DFT
method does not properly represent the attractive van der Waals
interaction. If the van der Waals interaction term is considered,
it is reasonable to expect the gauche conformation being
preferred. The alkyl chain angle for the gauche conformation
(70°) is in good agreement with the experimentally determined
value. Therefore, it can be concluded that DFT results are
consistent with a preferred gauche orientation at low coverages.
The DFT results also indicate that alteration of the alkyl chain
tilt angle occurs through alteration of dihedral angles of the
O-C1-C2-propyl bond rather than significant changes to the
orientation of hydrogen bonding interactions with the surface.
For the β-cristobalite (111) surface, the establishment of two
hydrogen bonds per adsorbed alcohol molecule and allowing
the dihedral rotation is energetically more favorable than altering
the orientation of the alcohol hydroxyl to enable more
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TABLE 1: DFT Calculated Adsorption Energy, Hydroxyl and Alkyl Chain Orientations, and Thickness for n-Pentanol
Adsorbed on the β-Cristobalite (111) Surface as a Function of Fractional Coverage and Conformation of the
(HO)-C1-C2-Propyl Dihedral Angle
alkyl chain conformation

fractional coverage

gauche
anti
gauche
anti
anti
anti

1/4
1/4
1/2
1/2
3/4
1

∆E

ads

(kJ mol-1)
-58
-57
-57
-58
-59
-51

alkyl-surface interaction. The DFT calculations showed that
the gauche confirmation remains preferred at fractional coverage
up to 1/2.
At fractional coverages higher than 1/2, steric repulsion
between the alkyl chains prevents rotation about the C1-C2 bond
to the gauche conformation and the alkyl chains orient closer
to the surface normal. Parts c and d of Figure 7 illustrate the
optimal conformation that maximizes the number of surface
hydroxyl groups being involved in the adsorption of n-pentanol
via hydrogen-bonding interactions. At this coverage (1 ML),
the average adsorption energy remains close to the low coverage
value. Although there are still lone electron pairs on the surface
not involved in hydrogen bonding, the surface is too crowded
to admit further adsorption of n-pentanol. The alkyl chain tilt
angle in the anti conformation changes from 30° at low coverage
to 14° at high coverage due to perturbation of the hydrogen
bond geometry at higher coverage. At low coverage, the
receiving and donating bonds are distinct, whereas at high
coverage, with each surface hydroxyl group forming two
hydrogen bonds, each of the hydrogen bonds become close to
equivalent in length and angle. Though C1-C2 rotation is not
possible without considerable steric interactions with other
pentanol molecules at this coverage, rotation about the C3-C4
dihedral remains possible. This can contribute to explaining the
greater alkyl chain tilt angle observed experimentally in
comparison with the calculated value at 3/4 and 1 ML coverages.
With consideration of the idealized β-cristobalite (111) surface
as a reasonable representation of the amorphous surface used
in the experimental work, the DFT calculation predicts that the
hydrogen bonding interaction fixes the orientation of the C1 in
the pentanol molecule relative to the surface and that anti/gauche
rotations account for the relative orientation to the surface
normal. It also suggests that the monolayer layer coverage
represents approximately one pentanol molecule adsorbed per
surface hydroxyl. Overall, the DFT results are in agreement with
the ATR-IR experimental observations regarding the decrease
of the alkyl chain tilt angle as the coverage approaches the
saturation of the first layer anchored through hydrogen bonding
with the surface hydroxyl group. However, there are some minor
differences between the DFT calculation and the experimental
data.
Although the OH orientations of the adsorbed alcohol
molecules for high coverages are in good agreement between
the experimental and theoretical analyses, the results for the
low coverages are somewhat different. In the ATR-IR experiment, the OH orientation for P/Psat > 10% is determined to be
∼30° from the surface normal, while it is predicted to be ∼60°
in the DFT calculation for the 1/4 ML coverage. This discrepancy might originate from the fact that amorphous surface is
not fully terminated with the β-cristobalite (111) surface. At
very low coverages, water molecules may preferentially adsorbed on defect sites and these species may dominate the
observed vibrational spectrum. As the water coverage increases,

OH orientation (deg)

φ (Figure 7b) (deg)

d (Figure 7a) (nm)

61
60
53
52
52
52

70
30
71
14
14
14

0.51
0.73
0.52
0.79
0.79
0.80

the molecules occupy the more stable and prevalent sites that
are similar to the sites on the β-cristobalite (111) surface. In
addition, there might be some changes in the surface silanol
groups or the strongly bound water molecules present prior to
the initial water adsorption.72 These slight changes could alter
the background of the spectrum, but they cannot be determined
independently.
The tilt angles of the pentyl chains at high P/Psat (40-50°)
are much larger than those predicted by the DFT theory (∼14°)
for the n-pentanol molecule with the anti conformation at high
fractional coverages. On the basis of the adsorption isotherm
curve shape, it is expected that the first full layer is formed at
P/Psat ≈ 10%. At this pressure, the effective thickness of the
adsorbed layer is determined to be 0.60 nm, which is shorter
than the value of 0.79 nm predicted for n-pentanol with the
anti conformation at 3/4 and 1 ML coverages in the DFT
calculation (Table 1). The DFT results indicate that C3-C4
rotations are possible even at the surface-saturation coverage
and this will reduce the thickness from 0.79 to 0.64 nm. In
addition, some corrugation at the atomic level and the lack of
regularly spaced surface hydroxyls of the amorphous silica
surface may lead to less dense packing of the adsorbed pentanol.
These could lead to higher tilt angles of the alkyl chains.
C. Comparison with Long-Chain Linear Alcohol Adsorption on Amorphous SiO2. The orientation of long-chain alcohol
molecules (n-decanol and n-octadecanol) on SiO2 was investigated with the polarized ATR-IR to compare with the trend
observed for short-chain alcohol adsorption. In this experiment,
the amount of the adsorbed alcohols was controlled by exposing
the ATR crystal surface to the n-decanol and n-octadecanol
vapor for varying periods (as in the dose control in UHV
experiments). Figure 8 displays the average tilt angle of the

Figure 8. Average tilt angle of alkyl chains (φ) with respect to the
surface normal for adsorbed n-decanol and n-octadecanol layers as a
function of adsorption isotherm thickness. Note that the tilt angle is
the value estimated by assuming the alkyl chains are in the perfect
anti configuration.
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Figure 10. Peak position of CH2 asymmetric stretching vibration (or
Fermi resonance in the case of short chain alcohols) as a function of
chain length for gas phase, bulk liquid, and adsorbed alcohol species.

Figure 9. s- and p-Polarization ATR-IR spectra for a 1 nm thick film
of (a) n-pentanol and (b) n-octadecanol simulated with bulk liquid
optical constants.

decyl and octadecyl chains as a function of the adsorbed layer
thickness. The effective thickness of the adsorbed n-decanol
and n-octadecanol layers varied from ∼0.25 to 1.6 nm. Note
that 1.6 nm is the maximum thickness obtained after the alcohols
were dosed on the SiO2 surface at room temperature and then
the substrate surface was purged with Ar until there was no
more decrease in the alcohol peak intensity in ATR-IR. This
thickness is comparable to the poorly packed n-decyl silane
SAMs (1.5 nm) and much lower than the well-packed noctadecyl silane SAMs (2.5 nm).37,73,39 The general trend
observed for long-chain alcohols with varying thicknesses is
similar to the trend observed for the short-chain alcohol
adsorption under equilibrium conditions. The alkyl tilt angles
of n-decanol and n-octadecanol are initially high at low
coverages and then approach ∼40° (which corresponds to DR
≈ 0.8) as the adsorbed layer thickness increases to its maximum
value.
Further insight into the reason that the DR values for adsorbed
alcohol molecules at high P/Psat or high coverages are ∼0.8
can be obtained from theoretical simulations of the ATR-IR
spectra of the adsorbed layers. In these simulations, the complex
refractive indices of the bulk alcohols determined from their
respective transmission spectra were used. Figure 9 displays
the s- and p-spectra simulated for a 1 nm thick film of n-pentanol
and n-octadecanol on a silicon surface. When the ATR-IR
spectra are simulated from the refractive index of the liquid
alcohol, the dichroic ratio is ∼0.8 for both asymmetric and
symmetric alkyl stretching vibration peaks. This dichroic ratio
of ∼0.8 is neither a function of the adsorbed layer thickness
(as long as it is much smaller than the effective penetration
depth of the evanescent field) nor the type of alcohol simulated.
Note that as long as the molecular orientation in the adsorbed
layer remains identical to that in the bulk liquid (which is

random), the dichroic ratio of the adsorbed layer should be
the same as the one simulated with the bulk refractive index.
The dichroic ratio can be sensitive to changes or deviation of
the adsorbate optical properties from the bulk properties.47 The
exact value of the refractive index of the adsorbed molecule is
not readily available in the literature. However, it should be
noted that the adsorption isotherm thicknesses predicted from
the bulk refractive indices were essentially the same as those
calculated from the comparison of the bulk liquid and adsorbed
layer spectra. This suggests that there is little to no deviation
between the bulk and adsorbed phase optical properties of the
alkyl chains in the alcohols.40,74 This is reasonable because the
alkyl chains have only weak van der Waals interactions with
the surface. This simulation study reveals that the polarization
ATR-IR experiment cannot distinguish between the alkyl chains
tilted 40° from the surface normal and the randomly oriented
alkyl chains.
Last, the degree of interalkyl chain packing via van der Waals
interactions was estimated from the peak positioned at 2940-2920
cm-1, which has been assigned as the CH2 asymmetric stretching
vibration for SAMs in the literature.38 This peak position is the
highest for the gas phase molecules and decreases from this
value when either liquid or solid phases are formed. The lowest
peak position is observed for a crystalline phase where the CH2
chains are in the trans conformation and packed in an ordered
fashion.14,38 Figure 10 displays the peak position of the CH2
vibration of the adsorbed phase alcohols as a function of chain
length. The figure also shows the vibration peak positions for
the gas-phase n-propanol and n-pentanol as well as the highly
ordered n-octadecanol film obtained via heating to ∼70 °C
during the vapor-phase deposition. The peak positions of the
CH2 vibrations of the adsorbed n-propanol and n-pentanol layers
are much closer to the gas-phase values than the liquid phase
values. These short-chain alcohols do not seem to have
considerable interchain interactions. In the case of n-decanol
and n-octadecanol, the CH2 vibration peak position is ∼5 cm-1
red-shifted from their bulk values, indicating some degree of
packing. However, the average of the observed alkyl chain
orientation is still close to the random orientation (Figure 8).
These results may imply that the long-chain alkyl groups are
weakly packed in small domains and these domains are
randomly oriented in the laboratory coordinate.
When the n-octadecanol film is deposited and annealed at
∼70 °C, the alkyl chain tilt angle decreases to ∼20°, the OH
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dipole is oriented 52° from the surface normal, and the CH2
peak position decreases to ∼2919 cm-1 (data shown in the
Supporting Information). These values are congruent with those
predicted from DFT calculations for the well-packed alcohol
molecules (e.g., the complete coverage of n-pentanol in the
anticonformation). This implies that thermal activation is needed
to rearrange the local packing into a long-range self-assembly.
However, the thermal annealing cannot be used to preferentially
align the short-chain alcohols because they desorb to the gas
phase rather than being packed.
Conclusions
The structure and orientation of alcohol molecules in the
adsorbed layer on silicon oxide in equilibrium with the vapor
phase under ambient conditions was studied with attenuated total
reflectance infrared spectroscopy (ATR-IR). This study revealed
that as P/Psat increases from 0 to ∼10%, the isotherm thickness
of n-propanol and n-pentanol increases rapidly to ∼0.3 and ∼0.6
nm, respectively, which roughly corresponds to the saturation
of the substrate surface. Upon further increase in P/Psat, the
isotherm thickness increases only slightly until the condensation
occurs near the saturation vapor condition. The molecular
orientation of the adsorbed alcohols was also found to be a
function of surface coverage. The OH dipoles of the adsorbed
alcohol molecules at 5% P/Psat exhibited a low dichroic ratio
corresponding to near perpendicular orientation from the surface.
As the partial pressure was increased, the average OH dipole
becomes oriented ∼50° from the surface normal. The alkyl
chains of the alcohol molecules adsorbed at 5% P/Psat (lowest
molecular coverage) were found to be tilted toward the surface;
however, as the P/Psat or coverage increases, the alkyl orientation
gradually changes to a structure that is either random or oriented
∼40° from the surface normal. DFT calculations corroborated
that the alkyl chains are oriented toward the surface plane at
low fractional coverages (less than 1/2 ML). As the fractional
surface coverage increases to complete coverage, the tilt angle
of alkyl chains changes toward the surface normal direction.
Similar molecular orientation results were observed for adsorbed
n-decanol and n-octadecanol molecules from incomplete to
complete coverage of the alkyl groups adsorbed onto the SiO2
surface.
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Appendix B

Sum Frequency Generation (SFG) Vibration Spectroscopy Mathematica Programs

SFG Fit Program for ssp, ppp, sps polarizations

namein1="C:\\Documents and Settings\\Anna\\Desktop\\Coadsorption Paper\\2010-2-22\\propanol 2800-3000 ssp.sfg";
n=50 (*Number of data points*);
y1=OpenRead[namein1];
wn=sfg=dummy=sfgn=vis=ir=Table[0,{i,1,n}];
Do[
wn[[i]]=Read[y1,Number];
sfg[[i]]=Read[y1,Number];
dummy[[i]]=Read[y1,Number];
vis[[i]]=Read[y1,Number];
ir[[i]]=Read[y1,Number];
sfgn[[i]]=sfg[[i]]/(vis[[i]] ir[[i]]),{i,1,n}]
T1=Table[{wn[[i]],sfg[[i]],sfgn[[i]],vis[[i]],ir[[i]]},{i,1,n}];
CHsfgdata1=Table[{T1[[i,1]],T1[[i,3]]},{i,1,n}];
P1=ListPlot[CHsfgdata1,JoinedTrue,Mesh All, AxesLabel{"cm1
","sfg/(vis*ir)"},PlotRange{{2800,3000},{0,0.002}}]
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(* fitting C-H region *)
(* use two different peak width; one braod peak for the ~2850cm-1 region and three
sharp peaks in the 2900-2960cm-1 region *)
(* not include the non-resonance background term, xnr Exp[ dnr] *)
xr1[wx_]:=x1/((wx-w1)- G1); xr2[wx_]:= x2/((wx-w2)- G2); xr3[wx_]:=x3/((wxw3)- G3); xr4[wx_]:=x4/((wx-w4)- G4); xr5[wx_]:=x5/((wx-w5)- G5);
CHfit[wx_]:=xr1[wx]+xr2[wx]+xr3[wx]+xr4[wx]+xr5[wx]+xnr Exp[ deltanr]
CHfit2[wx_]:=(CHfit2[wx]=CHfit[wx] × Conjugate[CHfit[wx]])
<<Optimization`UnconstrainedProblems`
CHnlm=NonlinearModelFit[CHsfgdata1,CHfit2[wx],
{{w1,2881.1},{x1,0.15},{G1,8},{w2,2941.1},{x2,0.1},{G2,8},{w3,2853.1},{x3,0.05},{
G3,6},
{w4,2915.1},{x4,0.03},{G4,6},{w5,2962.1},{x5,0.03},{G5,6},
{xnr,0},{deltanr,0}},wx, WeightsAutomatic (* (Sqrt[#2]&) *),Method
Automatic,MaxIterations1000];
P2=Plot[CHnlm[wxx],{wxx,2800,
3100},PlotRange{{2800,3000},{0,0.002}},PlotStyle Red]
CHnlm["ParameterTable"]
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0.0005
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{
{, Estimate, Standard Error, t Statistic, P-Value},
{w1, 2881.25, 0.318901, 9034.93, 4.46017×10-107},
{x1, 0.145048, 0.0139465, 10.4003, 6.00312×10-12},
{G1, 7.3166, 0.372978, 19.6167, 9.23496×10-20},
{w2, 2941.24, 0.485883, 6053.4, 2.44848×10-101},
{x2, 0.132489, 0.0102306, 12.9502, 1.7343×10-14},
{G2, 6.78566, 0.33416, 20.3066, 3.21271×10-20},
{w3, 2860.28, 2.52567, 1132.49, 2.57991×10-77},
{x3, 0.141202, 0.0437422, 3.22806, 0.00281624},
{G3, 24.6147, 4.02358, 6.11761, 6.8279×10-7},
{w4, 2917.27, 2.42067, 1205.15, 3.314×10-78},
{x4, 0.0540512, 0.0489362, 1.10452, 0.277354},
{G4, 14.7293, 7.77862, 1.89356, 0.0670786},
{w5, 2965.81, 2.99438, 990.46, 2.14792×10-75},
{x5, 0.0378569, 0.024705, 1.53236, 0.134966},
{G5, 13.1543, 7.28139, 1.80656, 0.0799575},
{xnr, -0.00521672, 0.000800316, -6.51832, 2.11573×10-7},
{deltanr, -0.197664, 0.312111, -0.633314, 0.530894}
}
CHfitparameter = CHnlm["BestFitParameters"];
w1f=CHfitparameter[[1,2]]; x1f=CHfitparameter[[2,2]]; G1f=CHfitparameter[[3,2]];
w2f=CHfitparameter[[4,2]]; x2f=CHfitparameter[[5,2]]; G2f=CHfitparameter[[6,2]];
w3f=CHfitparameter[[7,2]]; x3f=CHfitparameter[[8,2]]; G3f=CHfitparameter[[9,2]];
w4f=CHfitparameter[[10,2]]; x4f=CHfitparameter[[11,2]]; G2f=CHfitparameter[[12,2]];
w5f=CHfitparameter[[13,2]]; x5f=CHfitparameter[[14,2]]; G5f=CHfitparameter[[15,2]];
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xr1f[wxx_]:=x1f/((wxx-w1f)- G1f); xr2f[wxx_]:= x2f/((wxx-w2f)- G2f);
xr3f[wxx_]:=x3f/((wxx-w3f)- G2f); xr4f[wxx_]:=x4f/((wxx-w4f)- G2f);
xr5f[wxx_]:=x5f/((wxx-w5f)- G5f);
xr1fplot[wxx_]:=xr1f[wxx]* Conjugate[xr1f[wxx]]
xr2fplot[wxx_]:=xr2f[wxx]* Conjugate[xr2f[wxx]]
xr3fplot[wxx_]:=xr3f[wxx]* Conjugate[xr3f[wxx]]
xr4fplot[wxx_]:=xr4f[wxx]* Conjugate[xr4f[wxx]]
xr5fplot[wxx_]:=xr5f[wxx]* Conjugate[xr5f[wxx]]
P3=Plot[{xr1fplot[wxx],xr2fplot[wxx],xr3fplot[wxx],xr4fplot[wxx],xr5fplot[wxx]},{wx
x,2800, 3100},PlotRange{{2800,3000},{0,0.005}},PlotStyle Purple];
Show[P1,P2, P3]
CHnlm["ParameterTable"]
(*OHnlm["ParameterTable"]*)
sfg vis ir
0.0020

0.0015

0.0010

0.0005

0.0000
2800

2850

2900

2950

{
{, Estimate, Standard Error, t Statistic, P-Value},
{w1, 2881.25, 0.318901, 9034.93, 4.46017×10-107},
{x1, 0.145048, 0.0139465, 10.4003, 6.00312×10-12},
{G1, 7.3166, 0.372978, 19.6167, 9.23496×10-20},
{w2, 2941.24, 0.485883, 6053.4, 2.44848×10-101},
{x2, 0.132489, 0.0102306, 12.9502, 1.7343×10-14},
{G2, 6.78566, 0.33416, 20.3066, 3.21271×10-20},
{w3, 2860.28, 2.52567, 1132.49, 2.57991×10-77},
{x3, 0.141202, 0.0437422, 3.22806, 0.00281624},
{G3, 24.6147, 4.02358, 6.11761, 6.8279×10-7},
{w4, 2917.27, 2.42067, 1205.15, 3.314×10-78},
{x4, 0.0540512, 0.0489362, 1.10452, 0.277354},

cm 1
3000
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{G4, 14.7293, 7.77862, 1.89356, 0.0670786},
{w5, 2965.81, 2.99438, 990.46, 2.14792×10-75},
{x5, 0.0378569, 0.024705, 1.53236, 0.134966},
{G5, 13.1543, 7.28139, 1.80656, 0.0799575},
{xnr, -0.00521672, 0.000800316, -6.51832, 2.11573×10-7},
{deltanr, -0.197664, 0.312111, -0.633314, 0.530894}
}

namein2="C:\\Documents and Settings\\Anna\\Desktop\\Coadsorption Paper\\2010-2-22\\propanol 2800-3000 ppp.sfg";
n=50 (*Number of data points*);
y2=OpenRead[namein2];
wn=sfg=dummy=sfgn=vis=ir=Table[0,{i,1,n}];
Do[
wn[[i]]=Read[y2,Number];
sfg[[i]]=Read[y2,Number];
dummy[[i]]=Read[y2,Number];
vis[[i]]=Read[y2,Number];
ir[[i]]=Read[y2,Number];
sfgn[[i]]=sfg[[i]]/(vis[[i]] ir[[i]]),{i,1,n}]
T2=Table[{wn[[i]],sfg[[i]],sfgn[[i]],vis[[i]],ir[[i]]},{i,1,n}];
CHsfgdata2=Table[{T2[[i,1]],T2[[i,3]]},{i,1,n}];
P4=ListPlot[CHsfgdata2,JoinedTrue,Mesh All, AxesLabel{"cm1
","sfg/(vis*ir)"},PlotRange{{2800,3000},{0,0.0002}}]
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xr6[wx_]:=x6/((wx-w6)- G6); xr7[wx_]:= x7/((wx-w7)- G7); xr8[wx_]:=x8/((wxw8)- G8); xr9[wx_]:=x9/((wx-w9)- G9); xr10[wx_]:=x10/((wx-w10)- G10);
CHfit3[wx_]:=xr6[wx]+xr7[wx]+xr8[wx]+xr9[wx]+xr10[wx]+xnr Exp[ deltanr]
CHfit4[wx_]:=(CHfit4[wx]=CHfit3[wx] × Conjugate[CHfit3[wx]])
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<<Optimization`UnconstrainedProblems`
CHnlm2=NonlinearModelFit[CHsfgdata2,CHfit4[wx],
{{w6,2881.1},{x6,0.007},{G6,9},{w7,2941.1},{x7,0.008},{G7,8},{w8,2853.1},{x8,0.0
05},{G8,10},
{w9,2915.1},{x9,0.008},{G9,6},{w10,2962.1},{x10,0.015},{G10,4},
{xnr,0},{deltanr,0}},wx, WeightsAutomatic (* (Sqrt[#2]&) *),Method
Automatic,MaxIterations1000];
P5=Plot[CHnlm2[wxx],{wxx,2800,
3100},PlotRange{{2800,3000},{0,0.0002}},PlotStyle Red]
CHnlm2["ParameterTable"]
0.00020

0.00015
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0.00005
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2800
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2900

2950

{
{, Estimate, Standard Error, t Statistic, P-Value},
{w6, 2882.55, 1.21353, 2375.34, 6.24985×10-88},
{x6, 0.00903809, 0.00420964, 2.147, 0.0392354},
{G6, 3.65383, 1.9134, 1.9096, 0.0649095},
{w7, 2942.77, 0.408392, 7205.76, 7.7883×10-104},
{x7, 0.00966396, 0.00627652, 1.5397, 0.133168},
{G7, 2.93216, 2.41288, 1.21521, 0.232908},
{w8, 2870.3, 2.9412, 975.896, 3.50202×10-75},
{x8, 0.00512174, 0.00606216, 0.844871, 0.404267},
{G8, 5.31914, 5.35887, 0.992586, 0.328134},
{w9, 2921.82, 1.97963, 1475.94, 4.12601×10-81},
{x9, 0.0953844, 0.0251792, 3.78822, 0.000611165},
{G9, 16.7858, 2.17828, 7.70598, 7.11179×10-9},
{w10, 2965.01, 0.996844, 2974.39, 3.73855×10-91},
{x10, 0.122393, 0.0322773, 3.79192, 0.000604871},
{G10, 11.2361, 0.87932, 12.7781, 2.51118×10-14},

3000
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{xnr, -0.00319187, 0.000358805, -8.89584, 2.78437×10-10},
{deltanr, 0.00311771, 0.757931, 0.00411345, 0.996743}
}
CHfitparameter2 = CHnlm2["BestFitParameters"];
w6f=CHfitparameter2[[1,2]]; x6f=CHfitparameter2[[2,2]]; G6f=CHfitparameter2[[3,2]];
w7f=CHfitparameter2[[4,2]]; x7f=CHfitparameter2[[5,2]]; G7f=CHfitparameter2[[6,2]];
w8f=CHfitparameter2[[7,2]]; x8f=CHfitparameter2[[8,2]]; G8f=CHfitparameter2[[9,2]];
w9f=CHfitparameter2[[10,2]]; x9f=CHfitparameter2[[11,2]];
G9f=CHfitparameter2[[12,2]];
w10f=CHfitparameter2[[13,2]]; x10f=CHfitparameter2[[14,2]];
G10f=CHfitparameter2[[15,2]];
xr6f[wxx_]:=x6f/((wxx-w6f)- G6f); xr7f[wxx_]:= x7f/((wxx-w7f)- G7f);
xr8f[wxx_]:=x8f/((wxx-w8f)- G8f); xr9f[wxx_]:=x9f/((wxx-w9f)- G9f);
xr10f[wxx_]:=x10f/((wxx-w10f)- G10f);
xr6fplot[wxx_]:=xr6f[wxx]* Conjugate[xr6f[wxx]]
xr7fplot[wxx_]:=xr7f[wxx]* Conjugate[xr7f[wxx]]
xr8fplot[wxx_]:=xr8f[wxx]* Conjugate[xr8f[wxx]]
xr9fplot[wxx_]:=xr9f[wxx]* Conjugate[xr9f[wxx]]
xr10fplot[wxx_]:=xr10f[wxx]* Conjugate[xr10f[wxx]]
P6=Plot[{xr6fplot[wxx],xr7fplot[wxx],xr8fplot[wxx],xr9fplot[wxx],xr10fplot[wxx]},{w
xx,2800, 3100},PlotRange{{2800,3000},{0,0.0002}},PlotStyle Purple];

Show[P4,P5, P6]
CHnlm2["ParameterTable"]
sfg vis ir
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{
{, Estimate, Standard Error, t Statistic, P-Value},
{w6, 2882.55, 1.21353, 2375.34, 6.24985×10-88},
{x6, 0.00903809, 0.00420964, 2.147, 0.0392354},

cm 1
3000
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{G6, 3.65383, 1.9134, 1.9096, 0.0649095},
{w7, 2942.77, 0.408392, 7205.76, 7.7883×10-104},
{x7, 0.00966396, 0.00627652, 1.5397, 0.133168},
{G7, 2.93216, 2.41288, 1.21521, 0.232908},
{w8, 2870.3, 2.9412, 975.896, 3.50202×10-75},
{x8, 0.00512174, 0.00606216, 0.844871, 0.404267},
{G8, 5.31914, 5.35887, 0.992586, 0.328134},
{w9, 2921.82, 1.97963, 1475.94, 4.12601×10-81},
{x9, 0.0953844, 0.0251792, 3.78822, 0.000611165},
{G9, 16.7858, 2.17828, 7.70598, 7.11179×10-9},
{w10, 2965.01, 0.996844, 2974.39, 3.73855×10-91},
{x10, 0.122393, 0.0322773, 3.79192, 0.000604871},
{G10, 11.2361, 0.87932, 12.7781, 2.51118×10-14},
{xnr, -0.00319187, 0.000358805, -8.89584, 2.78437×10-10},
{deltanr, 0.00311771, 0.757931, 0.00411345, 0.996743}
}

namein3="C:\\Documents and Settings\\Anna\\Desktop\\Coadsorption Paper\\2010-2-22\\propanol 2800-3000 sps.sfg";
n=50 (*Number of data points*);
y3=OpenRead[namein3];
wn=sfg=dummy=sfgn=vis=ir=Table[0,{i,1,n}];
Do[
wn[[i]]=Read[y3,Number];
sfg[[i]]=Read[y3,Number];
dummy[[i]]=Read[y3,Number];
vis[[i]]=Read[y3,Number];
ir[[i]]=Read[y3,Number];
sfgn[[i]]=sfg[[i]]/(vis[[i]] ir[[i]]),{i,1,n}]
T3=Table[{wn[[i]],sfg[[i]],sfgn[[i]],vis[[i]],ir[[i]]},{i,1,n}];
CHsfgdata3=Table[{T3[[i,1]],T3[[i,3]]},{i,1,n}];
P7=ListPlot[CHsfgdata3,JoinedTrue,Mesh All, AxesLabel{"cm1
","sfg/(vis*ir)"},PlotRange{{2800,3000},{0,0.00002}}]
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xr11[wx_]:=x11/((wx-w11)- G11); xr12[wx_]:= x12/((wx-w12)- G12);
xr13[wx_]:=x13/((wx-w13)- G13); xr14[wx_]:=x14/((wx-w14)- G14);
xr15[wx_]:=x15/((wx-w15)- G15);
CHfit5[wx_]:=xr11[wx]+xr12[wx]+xr13[wx]+xr14[wx]+xr15[wx]+xnr Exp[ deltanr]
CHfit6[wx_]:=(CHfit6[wx]=CHfit5[wx] × Conjugate[CHfit5[wx]])
<<Optimization`UnconstrainedProblems`
CHnlm3=NonlinearModelFit[CHsfgdata3,CHfit6[wx],
{{w11,2881.1},{x11,0.004},{G11,8},{w12,2941.1},{x12,0.001},{G12,8},{w13,2853.1},{x13,0.006},{G13,8
},
{w14,2915.1},{x14,0.01},{G14,8},{w15,2962.1},{x15,0.015},{G15,8},
{xnr,0},{deltanr,0}},wx, WeightsAutomatic (* (Sqrt[#2]&) *),Method
Automatic,MaxIterations1000];
P8=Plot[CHnlm3[wxx],{wxx,2800,
3100},PlotRange{{2800,3000},{0,0.00002}},PlotStyle Red]
CHnlm3["ParameterTable"]
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{
{, Estimate, Standard Error, t Statistic, P-Value},
{w11, 2870.88, 4.56227, 629.264, 6.80467×10-69},
{x11, -0.00194063, 0.00292369, -0.663761, 0.511454},
{G11, 1.50099, 1.69885, 0.883533, 0.38334},
{w12, 2964., 7209.01, 0.411152, 0.683619},
{x12, 3.90935×10-6, 0.00669103, 0.000584267, 0.999537},
{G12, 0.00778735, 94.6837, 0.0000822459, 0.999935},
{w13, 2861.41, 4.28316, 668.061, 9.45007×10-70},
{x13, 0.00920714, 0.00739613, 1.24486, 0.221952},
{G13, 8.24879, 5.93374, 1.39015, 0.173789},
{w14, 2917.33, 3.24578, 898.809, 5.2913×10-74},
{x14, 0.0346128, 0.016803, 2.05992, 0.0473641},
{G14, 14.9664, 3.66234, 4.08655, 0.000262989},
{w15, 2959.57, 3.4997, 845.663, 3.95402×10-73},
{x15, 0.034098, 0.0161829, 2.10704, 0.0427985},
{G15, 9.27999, 2.76664, 3.35425, 0.00201124},
{xnr, -0.000739927, 0.000255432, -2.89677, 0.00664578},
{deltanr, 1.24809×10-7, 1.36941, 9.11406×10-8, 1.}
}
CHfitparameter3 = CHnlm3["BestFitParameters"];
w11f=CHfitparameter3[[1,2]]; x11f=CHfitparameter3[[2,2]];
G11f=CHfitparameter3[[3,2]];
w12f=CHfitparameter3[[4,2]]; x12f=CHfitparameter3[[5,2]];
G12f=CHfitparameter3[[6,2]];
w13f=CHfitparameter3[[7,2]]; x13f=CHfitparameter3[[8,2]];
G13f=CHfitparameter3[[9,2]];
w14f=CHfitparameter3[[10,2]]; x14f=CHfitparameter3[[11,2]];
G14f=CHfitparameter3[[12,2]];
w15f=CHfitparameter3[[13,2]]; x15f=CHfitparameter3[[14,2]];
G15f=CHfitparameter3[[15,2]];
xr11f[wxx_]:=x11f/((wxx-w11f)- G11f); xr12f[wxx_]:= x12f/((wxx-w12f)- G12f);
xr13f[wxx_]:=x13f/((wxx-w13f)- G13f); xr14f[wxx_]:=x14f/((wxx-w14f)- G14f);
xr15f[wxx_]:=x15f/((wxx-w15f)- G15f);
xr11fplot[wxx_]:=xr11f[wxx]* Conjugate[xr11f[wxx]]
xr12fplot[wxx_]:=xr12f[wxx]* Conjugate[xr12f[wxx]]
xr13fplot[wxx_]:=xr13f[wxx]* Conjugate[xr13f[wxx]]
xr14fplot[wxx_]:=xr14f[wxx]* Conjugate[xr14f[wxx]]
xr15fplot[wxx_]:=xr15f[wxx]* Conjugate[xr15f[wxx]]
P9=Plot[{xr11fplot[wxx],xr12fplot[wxx],xr13fplot[wxx],xr14fplot[wxx],xr15fplot[wxx]
},{wxx,2800, 3100},PlotRange{{2800,3000},{0,0.005}},PlotStyle Purple];
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Show[P7,P8, P9]
CHnlm3["ParameterTable"]
sfg vis ir
0.00002

0.000015

0.00001
5. 10 6
0
2800

2850

2900

2950

cm 1
3000

{
{, Estimate, Standard Error, t Statistic, P-Value},
{w11, 2870.88, 4.56227, 629.264, 6.80467×10-69},
{x11, -0.00194063, 0.00292369, -0.663761, 0.511454},
{G11, 1.50099, 1.69885, 0.883533, 0.38334},
{w12, 2964., 7209.01, 0.411152, 0.683619},
{x12, 3.90935×10-6, 0.00669103, 0.000584267, 0.999537},
{G12, 0.00778735, 94.6837, 0.0000822459, 0.999935},
{w13, 2861.41, 4.28316, 668.061, 9.45007×10-70},
{x13, 0.00920714, 0.00739613, 1.24486, 0.221952},
{G13, 8.24879, 5.93374, 1.39015, 0.173789},
{w14, 2917.33, 3.24578, 898.809, 5.2913×10-74},
{x14, 0.0346128, 0.016803, 2.05992, 0.0473641},
{G14, 14.9664, 3.66234, 4.08655, 0.000262989},
{w15, 2959.57, 3.4997, 845.663, 3.95402×10-73},
{x15, 0.034098, 0.0161829, 2.10704, 0.0427985},
{G15, 9.27999, 2.76664, 3.35425, 0.00201124},
{xnr, -0.000739927, 0.000255432, -2.89677, 0.00664578},
{deltanr, 1.24809×10-7, 1.36941, 9.11406×10-8, 1.}
}
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SFG Normalization Using Transmission Fresnel Amplitude Coefficients

namein1="C:\\Documents and Settings\\Anna\\Desktop\\Coadsorption Paper\\2010-2-25\\0 ads propanol 2800-3000 ssp.sfg";
n=50 (*Number of data points*);
y1=OpenRead[namein1];
wn=sfg=dummy=sfgn=vis=ir=Table[0,{i,1,n}];
Do[
wn[[i]]=Read[y1,Number];
sfg[[i]]=Read[y1,Number];
dummy[[i]]=Read[y1,Number];
vis[[i]]=Read[y1,Number];
ir[[i]]=Read[y1,Number];
sfgn[[i]]=sfg[[i]]/(vis[[i]] ir[[i]]),{i,1,n}]
T1=Table[{wn[[i]],sfg[[i]],sfgn[[i]],vis[[i]],ir[[i]]},{i,1,n}];
1=ArcSin[(1*Sin[60*Pi/180]/1.46)]
2=ArcSin[(1*Sin[56*Pi/180]/1.46)]
0.634988
0.603872
(*xalcohol=0.97;
xwater=1-xalcohol;
Valcohol=70;
Vwater=18;
water=(xwater Vwater)/(xwater Vwater+xalcohol Valcohol);
alcohol=(xalcohol Valcohol)/(xwater Vwater+xalcohol Valcohol);
nalcohol=1.412;
nalcoholi=1.412+0.005 ;
nwater=1.3;
nwateri=1.3+0.0017 ;
Sol1=Solve[(n12^2-1)/(n12^2+1) water (nwater^2-1)/(nwater^2+1)+alcohol
(nalcohol^2-1)/(nalcohol^2+1),n12]
Sol2=Solve[(n12i^2-1)/(n12i^2+1) water (nwateri^2-1)/(nwateri^2+1)+alcohol
(nalcoholi^2-1)/(nalcoholi^2+1),n12i]*)
{{n12-1.41106},{n121.41106}}
{{n12i-1.41106-0.00497031 },{n12i1.41106 +0.00497031 }}
n1=1.46;
nprime=1.46;
n2=1;
n2v=n2;
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(*n2i=n2;*)
n2i=n2;
1=(1/(532*10-7));
2=2885;
=1+2;
(*1=60*(Pi/180);
2=55*(Pi/180);*)
=ArcSin[(1 Sin[1]+2 Sin[2])/];
1=ArcSin[n1*Sin[1]/n2v];
2=ArcSin[n1*Sin[2]/n2i];
=ArcSin[n1*Sin[]/n2];
Lyy=(2*n1*Cos[])/(n1*Cos[]+n2*Cos[]);
Lxx1=(2*n1*Cos[1])/(n1*Cos[1]+n2v*Cos[1])*Cos[1];
Lzz2=(2*n2i*Cos[2])/(n1*Cos[2]+n2i*Cos[2])*(n1/n1)2*Sin[2];
sfgnorm=sfgn/(Lyy Lxx1 Lzz2)2;
T2=Table[{wn[[i]],sfgnorm[[i]]},{i,1,n}];
MatrixForm[T2]
(\[NoBreak]{
{2996., 0.0000679123},
{2992., 0.0000516627},
{2988., 0.0000661024},
{2984., 0.0000686742},
{2980., 0.0000549731},
{2976., 0.0000620906},
{2972., 0.00004999},
{2968., 0.0000471626},
{2964., 0.0000179625},
{2960., 0.0000202635},
{2956., 0.0000314839},
{2952., 0.0000355379},
{2948., 0.0000722748},
{2944., 0.000164926},
{2940., 0.000209843},
{2936., 0.000139711},
{2932., 0.000121746},
{2928., 0.000064516},
{2924., 0.0000451069},
{2920., 0.0000403636},
{2916., 0.0000525788},
{2912., 0.0000347183},
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{2908., 0.0000165613},
{2904., 0.0000174482},
{2900., -3.19689×10-7},
{2896., 0.0000125232},
{2892., 0.0000222376},
{2888., 0.000068548},
{2884., 0.000115226},
{2880., 0.000192307},
{2876., 0.000340753},
{2872., 0.000285512},
{2868., 0.000217447},
{2864., 0.000167086},
{2860., 0.000207191},
{2856., 0.000213723},
{2852., 0.000215617},
{2848., 0.000232872},
{2844., 0.000180658},
{2840., 0.00011164},
{2836., 0.0000647223},
{2832., 0.000037251},
{2828., 0.0000240013},
{2824., 0.0000173384},
{2820., 0.0000232025},
{2816., 0.0000592799},
{2812., 0.0000322206},
{2808., 0.000050712},
{2804., 0.000060334},
{2800., 0.0000732489}
}\[NoBreak])

Polarization Null Angle Method Orientation Program

namein1="C:\\Documents and Settings\\Anna\\Desktop\\Polarization Null
Angle data\\0.1 propanol adsorbed new.txt";
(*NOTE: Must quite Kernel everytime before running*)
y1=OpenRead[namein1];
num=7;
=ISFG=Table[0,{i,1,num}];
Do[
[[i]]=Read[y1,Number]*/180;
ISFG[[i]]=Read[y1,Number];
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,{i,1,num}]
anglenulldata=Table[{[[i]],ISFG[[i]]},{i,1,num}];
P1=ListPlot[anglenulldata]
0.0006
0.0005
0.0004
0.0003
0.0002
0.0001

0.5

1.0

1.5

fitsfg[_]:=A*Abs[(Sin[-sfg])2];
nlm=NonlinearModelFit[anglenulldata,{fitsfg[x]}, {{A,0},{sfg,0}}, x, MaxIterations
5000,MethodAutomatic, Weights Automatic];
P2=Plot[nlm[],{,0, 3.14159},PlotRange{{0,1.53000},{0,0.0007}},PlotStyle
Red];
Show[P1,P2]
nlm["ParameterTable"]

0.0006
0.0005
0.0004
0.0003
0.0002
0.0001

0.5

1.0

1.5

2.0

2.5

{
{, Estimate, Standard Error, t Statistic, P-Value},
{A, 0.000660007, 0.0000221488, 29.7987, 7.98157×10-7},

3.0
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{sfg, 0.117603, 0.0291311, 4.03702, 0.00995196}
}
n1=1.46;
nprime=1.46;
n2=1;
n2v=n2;
n2i=n2;
1=(1/(532*10-7));
2=2885;
=1+2;

(*Anlges for Liquid/Vapor Interface*)
(*1=60*(Pi/180);
2=55*(Pi/180);*)
(*Angles for Vapor/Solid Interface*)
1=ArcSin[(1*Sin[60*Pi/180]/1.46)];
2=ArcSin[(1*Sin[56*Pi/180]/1.46)];
=ArcSin[(1 Sin[1]+2 Sin[2])/];
1=ArcSin[n1*Sin[1]/n2v];
2=ArcSin[n1*Sin[2]/n2i];
=ArcSin[n1*Sin[]/n2];
R=3.4; (*This is value is for the methyl group for n-propanol and higher value alcohols*)
Lyy=(2*n1*Cos[])/(n1*Cos[]+n2*Cos[]);
Lyy1=(2*n1*Cos[1])/(n1*Cos[1]+n2*Cos[1]);
Lyy2=(2*n1*Cos[2])/(n1*Cos[2]+n2*Cos[2]);
Lxx=(2*n1*Cos[])/(n1*Cos[]+n2*Cos[]);
Lxx1=(2*n1*Cos[1])/(n1*Cos[1]+n2v*Cos[1]);
Lxx2=(2*n1*Cos[2])/(n1*Cos[2]+n2i*Cos[2]);
Lzz=(2*n2*Cos[])/(n1*Cos[]+n2*Cos[])*(n1/n1)2;
Lzz1=(2*n2v*Cos[1])/(n1*Cos[1]+n2v*Cos[1])*(n1/n1)2;
Lzz2=(2*n2i*Cos[2])/(n1*Cos[2]+n2i*Cos[2])*(n1/n1)2;
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null=0.07;
A=0.5*(1+R) Tan[null] Lyy Lyy1 Lzz2 Sin[2]+0.5 (1+R) Lxx Lxx1 Lzz2
Cos[] Cos[1] Sin[2]+0.5 (1-R) Lxx Lzz1 Lxx2 Cos[] Sin[1] Cos[2]-0.5 (1R) Lzz Lxx1 Lxx2 Sin[] Cos[1] Cos[2]-R Lzz Lzz1 Lzz2 Sin[] Sin[1]
Sin[2];
B=0.5 (1-R) Tan[null] Lyy Lyy1 Lzz2 Sin[2]+0.5 (1-R)Lxx Lxx1 Lzz2
Cos[] Cos[1] Sin[2]+0.5 (1-R) Lxx Lzz1 Lxx2 Cos[] Sin[1] Cos[2]-0.5 (1R) Lzz Lxx1 Lxx2 Sin[] Cos[1] Cos[2]+(1-R) Lzz Lzz1 Lzz2 Sin[]
Sin[1] Sin[2];
Dsfg=Abs[B/A];
(*Assuming Delta Distribution*)
S1=Solve[Dsfg (Cos[]/Cos[]3),]
theta3=Evaluate[/.S1[[3]]]*(180/)
theta4=Evaluate[/.S1[[4]]]*(180/)
Solve::ifun: Inverse functions are being used by \[NoBreak]Solve\[NoBreak], so some
solutions may not be found; use Reduce for complete solution information.
{{-1.98008},{-1.16151},{1.16151},{1.98008}}
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Appendix C

Summary of Summer 2010 Internship Work at Sandia National Laboratories

Effects of Oxidizing Environments on the Friction, Wear, and the Tribochemical Reaction
Product Formed During N-Pentanol Lubrication of SiO2
The effect of relative humidity (RH) and O2 on the lubriciousness and tribochemical
reaction species performed during sliding tests on silicon surfaces in n-pentanol environments
was investigated using ball-on-flat tribometer tests, optical profilometry, Time of flight secondary
ion mass spectrometry (ToF-SIMS), and attenuated total reflectance infrared spectroscopy (ATRIR). In all tests, a 50% P/Psat n-pentanol vapor was maintained while increasing either the RH or
O2 percentage with in the vapor. Dry argon was used as the carrier gas for RH containing npentanol environments and dry N2 was used for the oxygen containing experiments

In both

cases, the silicon substrates and fused silica balls (diameter 3 mm) used for the wear tests were
cleaned according to the RCA-1 cleaning method. All ball-on-flat tribometer measurements
(Figures C-1 and C-5) were performed under 0.5N contact load for 1000 cycles.

Optical

profilometry of the wear regions was performed using a Wyko NT1100 in order to investigate the
extent of wear of the silicon surfaces in the different environments (Figures C-2 and C-6). These
measurements were performed in the VSI mode.

Tof-SIMS was performed with an Ion-Tof

TOF.SIMS 5 spectrometer employing a bismuth cluster ion source at 25 kV in burst alignment
imaging mode without charge compensation.

A total of 40 scans were acquired to detect

tribochemical reaction products in the wear regions (Figures C-3 and C-7). Multivariate analyses
determined the molecule weight distribution of the tribochemical reaction species. ATR-IR
(Figure C-4) was used to investigate the structure and amount of n-pentanol and water molecules
adsorbed to a silicon surface. The ATR crystal used for this study had a 45° angle of incidence

262
and was cleaned according to the RCA-1 cleaning method. Approximately 100 spectra with 2
cm-1 resolution were averaged to create each spectrum.
The results of this study show that the only environment that was able to suppress the
formation of a tribochemical reaction species at a 0.5 N contact load was 40% RH in the 50%
P/Psat n-pentanol environment. The ATR-IR measurements suggest this is due to the large
amount of water adsorbed onto the silicon surface which exhibits both liquid and solid-like
structure. At this condition, the coverage of the adsorbed n-pentanol layer would be considered
sub-monolayer, and therefore insufficient in preventing wear of silicon surfaces. Also, ToF SIMS
showed that the tribochemical reaction species produced using Ar as the carrier versus N2 as the
carrier was the same.
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Figure C-1: Dynamic friction coefficient under a 0.5 N contact load in 50% P/Psat n-pentanol environments
containing (a) 0% RH, (b) 5% RH, (c) 10% RH, (d) 20% RH, (e) 30% RH, and (f) 40% RH.
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Figure C-2: Wear volumes of wear regions for the 50% n-pentanol and RH environments
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Figure C-3: Multivariate ToF SIMS analysis of the wear regions for 50% P/Psat n-pentanol and RH
environments (a) montage of components (b) individual components and corresponding mass spectra
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Figure C-4: (a) ATR-IR measurements of the co-adsorbed n-pentanol and water molecules at 50% P/Psat npentanol and increasing RH’s. (b) The difference spectra produced through subtracting the pure n-pentanol
spectrum from the others.
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Figure C-5: Dynamic friction coefficient under a 0.5 N contact load in 50% P/Psat n-pentanol environments
containing (a) 0% O2, (b) 1% O2, (c) 2% O2, (d) 4% O2, (e) 6% O2, and (f) 8% O2.
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Lifetime tests of MEMS devices with tribochemical reaction product as the primary
lubricant
The lifetime MEMS studies were performed with the same MEMS friction side-wall
tribometers described in Chapter 6.

The tests were performed in a 50% P/Psat n-pentanol

environment under a 500 nN load and operated at a driving frequency of 100 Hz. Figure C-8a
displays the dynamic friction coefficients observed in the 50% P/Psat n-pentanol environment for
6.1*106 cycles. This test was performed to generate the tribochemical reaction species which
forms during wear tests of silicon surface in n-alcohol containing environments. After the
completion of the tribotest, the chamber containing the MEMS device was purged with dry Ar for
1 hour to remove any residual n-pentanol vapor. The dynamic friction coefficient of the MEMS
tribometer was recorded in a dry Ar environment until friction coefficient greater than one was
observed (failure) in order to determine the lubriciousness of the tribochemical reaction species.
The results of this test confirm that the tribochemical reaction product is not primary method of
lubrication as the device exhibits a lifetime of 3000 cycles which corresponds to ~30 seconds
(Figure C-8b). Figure C-9a displays the results of the same test performed for 1.5*107 cycles.
Here the recorded device lifetime of the tribochemical reaction species (Figure C-9b) was 18000
cycles with corresponded to ~3 minutes.
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