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ABSTRACT

The use of Raman spectroscopy to determine structure-function relationships in
octadecylsilane stationary phases for reversed-phase liquid chromatography is presented.
Raman spectroscopy is used to determine rotational and conformational order of a series
of high-density octadecylsilane stationary phases that vary in surface coverage from 3.09
to 6.45 pmol/m” as a function of numerous chromatographic parameters. The effect of
these conditions on the conformational order of the alkylsilanes offers information about
molecular interactions at the chromatographic interface, which can be used to gain insight
to the mechanisms of solute retention in reversed-phase liquid chromatography.

Rotational and conformational order of these unique phases is studied under a
plethora of chromatographic conditions including temperature, exposure to polar and
nonpolar solvent, and in the presence of multi-component solutions including mobile
phase/solute systems. Temperature-induced surface phase changes for this homologous
series of materials are observed that are demonstrated to adhere to the Clapeyron
equation for a simple first-order transition. Phase changes are discussed in terms of
molar volume, molar enthalpy, and molar entropy, all of which are highly dependent on
the surface coverage of the stationary phase.

Solvent interactions with these phases are dependent not only on solvent
properties (size, shape, polarity, hydrogen-bonding ability, etc.), but also stationary phase
properties including surface coverage and homogeneity. In general, nonpolar

hydrophobic solvents induce conformational disorder to the low coverage stationary



phases. Conversely, polar solvents have a subtle ordering effect on the higher density,
homogeneous alkylsilane phases, attributed to solvent self-associating at the stationary
phase/solvent interface. In the presence of mobile phase/solute systems, both high and
low coverage phases are very well ordered, because of the combination of strong
interactions of solutes with both the stationary phase and the mobile phase and mobile
phase solvent self-association at the interface. Spectral data are correlated with the
chromatographic behavior of the solutes to gain insights into retention mechanisms for
these compounds. Results suggest solute partitioning into the stationary phase takes
place, but partitioning in some cases is very subtle, restricted to the distal end of the
alkylsialnes.

Raman spectroscopy is also used to investigate fundamental interactions of ion

exchange chromatographic systems. For anion exchange systems, the structure of

54

surface-bound trimethylammonium ions is affected by hydrated counter anions of varying

charge-density in aqueous solutions, changing systematically with chromatographic

retention of the halide series. However, the structure of surface-confined sulfonate ions

is unaffected by the presence of counter cations of different size or charge-density for
cation exchange systems. The difference in behavior of these systems is attributed to

poor hydration of trimethylammonium and anions relative to sulfonate ions and cations.

In addition to the characterization of existing phases, alkylsilane-based stationary

phases are fabricated using a novel solution modifier approach. This simple approach

allows for the synthesis of materials that vary in surface coverage including the
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fabrication of high surface coverage phases (>5 umol/m?) using the same reaction
chemistry. Phases have alkylsilane structure and architecture similar to existing phases
of comparable coverage. In addition, the phases give comparable chromatographic
performance to commercial phases including a high degree of selectivity of high-density

phases for planar polycyclic aromatic hydrocarbons.
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Chapter 1

Introduction to Alkylsilane-Based Stationary Phases for Reversed-Phase

Liquid Chromatography: Interfacial Importance and Retention Mechanisms

Alkylsilane-Based Stationary Phases in Reversed-Phase Liquid Chromatography

The most common stationary phases used in reversed-phase liquid
chromatography (RPLC) are alkylsilane-modified silicas in packed-bed columns. While
other stationary phases and column architectures have been proven to be useful for RPLC

1118 they represent only a small fraction of reversed-phase separations.

separations,
Commercially available RPLC silica-based phases are the stationary phases of choice
because they can be manufactured precisely, offer excellent mechanical stability, and can
be packed into columns reproducibly, resulting in good column-to-column separation
reproducibility.

The use of alkylsilanes to modify particulate supports for liquid chromatography
was first described by Abel et al. in 1966."” This relatively simple modification
procedure quickly gained popularity and became commonplace in analytical separations
in the few years following its conception.”'>**? The hydrolysis and condensation of n-

alkyltrichlorosilanes on silica substrates is shown schematically in Figure 1.1.

Chlorosilanes are hydrolyzed to silicic acid in the presence of water followed by the
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Figure 1.1 Schematic of the hydrolysis and condensation
of n-alkylchlorosilanes on silica substrates.
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condensation of silicic acid with surface silanols to form covalent 8i-O-Si bonds. The
result is an organically-modified, hydrophobic surface.

Alkylsilane phases are prepared using precursors of varying functionality in order
to synthesize phases with different bonded architectures. Alkyltrichlorosilanes and
alkyldichlorosilanes are used in the preparation of what are called “polymeric” phases,
because these silanes have multiple hydrolyzable groups that can undergo not only
condensation on the silica surface, but can cross-link with neighboring silanes. Phases
prepared using alkylchlorosilanes or monofunctional silanes are termed monomeric
phases because these silanes only have one attachment point. These different silanes
allow for different bonding densities where the theoretical maximum surface coverage of
a monofunctional silane is ~ 4 umol/m®, compared to ~ 8 umol/m’ for a trifunctional
silane, which leads to variations in chromatographic performance.”>'7  While n-alkyl
phases are the most common RPLC phases and will be the focus of this discussion,
phases prepared with silanes with different functional groups at the distal end of the alkyl
chain are also used including phenyl-, cyano-, alcohol-, and amine-terminated

alkylsilanes.

Retention Models

While the basis for analyte separation in RPLC is often described in terms of
polarity differences between analytes, the mechanism of analyte retention is an issue of

great debate. It is understood that different physical properties of analytes are ultimately
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responsible for their separation in RPLC. However, a detailed molecular understanding
of analyte interactions with mobile and stationary phases under chromatographic
conditions, in other words, retention mechanisms, remain elusive.

Numerous models have been proposed over the past twenty-five years to explain
and predict retention in RPLC. Nearly all variations and derivatives of these models can
be classified into one of two general categories, the solvophobic and partitioning models.
Each of these models will be described in terms of their treatment of the stationary phase

and the consequences on interfacial chromatographic phenomena.

Solvophobic Theory

The solvophobic (also referred to as hydrophobic or adsorptive) model of
chromatographic retention was first described by Horvath in 1976."® This model treats
the stationary phase as simply a hydrophobic, passive entity."'*'** The driving force for
retention in this model is dominated by the free energy of the mobile phase. Initially,
nonpolar solute solvated in the polar mobile phase is entropically unfavorable as solvent
molecules in contact with the solute are thought to form a highly ordered network. Then,
when the solute adsorbs to the nonpolar stationary phase, the mobile phase “relaxes” to
an entropically more favorable energetic state. Here, the energetics of the mobile phase
dictate the extent of adsorption and desorption of solutes to the stationary phase

regardless of the conformation of the stationary phase. By this model, the adopted
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conformation of the stationary phase equilibrated in mobile phase should be unchanged in

the presence of solute.

Partitioning Model

The partitioning model (also referred to as the interphase model), indroduced by
Dill et al.,"* treats the stationary phase as an active unit that can compete with the
mobile phase in the solvation process.”** The energetics for retention are governed by
opposing solvation energies of the solute in the stationary phase and in the mobile phase.
Solutes can become imbedded in the stationary phase and the stationary phase can act as
an immobilized solvent. In order to house solutes within the stationary phase, the phase
must undergo conformational changes to accommodate solute in cavities. In this model,
the conformation of the stationary phase should be considerably different in the presence
and absence of solute.

While these models offer possible molecular interactions that could govern solute
retention, neither model may accurately describe retention for all stationary phase, solute,
and mobile phases systems. Several pieces of evidence suggest that solute retention
cannot be described completely by either model, including the following: (1) wetting
studies suggest that solute or solvent molecules are not always completely imbedded

within the stationary phase,*>*2

(2) observations that entropic contributions dominate
solute retention with increasing bonding density of alkylsilanes,"*'**1%13% and (3) no

single equation has been derived to describe solute retention following either model."*"
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127 Solute retention in RPLC is a complex process which may require pieces of each of
these two models or additional information to accurately describe retention for all

possible chromatographic systems.

Importance of Alkvisilane Structure

The inability to accurately determine a mechanism for retention stems from the
difficulty of studying the interactions known to effect solute retention, including solvent-
stationary phase, solute-stationary phase, and stationary phase inter- and intramolecular
interactions. Thus, understanding the role of the stationary phase is crucial for
determining retention mechanisms in RPLC, specifically (1) understanding the structure
of the stationary phase and how structure influences solvent and solute interactions with
the phase and (2) understanding how solvent and solute interactions with the stationary
phase affect its structure.

A number of models were proposed to describe the structure of surface-confined
alkylsilanes at the onset of the popularity of RPLC in the late 1970s, determined
exclusively from chromatographic experiments. Karch was the first to describe the
structure of the alkylsilane surface as hydrophobic “bristles”, much like a bristle brush,
where the alkyl chains are fully extended away from the silica surface.’** Hemetsberger
presented a different model which considers the hydrophobic or solvophobic interactions
between alkyl chains, in which the alkyl chains are folded on to one another, minimizing

1.3%

exposed surface area and maximizing hydrophobic interactions. ™ An alternative model
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was presented by Lochmuller, where the alkylsilanes are arranged in isolated patches on
the silica surface as condensed liquid droplets."** Perhaps the most useful model
proposed for alkylsilane structure is one proposed by Gilpin."**** In this model, the
stationary phase is treated as a dynamic entity and transitions between folded or collapsed
states and bristle-like structures take place depending on the chemical environment of the
phase.

In more recent years, there has been a great deal of experimental and
computational work done to determine the role of alkylsilane structure in retention

1.17,1.42-

mechanisms in RPLC. Chromatographic methods, 14 flnorescence

1.26,1.27,1.47-1.51 1.52-1.54

spectroscopy, small angle neutron scattering, and differential scanning

calorimetry” 2% have been employed to study retention in RPLC. However, utilizing

1.55-1.57

molecular dynamic simulations and experimental techniques sensitive to

alkylsilane structure and order including nuclear magnetic resonance (NMR)

1.58-1.63 1.64-1.67 1.68-1.73

spectroscopy, infrared (IR) spectroscopy, and Raman spectroscopy
have perhaps offered the most insight into molecular retention in RPLC.
Molecular dynamic simulations have offered a significant amount of alkyl
structure information as well as information about solvent and analyte interactions at the
chromatographic interface. Klatte and Beck'”>"*° have shown the thickness of
alkysilane monolayers to increase with increasing surface coverage from 2.5 to 4.0

umol/m®, suggesting that a lower coverages the alkyl chains are tilted and form a layered

structure in order to maximize chain-chain coupling interactions and the tilt angle
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approaches zero to the surface normal as surface coverage increases, maintaining
considerable chain-chain interactions. These observations are confirmed by neutron

192134 and other molecular dynamics work."” Solvent

scattering experiments
interactions with alkylsilane monolayers have also been studied by molecular dynamics.
Stusher and Mountain'>" have shown the existence of a sharp interface between a Cs
alkylsilane monolayer of relatively high surface coverage, 5.1 pmol/m®, and pure water,
with some water penetration at the distal end of the alkyl chains by ~5 A. In the presence
of mixed solvent systems, they determined a high degree of segregated organic
component at the interface.

%8i and PC cross-polarization/magic angle spinning (CP/MAS) NMR have been
used to characterize alkylsilane structure of stationary phases. *’Si CP/MAS NMR gives
surface specific information about the chemical environment of Si atoms on both the
alkylsilanes and the substrate including degree of crosslinking of alkylsilanes and
differentiation between bonded and free surface silanols.">® >C CP/MAS NMR data

581.74-1. )
138174176 pyirsh and coworkers have shown chain

give alkyl chain mobility information.
rigidity to increase with increasing alkylsilane surface coverage for a series of Cs-
stationary phase'’” and with increasing alkyl chain length for C;3-Cs4 phases. While
these data can be used to infer alkyl conformational order, it is important to note that

NMR experiments do not directly measure alky! chain conformation. These solid-state

NMR techniques are quite useful in determining stationary phase composition and
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mobility, but cannot adequately describe specific analyte interactions with the stationary
phase.

In addition to NMR spectroscopy, FT-IR spectroscopy has been used to study
alkylsilane stationary phases, but to a lesser extent. Sander and coworkers used FT-IR
spectroscopy to determine alkylsilane conformation of bonded RPLC phases."** The IR
spectra of alkanes contain a great deal of conformational order including vibrational
modes that indicate end-gauche (1341 cm™), kink (1367 cm™), and double-gauche (1354
em’™") conformers. Results suggest a significant degree of disorder in Cig and Cz; bonded
phases at 44 °C, where ~ 40% of the end methyl groups are in the end-gauche
conformation, and ~ 30% of the internal C-C bonds are in the gauche conformation. The
degree of disorder in the alkyl chains decreases with decreasing temperature. However,
the alkyl chains do not achieve exclusively an all trans conformation, even at -30 °C. In
addition, the effect of solvent on the conformational order of the C,s phase is assessed.
While there is a great deal of conformational order information available in the IR
spectrum, much of this information is lost in the presence of solvent due to severe
spectral interference. Despite the interference, information available in the v(C-C) region
suggests that the alkyl chains become considerably more ordered in the presence of
methanol. This ordering effect is attributed to preferential methanol orientation with the
methyl group intercalated between the alkyl chains, allowing the hydroxyls to hydrogen-

bond with neighboring intercalated molecules and with those in bulk solution.
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Perhaps the most useful experimental technique for determining the structure of
alkanes is Raman spectroscopy because of its sensitivity to alkyl chain conformation,
large number of Raman-active modes for alkanes, and, most importantly, spectral data
provide a direct measure of alkyl chain conformational order.””*"*" These characteristics
of the technique are elaborated in Chapter 3 and throughout this Dissertation. Despite
these well-known characteristics, Raman spectroscopy has only been applied to the study
of alkylsilane-bonded stationary phases in a limited number of reports. Work done by Ho
et al."*7! shows the conformational order of two low coverage Cis solid phase
extraction (SPE) phases, a polymeric and a monomeric phase, at room temperature to be
the same as liquid octadecyltrichlorosilane (OTS) and dimethyloctadecylchlorosilane
(DOS), respectively. Furthermore, it is determined that these phases are more ordered at
liquid N, temperature than at ambient temperature, but still contain a significant fraction
of gauche conformers. While neat OTS and DOS have abrupt solid-liquid phase
transitions, when condensed on silica substrates these alkylsilanes have much smoother
phase transitions, but never achieve the extreme levels of order and disorder found in the
true crystalline and liquid states. These results are in good agreement with the
temperature-dependent order behavior of alkylsilane stationary phases from the IR work
discussed above."®* Similar results were also reported by Doyle et al."”* for 3.52 and
2.43 pmol/m? C,g phases studied by Raman spectroscopy.

1.72

In addition to temperature studies, Doyle et al investigated the effects of

solvents on the order of the 3.52 pmol/m” Macroporasil phase. The conformational order
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of this phase appeared to be unaffected by the presence of chloroform, methanol and
acetonitrile in these experiments. However, these experiments were done in the presence
of hydrogenated solvents which lead to significant spectral interferences in the v(C-H),
v(C-C), and &(CH-H) regions. The conclusion about solvent effects is made based on
qualitative observations that Raman spectral features do not change in the presence of
different solvents, for solvent-subtracted Raman spectra. Given the sensitivity of the
order indicators in the Raman spectra and the subtle differences in conformational order

162171 it is likely that conformational order

that can be measured very precisely,
differences exist for phases in solvents studied by Doyle, but these spectral differences

are lost in the background subtraction step.

Goals of this Research

The goals of this work were focused on studying interactions at the
chromatographic interface in order to gain some insight into a molecular understanding of
retention in RPLC. Interfacial interactions were studied using Raman spectroscopy to
probe the structure of the stationary phase. The conformational order of the stationary
phase was determined as a function of numerous chromatographic parameters and were
used as an indicator of interactions within the stationary phase or with solvent or solute
molecules. The work presented in this Dissertation is centered primarily around the

investigation of alkylsilane-based reversed-phase systems, but preliminary work done on
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the characterization of interactions of other chromatographic systems will also be

presented.

Specific goals of this work included:

1.1  Develop a detailed understanding of how Raman spectral indicators of order
relate to specific physical changes in the structure of alkanes

1.2 Use alkyl chain conformational order information in Raman spectral data to
determine the effect of alkylsilane surface coverage on the order and
chromatographic behavior of high-density alkylsilane stationary phases

1.3  Determine the temperature-dependent phase behavior for a series of high-density
alkylsilane stationary phases using Raman spectral indicators

1.4  Elucidate the effects of solvent on the order and structure of alkylsilane phases
and relate these effects to chromatographic behavior

1.5  Determine the effect of binary solute/mobile phase systems on the conformational
order of alkylsilane phases and correlate this molecular information to the
retention behavior of specific analytes

1.6  Extend the use of Raman spectroscopy toward the understanding of fundamental
interactions of other chromatographic systems including anion and cation
chromatographic supports

1.7  Develop improved strategies for stationary phase fabrication using relatively

simple synthetic approaches.
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Chapter 2

Experimental

This chapter provides a detailed description of the instrumentation, materials and
methodology used in the work presented in this Dissertation. Additional experimental

details are outlined in each chapter as deemed appropriate.

Instrumentation

Raman Spectroscopic Instrumentation

Figure 2.1 shows the block diagram of the system used to acquire the Raman
spectral data reported in this Dissertation. All Raman spectral data were acquired with a
Spex 1877 Triplemate Spectrograph with a 600 gr/mim grating in the filter stage and a
1200 gr/mm grating in the spectrograph stage.

Raman scattered photons are generated using 100 mW of 532-nm radiation from a
Coherent Verdi Nd:YVOyq laser (Coherent, Inc.) Laser power at the sample was
measured using a model 1815-C optical power meter (Newport Corporation). Laser light
was polarized perpendicular with respect to the plane of incidence using a Fresnel Rhomb
model FR-2C425 (CVI Laser Corp.) Low laser powers were used to prevent sample

heating.
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Figure 2.1 Schematic of Raman spectroscopic instrumentation.
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Samples sealed in 5.0-mm-dia NMR tubes were positioned in front of the laser
using a copper sample mount. A temperature-controlled medium (50:50 ethylene
glycol/water [v/v]) was flowed through the copper mount using a model RTE-110
temperature controller (Neslab Corp.)

Raman scattered photons were collected perpendicular to the incident beam and
focused onto the entrance slit of the monochromator using a Minolta f/1.2 cameral lens.

A polarization scrambler was used to correct for the different transmission efficiencies of
parallel and perpendicularly polarized light through the spectrometer.

The Triplemate spectrometer has three slits. The entrance slit was set to 0.5 mm
and the filter stage slit was 7.0 mm for all experiments. The spectrograph slit of the
Triplemate was either 150 or 25 pum, corresponding to a spectral band-pass of 5.3 and
0.97 em™, respectively, when the spectrometer was centered at 2900 cm™. Settings of the
spectrograph slit are given in each chapter.

The detector in these experiments was a charged-coupled device (CCD) system
based on a thinned, back-illuminated, antireflection-coated RTE110-PB CCD of pixel
format 1100 x 330 (Princeton Instruments), cooled with liquid N3 to -90 °C. Images from
these detectors were processed first in WinSpec32 software (Roper Scientific) and were
imported into Grams32 (Galactic Industries, Inc.) for further data manipulation, including
calibration, background subtraction and curve-fitting. Raw spectral data were calibrated

externally using Ne lines.
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High Performance Liguid Chromatogeraphy Instrumentation

Chromatograms shown in Chapter 13 were acquired using a BAS model 200B
liquid chromatograph with a BAS 116a UV-vis detector at 254 nm (Bioanalytical
Systems, Inc.), shown in Figure 2.2. The BAS 200B was converted to a microbore LC
system to accommodate low flow rates by using narrow tubing (0.007 to 0.025 in) for
connections after the injection port and by using a splitter to direct only 10% of the
mobile phase flow into the analytical microbore column. The remaining 90% of the
mobile phase flowed through a secondary back-pressure Cis column, allowing for
moderate flow rates to be used (0.5-1.0 mL/min) at reasonable column pressure (2000-
3000 psi). The injection volume for all experiments was 10 pL.

The BAS 200B liquid chromatograph was controlled using the BAS
Chromatgraphy Control Software (Bioanalytical Systems). All chromatograms were
analyzed using the BAS Chromatgraphy  Report Software (Bioanalytical Systems). No
baseline corrections were made to any of the chromatograms shown in this Dissertation.

Chromatograms shown for the NIST-C;s stationary phases in Chapter 10 were
acquired by Dr. Lane C. Sander at the Nation Institute of Standards and Technology
(NIST, Gaithersburg, MD). The liquid chromatograph consisted of a reciprocating piston
pump with an autosampler and a multi-wavelength ultraviolet detector. The injection

volume for these experiments was 5 pL.
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Scanning Electron Microscopy

SEM images presented in this Dissertation were acquired with a Hitachi S-2460N
variable pressure scanning electron microscope. All images were acquired using an
electron accelerating voltage of 18 kV and a condenser lens setting of 9. Samples were
mounted on sample stubs and were sputter coated with Au/Pd using the Hummer IV
Sputtering System (Anatech, Ltd.) to minimize sample charging. Images were digitized

using Emispec Digital Imaging software, but are otherwise unmodified.

Elemental Analysis

The total carbon content of organically-modified silica stationary phases was
determined using a Perkin Elmer 2400 Series Il CHNS Elemental Analyzer (Perkin

Elmer); experiments were conducted by Desert Analytics (Tucson, AZ).

Materials

All materials were used as received unless stated otherwise. Perdeuterated
solvents water-d; (99.9%), 1-butanol-d;o (>99%), and anisole-ds-methyl (99%) were
purchased from Aldrich. Perdeuterated solvents methanol-ds (99.8%), acetonitrile-d3
(99.8%), ethanol-ds (99%), acetic acid-d4 (99.5%), chloroform-d (99.8%), hexane-di4
(99%), acetone-ds (99.9%), tetrahydrofuran-ds (THF) (99.5%), benzene-dg (99.5%),

toluene-dg (99.8%), p-xylene-d;o (98%), aniline-d; (98%), and pyridine-ds (99.5%) were
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purchased from Cambridge Isotopes. Perdeuterated benzylamine-d, (98%) was
purchased from CDN Isotopes.

Ethanol (200 proof, absolute) was purchased from Aaper Alcohol and Chemical
Company. Methanol (100.0%) was purchased from J.T. Baker. Pentane (99.5%) was
purchased from Burdick and Jackson. Cyclohexane (99.7%) was purchased from Fischer
Chemical. Acetonitrile (99.8%) and tetrahydrofuran (THF) (>99.9%) were purchased
from EM Scientific. Toluene (100.0%), acetone (99.7%) and ethylene glycol (99%) were
purchased from Mallinckrodt. Octadecane (99%), benzoic acid (99.5%), aniline (99%),
anisole (99%), benzene (>99.9%), ethylbenzene (99.8%), isopropylbenzene (cumene)
(99%), 1-octanol (99%), octadecyltrimethoxysilane (C18-TMOS, >90%), and
tetramethoxysilane (TMOS, 99%) were purchased from Aldrich. Low density, linear
polyethylene (weight-average molecular weight, Mw = 4000, number-average molecular
weight, Mn = 17000, d = 0.920 g/mL) was purchased from Aldrich.

Methanesulfonic acid (>90%) and KOH (85%) were purchased from Aldrich.
HCI, NH4OH, and H,SO4 were purchased from EM Science. HNO; was purchased from
Malinckrodt Inc.

CsCl1 (99.9%) and (CH;3)4NCIO4 (99%) were purchased from Alfa Aesar.
NaH,POseH,0 (99%) was purchased from Curtin Matheson Scientific, Inc. NaNOs
(>99%), NaCl (99.8%), and Nal (>99%) were purchased from Malinckrodt Inc. NaBr

(>99%), KCI (>99%), NaHSO4#4H,0 (98%), NaClOy (98%), (CHs)4NBr (>99%),
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(CH3)sNI (>99%), (CH3)sNCl1 (>98%), (CH,CH3)4NBr (98%), (CH3)sNHSO; (>99%),
(CH3)sNNO; (>99%), and CH3SO4H (99%) were purchased from Aldrich.

Standard Reference Material (SRM) 869a (Column Selectivity Test Mixture for
Liquid Chromatography) was purchased from the National Institute of Standards and
Technology (NIST, Gaithersburg, MD).

Water was purified with a reverse osmosis (Milli-RO 10 Plus) system and then
further purified with a Milli-Q UV Plus system (Millipore Corp.) Final resistivity of the
ultrapure water was 18.2 MQ/cm, and the total organic content was measured to be less

than 6 ppb with a Millipore A10 total organic carbon (TOC) detector.

Isolute SPE Stationary Phases

Isolute SPE phases were purchased as bulk packings from International Sorbent
Technologies. These materials were fabricated on an unusual silica substrate of large
particle size (~50-60 pm), small average pore diameter (~60 A) and high surface area
(~300-500 m?/g measured by BET analysis) relative to silica substrates most commonly
used as supports for stationary phases.”' The properties of these phases are given in
Table 2.1.

Isolute C18MF (referred to as C18MF) is a monomeric stationary phase formed
from bonding dimethyloctadecylchlorosilanes to the silica substrate; a simple schematic

of this is shown in Figure 2.3. Isolute CN is based on a cyanopropyltrichlorosilane
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Isolute Particle Surface Pore Surface Coverage  Capacity

Phase” Diameter Arzea Diameter (umol/m?) (mmol/g)
(um) (m/g) (A)

C18MF 63 300 60 1.9 NA®
CN 40-70 NR® 60 12 NA

Phenyl 40-70 NR 60 1.0 NA
SAX 40 521 60 NA 0.6

SCX-2 62 521 54 NA 0.4

*MF = monofunctional silane precursor, CN = cyano-terminated silane precursor; Phenyl
= phenyl-terminated silane precursor, SAX = strong cation exchanger; SCX-2 = strong

cation exchanger.
®Not Reported.
‘Not Applicable.
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bonded to the silica substrate, as shown in Figure 2.4. Isclute Pheny! is made by reacting
phenyltrichlorosilane with the silica substrate, as shown in Figure 2.5.

Isolute SAX (referred to as SAX) is a strong anion exchange stationary phase
based on trichlorosilylpropyl-trimethylammonium chloride-modified irregular silica
particles, shown in Figure 2.6. Isolute SCX-2 (referred to SCX-2) is a strong cation
exchange stationary phase fabricated using trichlorosilylpropylsulfonic acid to
functionalize the silica substrate, shown in Figure 2.7.

Despite the relatively high surface area of this substrate, previous research has
shown a large fraction of the pore volume to be inaccessible to solvent or analyte
molecules.*? Therefore, the reported surface coverage and capacity values of these
phases, determined by using the total surface area, are likely to be underestimates of the

effective surface coverage and capacity.

Kromasil Silica and Bulk C;3 Stationary Phase

Kromasil silicas and stationary phases were purchased in bulk from Eka
Chemicals (Akzo Nobel). The physical properties of these materials, including particle
size, surface area, porosity, and surface coverage are given in Table 2.2.

Kromasil silica particles, SIL-5-100 (referred to as Krom-100) and SIL-5-200
(referred to as Krom-200), were used as substrates for alkylsilane stationary phases
fabricated by procedures described in Chapter 13. These particles are spherical and

regular in shape, with a narrow size dispersity. C18-5-100 (referred to as Kromasil Cis)
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Figure 2.5
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Table 2.2. Physical properties of Kromasil silicas and stationary phases

Kromasil Material Particle Surface Pore Surface Coverage
Diameter (um) Area (m*/g) Diameter (A) {(umol/m?)
Kromasil SIL-5-100 5 297 100 NA*
Kromasil STL-5-200 5 213 200 NA
Kromasil C18-5-100 5 300 100 3.66

*Not Applicable.



84
is a monofunctional stationary phase modified using a dimethyloctadecylchlorosilane
precursor. Kromasil Cz was used as a standard material to test column packing

procedures and efficiency.

NIST C;s Stationary Phases

NIST Cis stationary phases were a gift from Dr. Lane C. Sander at the National
Institute of Standards and Technology (NIST). A variety of synthetic approaches are
used to fabricate this series of high-density phases, described by Sander and Wise,*”
whose physical properties are given in Table 2.3.

All stationary phases were prepared using the same lot of YMC SIL-200-S3
spherical silica (YMC, Inc.) This substrate has a nominal particle size of 3 um, average
pore diameter of 200 A and surface area of 200 m*/g determined by BET analysis.

The trifunctional phases were synthesized by bonding octadecyltrichlorosilanes to
the silica substrate as shown by the schematic in Figure 2.8. The difunctional phases
were prepared using methyloctadecyldichlorosilane precursors, given in Figure 2.9.
Solution polymerized phases were made by adding water to the silica slurry containing
di- or trifunctional silanes. The hydrolysis and condensation (i.e. polymerization) of
alkylsilanes began in solution followed by deposition onto the silica substrate. Surface
polymerized phases were prepared by adding water to dried silica, then adding the “wet”
silica to a solution containing di- or trifunctional silanes. Polymerization in this case is

thought to occur only at the silica surface. The monofunctional phase was prepared by



85

Table 2.3 Physical properties of NIST C,; stationary phases®

Stationary Phase  Previous Phase Preparation”’ % Carbon  Surface Coverage
Designation® [wt/wt] (umol/m?)
TFC18SF S1 Surface Polymerization 19.84 6.45
TFC18SL P1 Solution Polymerization 17.07 5.26
DFC18SF S3 Surface Polymerization 17.37 5.00
DFC18SL P2 Solution Polymerization 15.10 4.17
MFC18 Ml 12.45 3.09

*From references 2.3 and 2.4.

®Surface polymerization and solution polymerization described in the text; TF =
trifunctional alkylsilane precursor, DF = difunctional alkylsilane precursor, MF =
monofunctional alkylsilane precursor.
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Figure 2.9
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reacting dimethyloctadecylchlorosilane with silica in the presence of 2,6-lutidine to

initiate the hydrolysis.

Methodology
Specific procedures that are related to a single type of experiment are given in the
appropriate chapter. The following list consists of the more commonly used

experimental procedures.

RPLC Column Packing

Stationary phases were packed into 1.0 mm [.D. x 1/16 in O.D. 316 stainless steel
columns cut to 10 mm in length. Columns were slurry packed in the downward direction
using a 316 stainless steel column packer, diagramed in Figure 2.10. The slurry reservoir
was a 2 in L.D. Swagelok T-fitting with %2 in fittings on the ends and a % in fitting in the
center. One Y2 in end was reduced to Y4 in using a series of tubing, filters and a reducing
union and was connectéd to the BAS 200B HPLC pump. The other %2 in end was capped.
The 10 cm column tubing was connected to the % in end of the reservoir with a reducing
union. The end of the 10 cm tubing was capped with a 1/16 in dia stainless steel 0.2 um
porous frit allowing solvent to flow through the tubing while keeping stationary phase
particles in the column.

Columns were prepared using a modified packing protocol provided by Akzo

Nobel Chemical Co., and can be found on the web at www .kromasil.com. Columns were


http://www.kromasil.com

Methanol push
solvent from
HPLC pump

Slurry reservoir

lmmID. x 1/16 in O.D.
stainless steel tube

(RPLC Column)
1/16 in. dia. stainless e
steel 0.2umfrit || || -
1/16 in. union
"\ w/ 0.2 um frit
To solvent
waste

Cutaway view of the union

Figure 2.10 Hlustration of the RPLC column packer and a cut-away view of
the reducing union fitted with a porous frit.
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packed at 3200 pst (+200 psi) for 15 to 30 min by pushing methanol from the HPLC
solvent reservoir. The flow rate was monitored and adjusted continuously for the
duration of the packing procedure in order to maintain a relatively constant packing
pressure. The slurry concentrations used were ca. 45-55 mg/mlL of stationary phase in
90:10 THF/isopropanol (IPA, v/v). The slurry was constantly stirred throughout the
packing procedure to prevent the stationary phase from settling out of suspension.

After the columns were packed, the solvent flow stopped, and the pressure
decreased to 0 psi, columns were disconnected from the packer and capped with a 1/16 in
dia stainless steel 0.2 pm porous frit. Columns were equilibrated in 80:20
methanol/water for ca. 3 hrs immediately following column packing.

Column efficiency was determined by calculating the number of theoretical plates
for a test mixture of monosubstituted aromatic analytes, benzene, ethylbenzene, and
cumene. Analytes were separated using an 80:20 methanol/water mobile phase and a 0.7

uL/min flow rate.

Surface Coverage Determination

Surface coverage calculations for stationary phases were made based on the
carbon content of each phase by Desert Analytics Inc. The weight percentage of carbon
(%C) of these phases was corrected for the carbonaceous contamination of the

unmodified silica substrates by substraction. With the corrected values of %C, values for
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alkylsilane surface coverages (pmol/m®) were calculated using equation 2.1, developed

by Berendsen and de Galan™

T (umol/m?) = (1/SA) * 10°%C / [1200n, - P{(MW - D] 2.1

where SA is the surface area of the silica substrate in units of mZ/g, n. in the number of
carbons in an individual bonded alkylsilane molecule, and MW is the molecular weight
of the bonded alkylsilane. For all stationary phases fabricated as described in Chapter 13,
the alkylsilane precursor used was octadecyltrimethoxysilane. Since the extent of
polymerization was unknown for these phases, the molecular weight used in this surface
coverage calculation was that of the surface-bound hydrolyzed precursor

CH3(CH,)1751(OH),0- (MW = 331), described by Sander and Wise 2

RPLC Column Selectivity Determination

SRM 869a contains a mixture of three polycyclic aromatic hydrocarbons (PAHs),
benzo[alpyrene (BaP, planar), phenanthro[3,4-c]phenanthrene (PhPh, nonplanar), and
1,2:3,4:5,6:7 8-tetrabenzonaphthalene (TBN, nonplanar) in 85:15 acetonitrile/water; the
chemical structures and geometric shapes of these PAHs are shown in Figure 2.11. The
elution order of these PAHs had been shown to correlate with stationary phase shape
recognition ability and allowed phases to be categorized as polymeric (highly shape

selective) or monomeric (poor shape selectivity) as given in Figure 2. 12272% The



1,2:3,4:5,6:7,8-Tetrabenzonaphthalene (TBN)

Figure 2.11

Chemical structures and geometric shapes of PAHs used to
determine RPLC column shape selectivity.
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Figure 2.12 Chromatograms of PAHs used to determine shape selectivity
adapted from reference 2.8.
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selectivity coefficient, tirpnpap (ratio of &' ren/ &7 pap), has been used as a numeric
descriptor of shape selectivity. For arpnpap < I, Cig columns are considered to be
polymeric and for danpap > 1.7, Ci3 columns are considered to be monomeric. For the
monomeric columns, BaP elutes before TBN, the retention of BaP increases relative to
TBN as the columns become more polymeric, and the elution order is reversed for

polymeric columns.

Spectral Analysis

All Raman spectra were analyzed and manipulated using Grams32 software
(Galactic Industries, Inc.) Raw spectral data were in units of pixels along the x-axis and
were converted to wavenumbers (cm™) using Ne emission lines as a calibration source.

All Raman spectra were superimposed on a relatively large background that is a
complex convolution of spectrometer response, detector response, sample fluorescence,
scattering characteristics of the sample, and shot noise. These backgrounds were
corrected using a multi-point linear fit over the spectral region of interest. An example of
a typical background correction sequence is given in Figure 2.13. A raw spectrum of
DFC18SL in anisole-d; at —15 °C in the C-H stretching region between 2400 and 3400
cm™ is shown in Figure 2.13a. In this case, a 5-point-linear fit was used to correct the
background with points chosen such that they did not interfere with the envelope of

vibrational modes, shown in Figure 2.13b. The result was a linear, horizontal
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(a) calibrated Raman spectra of DFC18SL, (b) illustration
of the 5-point fit used to baseline correct Raman spectra in
the v(C-H) region, and (c) background corrected Raman
spectra of DFC18SL in anisole at —15 °C.
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background of the C-H stretching region for DFC18SL in anisole-d; at —15 °C presented
in only the information-containing region of 2750 to 3050 cm™, Figure 2.13c.

Analysis of Raman spectral data including measuring peak intensities, peak
frequencies, full width at half maximum (FWHM), peak asymmetry factors, and curve

fitting were done on the calibrated, background corrected spectra using Grams 32.

Molecular Models

Models of the solvent/stationary phase interface were constructed using
ChemDraw 3D (CambridgeSoft). Alkyl chains of the stationary phase were arranged in
either 5 x 2 or 5 x 3 matrices; the spacing of the chains was determined from the
relationship between the average Si-O-Si spacing in the silica matrix (~ 3.2 A*'®) and the
theoretical bonding density of close-packed alkyl chains on a silica substrate (~ 8

23211 For example, a 4.00 umol/m® coverage material is one-half the coverage

pmol/m?).
of the theoretical limit. Therefore, the alkylsilane spacing of a homogeneously-
distributed 4.00 pmol/m’ material should be twice the silica Si-O-Si spacing at the
theoretical limit, or 6.4 A. For the spacing between di- and monofunctional alkylsilanes
containing Si-bound methyl groups, the minimum distance between alkyl chains was
assigned as the diameter of the methyl groups in both dimensions in order to account for

all possible orientations of the methyl groups. The silica surface was drawn uneven and

nonlinear to mimic the uneven surface of silica particles; however, the alkylsilanes in the
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model do not conform to this surface structure, but are modeled on essentially flat
surfaces.

Placement of solvent molecules at the stationary phase interface in these pictures
depends on solvent properties, stationary phase packing density, and the overall quality of
the final energy-minimized picture. Strongly hydrophobic solvent molecules are
generally placed deeper (vertically) into the alkyl matrix than highly polar solvent
molecules for materials where there is sufficient distance between alkyl chains. If the
initial placement of solvent molecules is too far away from the alkyl chains, the resulting
mimimum energy structure is one where the solvent molecules are several molecular
dimensions removed from the alkylsilane in either the vertical or horizontal direction. In
this case, where the chemical feasibility of the final picture was unrealistic, the image
was discarded and other choices of solvent placement were made until the chemical
credibility of the final picture improved. Molecular models were energy-minimized
using the modified MM2 force field computation provided by ChemDraw 3D to a
precision of 0.1 kcal/mol. This computation employed numerous chemical parameters
including bond stretch energy, angle bend energy, torsion and nonbonding constraints, -
system calculations, charge and dipole terms, and cut-off parameters for van der Waals
and electrostatic interactions. During the energy minimization computation, the silicon
atoms, oxygen atoms, and the five proximal methylene groups on each alkyl chain were
fixed in space, simulating a surface-confined, densely-packed array of alkyl moieties. It

is important to note that while the models presented here were energy-minimized by the



modified MM2 computation, they were used only to develop a less arbitrary picture of
the chromatographic interface and to provide a framework for visualizing the relevant

intermolecular interactions reported by the Raman spectral data.
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Chapter 3

Quantitative Correlation of Raman Spectral Indicators In Determining

Conformational Order in Alkyl Chains

Introduction
Materials based on alkane-containing molecules are used in countless
technological applications including self-assembled monolayers on metal and oxide

surfaces (both two- and three-dimensional),” ' biological membranes,**>¢

39-3.14

biosensors,”* Langmuir-Blodgett films, chemically-modified silicas for

313318 and polymeric alkane materials.>*">*° The desired attributes of

chromatography,
alkane chain conformational order in these systems vary substantially from highly
ordered (crystalline) to disordered (liquid-like) and are application-dependent. Alkane
chain structure and interfacial properties dictate the function and utility of these
materials. For example, biological membranes allow the transport of ions, proteins and
other species from one side of the membrane to the other, as well as the lateral diffusion
of membrane components within the bilayer. Thus, the alkane chains in the lipids of
biological membranes must be partially liquid-like to allow this transport and lateral
diffusion to occur. Alkane chains of a more rigid, crystalline character would restrict the

transport of molecules across the membrane, while a membrane consisting of completely

liquid alkane chains would lack the stability to remain intact.
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Of primary importance to the majority of the work presented in this Dissertation,
was the effect of conformational order of alkylsilane stationary phases on separation
selectivity and performance in RPLC.****® For example, highly ordered, high-density
stationary phase materials have been shown to have shape selectivity for planar
polynuclear aromatic hydrocarbons, while less ordered stationary phase materials exhibit
no geometric selectivity.”?* Clearly, describing alkane chain conformational order on the
molecular level is crucial for understanding how such materials function in their
respective applications.

Numerous experimental techniques have been used to study alkane-chain
structure and conformation including nuclear magnetic resonance (NMR)

3.27-3.40
and

spectroscopyf'l8’3'25’3'26 Fourier transform-infrared spectroscopy (FTIR),
Raman spectroscopy.>~ 102133163 28341330 \\ iR experiments specifically probe alkane
chain mobility allowing information about conformational order to be inferred. Although
a distinct correlation between chain mobility and conformational order exists, a direct
measure of conformational order is necessary for understanding the subtleties of alkane
structure and function. FTIR spectroscopy does offer direct conformational order
information for alkane-based systems, an advantage over NMR spectroscopy where alkyl

chain mobility is inferred from spectral data. However, FTIR suffers from major

limitations in spectral interference from solvents, resolution, activity of alkane vibrational
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modes, and experimental sensitivity, and proves to be inadequate for studying subtle
molecular changes in conformational order.>!

In contrast, Raman spectroscopy has been shown to be a powerful experimental
tool for determining subtle conformational changes in a wide variety of alkane-based
systems, 1216348331334 g0k conformational order information is useful in
understanding the chemical environment of alkane chains and provides insight into the
molecular interactions between alkane chains and their surroundings. Raman
spectroscopy has the unique ability to provide direct information about conformational
order, non-destructively and free from spectral interferences that plague FTIR
spectrosc;opy.3'27 In addition, the plethora of spectral bands in the v(C-H), v(C-C) and
d(C-H) regions of the Raman spectrum provide a great deal of information about
conformational order including the extent of alkane chain coupling, intramolecular
motion, relative numbers of gauche and trans conformers, and chain twisting and
bending.>>*’

Larsson and Rand first described the utility of Raman spectroscopy for
determining alkane chain conformational order in lipids and lipid-protein complexes.>
They noted that changes in spectral bands near 1100 cm™ (later assigned to the v(C-C)g
and v(C-C)r modes) correlate to relative numbers of gauche and trans conformers in
alkane chains and that the intensity ratio of the 2885 cm” v,(CHy) band to the 2850 cm’™

vs(CH,) band, I[v,(CHz)V/I[v{(CHz)], is a measure of lateral packing density of alkane

chains, and is itself an indication of order. Upon examining the relationship between
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IIv(CHy)V/I[v{CHy)] and the intensity ratio of the v(C-C)g to the v(C-C)t modes near
1100 cm™, I[v(C-C)a)/I[V(C-C)+], they concluded that the former is more sensitive than
the latter to subtle changes in order both for disordered molecules and for molecules in an
all-trans configuration.

It is important to note that the ratio I[v,(CHz)}/1[v{(CH;)] measures different
quantities for all-trans and disordered alkanes>*® In the crystalline phase, the
I[va(CH,))/I[v(CH,)] is a measure of rotational disorder in ali-trans alkane chains, and in
disordered, liquid-like alkanes, this ratio is additionally sensitive to the addition of
gauche conformers. Thus, the I[v,(CH2)/I[v{(CH,)] is a subtle and sensitive indicator of
order for crystalline alkane chains.

Larsson and Rand also noted an increase in intensity of the 2930 em™ vo(CHs)rr
mode for increasingly disordered alkane assemblies. The intensity ratio of this mode to
the 2850 cm™ v((CH,) mode was later correlated to intermolecular coupling of alkane
chains by Snyder et al **

In addition to the work done by Larsson and Rand on lipid-protein complexes,
Raman spectral indicators were also used extensively in the late 1960's and early 1970's
to examine the conformational order of alkane chains in model systems including
polymers and biological membranes.>*>**4**>% More recently, these indicators have
been used to describe the conformational order of more complex alkane assemblies
similar to those mentioned above including self-assembled monolayers on a variety of

3.41,3.42,3.48.3.56

substrates, Langmuir-Blodgett layers®'® and chemically modified-silicas for
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reversed-phase liquid chromatography.”'>>1°

Even though discrete differences between
bulk or solution phase alkane systems and the surface-bound systems exist,
intermolecular hydrophobic interactions between alkane chains are similar. Therefore,

the conformational order behavior of surface-confined alkane systems is complementary

to that of bulk or solution phase materials when probed by Raman spectroscopy.

Goals of This Work

Despite the valuable work that had been done in an effort to understand the
relationships between these Raman spectral indicators of conformational order, very little
had been done to quantitatively correlate these indicators with the goal of understanding
at what degree of disorder each parameter changes. The goal of this work was to acquire
Raman spectral data for the temperature-induced disordering of octadecane and a low
molecular weight polyethylene. Detailed analysis of these data would allow for the
quantitative correlation of numerous conformational order indicators in the v(C-C), 8(C-
H) and v(C-H) spectral regions. These correlations would give a unique understanding of
how conformational changes in alkanes are manifested throughout the entire Raman
spectrum. Information obtained from this work will be used throughout this Dissertation
to describe the order and structure of alkylsilane-based stationary phases under

chromatographically relevant conditions.
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Methodology

Octadecane and low molecular weight polyethylene (average M., ~ 4,000; average
M, ~1,700) were obtained from Aldrich and used as received.

Raman spectra were collected using 100 mW of 532 nm radiation from a
Coherent Verdi Nd:YVO, laser on a Spex Triplemate spectrograph, described in Chapter
2. Slit settings were 0.5/7.0/0.150 mm for all experiments. Samples were sealed in 0.5-
mm-dia NMR tubes and positioned in the laser beam using a copper sample mount. The
temperature of the copper mount was regulated by circulating 50:50 ethylene
glycol:water through it and around the sample tube using a Neslab NTE-110 temperature
controller, allowing temperature control from -15 to 110 °C. Temperatures greater than
110 °C were regulated by resistively heating the copper sample holder. Samples were
allowed to equilibrate at each temperature for a minimum of 30 min prior to analysis. A
minimum of three measurements were made at each temperature on samples
independently prepared from the same batch of material.

Raman spectral decomposition for polyethylene in the 3(CH-H) region was done
using the curve-fitting program in the Grams32 sofiware. Decompositions were done

using a 100% Gaussian peak shape.
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General Overview of Alkane Conformational Order for Octadecane and Polyethvlene

from Raman Spectroscopy

Raman spectra of neat octadecane at 0 and 60 °C are shown in Figure 3.1 for two
frequency regions, 1000 to 1500 cm™ and 2750 to 3050 em™. Raman spectra of neat
octadecane at other temperatures from 10 to 106 °C are shown in Appendix 3.1. The
corresponding peak frequencies are reported in Table 3.1. Ten unique Raman spectral
indicators had been identified in the v(C-H), 8(CH-H) and v(C-C) regions that reflect
structural order in alkane chains: the peak intensity ratios I[v,(CH2)V/I[v{(CH,)],
I[v(CH2)rrVI[v{(CH2)], and I[v(C-C)c)/I[v(C-C)r]; the integrated peak area ratios
A[3(CHy) + 6(CH;3))/A[S(CHz)] and A[S(CHz)orTol/ {A[8(CHy) + 8(CH3)] +
A[S(CHg)]}; the peak frequencies of the v,(CHy), v{(CHz), and 1(CHz) modes; the
asymmetry of the 1(CH;) mode; and the full-width-at-half-maximum (FWHM) of the
1(CHz) mode. All of these were investigated here to elucidate the subtleties of alkane
structure upon melting to provide a definitive molecular picture of this phenomenon.

Although the v(C-H) region (2750 to 3050 cm™) is complex for alkanes as a result
of numerous spectral bands and Fermi resonance splittings, conformational order
information can be obtained empirically from the peak intensity ratio
I[v.(CH2))/1{vs(CHz)]. This ratio spans a range from ~0.6 to 2.0 for normal alkanes in the
liquid (0.6-0.9) and crystalline (1.6-2.0) states.”>'* This ratio is sensitive to subtle
changes in conformational order from rotations, kinks, twists and bends of the alkane

chains; essentially, this ratio changes for any deviation from a perfect all-trans
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Table 3.1. Raman peak frequencies (cm™) and assignments for octadecane and

a

polyethylene.

Octadecane Octadecane Polyethylene Polyethylene Assignment®
Liqud Crystalline Liquid Crystalline
1065 1062 1065 1062 v(C-C)r
1081 1081 v(C-C)g
1124 1128 1124 1128 v(C-O)r
1303 1296 1302 1295 7(CHy)
1369 1371 1369 1371 O(CH3)

1420 8(CHz)orTHO

1440 1441 1440 1441 O(CHy)
1450 1445 1450 1445 0.(CHs)
2852 2842 2852 2847 vi(CHy)
2888 2876 2886 2881 va(CHy)
2925 2925 2925 2925 v{CHa)rr
2935 2935 2935 2935 vo(CH;3)rr
2965 2959 2965 2960 va(CHjs)

v = stretch; T = twist; & = bend and/or scissor.
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conﬁguration.3'45’3'55 Schematic illustrations of alkane chain rotations, chain conformers,
and chain coupling are shown in Figures 3.2-3.4. Despite the extensive previous
investigation and use of this intensity ratio as a measure of alkane order/disorder, no
reports have appeared in which this ratio is quantitatively correlated to other chain
coupling, twisting, bending or gauche conformer spectral indicators of order.

Other spectral indicators of alkane order are also useful. The frequencies at which
the v4(CHz) and v,(CH;) modes are observed reflect conformational order and interchain
coupling; these modes are observed at ~2853 and 2888 cm™, respectively, for octadecane
in the liquid state, and decrease by 6 to 8 cm™ in the crystalline state.>>>* The
frequency of the ©(CH,) mode at ~1300 cm™ has also been related to the degree of
coupling between alkane chains, with decoupling correlated with an increase in frequency
of this mode. Chain coupling information can also be obtained from the intensity ratio of
the v{(CH;)gr at ~2930 cm’” to the vy(CHy) at ~2850.** As the chains decouple
(intermolecular interactions decrease), the terminal methyl groups experience increased
rotational and vibrational freedom, and the intensity ratio of the v{(CHjs)pg to the vs(CHa)
increases.

Conformational order information for alkanes can be obtained from vibrational
modes in the v(C-C) and 8(C-H) regions as well. The relative number of gauche and trans
conformers in alkane chains is indicated by the intensity ratio of the v(C-C)g (~1080 cm’
Y to the V(C-C)r (~1062 em™). For octadecane, this intensity ratio spans a range from

zero in the crystalline state to 1.1-1.3 in the liquid state. Unlike modes in the v(C-H)
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region, the v(C-C) modes are only sensitive to true gauche and trans conformations and
not to methylene rotations or other bond deformations.>”

Two other spectral envelopes of bands contain conformational order information,
those centered around 1300 and 1450 cm™. The ©(CHy) (~1300 em™) is superimposed on
a number of modes including, but not limited to, the methylene wag, the H-C-H
deformation and other methylene deformation modes.”' The intensities of these modes
change from liquid to crystalline states of alkanes and are primarily sensitive to
conformer changes between gauche and trans. The intensity changes of the underlying
modes cause visible changes in the ©(CH;), and can be quantified by changes in width,
asymmetry and frequency of this mode.

The spectral region near 1450 cm™ contains a number of overlapping deformation
modes including the symmetric methylene bend (8(CHa) at ~1440 cm™') and the overlap
of the methylene scissor and the symmetric methyl bend (8(CH,) + 6(CH3) at ~1460 e
Y°! An increase in the integrated peak area ratio of these two envelopes, designated as
A[8(CH,) + 8(CH3)/A[8(CHz)], is an indication of the increased population of methyl
and methylene groups free to undergo the scissor or bending motion, respectively.
Structurally, this denotes increased methyl and methylene intramolecular motion that
increases with alkane chain decoupling.

The phase transition for neat octadecane (melting point 29 °C) is abrupt and
occurs over an ~1 °C range, typical for small molecules. As a result, the conformational

order information obtained near the phase transition is limited by a combination of the
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kinetics of the transition and the temperature resolution (0.5 °C) of the experimental
system. Due to the difficuity in controlling the melting event at the phase transition,
spectra obtained during the phase transition reflect those for a biphasic mixture; thus, the
spectral response represents the average conformational state of liquid and solid phases
present in the biphasic mixture.

In order to facilitate greater understanding of more subtle changes in
conformational order throughout the phase transition, a low molecular weight
polyethylene (melting point ~98 °C) was studied as well. The phase transition for
polyethylene 1s more gradual, and conformational order is observed to change over a
temperature range of several degrees. Raman spectra of polyethylene at 0, 60, and 100
°C are shown for the v(C-C) and v(C-H)/3(CH-H) regions in Figure 3.5 with the
corresponding peak frequencies in Table 3.1. Additional Raman spectra of
polytheythylene from 10 to 150 °C are shown in Appendix 3.1.

Comparing these spectral data to those of octadecane, the most obvious difference
is the presence of the 8(CHz)ortro mode at ~1420 cm’! and the loss of intensity of the
8(CH,) mode at 1440 cm™ at low temperatures. The 8(CHz)orTro mode signifies an
orthorhombic crystal structure of polyethylene and results from crystal field splitting of
the 8(CHy) mode at 1440 cm™.>>” The intensity of the 8(CH,)orrro decreases with
increasing temperature as the volume unit cell of the crystal expands and finally

disappears in the liquid phase. As a result of this crystal field splitting, quantification of
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the peaks in this region for polyethylene from curve fitting are presented as the sum of

the integrated peak areas of the 8(CHz)orruo and 8(CHy) bands.”*®

Raman Spectroscopy of Octadecane

The correlation between I[v.(CH,))/I[v{(CHa)] and I[v(C-C)c)/I[v(C-C)1] is
shown in Figure 3.6. The plot is divided into liquid, biphasic and crystalline regions by
dashed lines. As noted above, the difficulty in temperature control in the phase transition
region renders these lines only an approximation of the phase boundary; thus, they are
intended only as a guide to the reader. The crystalline region spans a temperature range
from —15 to 28 °C, the biphasic region is at a temperature of ~29 °C, and the liquid region
is between 30 and 100 °C.

In the crystalline state, no gauche conformers exist in alkanes; however, some
aspect of conformational order changes with increasing temperature, as indicated by a
decrease in I[v.(CHy) V[ vs(CH,)] from 2.1 to 1.5. These changes are thought to be due to
methyl and methylene rotational disorder, predominantly near the ends of the alkane
chains. Further into the biphasic region, the average number of gauche conformers
increases, starting at a value of I[v,(CHz)/I[vs(CH,)] of ~1.2 and continuing for
decreasing values of 1[v,(CH;)V/I[vs(CH3)] to 0.75. In the liquid phase, the extent of
deviation from the all-trans state remains constant (i.e. I[v,(CH2)//I[vs(CHz)] is constant),
while the relative number of gauche conformers increases with increasing thermal

energy. In this region, the rotational disorder responsible for the variance of



116

Temperature ("C)
>:’?O N%Q <%8
1.4 - Liquid Biphasic I Crystalline

I[W(C-C) VI[V(C-C),]
S ©o ©o o ©o o =~ =
R A AT AT

F.*»——l—la—al—l—w}——m
i

! i v | i ‘l I ¥ |
08 10 12 14 16 18 20 22
I[v (CH)Vv (CH,)]

o
o)
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I[v.(CHR)VI[ v(CH;)] in the biphasic region is converted to true gauche conformers with
increasing temperature.

Alkane intermolecular interactions, specifically interchain coupling, for

octadecane as embodied in I[vs(CH;3)mV/1[vs(CH2)] is correlated to I{v.(CHz)I/1[v{(CH,)]
in Figure 3.7. Alkane chain coupling decreases with increasing rotational disorder
(I[v.(CH2)V1[v(CH3)] decreases from 2.1 to 1.3). Here, alkane chains spread out
sufficiently that rotational disorder becomes extensive. At temperatures i the vicinity of
the melting temperature where 1[v,(CHz)}/I[v{(CH,)] attains values of 1.2 to 0.8, the
chains are sufficiently decoupled to allow gauche conformers to be formed. Decoupling
continues in the liquid state with increased thermal energy, although the rotational
disorder is at its maximum, and hence, the I[v,(CH2)}/1[vs(CHz)] remains constant. These
changes are consistent with a change in molar volume of the liquid alkane as a function
of increasing temperature. That such a change is indeed occurring can be seen from the

39 as a function

plot in Figure 3.8 of the molar volume for octadecane in the liquid state
of the spectral indicator for interchain decoupling, I[v{(CH;)pr1/1[v«(CHz)]. In this plot,
the molar volume increases only slightly over the solid/liquid phase boundary, vbut then
increases dramatically in the liquid phase.

Alkane chain coupling information can also be obtained from the peak frequency
of v{(CHy); this parameter is correlated to I[v,(CHz)V/I[vs(CHz)] in Figure 3.9. The

va(CHs) and ©(CHa) peak frequencies are also indicators of interchain coupling and are

correlated to I[v.(CHy)VI[vy(CH,)] in Figures 3.10 and 3.11. Although the v(CH,) peak
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trequencies and I[v{(CH3)rrV/I[v{(CHy)] are indicators of interchain coupling, it is
important to note that they represent measures of different parameters. The peak
frequencies are sensitive to subtle chain interactions that may dampen or otherwise affect
v(CH,) vibrations. In contrast, the I[v{(CH;)m)/I[v(CH>)] is sensitive to larger coupling
interactions that affect the terminal methyl group of the alkane chains and molar volume
changes of the material. The v(CHy) vibrations are damped by highly coupled alkane
chains in the crystalline material and are shifted to lower frequency. As the thermal
energy of the system increases in the solid, the chains decouple slightly and the
frequencies increase. Through the phase transition, the peak frequencies increase slightly
and the chains further decouple.

The vs(CH,) peak frequency is a popular indicator of order not only in bulk alkane
systems, but in surface-bound alkane systems as probed by surface vibrational methods

.27-3.40,3.59 L. .
327340359 This indicator

such as surface FTIR and vibrational sum-frequency generation.
should be used with some caution, however, in light of the fact that the vy(CHy)
frequency shifts by 6-8 cm™ for neat octadecane in the crystalline state. This shift is a
clear indication that this indicator alone does not adequately describe the conformational
state of these systems. While the lowest frequency of this mode is indeed an indication
of a highly-ordered crystalline state, and the frequency of the v{(CHy) is sensitive to chain
decoupling in the crystal, information regarding the disorder imparted to the alkane

chains during a phase transition and in the liquid phase is not available from this

parameter.
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Alkane chain intramolecular motion and chain coupling as indicated by the
1(CH;) peak asymmetry and width (FWHM) are correlated with I[v,(CH2)/I[vs(CHz)] in
Figures 3.12 and 3.13, respectively. The peak asymmetry is quantified by calculating an
asymmetry factor equal to the ratio of the frequency distance from the left and right edges
(measured at the FWHM) to the peak frequency. As shown in Figure 3.12, the ©(CHy)
remains symmetric (asymmetry factor = 1.0) for I[v,(CH)/I[vs{(CH;)] values between
2.1 and 1.5. Inthe melting region, the peak becomes slightly asymmetric as the
rotational order decreases (I[v,(CH2)]/1[v{(CH,)] values between 1.2 and 0.8). Once in
the liquid state, this peak continues to increase in asymmetry as the rotational disorder
remains at its maximum. Temperature regions in which the ©(CH;) peak becomes
asymmetric coincide with regions in which the number of gauche conformers increases as
indicated by the I[v(C-C)cl/I[v(C-C)r]. A similar trend is observed for the increase in
the FWHM of the 1(CH;) mode with both increasing rotational disorder and with
increasing gauche conformers as shown in Figure 3.14. Clearly the development of
asymmetry in this band results from changes in the population of gauche conformers. The
fact that a discrete band is not observed for the 1(CH;) mode of gauche conformers
suggests that a range of alkane chain twisting motions are accessible to gauche
conformers whereas a much narrow range is accessible to trans conformers. In light of
the considerable increased rotational disorder that accompanies the formation of gauche

conformers, this observation is not surprising.
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Similar behavior is observed for the correlation between the A[8(CHy) + 6(CHs)Y/
A[S(CHy)] and I[v(CHz) VI v{(CH,)] as shown in Figure 3.15. The complexity and
general uncertainty of the peak assignments in this region led to the use of integrated
peak area ratios instead of peak intensity ratios as used for the other indicators. The peak
areas of these two modes were determined using a Gaussian lineshape analysis of the
spectra. These fits are shown in Figure 3.16. The A[8(CHz) + &(CH3))/A[8(CHa)]
remains constant until gauche conformers are introduced into the alkane structure. This
value increases in the biphasic region and increases with increased thermal energy in the
liquid state. This trend is again a result of the increasing population of gauche

conformers and the increased intramolecular motion allowed as octadecane melts.

Raman Spectroscopy of Polyethylene

The rapidity of the phase transition for octadecane makes acquisition of quality
spectroscopic information near the phase transition difficult. Moreover, the phase
transition for octadecane results in a biphasic mixture of species and not a system
containing systematically varying disorder. For these reasons, the Raman spectral
response for polyethylene was also probed on both sides of the phase transition. In light
of its fewer degrees of freedom and a less abrupt phase transition, this system provided a
more appropriate model for surface-confined alkane systems. For this investigation, a
medium density (p ~ 0.92 g/cm’), linear polyethylene was used to spectroscopically

examine alkane melting. Due to differences in the thermal behavior of this system as
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compared to octadecane, the polyethylene data are presented in a slightly different format
in that an expanded temperature range is considered and the three regions identified are
the termed the crystalline, amorphous solid and liquid regions.

The correlation between I[v(C-C)g)/1[v(C-C)r] and 1[v.(CH2) /1] vs(CH,)] for
polyethylene is shown in Figure 3.17. The behavior for polyethylene is similar to that
observed for octadecane (Figure 3.6) at high temperatures in that the number of gauche
conformers increases significantly between I{v,(CHz) //I[v{(CH,)] values of 1.2 and 0.8,
and continues to increase in the liquid phase while I{v,(CH2)}/1[v{(CH,)] remains
constant. The most significant differences in order behavior between the two materials
occur in the low temperature region. Polyethylene is not as inherently ordered as
octadecane at these temperatures due to a small number of gauche defects in the polymer
chains that still exist even when I[v.(CH2)}/1[ v{(CH>)] has values of 1.6 to 1.3. This
inherent disorder is due to the orthorhombic crystal structure of the polymer (in contrast
to the hexagonal crystal structure of octadecane) in which the polymer chains contain
hairpin bends.>'"%°*¢! The more restrictive orthorhombic crystal structure of the
polyethylene results in fewer degrees of freedom for the chains to undergo decoupling
and rotational disorder.

Insight into the extent of interchain coupling through the v{(CH;) peak frequency
is correlated with I[v,(CHz))/1[v{(CH.,)] in Figure 3.18. In solid polyethylene, the
vs(CH,) peak frequency never gets as low as it does for solid octadecane, indicating an

inherently more decoupled crystalline system. During melting, this peak frequency



Temperature ("C)
}?O 1(l)0 910 5l0 (|)
144 Liquid E Amorphous i Crystalline
1 - ! Solid i
§ i
—, 1.0 ! !
3 ]
& 0.8 " |
N’ 4 i
= i |
0.6 =
= Bl Y
Q 04 : CO
O - 1 i
= 02- , B My
[aaanl ] i i
0.0~ : ,
4 i i
—02 v I t ll ' ! f I l' | 3 ! ] ¥ i
06 08 10 12 14 16 18 20 22

Ilv (CH)VLv (CH,)]

Figure 3.17 The intensity ratio of the v(C-C), to the v(C-C); as a function of
the intensity ratio of the v,(CH,) to the v (CH,) for polyethylene.

132



133

Temperature ('C)
150 100 90 50 0
2854 1 I 1 N
] Liquiﬂ ! Amorphous I Crystalline
2852 4 wq Solid i
o J ol :
S 2850- E = E
o
5 | .
=

5 2848- ! B

53 1 : L
[ 2846 - : !
i
3 | |
2844 - ! :
T ! !
< 2842- : :
> ] i |
i i

2840 T i ! If A o i |' i ¥ i ¥ i v I
06 08 10 12 14 16 18 20 22

I[va(CHz)]/I[vS(CHZ)]

Figure 3.18 v(CH,) peak frequency as a function of the the intensity
ratio of the v,(CH,) to the v(CH,) for polyethylene.



134
increases with increasing temperature in the solid as the orthorhombic unit cell expands
and the chains decouple. Beyond the melting temperature, the frequency continues to
increase in the liquid phase as the thermal energy of the system increases and chain
decoupling increases, similar to the behavior observed for octadecane.

The correlations of the v,(CH,) and ©(CH,) peak frequencies and the
[ vi(CH3)rr/1[ vs(CH3)] with I[v.(CH2) VI[ vs(CH2)] are shown in Figures 3.19, 3.20, and
3.21, respectively. I[vs(CHa)erl/1[v(CHz)] correlates similarly with
I[v.(CH2)V/I[v{(CH,)] for polyethylene as for octadecane: increased chain decoupling
(indicated by an increase in I[ v{(CHs)er}/I[v(CHa)1) occurs with increasing disorder.
Polyethylene chain decoupling can also be correlated to an increase in specific volume
(mL/g) in the solid and liquid forms of the polymer as described for a similar
polyethylene by Sibukawa et al.>** For polyethylenes of similar physical characteristics,
the specific volume increases slightly (<10%) in going from the crystalline to the
amorphous solid state (20 °C to the m.p.), and then increases ~25% for increasing
temperatures throughout the liquid phase. These observations are similar to those made
for the molar volume changes in octadecane (Figure 3.8), although the differences in
magnitude of the changes in molar and specific volumes for octadecane and
polyethylene, respectively, stem from the unique physical and structural properties of
these two systems.

As shown by the data in Figures 3.22 and 3.23, the correlation of the ©1(CHy) peak

asymmetry and the ©(CH,;) FWHM with the I[v.(CH2)VI[v{(CHz)] provides insight into
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intramolecular motion of the alkane chains. In contrast to octadecane, the ©(CH,) mode
for polyethylene becomes extremely asymmetric at higher temperatures, reaching a
distinct maximum value of asymmetry at the melting point. Interestingly, at temperatures
above the solid/liquid phase transition, the 1(CH,) peak asymmetry decreases sharply and
becomes comparable in value to that for liquid octadecane. Other researchers reported
similar qualitative observations of this increasing asymmetry of the T(CH,) mode for
polyethylene and attributed it to an increase in population of amorphous states of the
polymer.>*?*° For octadecane, the amorphous component (i.e. the liquid phase) is only
present at temperatures above the transition temperature. No amorphous solid exists for
solid octadecane. Conversely, for polyethylene, an amorphous component develops in
the solid matertal as temperature increases, but stays below the transition temperature.
The increase in the ©(CHy) peak asymmetry is a quantitative measure of this amorphous
character of solid polyethylene, since this vibration is sensitive to changes in the
crystalline, amorphous solid and amorphous liquid phases.

The ©(CH,) FWHM increases with decreasing conformational order and increases
with the number of gauche conformers as shown in Figure 3.24. This behavior is similar
to that observed for octadecane. While the asymmetry of the T(CHy) is dependent on
rotational disorder, the population of gauche conformers and the crystallinity of the
material (crystalline, amorphous solid, or liquid), the ©(CH,) FWHM depends only on the

population of gauche conformers and rotational disorder.
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Similar behavior occurs for the A[8(CH,) + 3(CH;)/A[S(CH,) + 8(CHz)orTHo]
when correlated to the I[v,(CH2)/1[v{(CH,)] for polyethylene as shown in Figure 3.25,
with representative peak fits of these data shown in Figure 3.26 for polyethylene at 0 and
89 °C. In this case, A[6(CH;) + 8(CH;)VVA[8(CH,) + 8(CH,)orTuo] increases with the
number of gauche conformers, indicating increased intramolecular motion of the alkane
chains. This behavior is similar to that observed for octadecane throughout the biphasic
region.

The degree of orthorhombic crystalline character of the polyetheylene can be
determined by monitoring changes in peak area of the 8(CHz)orrro as a function of
temperature. In quantifying a change in crystallinity, it is important to account for the
total area of this deformation mode, since it comes from the crystal field splitting of the
S(CHy) (1440 cm™). Therefore, the area of the 8(CH;)ortro normalized to the summed
area of the 8(CHz) and 8(CHa) + 8(CH3) modes is correlated to I[v.(CH2)J/I[v(CH,)] in
Figure 3.27 using an area ratio similar to that described by Abbate et al.>>® The
crystalline polymer loses its orthorhombic character with increasing temperature as the
unit cell expands. Once the polymer undergoes the solid/liquid phase transition, the

S(CH,)ormno mode disappears completely.

Comparison of Common Raman and IR-Active Indicators of Conformational Order

Conformational order is not as easily assessed from infrared spectroscopy due to

limited resolution, inactivity and weakness of major alkane vibrational modes, and poor
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Figure 3.25 The peak area ratio of the 8(CH,) + 8(CH,) to the 6(CH,)orrro
+ 8(CH,) as a function of the intensity ratio of the v,(CH,) to
the v(CH,) for polyethylene.
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S(CH,)] + 6(CH,)} as a function of the intensity ratio of the
v,(CH,) to the v(CH,) for polyethylene.
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Figure 3.27 Raman spectra of the deformation modes (1390-1510 cm™) peak
fit using a Gaussian distribution at (a) 0 °C and (b) 89 °C.
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experimental sensitivity when compared to the results presented here for Raman
spectroscopy. Nonetheless, the infrared spectra of alkanes also contain modes that are
sensitive to alkane conformational order. Specifically, those modes cited most frequently
as containing information about conformational order include the v{(CH,) and v,(CH,)
peak frequencies (2850 and 2880 cm™) and the v(C-C) gauche, trans and kink modes
(~1000-1300 and ~620-700 cm™).>*"?3® These indicators are important in elucidating
alkane structure in materials; however, the chain coupling information and numbers of
gauche and trans conformers provided by these indicators are only a small portion of the
information necessary for a complete molecular understanding of the disorder in these
materials. More direct comparison between Raman and IR spectral data for elucidation
of conformational order is difficult, because the majority of intense Raman-active modes
are either weak in the IR or IR-inactive and vise versa.>”! Thus, the completeness of the
conformational order indicators provided by the Raman spectra provide a compelling
case for the better utility of Raman spectroscopy relative to infrared spectroscopy for the

determination of conformational order in alkane-based systems whenever possible.

Summa

The work described here demonstrates the utility of Raman spectroscopy in
determining the general conformational order, specifically subtle changes in
intermolecular interactions, intramolecular motion and chain conformations, for alkane-

based systems. For octadecane, thermally-induced alkane-disordering is initiated by
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decoupling of the alkane chains with concomitant rotational disorder in the hexagonal
crystal as indicated by increasing values of I v{(CHs)m}/1[v{{CH,)}] (0.4 to 0.65), v{(CHy)
peak frequency (2841 to 2849 cm™) and decreasing values of I[vo(CH2))/I[v{(CHz)] (2.1
to 1.4). Chain decoupling is accompanied by an increase in intramolecular motion as
indicated by an increase in the values of A[86(CHz) + 8(CH3))/A[3(CH2)] (0.8 to 4.9), the
7(CHz) FWHM (7 to 19 cm™) and the 1(CH,) peak frequency (1295 to 1300 cm™). Once
adequate thermal energy has been added to the system to sufficiently decouple the alkane
chains, gauche conformers form and the increase in decoupling ceases while the
octadecane become more liquid-like. The increase in gauche conformers is indicated by
the increase in the value of I[ v(C-C)gl/I[v(C-C)r] (0 to 0.8) while the
I[vs(CH3)er)/1[vs(CH2)] (~0.65) and the vy(CH,) peak frequency (~2849 cm™) remain
constant. Once the phase transition from crystalline to liquid is complete, significant
increases in the molar volume of the liquid occur with increased temperature due to the
conversion of methylene trans and partially-rotated conformers to true gauche
conformers. These changes are reflected as increases in I[vs(CHs)rr /1] vs(CH2)] (0.65 to
0.75), the v{(CHa) peak frequency (2849 to 2852 cm™) and I[v(C-C)c]/I[v(C-C)1] (0.8 to
1.3), while the value of I[v.(CH2)V/I[v{(CH,)] (~0.75) remains constant.

Similar behavior occurs in the thermally-induced disordering of polyethylene,
with the exception of the unique structural differences between the hexagonal crystal
structure of octadecane and the orthorhombic structure of crystalline polyethylene,

indicated by the presence of the 8(CHa)orto mode and the highly asymmetric t(CHs)
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mode of melting crystalline polyethylene. At temperatures below the melting
temperature, the onset of alkane chain disordering stems from decoupling of the chains
and increased rotational motion of the chains in the orthorhombic crystal as indicated by
an increase in the values of 1] vy(CHs)m1/1[ vs(CH2)] (0.4 to 0.65) and the v{(CH;) peak
frequency (2846 to 2850 cm™), a decrease in the value of I[v.(CH,)J/I[v{(CH2)] (1.6 to
1.1), and the presence of the 3(CHa)ortro mode (1420 cm™). Increased chain decoupling
is accompanied by an increase in intramolecular motion as indicated by an increase in the
values of A[S(CHz) + 8(CH;))/A[8(CHy) + 8(CHz)ortro) (0.8 to 4.5), the ©(CH,) FWHM
(7 to 19 em™), and the ©(CH,) peak frequency (1295 to 1300 cm™). Once adequate
thermal energy has been added to the system to sufficiently decouple the alkane chains,
additional gauche conformers form and the increase in decoupling ceases. In
contradistinction to octadecane, these changes begin while polyethylene is still in the
solid state and function to add more amorphous character to the solid prior to true
melting. The increase in gauche conformers is indicated by the increase in the value of
I[V(C-C)cVTIV(C-C)r] (0.2 to 0.8) while the I[v(CH3)pJ/I[vi(CHz)] (~0.65) and the
vi(CH,) peak frequency (~2851 cm™) remain constant. Once the phase transition from
crystalline to liquid is complete, significant increases in the molar volume of the liquid
occur with increased temperature due to the conversion of methylene trans and partially-
rotated conformers to true gauche conformers. These changes are reflected as increases
in I[v{(CH)re/I[v{(CH)] (0.65 to 0.75), the v{(CH,) peak frequency (2851 to 2853 cm™)

and I[v(C-C)g)/I[v(C-C)r] (0.8 to 1.3), while the value of I[v.(CH2)V/I[v{(CHz)] (~0.75)
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remains constant. In addition, the conversion of the orthorhombic crystal to an
amorphous solid, and finally, to the amorphous liquid is indicated by an increase in
1(CHz) peak asymmetry (1.0 to 2.6) and a decrease in the A[S(CHz)ortuo)/[A[S(CH2)] +

A[8(CH,) + 8(CH3)]] (0.18 to 0).

Conclusions and Relevance to Chromatographic Studies

Raman spectral indicators of conformational order for alkanes were successfully
correlated in terms of alkyl chain conformations (gauche and trans), chain coupling, and
intramolecular rotation and motion for octadecane and a low molecular weight
polyethylene. These data can be directly related to understanding Raman spectral
indicators of order in other alkyl-based systems including alkylsilane stationary phases
investigated throughout this Dissertation. With these correlation data, it is possible to
probe only: one spectral indicator, such as the I[v,(CH,)}/I[v{(CHz)], and be able to obtain
a complete understanding of alkyl chain coupling, relative number of gauche conformers
and the degree of alkyl chain rotation. This will be particularly useful in investigating
stationary phase order in the presence of mobile phase and/or solutes were spectral
interference from solvent and solute modes could make much of the conformational order

information in the Raman spectra inaccessible.
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Future Directions

Future directions for this work include extending the correlation of Raman
spectral indicators not only to each other, but also to alkane indicators of conformational
order and mobility from IR and NMR spectroscopic data. These types of correlations
would also allow the information obtained from these complementary techniques to be
utilized more effectively and to bring a new appreciation for how closely related these
data from different techniques really are to one another. In addition, repeating these
types of experiments for deuterated alkane systems would also be beneficial. By
developing similar spectral indicator correlations for deuterated alkanes one could
independently distinguish conformational changes in binary alkane systems. This
information would be valuable to researchers in numerous interest areas including self-
assembled monolayers, Langmuir-Blodgett ﬁlms, chromatography, and alkyl-protected

nanoparticles.

Appendix 3.1

This appendix contains Raman spectra in the v(C-C), 8(C-H), and v(C-H) for

octadecane and polyethylene at temperatures between 10 and 150 °C.
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Raman spectra in the v(C-C) and v(C-H) regions for octadecane at (a) -15 °C, (b) ~10 °C and

Figure A3.1
(c) 10 °C. Integration time 2 min.
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Raman spectra in the v(C-C) and v(C-H) regions for octadecane at (a) 20 °C and (b and ¢)
through the phase transition. Integration time 2 min.
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Figure A3.3 Raman spectra in the v(C-C) and v(C-H) regions for octadecane through the phase transition.
Integration time 2 min,
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Raman spectra in the v(C-C) and v(C-H) regions for octadecane (a) through the phase
transition and at (b) 30 °C and (c) 40 °C. Integration time 2 min.
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Raman spectra in the v(C-C) and v(C-H) regions for octadecane (a) 50 °C, (b) 70 °C
and (c) 80 °C. Integration time 2 min.
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Figure A3.6  Raman spectra in the v(C-C) and v(C-H) regions for octadecane (a) 90 °C and (b) 100 °C.

Integration time 2 min.
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Raman spectra in the v(C-C) and v(C-H) regions for polyethylene (a) 20 °C, (b) 43 °C
and (¢) 81°C. Integration time 2 min.
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Raman spectra in the v(C-C) and v(C-H) regions for polyethylene (a) 85 °C, (b) 89 °C

Figure A3.8
and (¢) 91°C. Integration time 2 min.

8sl



1000

Figure A3.9

1100

1200

1300

1400 2800

Wavenumbers (cm™')

2900

3000

Raman spectra in the v(C-C) and v(C-H) regions for polyethylene (a) 94 °C, (b) 106 °C
and (¢) 150 °C. Integration time 2 min.
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Chapter 4

Solvent Effects on the Conformational Order of Commercial Solid Phase

Extraction Alkylsilane Stationary Phases

Introduction

Despite efforts toward understanding solute retention in reversed-phase liquid
chromatography and solid-phase extraction, including experimental and computational
research, a molecular mechanism remains elusive. This inability to accurately determine
a mechanism for retention stems from the difficulty of studying the interactions known to
affect solute retention, including solvent-stationary phase, solute-stationary phase, and
stationary phase inter- and intramolecular interactions. In all cases, the architecture and
structure of the alkyl chains will greatly affect interactions at the chromatographic
interface.

Solvent effects in reversed-phase separations systems have been the study of
numerous reports. While much of this work has been chromatographic,**** from which
solvent-stationary phase interactions can only be inferred, a significant amount of the

4.9-4.18

research has been spectroscopic, which allows for direct measurement of these

interactions. Independent nuclear magnetic resonance (NMR) spectroscopy, '+’
Fourier-transform infrared (FT-IR) spectroscopy,*'! and molecular dynamics

simulations*"” show that polar solvents including methanol, water, and acetonitrile, have
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very little affect on the mobility and conformational order of surface-bound alkylsilanes.

Results from additional NMR experiments by Kelusky™*"’

indicate that nonpolar solvents,
such as benzene, have a strong ability to solvate the terminal portion of alkyl chains,
increasing the mobility of the terminal end of the stationary phase relative to these phases
in air.

Doyle and coworkers*'? used Raman spectroscopy to determine solvent effects on
the conformational order of a low surface coverage C,s-RPLC phase (3.52 pmol/m?).
The conformational order of this phase appeared to be unaffected by the presence of
chloroform, methanol and acetonitrile in these experiments. However, these experiments
were done in the presence of hydrogenated solvents which leads to significant spectral
interferences in the v(C-H), v(C-C), and 8(C-H) regions. The conclusion about solvent
effects was made based on qualitative observations that Raman spectral features do not
change in the presence of different solvents, for solvent-subtracted Raman spectra.

420421 show that

Results presented in Chapter 3 and other reports from this laboratory
quantitative indicators of conformational order for surface-bound alkylsilanes can be

measured very precisely, but changes in alkyl chain conformational order determined by
these indicators can be extremely subtle. Thus, if conformational order differences exist

for phases in solvent studied by Doyle et al,, it is likely that subtle spectral information

would not be observed using spectral subtraction methods.
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Goals of this Work

The goal of this work was to acquire Raman spectra of a commercial Cys-
stationary phase in the presence of solvent and to use these spectral data to determine the
effect of solvent on the conformational order of the surface-bound alkylsilanes. We were
interested in determining solvation differences of surface-bound alkylsilanes in polar and
nonpolar solvents, as well as evaluating solvation trends with changing solvent strength.
These data can be used to develop an understanding of how solvent-stationary phase

interactions affect solute retention in reversed-phase separation experiments.

Methodology

Isolute C18MF (refered to as C18MF) was a gift from International Sorbent
Technologies (Hengoed, UK). Properties and characteristics of this phase are described in
Chapter 2. Briefly, C18MF is based on a monofunctional precursor,
dimethyloctadecylchlorosilane, bound to the silica substrate. Perdeuterated water-d,
(99.9%) was purchased from Aldrich. Perdueterated solvents, methanol-d4 (99.8%),
acetonitrile-ds; (99.8%), chloroform-d (99.8%), acetone-ds (99.9%), benzene-ds (99.5%),
toluene-ds, and isopropanol-ds (99%) were purchased from Cambridge Isotopes.

Samples were prepared by adding 200 uL of solvent to 25-50 mg C18MF in 5.0-
mm-dia NMR tubes. Tubes were sealed and samples are sonicated for 15 min followed
by equilibration at room temperature for >18 hrs. Raman spectra were collected using

100 mW of 532-nm radiation from a Coherent Verdi Nd: YVOy laser on a Spex
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Triplemate spectrograph as described in Chapter 2. Slit settings of the Triplemate were
0.5/7.0/0.150 mm for all experiments corresponding to a spectral bandpass of 5.3 cm’™.
Samples were allowed to equilibrate at 24 °C for a minimum of 30 min prior to spectral
analysis. A minimum of three measurements were made on each sample. Integration

times for each spectrum are provided in the figure captions.

Raman spectra were processed and analyzed as described in Chapter 2. In

addition, spectra were smoothed using the Grams32 software (Roper Scientific) with a

Savitsky-Golay third order polynomial, 11-point convolution function.

Review of Previous Studies of Isolute C18MF SPE Phases

C18MF and other Isolute SPE phases have been studied previously by
chromatography,*** #Si cross-polarization magic angle spinning (CP/MAS) NMR*#
and by Raman spectroscopy*?' to determine the nature of the silica surface, bonding
structure of various functional silanes and to determine the conformational order of the
alkyl-modified phases. The silica substrates used for these SPE phases are quite unique
because of their large particle size (50 pm), large surface area (300-500 m*/g),
determined by BET analysis, and small pore size (~60 A.) Piccoli determined that a large
fraction of the surface area of these substrates is contained in micropores and is
inaccessible to large silane ligands, including octadecylsilanes.*?*> Thus, the available

surface area for silane binding and solute interaction is less than the reported value

determined by BET analysis. For C18MF, the reported surface coverage is 1.9 pmol/m?;






