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 ABSTRACT 
 
 

Studies described in this dissertation used linear and nonlinear optical methods to 
examine the effects of noncovalent forces on molecular structure, organization and 
reactivity at solid/liquid, solid/vapor and liquid/vapor interfaces. These studies address 
three general questions: 1) Solvent structure at solid/liquid interfaces; 2) Solute 
adsorption to chemically tailored solid and liquid interfaces; and 3) Partitioning of binary 
solvents at solid/liquid and solid/vapor interfaces. 
1) Solvent structure at solid/liquid interfaces. Vibrational sum frequency spectroscopy 
(VSFS) was used to study the interfacial organization of different alkanes and alcohols at 
the silica/liquid interface. Results showed that solvent organization depended sensitively 
on both interactions with the interface and on the solvent’s molecular structure. 
Silica/methanol and silica/ethanol interfaces were also compared in order to determine 
why ethanol gives a VSFG spectrum but methanol does not. 
2) Solute adsorption to chemically tailored interfaces. VSFS and fluorescence 
spectroscopy were used to characterize and analyze the effectiveness of silica substrates 
functionalized specifically to promote adsorption of organic analytes in aqueous solutions 
through catch and release chemistry. VSFS has also been used to study cooperative 
adsorption at aqueous/vapor interfaces to explore how insoluble surfactants can increase 
near-surface concentrations of soluble species. 

3) Binary solvent partitioning at solid/liquid and solid/vapor interfaces. VSFS 
was used to study molecular organization at silica/binary solvent interfaces where the 
binary solvent consisted of acetonitrile and methanol in varying mole fractions. The 
vibrational spectra indicated that while methanol adsorbed ideally at the silica/vapor 
interface, acetonitrile accumulated in excess relative to the vapor phase composition. At 
the silica/liquid interface, methanol appeared to remain strongly associated with the 
surface until an acetonitrile mole fraction of 0.85 was reached. At higher mole fractions, 
interfacial acetonitrile adopts an antiparallel bilayer organization. This binary mixture 
was also compared to various other binary mixtures at the silica/vapor and silica/liquid 
interfaces.
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CHAPTER 1 
 
 

INTRODUCTION 
 
 

1.1 Motivation 
 
 
 Properties of interfacial molecules often differ from their bulk limits due to 

anisotropic molecular structuring and ordering imposed by the interface. Methods such as 

linear1, 2 and nonlinear3-5 spectroscopies, microscopy,6, 7 molecular dynamics 

simulations,8, 9 and wet chemical methods10 have been used to show how properties 

including density,1, 11 solvation,2, 3, 8 polarity,3, 8 and mobility12, 13 can differ at interfaces. 

These distinctive interfacial properties have a direct effect on a wide array of surface 

phenomena including adhesion,12, 13 corrosion,7, 14 chromatography,3, 15 and catalysis.6, 16 

 An illustrative example of how surfaces change properties is the field of 

chromatography. This example is particularly relevant for much of the work described in 

this thesis because the systems studied relate directly to emerging models describing the 

mechanisms responsible for chromatographic separations. Liquid chromatography is 

briefly described below. In the most general sense, liquid chromatography relies on a 

delicate composition between adsorption and solvation energies. By tailoring a substrate 

and solvent(s) to the desired application, different solutes can be removed based on their 

affinities for the substrate (or stationary phase).  

Classic chromatography was first employed by Mikhail Tswett in the early 1900s 

and was used to separate different plant extracts.17, 18 He found that after his mixtures 

were adsorbed to a column packed with adsorbent powder, he could get the individual 
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species to separate by the addition of an appropriate solvent. He determined that in this 

column, strongly adsorbed species displace the weakly bound species causing them to 

elute. Furthermore, by altering the solvent or simply re-running a sample, he could 

further separate molecules with similar affinities for the adsorbent. 

The modern day technique of high-performance liquid chromatography (HPLC) 

was developed by two separate groups19, 20 in the 1960s followed shortly by the 

development of commercial HPLC equipment.21 In an HPLC experiment, a column is 

packed with a small porous material – generally silica – that can that can itself act as the 

stationary phase or be functionalized with an alternate stationary phase. A sample is then 

introduced to the column, usually dissolved in a solvent (the mobile phase), and due to 

different affinities of the solutes for the stationary phase, the solutes elute at different 

times. The solute’s strength of adsorption to the stationary phase is a direct consequence 

of interfacial interactions occurring between the two compounds. Furthermore, the 

adsorption properties and energetics of the mobile phase with the stationary phase and its 

competition with the solute must be considered. 

These adsorptive properties lead to interesting limiting behavior. If a solvent 

binds too tightly to a stationary phase, it will never be displaced by a solute. In a 

chromatography application, this condition means that a solute is not retained by the 

stationary phase. If the solute adsorbs too strongly to the stationary phase, however, 

solvent will be unable to displace it and the solute will never elute. Traditional strategies 

for eluting a solute use established procedures, generally involving a progressive series of 

different solvents or concentrations.21, 22 Chromatographic procedures and solvent series 
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are often developed empirically. While the efficacy of these methods can be determined 

and improved, validated molecularly-based sorption mechanisms often remain unknown. 

Many studies have been performed on these systems in an attempt to understand 

the molecular origins of observed interfacial behavior. Early studies examined the 

thermodynamics of adsorption by studying excess adsorption isotherms23 and the 

retention of probe solutes. Thermodynamics measurements, however, lack the molecular 

specificity necessary for identifying retention mechanisms. Spectroscopic techniques 

such as Fourier transform infrared spectroscopy (FTIR),24 Raman spectroscopy,25 

fluorescence spectroscopy,26 nuclear magnetic resonance spectroscopy,27 electron 

paramagnetic resonance,28 and neutron scattering29 have all been used to study model 

chromatographic systems.30, 31 While these techniques offer additional detail to the 

adsorption process, they are still unable to provide the interfacial specificity required to 

determine the structure, association, and organization of molecules at chromatographic 

surfaces. Computer simulations have also been used to model chromatographic 

interfaces.9, 31, 32 The accuracy of computational results, however, depends on the 

computational method chosen and assumptions made about molecular interactions. More 

recently, semi-surface specific vibrational spectroscopies have been utilized for these 

interfacial systems. Some of these techniques exploit geometries that allow for total 

internal reflection such as attenuated total reflection (ATR) FTIR33, 34 and total internal 

reflection (TIR) Raman.35, 36 These techniques use evanescent fields as the excitation 

source, thereby probing only as deep as the exponentially decaying field penetrates. This 

constraint, however, still allows some bulk solution to be sampled. Additional techniques 
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such as diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) use 

shallow incidence angles in order to sample interfacial species.37, 38 Surface enhanced 

techniques such as surface enhanced infrared absorption spectroscopy (SEIRAS)39, 40 and 

surface enhanced Raman spectroscopy (SERS)41, 42 are also used for improved signals at 

interfaces, but require metallic or nanostructured substrates to enable surface plasmon 

resonance. Experiments discussed in this thesis primarily utilize the second order 

vibrational spectroscopy vibrational sum frequency spectroscopy (VSFS). This technique 

is discussed in detail in Section 1.2. 

 
1.2 Vibrational Sum Frequency Spectroscopy 

 
 
1.2.1 History 

Recently, nonlinear optical methods such as vibrational sum frequency 

spectroscopy have been used to study model chromatographic systems.4, 15, 43-45 VSFS is 

well suited for these systems due to the technique’s inherent surface specificity and 

ability to provide molecular structure and composition information. 

VSFS has also been used to gather spectroscopic evidence in a wide variety of 

other solid/liquid, solid/vapor, liquid/liquid, and liquid/vapor interfacial systems. While 

the theoretical basis for VSFS was proposed more than 50 years ago by Bloembergen et 

al.46, the first infrared-visible SF spectrum was not obtained until 1987 by Shen and 

coworkers.47 Since their proof of principle experiment was completed, numerous other 

groups have begun using the technique to address phenomena involving interfaces, a 

small sample of which is mentioned here. In 1993, VSFS analysis of the water/vapor 
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interface led Du et al. to conclude that ~20% of water molecules at the interface had one 

free O-H projecting out into the vapor, and roughly an equal number projected down into 

the liquid phase.48 A year later, the same group studied water at a quartz surface.49 These 

studies led to the conclusion that water’s interfacial orientation and bonding structure are 

dependent on a balance between interfacial electrostatic interactions and hydrogen 

bonding of molecules with the surface. Again in 1994, Shen and coworkers examined C1-

C8 chain linear alcohols at the liquid/vapor interface.50 These studies indicated that at the 

interface, the alcohol molecules formed a well-ordered hydrogen bonded network 

oriented with their alkane chains pointing out of the liquid. Scatena et al. were among the 

first to study water at the water/hydrophobic liquid interfaces in 2001.51 Their results 

indicated that contrary to popular belief, there was only weak hydrogen bonding between 

water molecules in these environments. 

Around this same time, Stephenson and coworkers built the first broadband VSFS 

system.52 This system utilized an infrared source with a 250 cm-1 FWHM and a 

spectrograph used in tandem with a CCD detector to allow the collection of multiple 

vibrational resonances simultaneously. Since 2000, VSFS has been used in studies as 

diverse as examining the structural effects of salts and acids,53 surfactants at the oil/water 

interface,54 translocation in lipid bilayers,55 the structure of surface tethered DNA,56 and 

interfacial vibrational dynamics.57 Advances in VSFS techniques have increased its 

sensitivity to the point that Benderskii and coworkers have reported detecting vibrational 

spectra at surface coverages as low as a few percent of a monolayer.58 
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In the research described in this dissertation, VSFS was used to study a number of 

systems that featured either cooperative or competitive adsorption. These fundamental 

themes have also been the foundation for a large amount of research of interactions at 

interfaces. For example, Bain et al. has studied adsorption of multiple thiols to gold 

substrates and has examined the effects of altering the adsorbates’ head groups, tail 

groups, chain lengths, and solvent.59-61 Co-adsorption at liquid/vapor interfaces has been 

studied by groups such as Allen and coworkers who have examined the binding of 

aqueous cations to fatty acid monolayers.62 More relevant to much of the research 

presented here, competitive adsorption at silica interfaces has been observed for many 

binary mixtures including different alcohols with water,63 acetonitrile with water,15, 64 and 

toluene with n-alkanes.65 All of these studies show that a balance between the molecules’ 

affinity for the surface and the molecules’ affinity for each other controls the adsorption 

and organization of interfacial molecules. 

The next section explains the theory behind VSFS and describes the broadband 

system used in the work performed at Montana State University. Section 1.3 describes 

the outline of the dissertation, and the remainder of the thesis delves into the individual 

projects I have worked on at Montana State University over the last five years. 

Throughout these projects, an emphasis has been placed on using VSFS to analyze 

structure and organization in systems subject to cooperative or competitive adsorption. 

 
1.2.2 Theory 
 

More detailed descriptions of VSFS can be found elsewhere,66, 67 but a brief 

summary is presented in this section. VSFS is a 2nd order nonlinear optical technique 
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used to measure vibrational spectra of molecules in asymmetric environments. In a VSFS 

experiment, two high intensity electric fields (one visible and one infrared) are 

overlapped spatially and temporally inducing a coherent polarization in molecules at the 

surface or interface (Figure 1.1).  

 
 

 

Figure 1.1 The overlap of a fixed frequency visible beam and a tunable frequency 
infrared beam generate a beam with a frequency equal to the sum of the two incident 
frequencies. 
 
 
This polarization can be expressed in a power series expansion in field strength 

(Equation 1.1). 

P = P(0) +P(1) +P(2) +P(3) +...         (1.1) 

In a VSFS experiment, the observed sum frequency (SF) signal is dependent upon the 

second order nonlinear polarization, P(2), that can be expressed as  

P(2) = ε0χ
(2) E1 cosω1t +E2 cosω2t( )2        (1.2) 

where ε0 is the permittivity of free space, χ(2) is the second order susceptibility, and ω1 

and ω2 are the frequencies of the visible and infrared light, respectively. Upon expansion 

of Equation 1.2, P(2) can further be expressed as 

P(2) = ε0χ
(2)

E1
2 +E2

2( )+ E1
2 cos2ω1t +E2

2 cos2ω2t( )+
1
2E1E2 cos(ω1 −ω2 )t( )+ 1

2E1E2 cos(ω1 +ω2 )t( )

"

#

$
$

%

&

'
'
   (1.3) 
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where the four terms in parentheses correspond to a DC electric field, second harmonic 

generation of both input frequencies, difference frequency generation, and sum frequency 

generation (SFG) consecutively. 

 The second order susceptibility, χ(2), is a third rank tensor that describes the 

relationship between the two input electric fields and the summed electric field. By 

definition as a rank three tensor 

χ i j k
(2) = −χ−i− j−k

(2)           (1.4) 

In a centrosymmetric medium, however, the sign of χ(2) is not dependent on the sign of its 

coordinates 

χ i j k
(2) = χ−i− j−k

(2)           (1.5) 

Therefore in centrosymmetric media, the only way to satisfy both Equations 1.4 and 1.5 

is for χ(2) = 0. Consequently, SFG only occurs in asymmetric systems, such as interfaces. 

At an isotropic interface in the xy plane, the only break in symmetry occurs in the z 

direction. In such a system, all but 7 elements of the 27 element χ(2) tensor equal zero. 

Furthermore, due to the isotropic nature of the surface, these 7 elements can be further 

condensed down to 4 unique nonzero elements (Equation 1.6). 

χ zxx
(2) ≡ χ zyy

(2)( ) χ xzx
(2) ≡ χ yzy

(2)( ) χ xxz
(2) ≡ χ yyz

(2)( ) χ zzz
(2)      (1.6) 

By controlling the polarizations of the two incident fields and the generated SF field, 

these unique tensor elements can be probed independently. Identifying the nonzero tensor 

elements individually allows for the orientation of the interfacial oscillators to be 

determined. In a VSFS experiment, the polarizations of the electromagnetic fields are 

presented with respect to the sample as three letter terms designating the polarization of 
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the SF beam, visible beam, and IR beam, respectively (eg. SSFSvisPIR). S polarized light is 

polarized parallel to the plane of the interface (normal to the plane of incidence) and P 

polarized light is defined by the plane including the surface normal and direction of 

propagation (in the plane of incidence). 

 χ(2) can be further broken down into its resonant (χ(2)
R) and nonresonant (χ(2)

NR) 

portions where 

χ (2) = χR
(2) + χNR

(2)          (1.7) 

The nonresonant portion of the second order susceptibility is a product of an SF active 

substrate, and for dielectric materials, is usually very small. The resonant portion is 

responsible for the molecular specificity and can be expressed as the macroscopic 

average of the interfacial molecules’ hyperpolarizabilities, β. 

χR
(2) ∝N βαβγ          (1.8) 

β can also be written as the product 

βαβγ ∝
MαβAγ

ων −ω IR − iΓ( )
         (1.9) 

where Mαβ is the Raman transition moment, Aγ is the infrared transition moment, ων is the 

frequency of the vibrational resonance, ωIR is the tunable IR frequency, and the Γ term is 

related to the linewidth. Equation 1.9 shows that a vibrational mode must be both infrared 

and Raman active in order to be SF active. Equation 1.9 also demonstrates the large 

resonance enhancement achieved when the IR incident frequency matches the frequency 

of a vibrational mode (also shown in Figure 1.2). When the two frequencies match, the 
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denominator of Equation 1.9 approaches zero causing the second order susceptibility and, 

consequently, the SF intensity to increase. 

 

 

Figure 1.2 Energy level scheme for on resonance SFG. When ωIR = ων, a large resonance 
enhancement is observed. 
 
 
The calculation of the intensity of the generated SF field is a nontrivial exercise described 

in detail elsewhere.68 For the purposes of this thesis, only the derivation of the intensity 

of the SF field in the ssp polarization combination, Issp, is shown. 

I ssp(ωSF ) =
nSF,ic
2π

Essp(ωSF )
2
        (1.10) 

In Equation 1.10, c is the speed of light in vacuum and n is the index of refraction. The 

subscripts of n represent the frequency of the light and the medium (i = incident and t = 

transmitted) in which n was determined. Essp can then be expressed as 

Essp(ωSF ) = 4πi
ωSF

c
!fyPy

ssp(ωSF )        (1.11) 

where !f  is a nonlinear Fresnel coefficient and is given by 

!fy =
1

nSF,i cosθSF,i + nSF,t cosθSF,t
       (1.12) 
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and Pssp is given by 

Py
ssp(ωSF ) = IvisIIR sinθ IR,i( )χ xxZ

(2) fvis,y fIR,z       (1.13) 

In Equation 1.13, the two f terms are linear Fresnel coefficients and are given by 

fvis,y =
2nvis,i cosθvis,i

nvis,t cosθvis,t + nvis,i cosθvis,i
       (1.14) 

fIR,z =
2 nIR,i

2 nIR,t
2( )nIR,t cosθ IR,i

nIR,t cosθ IR,i + nIR,i cosθ IR,t
       (1.15) 

While Equations 1.10 – 1.15 show that the exact intensity of the generated SF field can 

be calculated given experimental parameters, the important relationship is given in 

Equation 1.16. 

ISF ∝ P(2)
2
∝ χ (2)

2
∝ N β

2
        (1.16) 

A number of the quantities introduced in this section are used in later chapters to describe 

interfacial behavior. For example, Fresnel factors are calculated in Chapter 4 in order to 

directly compare silica/vapor to silica/liquid interfaces, and both Chapters 4 and 5 use 

Equation 1.16 to relate SF intensity to the number of oscillators at the interface. 

 
1.2.3 Apparatus 

VSFS measurements were made using the setup diagramed below in Figure 1.3. 
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Figure 1.3 Diagram of the VSFS setup at Montana State University. 
 
 
The setup is driven by a Libra-HE Ti:sapphire laser (Coherent, 3.5 W, 85 fs pule 

duration, 1 kHz repetition rate). 80% of the Libra output is used to pump an optical 

parametric amplifier (Coherent OPerA Solo) that is the source of the tunable, broadband 

infrared frequency. The remaining 20% of the original beam is used as the upconversion 

source at the sample. Prior to the sample, the visible beam is spectrally narrowed by first 

stretching the beam using a diffraction grating (1800 g/mm), slicing out a narrow portion 

of the spectrum, and then recompressing the stretched beam. This narrowed beam passes 

through two delay stages and both incident beams pass through a waveplate and polarizer 

to select particular polarizations. The VSFS apparatus was designed in a colinear 

geometry, so both beams are incident on the sample at the roughly the same angle (73° 

for the IR and 67° for the visible). When the visible and IR beams are spatially and 

temporally overlapped, SF signal is generated and directed into a spectrograph 

(SpectraPro-300i, Acton Research Corporation) where it is dispersed onto a 1340 x 100 
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pixel CCD (PIXIS100B, Princeton Instruments). Beam energies at the sample are 

generally ~5 µJ – 10 µJ for each input beam. As a broadband system, single SF spectra 

can be taken if the IR beam profile covers the region of interest, however, if the range of 

interest is too large, the “step and sum” method first reported by Esenturk et al.69 can be 

used. In this method, SF spectra are taken at different IR frequencies effectively scanning 

the region of interest in 500 nm intervals. The resulting spectra can then be summed and 

normalized to a gold nonresonant spectrum. An example of this method is shown in 

Figure 1.4 for a monolayer of methanol on silica. 

 

 

Figure 1.4 The recording a spectrum of a methanol monolayer on silica using the step and 
sum method of acquiring VSFG spectra. 
 

In order to combine, normalize, and calibrate spectra, homemade routines written in Igor 

Pro (v. 6) are used. All VSFG spectra can be normalized to a gold nonresonant spectrum 
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and are calibrated using the methyl symmetric stretch of DMSO at 2910 cm-1 at the 

liquid/vapor interface.70 

 
1.3 Thesis Outline 

 
 

 The underlying themes of my research presented in this thesis are the adsorption, 

association, and organization of molecules at surfaces and interfaces. The purpose of this 

section is to briefly introduce the topics that will be discussed in detail in the relevant 

chapter. 

 
Chapter 2. Liquid Organization 
at Polar Solid/Liquid Interfaces 
 

Chapter 2 focuses primarily on the question, “how do molecules having similar 

functional group compositions organize and align themselves at the silica/liquid interface 

as compared to the silica/vapor interface?” To address this question, differences between 

the two systems were analyzed using VSFS. The first solvent pair examined was 

cyclohexane and methylcyclohexane. These solvents were chosen because they are 

nonpolar and would not strongly associate with the silica surface. VSFG analysis showed 

that cyclohexane structure at the silica/liquid interface was very similar to that of a 

cyclohexane monolayer at the silica/vapor interface – that is with its C3 axis angled ~50-

70° from the surface normal. This behavior contrasts with that of methylcyclohexane, 

which was shown to have its methyl group’s C3 axis normal to the surface at the 

silica/vapor interface, but parallel to the surface at the silica/liquid interface. 1- and 2-

propanol were also studied because both molecules are polar and capable of hydrogen 
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bonding to surface silanol groups, but with very different molecular footprints. As with 

cyclohexane, the orientation of a 1-propanol monolayer at the silica/vapor interface 

persists at the silica/liquid interface. In both cases the molecules align with their methyl 

C3 axes normal to the surface. 2-propanol molecules, however, were observed to go from 

a geometry with the methyl C3 axis at an intermediate angle at the silica/vapor interface, 

to lying parallel to the surface at the silica/liquid interface. More interesting observations 

were made when studying methanol and ethanol at the silica interface. Methanol, which 

has a very strong vibrational signature at the silica/vapor interface, has no appreciable 

signature at the silica/liquid interface, a result we attribute to the second methanol layer 

adopting a geometry to weakly interact with the first layer’s exposed methyl groups. 

These interactions are thought to create a 2nd layer with methyl groups oppositely aligned 

with those of the first. This bilayer behavior has also been observed at the silica/ethanol 

interface where the methyl symmetric stretch seen at the vapor interface is “cancelled 

out” by the oppositely oriented methyl group of the second layer in the liquid phase. 

Collectively, these studies show how solvent structure and interphase forces lead to 

differences between bulk and interfacial solution phase behavior. Surface induced 

orientation and packing of molecules can influence local solvent density and affect the 

polarity of the near-surface solvent. 

 
Chapter 3. Solute Adsorption to 
Chemically Tailored Solid and Liquid Interfaces 
 

Chapter 3 focuses on ‘catch and release’ chemistry or ‘reversible adsorption’. The 

principle of catch and release chemistry is that surfaces can be functionalized so that they 
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promote adsorption of specific solutes under one set of conditions, and solute desorption 

(or ‘release’) can be triggered by a change in conditions. This research included 

collaboration with Dr. Mary Cloninger, a synthetic organic chemist at Montana State 

University, and Dr. Colin Bain a surface chemist at Durham University (UK). In this 

project, we functionalized silica substrates with various sized dedrimers having terminal 

β-cyclodextrin (β-CD) monomers in order to reversibly bind target analytes from 

aqueous solution. These functionalized surfaces were characterized using x-ray 

photoelectron spectroscopy and VSFS. Fluorescence spectroscopy was used to test the 

retention ability and binding efficiency of dyes to different generations of the 

dendron/β-CD functionalized surfaces. The studies showed that while all the 

functionalized surfaces adsorbed and retained the solute through multiple aqueous 

washes, the generation 1 functionalization (2 β-CD’s per 1 binding site) adsorbed 6 times 

more solute than the monomeric β-CD (1:1), and 2 times more than the generation 2 

functionalization (4:1). This apparent discrepancy is explained by the larger generation 

dendron having a footprint too large to allow access to all available β-CD monomers. 

 
Chapter 4. Partitioning of Binary Solvents 
at Solid/Liquid and Solid/Vapor Interfaces 
 
 Chapter 4 shows how the surface composition of binary mixtures enabled us to 

explore competition between adsorption mechanisms at both solid/vapor and solid/liquid 

interfaces. The system we have studied exhaustively is a binary solvent consisting of 

acetonitrile and methanol – two popular solvents with well-documented bulk and 

interfacial behavior. By varying the mole fractions of these two components (xi), 
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competitive adsorption processes were studied at both the silica/vapor and silica/liquid 

interfaces. At the silica/vapor interface, both molecules’ vibrational signatures were 

tracked as a function of xACN and then compared to the corresponding vapor composition 

predicted by a vapor-liquid equilibrium plot. Methanol was discovered to adsorb ideally 

to the silica surface whereas acetonitrile accumulated at the interface in excess of vapor 

phase composition. This behavior was rationalized by acetonitrile’s small footprint 

allowing it to adsorb around strongly associated methanol molecules. At the silica/liquid 

interface, methanol signal was markedly absent at all mole fractions. Furthermore, with 

increasing xACN, the acetonitrile signature grew to a maximum at a mole fraction of 

~0.85, after which it decreased drastically to the known value for neat acetonitrile. This 

behavior is ascribed to an acetonitrile bilayer of antiparallel pairs where one sublayer 

adsorbs around surface bound methanol molecules and accumulates in excess until a xACN 

of 0.85 is reached, after which the second sublayer begins to accumulate and displace the 

interfacial methanol molecules. 

 Chapter 4 also shows joint experimental results and computational simulations 

performed by collaborators at the University of California, Santa Cruz. This coupled 

approach to studying adsorption to solid/liquid interface was motivated initially by a 

surprising absence of SF signal at silica/methanol interfaces. Initial experiments 

compared the silica/methanol interface to the silica/ethanol interface to determine why 

methanol gave no SF signature, but a structurally similar solvent, ethanol, did. The results 

suggest that vibrational signatures (or lack thereof) depend on the population of an 

interlayer region between the first two solvent layers. Furthermore, the population in this 
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region is highly dependent on surface hydroxyl group concentration. Experiments were 

then performed using alumina substrates to show that a substrate with an increased 

density of interfacial –OH groups does arrange in a manner that allows methanol to 

display a SF signature. 

 
Chapter 5. Cooperative 
Adsorption at Liquid/Vapor Interfaces 
 

Chapter 5 examines cooperative adsorption of solutes at liquid/vapor interfaces. 

For this work, we collaborated with Dr. Hongfei Wang at Pacific Northwest National 

Laboratory to take advantage of their unique user facilities. In this research, we studied 

the ability of insoluble surfactants at the liquid/vapor interface to increase the near-

surface concentration of soluble species. Initial studies used 

dipalmitoylphosphatidylcholine (DPPC) as the surface-active surfactant and glucosamine 

as the water-soluble organic. VSFS studies show that glucosamine breaks up the order 

induced in interfacial water molecules by the surfactant. We believe this suppression is 

due to the glucosamine displacing the interfacial water. Furthermore, glucosamine has 

been shown to have a condensing effect on the DPPC monolayer. When a disordered low 

surface coverage monolayer is spread on a solution containing glucosamine, the 

conformational order of the alkane chains is enhanced when compared to the same 

monolayer on a neat water interface. 
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Chapter 6. Conclusions 
and Future Directions 
 

Chapter 6 offers general conclusions for the dissertation as a whole and offers 

promising directions for further research. The first section neatly summarizes each of the 

projects I worked on at Montana State University and presents the most interesting and 

insightful results from each one. Following the summary, I show data from experiments I 

have performed that were never published. These experiments are presented to provide a 

launchpad for more in depth studies. The primary directions recommended for future 

experimentation revolve around the interfacial organization and association of different 

binary mixture combinations and different solid substrates. 
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CHAPTER 2 
 
 

LIQUID ORGANIZATION AT POLAR 
 

SOLID/LIQUID INTERFACES 
 
 

2.1 Introduction 
 
 

 Solid surfaces force adjacent liquids to adopt structures not found in bulk 

solution. Liquid organization at a solid/liquid interface will depend sensitively on 

both geometric and dipolar considerations as well as differences between solvent-

solvent and solvent-substrate affinities. These effects can be subtle; small differences 

between these intra- and inter-phase interactions can have pronounced consequences 

that control how far into solution interfacial anisotropy extends and how properties of 

the interfacial liquid change from bulk limits. Surface effects on liquid structure can 

be inferred from macroscopic measurements, where tuning liquid-substrate 

interactions and measuring solid/liquid contact angles provide insight into the role 

played by dipolar and dispersive forces in solvent wetting.71-77 However, molecular 

insight requires that these interfaces be examined by methods that have intrinsic 

surface and molecular specificity. Studies described in this work use 2nd order 

nonlinear optical spectroscopy to examine how polar, hydrophilic silica surfaces 

affect liquid organization across the silica/liquid interface. Liquids have been chosen 

to explore how competition between liquid/substrate association and steric effects 

between liquid monomers at the surface impact monomer structure and orientation. 

Additional NLO experiments explore how this surface mediated liquid structure 
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affects interfacial solvation by recording effective excitation spectra of adsorbed 

solutes. These latter experiments highlight how a solvent’s dielectric properties at 

interfaces can differ substantially from what might be inferred from additive or mean-

field models.  

In the most general sense, liquids at solid/liquid interfaces can be categorized 

as being either weakly associating or strongly associating.78-80 Weakly associating 

liquids will interact with a solid substrate through induced dipole or dispersion forces. 

While weakly associating liquids may wet a polar substrate, they tend to do so 

incompletely and form films with measurable contact angles.81-83 Strongly associating 

liquids, in contrast, will completely wet a polar substrate due to hydrogen bonding or 

more general dipolar forces that promote liquid spreading. From these macroscopic 

observations and empirical parameterization,84, 85 one is left to infer details about 

liquid structure. 

From a molecular perspective, questions about liquid structure and 

organization at a solid/liquid interface can be nuanced. For example, x-ray scattering 

experiments performed by Doerr, et al. reported that the silicon oxide/liquid 

cyclohexane interface was characterized by a dense, solid-like cyclohexane layer in 

direct contact with the substrate followed by a reduced density region that extended 

~3-4 nm into the bulk.86 n-Decane density at the same solid surface approached bulk 

values in only one solvent layer and showed no further anomalies as a function of 

distance away from the solid surface. In contrast to both cyclohexane and n-decane, 

n-hexane experienced significant solvent depletion within the first solvent layer and 
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this low-density region persisted ~3 nm into bulk solution. These results were 

interpreted in terms of differences between liquid packing densities (ρ*)86 with 

cyclohexane being able to form much denser films than either decane or hexane. Data 

from surface force apparatus measurements also showed that n-alkanes (n ≥ 8) formed 

layered structures when confined between silica and mica surfaces whereas thin liquid 

films of branched alkanes were much more unstable and were readily expelled from 

between the two surfaces.86-90 Again, data were interpreted with “geometric” 

explanations that considered solvent packing and organization as the primary 

contributors to liquid behavior at an interface. 

While liquid organization at solid/liquid alkane interfaces appears to depend 

sensitively on molecular shape, strongly associating liquids such as alcohols, amines, 

and nitriles will exploit dipole-dipole interactions and hydrogen bonds between the 

liquid and the substrate to create regions having structural and dynamic properties 

that differ significantly from bulk liquid limits. AFM measurements of alcohol 

solutions at the silica surface report that n-alcohols with n > 3 stand upright and form 

hydrophobic films at the solid/liquid interface.91, 92 At the related silica/methanol 

interface, surface specific vibrational spectra imply that methanol forms a tightly 

coordinated bilayer structure where methyl groups from the first, hydrogen bonded 

solvent layer point away from the silica surface and methyl groups from the second 

solvent layer are directed towards the silica surface. Effects from the silica surface on 

methanol structure are assumed to extend no further than two solvent layers into bulk 

solution.93 This picture contrasts with combined experimental and theoretical studies 
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of acetonitrile at the silica/acetonitrile solid/liquid interface.94 Experimental and 

simulation data both showed that the first layer of acetonitrile accepted strong 

hydrogen bonds from the surface silanol groups, and this first layer served to template 

repeating bilayer structure in the liquid that extended multiple layers into the bulk. 

Liquid structure that has been altered by a surface will have different solvating 

properties than in the bulk where solvent species are free to organize without 

anisotropic constraints. In this context, solvation describes the noncovalent 

interactions a solute has with its surroundings. Numerous spectroscopic studies and 

simulations report that local dielectric properties, hydrogen bonding opportunities and 

reorientation dynamics sampled by solutes adsorbed to silica/liquid interfaces differ 

significantly from bulk solution limits.2, 80, 95-101 Many of the experimental results, 

however, are rationalized in terms of assumed or anticipated solvent organization 

rather than directly measured structure. For example, slow solute reorientation at the 

silica/butanol102 and sapphire/butanol103 interfaces has been attributed to a restrictive 

environment created by strong hydrogen bonding between the liquid and the solid 

substrate, but solvent structure has not been measured directly. Similarly, several 

studies have examined solvatochromatic shifts in a solute’s excitation wavelength to 

infer details about the local polarity at and across solid/liquid interfaces.104-106 Again, 

however, conclusions about why a given solid/liquid interface is more or less polar 

than a bulk solution limit often rely upon inferences drawn from bulk liquid studies or 

simulations. 
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 Findings reported in this chapter couple spectroscopic studies of liquid structure 

and organization at the silica/liquid interface with findings that describe the interfacial 

dielectric environment sampled by adsorbed solutes. The liquids chosen in this work 

include two strongly associating solvents, 1- and 2-propanol and two weakly associating 

liquids, cyclohexane and methylcyclohexane (Figure 2.1A). Each pair of liquids were 

chosen because differences in intermolecular steric interactions were expected to 

influence liquid monomer organization and solvation at silanol-terminated, polar silica 

surfaces. While surface specific vibrational sum frequency generation (VSFG) 

experiments show that a liquid’s molecular structure and intraphase forces play the 

strongest role in determining if monomolecular films adsorbed to the solid/vapor 

interface retain their structure when a saturated vapor is replaced by the neat liquid, 

resonance enhanced second harmonic generation (SHG) data from coumarin 152 (C152) 

(Figure 2.1B) provide clear evidence that local polarity across a solid/liquid interface 

depends primarily on interactions between the liquid and the substrate. If the silica-liquid 

interactions are strong, then the solute will sample a polarity that is sensitive to the 

anisotropic solvent structure induced by the silica substrate. If, however, silica-solute 

interactions are stronger than those between the silica and the liquid, then a solute’s 

interfacial polarity will be dominated by the surface silanol groups. 
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Figure 2.1 Solvents studied in this work are shown in (A); solvation effects were studied 
using 7-dimethylamino-4-(trifluoromethyl)coumarin (C152) shown in (B). 
 
 

2.2 Experimental 
 
 

Anhydrous methylcyclohexane was purchased from Sigma Aldrich, >99% 

cyclohexane was purchased from Acros, HPLC grade 2-propanol was received from 

EMP, and the 1-propanol was purchased from Fisher. Laser grade coumarin 151 and 

coumarin 152 were obtained from Exciton. All liquids and solutes were used as received. 

Silica slides from SPI Inc. were cleaned using a 50/50 (by volume) sulfuric/nitric acid 

mixture and rinsed thoroughly with deionized water (Milipore, 18.2 MΩ). Slides were 

then affixed in the sample cell in direct contact with either a vapor phase saturated with 

the appropriate liquid vapor or a liquid phase containing a pure liquid or a solution with a 

given coumarin solute. 

VSFG and SHG experiments employ a Libra-HE Ti:sapphire laser (Coherent, 

3.3W 85 fs pulse duration, 1kHz repetition rate) coupled to a visible optical parametric 
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amplifier (Coherent OPerA Solo) to generate visible and IR light. VSFG experiments 

were performed with the co-propagating IR and visible fields with both fields passing 

through the 0.5 mm silica slide and the signal being detected in the reflected direction. 

The IR wavelength was tuned from 3.2 to 3.7 µm in 0.5 µm increments and the IR field 

was focused onto the sample at an angle of 73° with respect to normal. The visible beam 

was spectrally stretched and sliced using an 1800 g/mm grating and variable width slits 

resulting in a spectrally narrowed visible beam (20 cm-1). After passing through two 

different delay stages, this beam was focused onto the surface at an angle of 67° with 

respect to normal. When the IR and visible fields were spatially and temporally 

overlapped, sum frequency signal was generated and directed into a monochromator 

(SpectraPro-300i, Acton Research Corporation) where it was dispersed onto a 1340x100 

pixel CCD (PIXIS100B, Princeton Instruments). SFG spectra were combined and 

normalized to a nonresonant gold system response using homemade routines written in 

Igor Pro (v.6). More detailed descriptions of VSFG theory and the apparatus used for 

these experiments can be found in Chapter 1. Resonance-enhanced SHG signal was 

collected using a PMT and photon counting electronics. Incident power of the visible 

light before the sample ranged from 0.5 mW to 3.5 mW and for the solute used in these 

studies, C152, SHG experiments covered a SH wavelength range of 350-408 nm. All 

SHG experiments and data analysis were performed by Dr. Lauren Woods. Additional 

details about the SHG assembly can be found in previous reports.104, 106 
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2.3 Results and Discussion 
 
 
2.3.1 Neat Solvents 
 

VSFG was used to examine the structure of the four different liquids at the polar, 

silica surface. Of particular interest was how well the structure of a thin film formed from 

a saturated vapor described the structure of the interfacial liquid at a buried solid/liquid 

interface. Films that retained the same structure when the vapor was replaced by a liquid 

were assumed to enjoy strong lateral interactions between adsorbed solvent monomers. 

Films that underwent significant reorganization at the solid/liquid interface were subject 

to weaker solvent monomer-monomer and correspondingly stronger solvent monomer-

substrate interactions at the interface. By examining the polarization dependent VSFG 

band intensities, each liquid’s interfacial organization at the silica surface was 

determined. 

 
 2.3.1a: 1- and 2-propanol. Figure 2.2 shows VSFG spectra acquired from 1-

propanol at both silica/vapor and silica/liquid interfaces using two different polarization 

combinations. 
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Figure 2.2 SFG Spectra of 1-propanol at the silica/vapor (top) and silica/liquid (bottom) 
interface in both the ssp and sps polarization combinations. 
 
 

Four vibrations are apparent in the 1-propanol silica/vapor ssp spectrum at 

2853 cm-1, 2876 cm-1, 2910 cm-1, and 2941 cm-1. The two largest features are assigned to 

the CH3 symmetric stretch (2876 cm-1) and a CH3 Fermi resonance (2941 cm-1).107-109 

These two assignments leave the remaining two peaks (2853 cm-1, and 2910 cm-1) to be 

assigned to the CH2 symmetric and antisymmetric stretch, respectively.107 The 
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solid/vapor sps spectrum has two main features at 2910 cm-1 and 2956 cm-1. These two 

features are assigned to the CH2 antisymmetric stretch and the CH3 antisymmetric stretch, 

respectively. A broad feature at 2854 – 2894 cm-1 is also apparent, and may contain 

contributions from both the CH2 and CH3 symmetric stretches. The appearance of these 

bands show that the 1-propanol is standing near vertical with the C3 axis of the terminal 

methyl group aligned close to the surface normal, similar to the structure first reported by 

Barnette and Kim.110, 111 While significantly attenuated, a similar pattern appears in the 

solid/liquid ssp spectrum, leading us to believe that 1-propanol structure observed at the 

solid/vapor interface persists at the solid/liquid interface. 

Equivalent measurements were made with 2-propanol. These spectra are shown in 

Figure 2.3. 
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Figure 2.3 SFG spectra of 2-propanol at the silica/vapor (top) and silica/liquid (bottom) 
interface in both the ssp and sps polarization combinations. 
 
 
Four assignments can be made for the ssp silica/2-propanol vapor spectrum. The methyl 

symmetric stretch at 2876 cm-1 and the Fermi resonance at 2945 cm-1 both match 

corresponding functional group assignments from the 1-propanol spectrum. Additionally, 

the 2-propanol ssp silica/vapor spectrum shows a feature at 2919 cm-1 corresponding to 

the isolated CH methine oscillator, and the methyl antisymmetric stretch at 2962 cm-1. 
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Wang and co-workers proposed that the methine stretch is shifted from its normal 

frequency of ~2900 cm-1 due to its close proximity to 2-propanol’s alcohol group.107 

Similar effects have been reported for the CH2 groups in ethylene glycol.112 The sps 

solid/vapor spectrum shows only the methyl antisymmetric stretch at 2961 cm-1 with a 

broad feature covering both the methyl symmetric stretching and methine stretching 

regions. Taken together, features in the ssp and sps silica/vapor spectra indicate that the 

methyl C3 axes of 2-propanol adsorbed from the vapor are directed at an angle relative to 

the surface normal so that both the symmetric and antisymmetric methyl stretches appear. 

This orientation is in contrast to how 2-propanol positions itself at the silica/liquid 

interface. Figure 2.3 shows that all the features in sps polarization disappear, and in the 

ssp spectrum, the CH3 symmetric stretch is significantly attenuated while the relative 

intensities are shifted in the three mode combination peak comprised of the CH stretch 

(2918 cm-1), CH3 Fermi resonance (2946 cm-1), and the CH3 antisymmetric stretch (2965 

cm-1). (We note that this broad feature may also contain several different contributions 

assigned nominally to a non-degenerate methyl antisymmetric stretch and not to a methyl 

Fermi resonance given the absence of a CH3 symmetric stretch.) The shifting intensities 

show that the 2918 cm-1 mode has grown with respect to the other two high frequency 

modes, implying that the CH bond has aligned itself to be more perpendicular to the 

surface. This pattern of spectral intensities suggests that at the silica/liquid interface, 2-

propanol molecules lie at an angle with their methyl C3 axes parallel to the silica surface 

and with the lone C-H bond pointing almost normal to the surface. 
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 2.3.1b: Cyclohexane and methylcyclohexane. Figure 2.4 shows VSFG spectra of 

cyclohexane adsorbed to the silica/vapor interface and at the silica/liquid cyclohexane 

interface. One might be surprised that cyclohexane gives rise to an SFG signal at all. 

Previous studies have shown that at room temperature, >99% of all cyclohexane 

monomers are in the chair conformation.113, 114 Because the more energetically stable 

chair conformer has a center of inversion (D3d point group symmetry), mutual exclusion 

considerations require that modes can not be both Raman and IR active and therefore 

cyclohexane should not give rise to a SFG spectrum. 
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Figure 2.4 SFG spectra of cyclohexane at the silica/vapor (top) and silica/liquid (bottom) 
interface in both the ssp and sps polarization combinations. Silica/liquid spectra have 
been smoothed using a 2-point box average. 
 
 

The significant SFG signal seen in Figure 2.4 shows clearly that molecular point 

group symmetry must be broken at the interface. This phenomenon has also been 

observed with other centrosymmetric molecules and most notably with benzene.115, 116 

Recent work reported by Morita and co-workers used molecular dynamics simulations 

and quantum chemical calculations to calculate the origin of benzene’s strong SFG 
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response. The authors concluded that SF activity was due to a breakdown of the normal 

mode description of benzene’s –CH stretching vibrations. In the local mode picture that 

emerged, benzene’s SF activity arose from a mixing of IR and Raman active vibrations to 

produce vibrational motions with nonzero changes in benzene’s molecular dipole and 

polarizability. 

While we cannot discount the fact that the SF activity of cyclohexane might also 

arise from a breakdown of cyclohexane’s normal mode vibrational structure, we also 

cannot deduce, a priori, what coordinates will be involved in the new local mode 

vibrations. Consequently, SF active vibrational modes for silica/cyclohexane vapor and 

silica/cyclohexane liquid are assigned based on experiments and computational 

calculations by Wiberg et al.,117-119 Keefe et al,120 and others.121-123 In the 

silica/cyclohexane vapor ssp spectrum, two main features are evident, with two smaller 

features appearing as shoulders. The two main peaks at 2856 cm-1 and 2943 cm-1 have 

been assigned previously to the CH2 symmetric and antisymmetric stretching modes, 

respectively. Both of these modes have A1g symmetry, and can also be modeled by 

recasting cyclohexane C-H vibrations into C-Haxial vibrations and C-Hequatorial vibrations. 

Using this model, the low frequency mode corresponds predominantly to the stretching of 

the axial protons while the high frequency mode corresponds predominantly to the 

vibrational motion of the equatorial protons. Using the axial/equatorial model, the two 

shoulders at 2871 cm-1 and 2927 cm-1 are assigned to two doubly degenerate modes with 

Eg symmetry. 
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 The two A1g modes are also visible in the sps spectrum albeit with weaker 

intensity and less resolution. Appearance of the same vibrational features in both ssp and 

sps spectra indicates that the interfacial molecules are aligned with the relevant IR 

transition moments projected at some intermediate angle between the surface normal and 

the surface plane. Assigning the low frequency modes in the VSFG spectrum to 

symmetric methylene vibrations and the high frequency modes to anitsymmetric 

methylene modes, we use methods developed by Wang and coworkers to estimate the 

average orientation of cyclohexane monomers adsorbed to the surface.112 This analysis 

suggests that cyclohexane’s C3 axis is canted ~50-70° away from the surface normal. At 

the silica/liquid interface, the same four vibrational features are visible in the ssp 

spectrum although the relative intensities of specific bands change. A change in the 

relative intensities suggests some degree of structural reorganization at the solid/liquid 

interface, but again the vibrations assigned to the equatorial CH bonds are stronger, 

implying that cyclohexane’s organization at the silica surface has changed very little. The 

sps spectrum shows no obvious features. This picture of cyclohexane structure at the 

silica surface is consistent with expectations based on previously mentioned X-ray 

scattering data from Doerr, et al.86 These studies concluded that at the silicon oxide/liquid 

cyclohexane interface, the first layer of cyclohexane formed a very dense film that was 

followed by a region of depleted solvent density. If adjacent cyclohexane layers at the 

silica surface associate with each other only weakly, then the structure adopted by 

cyclohexane at the solid/vapor interface is likely to persist when the vapor phase is 

replaced by the neat liquid. 
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 As with cyclohexane, methylcyclohexane is most stable in its chair conformation. 

The methyl group can therefore be in either an axial or an equatorial position.124 Many 

sources have both experimentally and computationally found methylcyclohexane’s axial-

equatorial conformational energy difference to be ~7-8 kJ/mol.125-129 From this value, 

calculations show that at room temperature in solution, most (~95%) methylcyclohexane 

monomers will have the methyl group in an equatorial position. One important distinction 

between methylcyclohexane and cyclohexane is that the methyl group of 

methylcyclohexane reduces the symmetry of this molecule from D3d to Cs and all 

molecular vibrations become SFG symmetry allowed. 
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Figure 2.5 SFG spectra of methylcyclohexane at the silica/vapor (top) and silica/liquid 
(bottom) interface in both the ssp and sps polarization combinations. Silica/liquid spectra 
have been smoothed using a 2-point box average. 
 
 

The silica/methylcyclohexane spectra shown in Figure 2.5 have three distinctive 

features in the ssp polarization combination, and two broad features in the sps 

combination that can be attributed to multiple vibrational modes. Assignment of 

vibrational features in methylcylohexane’s SFG spectra are based on bulk vibrational 

experiments and computer simulations ran by Gardiner et al.127 and Durig et al.124 Bands 
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in the ssp spectrum at 2845 cm-1, 2876 cm-1, and 2938 cm-1 are assigned to symmetric 

CH2 stretching, symmetric CH3 stretching, and antisymmetric CH2 stretching, 

respectively. The sps spectrum is more difficult to interpret. Both CH2 symmetric (2854 

cm-1) and CH3 symmetric (2878 cm-1) stretching may contribute to the broad, low 

frequency feature. The higher frequency feature contains both the CH2 antisymmetric 

mode (2940 cm-1) and CH3 antisymmetric mode (2951 cm-1). Our approach to determine 

methylcyclohexane orientation at the silica/vapor surface relies on the orientation of the 

methyl symmetric and antisymmetric IR transition dipoles and the polarization 

combinations that enable these features to appear in spectra. Since the antisymmetric 

stretch appears predominantly in the sps polarization and the symmetric stretch appears 

primarily in the ssp polarization, we conclude that the equatorial methyl group’s C3 axis 

is directed almost normal to the surface meaning the methylcyclohexane is standing on 

end. This result contrasts with the orientation of methylcyclohexane at the silica/liquid 

interface. In the liquid ssp spectrum the only feature that appears is very weak and is 

located 2952 cm-1. Based on previous work, this feature is assigned to the CH3 

antisymmetric stretch. The sps spectrum on the other hand shows one distinct feature, a 

strong CH2 antisymmetric stretch at 2920 cm-1. The sps spectrum also contains a hint of 

intensity at 2866 cm-1 that could be due to either the CH3 symmetric or CH2 symmetric 

stretch, although this assignment should be considered tenuous. Nevertheless, the features 

observed in the solid/liquid spectra imply that methylcyclohexane molecules are lying 

flat at the silica/liquid interface with the methyl group’s C3 axis aligned parallel to the 

surface. 
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2.3.2 Solid/Liquid Interfaces and Interfacial Solvation 
 
 Of the liquids chosen in this work, 1- and 2-propanol are protic and polar with 

dielectric constants of 20.45 and 19.92, respectively. In contrast, cyclohexane and methyl 

cyclohexane are nonpolar, having static dielectric constants of 2.02. The polarity of the 

propanol isomers derives from the alcohol functional group and correspondingly large 

molecular dipole. Both cyclohexane and methylcyclohexane can only interact with 

solutes through van der Waals and dispersive forces. When considering solvation at a 

solid/liquid interface, one needs to consider not only how a solute adsorbs to the solid 

surface, but also how the solute associates with surrounding solvent given to the 

constraints of surface anisotropy. 

 To probe solvent polarity at the silica/liquid interfaces described above, SHG 

spectra of C152 (Figure 2.1) were measured to determine the effective excitation 

wavelengths. C152 belongs to the family of 7-aminocoumarins, a collection of solutes 

whose bulk solution photophysical properties have been extensively documented.2, 130, 131 

C152 undergoes a +4 D change in molecular dipole upon photoexcitation meaning that 

this solute exhibits a bathochromic solvatochromic behavior or a red-shift in its excitation 

spectra with increasing solvent polarity. This behavior is illustrated in Figure 2.6 using 

excitation wavelengths measured in our laboratory and also reported by Pal, et al. (Figure 

2.6)130, 131 



48 
 

 
 

 

Figure 2.6 Solvatochromic behavior of C152 in bulk solutions, solvents are organized by 
the Onsager polarity function f(ε). Solvent abbreviations are as follows: hexane (hex), 
cyclohexane (chex), methylcyclohexane (mchex), octanol (OctOH), ethanol (EtOH), 
methanol (MeOH), and acetonitrile (ACN), 1-propanol (1-prop), 2-propanol (2-prop), 
and water (H2O). Excitation wavelengths were collected in our laboratory and/or 
reported by Pal et.al.130 
 

SHG spectra of C152 adsorbed to the silica/ 1- and 2-propanol interfaces are 

shown in Figure 2.7. Some of the noise in the data between 355-365 nm arose from a 

necessary switch between filter sets. SHG data in this region were all normalized to the 

non-resonance response of a clean gold surface. The data show clear resonance 

enhancement at shorter wavelengths. Fitting the spectra results in excitation wavelengths 

of 356 ± 2 and 352 ± 2 nm for 1-propanol and 2-propanol, respectively. For reference the 

excitation wavelength of C152 in bulk 1- and 2-propanol is 398 nm. In fact, the SHG data 

show that C152 adsorbed to the silica/ 1- and 2-propanol interfaces samples an 

environment that is even less polar than bulk alkane solvents. 
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 Such behavior is not unprecedented. Earlier studies of solvent polarity across 

strongly associating silica/n-alcohol and aqueous/n-alcohol interfaces reported the 

existence of extremely nonpolar environments for n ≥ 8.96, 132, 133 Experiments using 

variable length surfactants that systematically varied solute location across the interface 

suggested that the width of this nonpolar region extended approximately one solvent 

length away from the surface.132 The origin of this low dielectric region had been 

attributed to a paucity of hydrogen bonding across the interfacial region. If the propanol 

isomers hydrogen bond strongly to the silica surface forming a nonpolar film, then any 

adsorbed solutes will experience an environment that is significantly less polar than the 

bulk liquid. Furthermore, if solvent density experiences partial depletion or 

conformational restrictions relative to bulk limits, then the local dielectric environment 

can be even rarer than in solutions of alkanes. This picture is consistent with the proposed 

organization of 1- and 2-propanol at the silica/liquid interface deduced from VSFG data 

presented above. 
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Figure 2.7 SHG spectra of C152 in polar solvents (1-prop and 2-prop). The peak 
wavelengths were found to be 356 nm and 352 nm for 1- and 2-propanol respectively. 
The resonance wavelengths fall out of the range of the solvatochromatic window, shown 
here with the blue (alkane limit) and red (polar limit) dashed lines. See text for details 
and explanation. 
 

 Interfacial polarity at the silica/cyclohexane and silica/methylcyclohexane 

interfaces is radically different from the silica/propanol systems (Figure 2.8). SHG 
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spectra of C152 adsorbed to both of these silica/alkane interfaces report excitation 

wavelengths of 399 ± 2 nm, data that fall near the long-wavelength, polar edge of C152’s 

solvatochromic window. Unlike cyclohexane and methylcyclohexane, C152 can associate 

with surface silanol groups through dipole-dipole interactions. The solvatochromic 

behavior of C152 does not allow us to discern whether or not dipolar association between 

C152 and the surface involves hydrogen bond donation or acceptance from the surface 

silanol groups. In bulk polar media, C152’s excitation wavelength is ~400 nm regardless 

of whether the solvent is a strong hydrogen bond donor (such as H2O) or acceptor (such 

as DMSO). Instead, all one can deduce from the SHG spectra and C152’s bulk solution 

behavior is that C152 solvation at the silica/cyclohexane and silica/methylcyclohexane 

interfaces is dominated by a distinctly polar environment likely created by the high 

density of surface silanol groups. If hydrogen bonding interactions between the surface 

silanols and C152’s carbonyl (in the 2- position) and/or tertiary amine (in the 7- position) 

are strong enough to displace interfacial solvent species, then the extremely polar 

environment reported by C152 adsorbed to these silica/alkane interfaces can be can 

assigned to strong substrate/solute interactions. 
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Figure 2.8 SHG spectra of C152 in nonpolar solvents (chex and mchex). The peak 
wavelengths were found to be 400 nm for both solvents. The resonance wavelength was 
near the polar limit, C152 appears to be sampling an environment similar to bulk 
methanol. The solvatochromatic window is shown here with the blue (alkane limit) and 
red (polar limit) dashed lines. 
 
 
 An alternative explanation for the polar environment sampled by C152 at the 

silica/alkane interfaces is that the C152 is simply solvated by thin layer of water bound to 
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the silica surface itself. (For reference, the excitation wavelength of C152 in aqueous 

solution is 398 nm.) Thin water films have been reported by Schlangen and others and we 

cannot discount the possibility that adventitious water might be present at the 

silica/alkane interfaces sampled in this work. 41, 42 Several independent observations, 

however, lead us to believe that trace interfacial water is not playing a significant role in 

either liquid organization or interfacial solvation. First, water adsorbed to a silica surface 

shows a strong broad SFG signal centered at 3140 cm-1.134-136 This feature is assigned to 

tetrahedrally coordinated water in a strong hydrogen bonding environment. SFG spectra 

reported in Figures 4 & 5 show little evidence of a strong feature at high frequencies. 

 Second, C152’s solvatochromic behavior in polar solvents is sensitive primarily 

to polarity (a nonspecific solvation mechanism). Functional-group specific solvation 

interactions such as hydrogen bond donation or acceptance do not significantly affect 

excitation wavelengths. In contrast, coumarin 151 (C151), the 1˚ amine analog to C152, 

is extremely sensitive to specific solvation effects. In polar solvents such as acetonitrile 

and methanol, C151’s λexc is ~380-390 nm. In strong hydrogen bond accepting solvents 

such as DMSO, λexc for C151 is red shifted to 412 nm and in solvents capable of donating 

strong hydrogen bonds such as water, λexc shifts to shorter wavelengths (369 nm). Such 

effects have been explored previously and can be understood in terms of hydrogen 

bonding at the amine position. In the current context, these differences in solvatochromic 

behavior can serve as a sensitive indicator of hydrogen bonding opportunities for the 

adsorbed solute. 
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 Figure 2.9 shows the SHG spectrum of C151 adsorbed to the silica/cyclohexane 

interface. Like C152, C151’s SHG spectrum is shifted to longer wavelengths and is 

remarkably narrow. This result implies that C151 is sensitive to the high dipole density 

presented by the silica surface and is likely to be donating hydrogen bonds to surface 

silanols. Were significant water present at the silica/cyclohexane interface, we would 

expect C151 to show an SHG resonance closer to the 369 nm aqueous limit. 

 

 
Figure 2.9 SHG spectral data of 4µM coumarin 151 (shown as inset) in cyclohexane. The 
resonance wavelength (400 +1 nm) is red shifted from the polar limit (red dashed line). 
The solvatochromatic behavior of C151 in nonpolar solvents is shown by the blue dashed 
line. For reference, the excitation wavelength of C151 in water is included at 369nm. 
Also, despite the ~390 nm cutoff in the spectrum shown above, SHG data were acquired 
at wavelengths as short as 358 nm without any sign of an additional electronic resonance. 
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 Table 2.1 lists the SHG data for C152 adsorbed to all four silica/liquid interfaces. 

Included in the table are SHG resonance wavelengths and linewidths. Also included are 

the concentrations of the bulk solutions. 

 
Solvent λmax  

(nm) 
Γ 

(nm) 
[C152 ] 

(uM) 
Chex 399+1 11 + 2 14.00 

Mchex 399+1 13 + 2 31.10 
1-prop 356+2 22 + 3 279.90 
2-prop 352+2 23 + 3 108.86 

 
Table 2.1 SHG spectral data collected for coumarin 152. Included in this table are the 
resonance wavelength peak (λmax), the linewidth (Γ), and the concentration of coumarin 
152 in solution. The solvents of study are cyclohexane (chex), methylcyclohexane 
(mchex), 1-propanol (1-prop), and 2-propanol (2-prop). 
 
 
 Several observations warrant mentioning. First, the interfacial polarity reported by 

adsorbed C152 tracks inversely with bulk solvent polarity: silica/propanol interfaces 

appear extremely nonpolar to adsorbed C152 solutes while silica/cyclohexane interfaces 

provide a local polarity consistent with what one would expect of high dielectric solvents. 

These observations are particularly interesting when considered alongside the SFG 

results. Even though the two alcohols exhibit different behavior at the interface (1-

propanol maintains its ordered structure at both the silica/vapor and silica/liquid interface 

whereas 2-propanol reorients itself to lay in the plane of the surface at the silica/liquid 

interface), both solvents create the same, nonpolar solvation environment for adsorbed 

C152. The two cyclic alkanes also provide similar solvation environments even though 

cyclohexane forms a dense tightly packed region at the silica/liquid interface and 

methylcyclohexane adopts a measurably different organization at the same interface. 
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These results indicate that for the systems studied in these experiments, the solvation 

environment created for solute molecules depends more on a solvent’s functional group 

composition and association with the interface than with other solvent molecules. Even 

though both alcohols have vastly different molecular structures, their hydrogen bonding 

to the silica produces a nonpolar solvation environment. Similarly, even though both 

alkanes have markedly different interfacial organizations, since neither interacts with the 

surface hydroxyl groups, both allow solutes to associate with the high surface dipole 

coverage and sample a correspondingly polar solvation environment. Another interesting 

observation is that SHG linewidths are closely correlated with SHG resonance 

wavelengths. SHG linewidths at the nonpolar, silica/propanol interfaces are ~20 nm 

(FWHM) a result that is more narrow than excitation linewidths in bulk solution 

(~40 nm) but consistent with previously reported SHG spectra. At the polar silica/alkane 

interfaces, however, the SHG linewidths are remarkably narrow at ~12 nm. The origin of 

this effect is uncertain, but if C152 adsorbs to the silica surface by accepting hydrogen 

bonds through both the 2- position carbonyl and 7- position amine and if the surrounding 

solvent monomers are restricted in their motion (which is shown to be the case for at least 

cyclohexane), then the narrow linewidths may reflect a very low degree of 

inhomogeneous broadening. Finally, we note that the bulk solution C152 concentrations 

required to create a surface excess sufficient to measure with SHG were very different 

between the propanols and cyclohexanes. In both instances, these concentrations 

corresponded to what was needed to form full monolayer coverage. 
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2.4 Conclusion 
 
 

Experiments described in this chapter examine the structure of four different 

liquids at the silica/liquid interface. Data from surface specific nonlinear vibrational 

spectra are used to determine the structure and organization of cyclohexane, 

methylcyclohexane, and 1- and 2- propanol; and resonance enhanced second harmonic 

spectra measure how a liquid’s solvating properties at the interface differs from bulk 

solution limits. Two important findings emerge from these studies. 

1. High registry between liquid monomers at the silica surface leads to a retention of 

film structure of monolayers adsorbed to the silica/vapor interface when the 

saturated vapor is replaced by the neat liquid. Conversely liquid monomers that 

can not pack together efficiently undergo large structural reorganization when the 

saturated vapor is replaced by the neat liquid. 

2. Interfacial solvation depends less on solvent monomer structure and more upon 

the noncovalent associations between the interfacial liquid and the adjacent 

substrate. As a result, the least polar liquids studied in this work, cyclohexane and 

methylcyclohexane create surprisingly polar environments at the silica/alkane 

interface, whereas 1- and 2-propanol form interfacial regions having interfacial 

polarity less than that of what one observes in bulk alkanes. 

Since both 1- and 2- propanol –OH dipoles hydrogen bond strongly to the 

substrate, adsorbed C152 molecules experience a nonpolar environment and have limited 

hydrogen bonding opportunities. This conclusion is supported by the surface vibrational 

spectra. Cyclohexane and methylcyclohexane associate only weakly with the silica 



58 
 

 
 

surface through van der Waals and dispersion forces. As a result, adsorbed C152 can 

associate with the silica surface through stronger dipole/dipole interactions and sample a 

much more polar environment than it would were it solvated in bulk alkane solution. 



59 
 

 
 

2.5 References 

 
2. Roy, D.; Piontek, S.; Walker, R. A., Surface Induced Changes in Coumarin 
Solvation and Photochemistry at Polar Solid/Liquid Interfaces. Physical Chemistry 
Chemical Physics. 2011, 13, 14758-14766. 

71. Beaglehole, D.; Christenson, H. K., Vapor Adsorption on Mica and Silicon - 
Entropy Effects, Layering, and Surface Forces. J. Phys. Chem. 1992, 96, 3395-3403. 

72. Schlangen, L. J. M.; Koopal, L. K.; Stuart, M. A. C.; Lyklema, J.; Robin, M.; 
Toulhoat, H., Thin Hydrocarbon and Water Films on Bare and Methylated Silica - Vapor 
Adsorption, Wettability, Adhesion, and Surface Forces. Langmuir. 1995, 11, 1701-1710. 

73. Koopal, L. K., Wetting of Solid Surfaces: Fundamentals and Charge Effects. 
Advances in Colloid and Interface Science. 2012, 179, 29-42. 

74. Horng, P.; Brindza, M. R.; Walker, R. A.; Fourkas, J. T., Behavior of Organic 
Liquids at Bare and Modified Silica Interfaces. J. Phys. Chem. C. 2010, 114, 394-402. 

75. Tavana, H.; Neumann, A. W., Recent Progress in the Determination of Solid 
Surface Tensions from Contact Angles. Adv. Colloid Interface Sci. 2007, 132, 1-32. 

76. Vazquez, R.; Nogueira, R.; Busquets, S.; Mata, J. L.; Saramago, B., Wetting 
Films of Polar and Nonpolar Liquids. Journal of Colloid and Interface Science. 2005, 
284, 652-657. 

77. Fowkes, F. M., Determination of Interfacial Tensions, Contact Angles, and 
Dispersion Forces in Surfaces by Assuming Additivity of Intermolecular Interactions in 
Surfaces. J. Phys. Chem. 1962, 66, 382. 

78. Bonnet, J. C.; Pike, F. P., Surface Properties of 9 Liquids. Journal of Chemical 
and Engineering Data. 1972, 17, 145-&. 

79. Suppan, P., Solvatochromic Shifts - the Influence of the Medium on the Energy of 
Electronic States. Journal of Photochemistry and Photobiology a-Chemistry. 1990, 50, 
293-330. 

80. Brindza, M. R.; Walker, R. A., Differentiating Solvation Mechanisms at Polar 
Solid/Liquid Interfaces. J. Am. Chem. Soc. 2009, 131, 6207-6214. 

81. Chibowski, E.; Holysz, L., Use of the Washburn Equation for Surface Free-
Energy Determination. Langmuir. 1992, 8, 710-716. 

82. Chibowski, E.; Holysz, L., On the Use of Washburn's Equation for Contact Angle 
Determination. Journal of Adhesion Science and Technology. 1997, 11, 1289-1301. 



60 
 

 
 

83. Horr, T. J.; Ralston, J.; Smart, R. S., The Use of Contact-Angle Measurements to 
Quantify the Adsorption Density and Thickness of Organic-Molecules on Hydrophilic 
Surfaces. Colloids and Surfaces A - Physicochemical and Engineering Aspects. 1995, 97, 
183-196. 

84. Correa, R.; Saramago, B., On the Calculation of Disjoining Pressure Isotherms for 
Nonaqueous Films. Journal of Colloid and Interface Science. 2004, 270, 426-435. 

85. Levinson, P.; Valignat, M. P.; Fraysse, N.; Cazabat, A. M.; Heslot, F., An 
Ellipsometric Study of Adsorption-Isotherms. Thin Solid Films. 1993, 234, 482-485. 

86. Doerr, A. K., M. Tolan, J.P. Schlomaka, W. Press, Evidence for Density 
Anomalies of Liquids at the Solid/Liquid Interface. Europhysics Letter. 2000, 52, 330-
336. 

87. Christenson, H. K., D.W.R. Gruen, R.G. Horn, Structuring in Liquid Alkanes 
between Solid Surfaces: Force Measurements and Mean-Field Theory. J. Chem. Phys. 
1987, 87, 1834-1841. 

88. Gao, J. P., W.D. Luedtke, U. Landman, Structure and Solvation Forces in 
Confined Films: Linear and Branched Alkanes. J. Chem. Phys. 1997, 106, 4309-4318. 

89. Christenson, H. K., Phase Behavior in Confinement Studied with a Surface Force 
Apparatus. Journal of Dispersion Science and Technology. 2006, 27, 617-624. 

90. Wang, Y.; Hill, K.; Harris, J. G., Comparison of Branched and Linear Octanes in 
the Surface Force Apparatus - a Molecular-Dynamics Study. Langmuir. 1993, 9, 1983-
1985. 

91. Mikulski, P. T.; Herman, L. A.; Harrison, J. A., Odd and Even Model Self-
Assembled Monolayers: Links between Friction and Structure. Langmuir. 2005, 21, 
12197-12206. 

92. Kanda, Y.; Iwasaki, S.; Higashitani, K., Adhesive Force between Hydrophilic 
Surfaces in Alcohol-Water Solutions. Journal of Colloid and Interface Science. 1999, 
216, 394-400. 

93. Liu, W. T., L.N. Zjang, Y.R. Shen, Interfacial Layer Structure at Alcohol/Silica 
Interfaces Probed by Sum-Frequency Vibrational Spectroscopy. Chemical Physics 
Letters. 2005, 412, 206-209. 

94. Ding, F.; Hu, Z. H.; Zhong, Q.; Manfred, K.; Gattass, R. R.; Brindza, M. R.; 
Fourkas, J. T.; Walker, R. A.; Weeks, J. D., Interfacial Organization of Acetonitrile: 
Simulation and Experiment. Journal of Physical Chemistry C. 2010, 114, 17651-17659. 



61 
 

 
 

95. Steel, W. H., Y.Y. Lau, C.L. Beildeck, R.A. Walker, Solvent Polarity across 
Weakly Associating Interfaces. J. Phys. Chem. B. 2004, 108, 13370-13378. 

96. Zhang, X. Y., M.M. Cunningham, R.A. Walker, Solvent Polarity at Polar Solid 
Surfaces: The Role of Solvent Structure. J. Phys. Chem. B. 2003, 107, 3183-3195. 

97. Benjamin, I., Chemical Reactions and Solvation at Liquid Interfaces: A 
Microscopic Perspective. Chemical Reviews. 1996, 96, 1449-1475. 

98. Yu, C. J., G. Evmenenko, A.G. Richter, A. Datta, J. Kmetko, P. Dutta, Order in 
Molecular Liquids near Solid-Liquid Interfaces. Applied Surface Science. 2001, 182, 231-
235. 

99. Bhattacharyya, K.; Sitzmann, E. V.; Eisenthal, K. B., Study of Chemical-
Reactions by Surface 2nd Harmonic Generation-Para-Nitrophenol at the Air-Water 
Interface. J. Chem. Phys. 1987, 87, 1442-1443. 

100. Ong, S. W.; Zhao, X. L.; Eisenthal, K. B., Polarization of Water-Molecules at a 
Charged Interface-2nd Harmonic Studies of Silica Water Interface. Chemical Physics 
Letters. 1992, 191, 327-335. 

101. Ishizaka, S.; Kim, H. B.; Kitamura, N., Time-Resolved Total Internal Reflection 
Fluorometry Study on Polarity at a Liquid/Liquid Interface. Analytical Chemistry. 2001, 
73, 2421-2428. 

102. Shang, X. M.; Benderskii, A. V.; Eisenthal, K. B., Ultrafast Solvation Dynamics 
at Silica/Liquid Interfaces Probed by Time-Resolved Second Harmonic Generation. J. 
Phys. Chem. B. 2001, 105, 11578-11585. 

103. Yanagimachi, M.; Tamai, N.; Masuhara, H., Solvation Dynamics of a Coumarin 
Dye at Liquid Solid Interface Layer - Picosecond Total Internal-Reflection Fluorescence 
Spectroscopic Study. Chem. Phys. Lett. 1992, 200, 469-474. 

104. Siler, A. R., M.R. Brindza, R.A. Walker, Hydrogen-Bonding Molecular Ruler 
Surfactants as Probes of Specific Solvation at Liquid/Liquid Interfaces. Analytical and 
Bioanalytical Chemistry. 2009, 395, 1063-1073. 

105. Siler, A. R.; Walker, R. A., Effects of Solvent Structure on Interfacial Polarity at 
Strongly Associating Silica/Alcohol Interfaces. J. Phys. Chem. C. 2011, 115, 9637-9643. 

106. Woods, B. L.; Walker, R. A., Ph Effects on Molecular Adsorption and Solvation 
of P-Nitrophenol at 
Silica/Aqueous Interfaces. Journal of Physical Chemistry A. 2013, 117, ASAP. 



62 
 

 
 

107. Lu, R., W. Gan, B.H. Wu, Z. Shang, Y. Guo, H.F. Wang, C-H Stretching 
Vibrations of Methyl, Methylene and Methine Groups at the Vapor/Alcohol (N=1-8) 
Interfaces. J. Phys. Chem. B. 2005, 109, 14118-14129. 

108. Stanners, C. D., Q. Du, R.P. Chin, P. Cremer, G.A. Somorjai, Y.R. Shen, Polar 
Ordering at the Liquid-Vapor Interface of N-Alcohols. Chem. Phys. Lett. 1995, 232, 407-
413. 

109. Guyotsionnest, P., J.H. Hunt, Y.R. Shen, Sum-Frequency Vibrational 
Spectroscopy of a Langmuir Film - Study of Molecular-Orientation of a Two-
Dimensional System. Phys. Rev. Lett. 1987, 59, 1597-1600. 

110. Barnette, A. L., S.H. Kim, Coadsorption of N-Propanol and Water on Sio2: Study 
of Thickness, Composition, and Structure of Binary Adsorbate Layer Using Attenuated 
Total Reflection Infrared (Atr-Ir) and Sum Frequency Generation (Sfg) Vibration 
Spectroscopy. Journal of Physical Chemistry C. 2012, 116, 9909-9916. 

111. Esenturk, O., R.A. Walker, Surface Vibrational Structure at Alkane Liquid/Vapor 
Interfaces. Journal of Chemical Physics. 2006, 125, 174701. 

112. Lu, R., W. Gan, B.H. Wu, H. Chen, H.F. Wang, Vibrational Polarization 
Spectroscopy of Ch Stretching Modes of the Methylene Goup at the Vapor/Liquid 
Interfaces with Sum Frequency Generation. J. Phys. Chem. B. 2004, 108, 7297-7306. 

113. Gill, G., D.M. Pawar, E.A. Noe, Conformational Study of Cis-1,4-Di-Tert-
Butylcyclohexane by Dynamic Nmr Spectroscopy and Computational Methods. 
Observation of Chair and Twist-Boat Conformations. Journal of Organic Chemistry. 
2005, 70, 10726-10731. 

114. Squillacote, M., R.S. Sheridan, O.L. Chapman, Spectroscopic Detection of the 
Twist-Boat Conformation of Cyclohexane. A Direct Measurement of the Free Energy 
Difference between the Chair and the Twist-Boat. J. Am. Chem. Soc. 1975, 97, 3244-
3246. 

115. Hommel, E. L., H.C. Allen, The Air-Liquid Interface of Benzene, Toluene, M-
Xylene, and Mesitylene: A Sum Frequency, Raman, and Infrared Spectroscopic Study. 
Analyst. 2003, 128, 750-755. 

116. Kawaguchi, T., K. Shiratori, Y. Henmi, T. Ishiyama, A. Morita, Mechanisms of 
Sum Frequency Generation from Liquid Benzene: Symmetry Breaking at Interface and 
Bulk Contribution. J. Phys. Chem. C. 2012, 116, 13169-13182. 

117. Wiberg, K. B., A. Shrake, Vibrational Study of Cyclohexane and Some of Its 
Isotopic Derivatives - I - Raman and Infrared Spectra and Assignments of Cyclohexane 
and Cyclohexane-D12. Spectrochimica Acta Part A - Molecular Spectroscopy. 1970, 27, 
1139-1151. 



63 
 

 
 

118. Wiberg, K. B., A. Shrake, Vibrational Study of Cyclohexane and Some of Its 
Isotopic Derivatives - Iii - Raman and Infrared Spectra and Assignments of Cyclohexane 
and Cyclohexane-D12. Spectrochimica Acta Part A - Molecular and Biomolecular 
Spectroscopy. 1973, 29, 583-594. 

119. Wiberg, K. B., V.A. Walters, W.P. Dailey, Infrared Intensities - Cyclohexane - a 
Molecular-Force Field Dipole-Moment Derivatives. J. Am. Chem. Soc. 1985, 107, 4860-
4867. 

120. Keefe, C. D., J.E. Pickup, Infrared Optical Constants, Dielectric Constants, Molar 
Polarizabilities, Transition Moments, Dipole Moment Derivatives and Raman Spectrum 
of Liquid Cyclohexane. Spectrochimica Acta Part A - Molecular and Biomolecular 
Spectroscopy. 2009, 72, 947-953. 

121. Snyder, R. G., J.H. Schachts, A Valence Force Field for Saturated Hydrocarbons. 
Spectrochimica Acta. 1965, 21, 169. 

122. Durig, J. R., C. Zheng, D. El, M. Ahmed, On the Relative Intensities of the 
Raman Active Fundamentals, R0 Structural Parameters, and Pathway of Chair–Boat 
Interconversion of Cyclohexane and Cyclohexane-D12. Journal of Raman Spectroscopy. 
2009, 40, 197-204. 

123. Buchbinder, A. M., E. Weitz, F.M. Geiger, Pentane, Hexane, Cyclopentane, 
Cyclohexane, 1-Hexene, 1-Pentene, Cis-2-Pentene, Cyclohexene, and Cyclopentene at 
Vapor/Alpha-Alumina and Liquid/Alpha-Alumina Interfaces Studied by Broadband Sum 
Frequency Generation. Journal of Physical Chemistry C. 2010, 114, 554-566. 

124. Durig, J. R., R.M. Ward, G.A. Guirgis, T.K. Gounev, Conformational Stability 
from Raman Spectra, R(0) Structural Parameters, and Vibrational Assignment of 
Methylcyclohexane. Journal of Raman Spectroscopy. 2009, 40, 1919-1930. 

125. Wiberg, K. B., J.D. Hammer, H. Castejon, W.F. Bailey, E.L. DeLeon, R.M. 
Jarret, Conformational Studies in the Cyclohexane Series. 1. Experimental and 
Computational Investigation of Methyl, Ethyl, Isopropyl, and Tert-Butylcyclohexanes. 
Journal of Organic Chemistry. 1999, 64, 2085-2095. 

126. Anet, F., C.H. Bradley, G.W. Buchanan, Direct Detection of Axial Conformer of 
Methylcyclohexane by 63.1mhz Carbon-13 Nuclear Magnetic Resonance at Low 
Temperatures. Journal of the American Chemical Society. 1971, 93, 258. 

127. Gardiner, D. J., G.S. Bassi, G.D. Galvin, Raman-Spectroscopic Evidence of 
Pressure-Induced Conformational-Changes in Liquid Methylcyclohexane. Applied 
Spectroscopy. 1984, 38, 313-317. 



64 
 

 
 

128. Huang, Y. N., J. Leech, An Investigation of the Dynamic and Conformational 
Properties of Alkylcyclohexanes Absorbed in Siliceous Zeolite Zsm-5. Journal of 
Physical Chemistry A. 2001, 105, 6965-6970. 

129. Subbotin, O. A., N.M. Sergeyev, Conformational Equilibria in Cyclohexanol, 
Nitrocyclohexane, and Methylcyclohexane from Low-Temperature C-13 Nuclear 
Magnetic-Resonance Spectra. Journal of the Chemical Society - Chemical 
Communications. 1976, 141-142. 

130. Nad, S.; Kumbhakar, M.; Pal, H., Photophysical Properties of Coumarin-152 and 
Coumarin-481 Dyes: Unusual Behavior in Nonpolar and in Higher Polarity Solvents. 
Journal of Physical Chemistry A. 2003, 107, 4808-4816. 

131. Nad, S.; Pal, H., Unusual Photophysical Properties of Coumarin-151. Journal of 
Physical Chemistry A. 2001, 105, 1097-1106. 

132. Zhang, X.; Steel, W. H.; Walker, R. A., Probing Solvent Polarity across Strongly 
Associating Solid/Liquid Interfaces Using Molecular Rulers. J. Phys. Chem. B. 2003, 
107, 3829-3836. 

133. Zhang, X. Y.; Walker, R. A., Discrete Partitioning of Solvent Permittivity at 
Liquid-Solid Interfaces. Langmuir. 2001, 17, 4486-4489. 

134. Zhang, L.; Singh, S.; Tian, C.; Shen, Y. R.; Wu, Y.; Shannon, M. A.; Brinker, C. 
J., Nanoporous Silica-Water Interfaces Studied by Sum-Frequency Vibrational 
Spectroscopy. Journal of Chemical Physics. 2009, 130. 

135. Isaienko, O.; Nihonyanagi, S.; Sil, D.; Borguet, E., Observation of the Bending 
Mode of Interfacial Water at Silica Surfaces by near-Infrared Vibrational Sum-Frequency 
Generation Spectroscopy of the Stretch Plus Bend Combination Bands. Journal of 
Physical Chemistry Letters. 2013, 4, 531-535. 

136. Shen, Y. R.; Ostroverkhov, V., Sum-Frequency Vibrational Spectroscopy on 
Water Interfaces: Polar Orientation of Water Molecules at Interfaces. Chemical Reviews. 
2006, 106, 1140-1154. 
 

 



65 
 

 
 

 
CHAPTER 3 

 
 

CYCLODEXTRIN-FUNCTIONALIZED CHROMATOGRAPHIC 
MATERIALS TAILORED FOR REVERSIBLE ADSORPTION 

 
 
 

Contributions of Authors and Co-Authors 
 
 
Manuscript in Chapter 3: Cyclodextrin-Functionalized Chromatographic Materials 
Tailored for Reversible Adsorption 
 
Author: Eric A. Gobrogge 
 
Contributions: Collected and analyzed all vibrational sum frequency spectra and 
fluorescence data and coauthor. 
 
Author: Jessica H. Ennist 
 
Contributions: Built and characterized (XPS) all silica substrates and coauthor. 
 
Co-Author: Kristian H. Schlick 
 
Contributions: Performed initial studies on the design of the dendron compounds. 
 
Co-Author: Robert A. Walker 
 
Contributions: Assisted with analysis and edited manuscript. 
 
Co-Author: Mary J. Cloninger 
 
Contributions: Assisted with analysis and edited manuscript. 



66 
 

 
 

 
Manuscript Information Page 

 
 
Jessica H. Ennist, Eric A. Gobrogge, Kristian H. Schlick, Robert A. Walker, Mary J. 
Cloninger 
ACS Applied Materials & Interfaces 
Status of Manuscript 
____Prepared for submission to peer-reviewed journal 
____Officially submitted to a peer-reviewed journal 
____Accepted by a peer-reviewed journal 
_X_ Published in a peer-reviewed journal 
 
Publisher: American Chemical Society 
Date of Submission: 28 July, 2014 
Date Accepted: 24 September, 2014 
Volume 6, Issue 20, 18087-18097 
Reproduced in part with permission from ACS Applied Materials & Interfaces. Copyright 
2014 American Chemical Society. 



67 
 

 
 

 
CHAPTER 3 

 
 

CYCLODEXTRIN-FUNCTIONALIZED CHROMATOGRAPHIC 
 

MATERIALS TAILORED FOR REVERSIBLE ADSORPTION 
 
 

3.1 Introduction 
 
 
  The research described in this chapter details a close collaboration with the 

Cloninger research group at Montana State University. In this collaboration, 

functionalized silica surfaces were created and then tested for their ability to remove 

solutes from solution using host-guest chemical strategies. The Cloninger group’s 

synthetic expertise – particularly involving the development of dendrimers – proved to be 

an essential component of the project. The synthetic steps presented herein were 

performed by Jessica Ennist and Dr. Kristian Schlick. The characterization of the 

synthesized substrates using x-ray photoelectron spectroscopy (XPS) was also performed 

by Jessica Ennist. Both the synthetic methodology and XPS characterization are included 

in this chapter with their permission in order to demonstrate the broad scope and 

collaborative nature of this project.  

Removing organic analytes from an aqueous solution plays a critical role in a host 

of environmental and technology related challenges. For example, the Environmental 

Protection Agency’s Safe Drinking Water Act ensures the quality of drinking water by 

limiting the amounts of over 90 different contaminants, with new contaminants being 

added to the list every five years.137 Nearly 60% of these contaminants are organic and 
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have been determined to cause side effects ranging from organ damage to increased risk 

of cancer when exposure to the maximum allowed levels are exceeded.137 Examples 

include aromatic species used to manufacture insecticides such as benzene (0.005 mg/L) 

and chlorobenzene (0.1 mg/L), two chemicals that are also used in textile processing. One 

current and popular method for removing such contaminants from water includes using a 

high surface area substrate such as activated charcoal or soda ash.138,139 While this 

method can remove a wide variety of pollutants, the resulting contaminated material 

cannot be reused and must be disposed of after the sorption process. In applications 

where large volumes of solution must be processed in order to remove relatively small 

amounts of a targeted solute, one ideally wants to employ a system that concentrates the 

solute and can be recycled for further use. 

 A recyclable substrate that can remove solutes from solution requires that 

adsorption be reversible. For reversible adsorption to be a viable mechanism for 

removing solutes from solution, binding energies must be large enough so that adsorption 

is thermodynamically favorable under application-specific conditions, but weak enough 

so that solutes will desorb with modest changes in solution phase temperature, pH, or 

composition. Such requirements preclude standard covalent bond formation between the 

substrate and solute and, instead, must rely on reversible interactions to remove organic 

solutes from aqueous solution.140 Spontaneous self-assembly and molecular recognition 

are two common phenomena that rely on non-covalent forces to drive association and 

aggregation in solution and at surfaces, and from the perspective of reversibly binding 
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solutes to surfaces,141-143 exploiting the ability of β-cyclodextrin as a host for hydrophobic 

organic guests is an attractive option. 

 Surfaces functionalized with β-cyclodextrin have been used to form guest-host 

inclusion complexes.144-146 β-cyclodextrin forms a hydrophobic cavity through a series of 

α-1,4 linkages between seven glucoside monomers.147 This structure forms a complex of 

intramolecular hydrogen bonds rendering the interior cavity hydrophobic and the exterior 

surface hydrophilic.148 Representative free energies of binding for β-cyclodextrin 

complexes with organic analytes generally range from -25 to -5 kJ/mol.144 To put these 

binding energies into the context of reversible adsorption, equilibrium conditions 

necessitate that removal of 50% of the solute molecules from a 10 µM aqueous solution 

at room temperature requires an adsorption (or binding) free energy of approximately 

-19 kJ/mol, and removal of 90% requires an adsorption free energy of -24 kJ/mol. In 

order for the functionalized surface saturated with the bound analyte to be recycled and 

reused, the analyte desorption must overcome this host-guest association in a way that 

leaves the surface intact and ready for re-use. 

 Previous studies have used surface tethered β-cyclodextrin to form guest-host 

complexes for numerous purposes such as reversible chlorophenol and chlorobenzene 

removal,146 and controlled fragrance release.145 Such surfaces, however, have a capacity 

limited by the surface coverage of β-cyclodextrin sites. In principle, more sites would 

improve the substrate’s capacity. Work described below overcomes the saturation 

limitation commonly associated with using functionalized surfaces to promote chemical 

processes. Surfaces have a limited number of sites that are available to accommodate the 
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adsorption of solutes from solution. By functionalizing silica substrates with dendrimers 

containing multiple β-cyclodextrin units, we show how the useful ability of β-

cyclodextrin to form host-guest self-assemblies can be amplified by the multivalent 

properties of dendrimer chemistry. Substrates functionalized with first and second 

generation dendrons as well as surfaces functionalized with only single β-cyclodextrin 

monomers (as shown in Figure 3.1) are tested for reversible adsorption behavior using 

Coumarin 152 (C152) – a fluorescent organic dye having a trifluoromethyl group in the 4 

position and a dimethyl amino group in the 7 position. C152 was chosen for the 

fluorescence studies because of this solute’s well-characterized photophysical behavior in 

a wide variety of solvents.2, 130, 131, 149 From previous studies, C152’s emission 

wavelength has been shown to shift with solvent polarity due to differences between the 

ground-state and excited-state dipole moments as well as the solute’s sensitivity to 

hydrogen bonding opportunities presented by the solvent.131, 149-154 Affinity of the 

coumarin solutes for the surfaces can be estimated from bulk solution binding constants. 

The studies reported here demonstrate that C152 has an affinity for the β-cyclodextrin 

functionalized surfaces and is retained even after multiple washings with a pure aqueous 

solvent. A small volume rinse of the saturated surface with methanol results in complete 

release of the solute. Quantifying these results show that substrates functionalized with 

first generation dendrons (containing multiple β-cyclodextrin sites) have a greater 

capacity than slides functionalized either with monomeric β-cyclodextrin or with higher 

order dendrons. This result can be understood in terms of the tradeoff between 
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maximizing the number of accessible β-cyclodextrin monomers per dendron vs. the 

number of dendrons that can be covalently bound to a silica substrate. 

 

 

Figure 3.1 Schematic representations of functionalized surfaces. CD = β-cyclodextrin. 
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3.2 Experimental Methods 
 
 
3.2.1 Materials and Methods 
 

The quartz slides (25 x 25 x 0.5 mm) used in these studies were purchased from 

SPI Supplies. Prior to experimental use, the quartz slides were cleaned in a 1 : 1 mixture 

(by volume) of nitric acid and sulfuric acid (Macron Chemicals) for one hour and rinsed 

with deionized water (Millipore, 18.2 MΩ). N, N’-Dicyclohexylcarbodiimide and all high 

purity organic solvents were purchased from Fisher Scientific. All other chemicals used 

were purchased from Sigma-Aldrich. 

 
3.2.2 Alkyl Monolayer 
Functionalized Surfaces 1 and 2 
 
 Strategies for creating silica surfaces having different functional group 

composition were adapted from Jones’ SAM formation using THF/Cyclohexane.155 A 

10 mL Teflon beaker equipped with a stir bar was placed inside a 50 mL Teflon beaker. 

Both beakers were placed inside a sealable glass container with an inert atmosphere. The 

silica slides were placed along the inside wall of the outer Teflon beaker, and toluene (40 

mL) was added. A stock solution of alkyltrichlorosilane (0.03 mmol in 2 mL of 

Tetrahydrofuran (THF) and 75 µL of 6M HCl) was stirred for 4 h at room temperature 

and added to the 50 mL Teflon beaker. The reaction was allowed to stir for 3 h under 

argon. To remove excess solvents, slides were sonicated for 3 min in 50 mL of toluene, 

for 3 min in 50 mL of Milli-Q water (18.2 MΩ·cm), and for 3 min in 50 mL of methanol. 

The sequential sonications with water and methanol were repeated two more times. 

Slides were dried under a stream of argon and stored under vacuum. 
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3.2.3 1-β-cyclodextrin-N-(3-(silyl)propyl)-1H- 
1,2,3-triazole-4-carboxamide Functionalized Surface 3 
 

Mono-6-deoxy-6-azido-β-cyclodextrin was synthesized using previously 

described methods.156,157 N-(3-(trimethoxysilyl)propyl)propiolamide was synthesized by 

the method that was reported for the analogous tri-ethoxy compound.158 The synthesis of 

functionalized surface 3 was adapted from silica beads to slides.159 A 10 mL Teflon 

beaker equipped with a stir bar was placed inside a 50 mL Teflon beaker. Toluene (40 

mL) was added to the 50 mL Teflon beaker, and two slides were placed along the inside 

wall of the 50 mL Teflon beaker. N-(3-(trimethoxysilyl)propyl)propiolamide (90 mg, 390 

µmol) was dissolved in the toluene, and the solution was stirred at reflux for 2 h. The 

slides were washed in 40 mL of toluene. The slides and 40 mL of N,N-

dimethylformamide (DMF) were added to a new 50 mL Teflon beaker equipped with a 

10 mL Teflon beaker holding a stir bar and heated to 80 ºC. Mono-6-deoxy-6-azido-β-

cyclodextrin (330 mg, 280 µmol, 1 equiv.) and CuI(PPh3)3 catalyst (13 mg, 28 µmol, 0.1 

equiv.) was added, and the reaction was stirred for 4 d. Slides were washed with 40 mL 

of DMF, and were sonicated for 3 min in 50 mL of toluene. Slides were sonicated for 

3 min in 50 mL of Milli-Q water (18.2 MΩ·cm) and for 3 min in 50 mL of methanol. The 

sequential sonications with water and methanol were repeated two more times. Slides 

were dried under a stream of argon and stored under vacuum. 

 
3.2.4 Polyaryl Ether Dendron 
Functionalized Surfaces 4 and 5 
 
 Two generations of polybenzyl ether dendrons were synthesized by previously 

described methods.160,161,162 Silica surfaces were functionalized by general silanization 
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methods.163,164 The slides were placed along the inside wall of a 50 mL Teflon beaker 

containing a 10 mL Teflon beaker equipped with a stir bar. 3-

aminopropyltrimethoxysilane was added to 40 mL of toluene in the 50 mL Teflon beaker 

and refluxed for 2 h. Slides were washed with 40 mL of toluene and were added to a new 

50 mL Teflon beaker equipped with a 10 mL Teflon beaker containing a stir bar and 40 

mL of toluene. The toluene was brought to reflux, and the dendron (50 µmol) and 2 mL 

of Hunig’s base were added. The reaction was stirred for 2 d. Slides were sonicated for 3 

min in 50 mL of toluene. Slides were sonicated for 3 min in 50 mL of Milli-Q water (18.2 

MΩ·cm) and for 3 min in 50 mL of methanol. The sequential sonications with water and 

methanol were repeated two more times. Slides were dried under a stream of argon and 

stored under vacuum. 

 
3.2.5 β-Cyclodextrin Functionalized 
Polyaryl Ether Dendronized Surfaces 6 and 7 
 
 Polyaryl ether dendron functionalized slide 4 or 5 was placed along the inside 

wall of a 50 mL Teflon beaker equipped with a 10 mL Teflon beaker holding a stir bar. 

DMF (40 mL) was added, and the system was heated to 80 ºC. Mono-6-deoxy-6-azido-β-

cyclodextrin (110 mg, 100 µmol, 1 equiv.) and CuI(PPh3)3 catalyst (10 µmol, 0.10 equiv.) 

were added and allowed to stir for 2 d. Slides were washed with 40 mL of DMF, and 

ultrasonically cleaned for 3 min in 50 mL of toluene. Slides were sonicated for 3 min in 

50 mL of toluene. Slides were sonicated for 3 min in 50 mL of Milli-Q water (18.2 

MΩ·cm) and for 3 min in 50 mL of methanol. The sequential sonications with water and 
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methanol were repeated two more times. Slides were dried under a stream of argon and 

stored under vacuum. 

 
3.2.6 Vibrational Sum Frequency Generation (VSFG) 
 
 The functionalized slides were first characterized using VSFG. VSFG is a 2nd 

order nonlinear optical process that measures vibrational spectra of molecules in 

environments lacking inversion symmetry. In a VSFG experiment, two high intensity 

fields (one visible and one infrared) induce a coherent, nonlinear polarization in 

molecules at a surface or interface. This polarization oscillates at a frequency equal to the 

sum of the incident visible and IR fields, and is responsible for the detected signal. When 

the IR frequency is resonant with a vibrational mode of a surface molecule, the sum 

frequency (SF) response experiences resonance enhancement. By altering the polarization 

of the light incident on the sample and the polarization at which the SF beam is collected, 

orientation data from detected surface species can also be obtained by solving for the four 

independent non-zero elements of the 27 element second order susceptibility tensor. The 

individual polarizations in such a VSFG experiment are identified by a three-letter 

symbol (e.g. ssp or sps) where s indicates the electric field vector of the light is parallel to 

the surface, and p indicates the electric field vector is perpendicular to the surface. These 

three letters represent the polarization of the three frequencies in order of decreasing 

energy (i.e. SF, visible, IR).165 A more in-depth description of the SFG process and SFG 

theory has appeared both in Chapter 1 and elsewhere.66, 67, 165  

VSFG characterization employs an assembly described previously166 (as well as in 

Chapter 1). Briefly, the system uses a Libra-HE Ti:sapphire laser (Coherent, 3.3W 85 fs 
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pulse duration, 1kHz repetition rate) coupled to a visible optical parametric amplifier 

(Coherent OPerA Solo) to generate IR light. VSFG experiments were performed with co-

propagating IR and visible fields with both fields passing through the 0.5 mm silica slide 

and the signal being detected in the reflected direction. The IR wavelength was tuned 

from 3.2 to 3.7 μm in 0.5 μm increments and the IR field was focused onto the sample at 

an angle of 73° with respect to normal. The visible beam was spectrally stretched and 

sliced using an 1800 g/mm grating and variable width slits resulting in a spectrally 

narrowed visible beam (20 cm-1). After passing through two different delay stages, this 

beam was focused onto the surface at an angle of 67° with respect to normal. When the 

IR and visible fields were spatially and temporally overlapped, sum frequency signal was 

generated and directed into a monochromator (SpectraPro-300i, Acton Research 

Corporation) where it was dispersed onto a 1340x100 pixel CCD (PIXIS100B, Princeton 

Instruments). SFG spectra were combined and normalized to a nonresonant gold system 

response using homemade routines written in Igor Pro (v.6). VSFG spectra were 

corrected first for IR power using the nonresonant SFG response across the frequency 

region of interest from a gold-coated silicon wafer. Spectra were then normalized by the 

SFG signal from a clean, hydrophilic silica/vapor interface acquired under the appropriate 

polarization condition. All spectra were then calibrated using the 2910 cm1 methyl 

symmetric stretch of DMSO at the liquid/vapor interface.167 

A sample VSFG spectrum can be seen below in Figure 3.2. This representative 

figure, taken in the ssp polarization combination, shows the C-H stretching region of the 

solid/vapor interface of a methyl terminated silica surface. 
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Figure 3.2 VSFG spectrum of the solid/vapor interface of a methyl-terminated silica 
substrate in the ssp polarization combination. 
 
 
In this sample spectrum, two peaks are evident at 2910 cm-1 and 2967 cm-1. These two 

peaks result from the methyl group symmetric (r+) and antisymmetric (r-) stretch, 

respectively, and are consistent with previously reported data.168 The intensity difference 

between the peaks also suggests that the methyl groups are arranged predominantly with 

their methyl C3 axes normal to the surface. 

 
3.2.7 X-ray Photoelectron Spectroscopy (XPS) 

 The functionalized slides were further characterized using XPS. The analysis was 

conducted on a Physical Electronics 5600ci XPS system equipped with monochromatic 

Al Kα X-rays. The analysis area of the sample was 0.8 mm in diameter. Electron 

emissions were collected at 45° to the normal of the surface, and the spherical-sector-

analyzer pass energy was selected as 23.5 eV for high-resolution scanning and as 46.95 

eV for a survey to achieve optimum energy resolution and count rate. Initial 
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representative survey scans were acquired from 0 to 600 eV for 10 sweeps (sw) at 0.4 

eV/step, and 20 mS/step (Figure 3.3). For further elemental analysis, high resolution 

(HR) scans were acquired for the C 1s (~280 to 291 eV, 2 sw), N 1s (~394 to 405 eV, 5 

sw), O 1s (~528 to 537 eV, 2 sw), and Si 2p (~98 to 106 eV, 3 sw) regions. The 

acquisition parameters were run for 10 cycles at 0.50 eV/step and 20mS/step. For all 

spectra, the background of all regions were subtracted using the Shirley background.169 

Peak positions were normalized to the C 1s peak at 285.0 eV and were fitted to functions 

having a 100% Gaussian line shape. Binding energies were normalized to the C 1s.The 

data acquisition and data analysis were performed using RBD AugerScan software. 

Quantitative analysis to determine the site composition was performed using 

methodologies previously described by Geiger and coworkers.142 Specific expressions 

relevant to our analysis are shown in Appendix A. 

 

 

Figure 3.3 Survey scan of functionalized surface 3. 

 
3.2.8 Fluorescence Spectroscopy 

The functionalized slides were characterized using fluorescence spectroscopy and 

the fluorescent dye C152. This system (functionalized surface/fluorescent dye) was used 

to test the ability of different slides to retain adsorbed analytes. Steady state fluorescence 
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spectra were recorded using a Jobin Yvon Horiba Fluorolog 3 FL3-11. Bulk 

measurements were acquired with 1 nm instrumental resolution accumulating signal for 

0.5 seconds at each step. Bulk solution measurements were made with no polarizers in 

either the excitation or emission paths. Surface fluorescence measurements were acquired 

in 0.5 nm increments integrating for 1.5 seconds at each point with the excitation and 

emission polarizers set 90° apart.2 This procedure reduced the amount of background 

scatter in the surface excitation and emission spectra so that adsorbed species could be 

observed clearly. 

In order to evaluate the ability of β-cyclodextrin-functionalized surfaces to adsorb 

organic solutes from solution, the bulk solution behavior of C152 was characterized in 

hexane and aqueous solvents (in the absence and presence of co-dissolved β-

cyclodextrin). All bulk solution experiments were performed with C152 concentrations of 

10 µM (2.6 mg/L). To measure the guest-host complex’s fluorescence properties, excess 

(2.3 : 1 mole ratio) β-cyclodextrin was added to the aqueous solution. For the surface 

measurements, 10 µM aqueous solutions of C152 were prepared and functionalized slides 

were then allowed to equilibrate in the solution for one hour. Additional equilibration 

time did not lead to any observed changes in the data. The slides were removed slowly 

from the solution, and excess solvent was allowed to evaporate from the bottom of the 

slide. Fluorescence measurements were acquired from the top of the slide, the incident 

light striking the sample at a 30° angle with respect to normal. Previous studies have 

shown that this procedure probes adsorbed films that are not influenced by excess solute 

accumulation following evaporation.2, 170, 171 After the initial scan, the slide was 
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immersed in pure Milli-Q water for 60 seconds and then removed. Excess water was 

allowed to evaporate and a second surface fluorescence spectrum was measured. This 

rinse-and-measure procedure was repeated to test the retention abilities of the 

functionalized surfaces. Control experiments were performed using the same procedure 

with unfunctionalized slides and slides that had been functionalized with terminal alkyl 

monolayers. The hydrophilic control slides were cleaned prior to use by soaking in a 

50:50 mixture of concentrated sulfuric and nitric acid. The hydrophobic control slides 

were rinsed with excess methanol and dried at ambient temperature before use. 

To quantify the amount of analyte bound to the functionalized surfaces, a similar 

fluorescence procedure was used. The slide of interest was initially allowed to again soak 

in a 10 µM aqueous solution of C152. After one hour had elapsed, the slide was removed 

from the solution and the excess solvent allowed to evaporate. Upon evaporation, the 

slide was soaked in water for 60 seconds, removed, and again the slide was allowed to 

dry. The slide was then washed and sonicated in 50 mL of methanol and the fluorescence 

excitation of the wash at C152’s emission wavelength (513 nm) was measured. 

Comparing the excitation intensity of the wash to standard solutions having known 

concentrations allowed the number of molecules adsorbed to the surface to be determined 

quantitatively. Assuming a uniform distribution of adsorbates on the surface, these results 

were converted into surface coverages. 
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3.3 Results and Discussion 
 
 
Silica surfaces were modified to display terminal alkynes by silanization using N-(3-

(trimethoxysilyl)propyl)propiolamide (8). The terminal alkynes 9 were reacted with β-

cyclodextrin azide 10 by a Cu(I) mediated cycloaddition172,173 to afford surface 3 (Figure 

3.4). 

 

 

Figure 3.4 Synthesis of functionalized silica surfaces. (a) β-Cyclodextrin attachment to 
the silica surface; (b) dendronization of the silica surface followed by attachment of β-
cyclodextrin to the dendrons. 
 
 
Silica surfaces were modified to display terminal amines by silanization using 3-

aminopropyltrimethoxysilane (11) to form surface 12. Addition of the dendron 13 was 

accomplished by SN2 displacement of the core bromide by the terminal amines presented 
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on the silica surface to afford surface 4. The alkyne endgroups on the G1 dendron were 

further modified by a Cu(I) mediated cycloaddition using β-cyclodextrin azide 10 to yield 

surface 6. 

Prior to characterization, slides were sonicated once in toluene and then three 

times sequentially in Milli-Q water and methanol. This purification method minimized 

the environmental carbon and nitrogen that was present on the product slides, as 

evidenced by XPS. Initial characterization of the functionalized surfaces was performed 

using surface-specific VSFG spectroscopy. Figure 3.5 shows the ssp spectra of the β-

cyclodextrin functionalized surface 3 (Figure 3.5b), of the first two generations of β-

cyclodextrin functionalized dendrons 6 and 7 (Figures 3.5c and 3.5d, respectively), and of 

the methylated surface 1 for comparison purposes (Figure 3.5a). 
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Figure 3.5 VSFG spectra of (a) methylated silica surface 1, (b) a silica surface with 
tethered β-cyclodextrin 3, (c) β-cyclodextrin functionalized generation 1 dendron surface 
6, (d) β-cyclodextrin functionalized generation 2 dendron surface 7. All traces were taken 
in the ssp polarization combination. 
 

 Peak assignments for the methyl-terminated surface were described in section 

3.2.6. Assignments for the various β-cyclodextrin terminated surfaces have been made 

based on both previous experimental and computational Raman/IR data,174 and previous 

SFG data.168 All three β-cyclodextrin terminated surfaces share three main features at 

2848 cm-1, 2873 cm-1, and 2943 cm-1. The 2848 cm-1 and 2943 cm-1 peaks have been 

assigned to the methylene symmetric (d+) and antisymmetric (d-) stretches, respectively. 
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As these are well-documented frequencies for alkane methylene stretches, they are 

assigned to the alkane chain connecting the dendron – or simply the β-cyclodextrin 

monomers – to the silica substrate. The assignment of the peak at 2873 cm-1 is less 

straightforward. This feature lies where one would expect a methyl symmetric stretch to 

occur, but no methyl groups are present on surfaces 6 or 7. The most likely explanation 

for the peak at 2873 cm-1 is that it is due to the symmetric stretch of the methylene group 

directly adjacent to the silicon atom. As seen in Figure 3.5a, C-H stretches for the surface 

methyl groups that are directly adjacent to silicon atoms have been shown to shift to 

higher frequencies. One can also learn of general trends in orientational order by 

examining the signal/noise ratio. The peaks in the dendron free surface spectrum of 3 

(Figure 3.5b) are distinctly more pronounced from the noise than the peaks in the spectra 

of either of the dendronized surfaces 6 or 7 (Figures 3.5c and 3.5d, respectively). The 

observed loss in signal/noise suggests that either fewer C-H containing functional groups 

are present on the surface or more orientational disorder occurs with the more bulky 

dendronized surfaces 6 and 7 than with 3. The increased ability of the dendronized 

surfaces to bind C152 molecules (described below) provides evidence suggesting that the 

decrease in signal/noise is caused by a more disordered surface and not a less 

functionalized one. 

 Further characterization of the substrates was performed by Jessica Ennist in the 

Cloninger Group using XPS. High resolution narrow scans of the C 1s and N 1s regions 

of the control after being washed by this purification method are shown in Figures 3.6a 

and 3.6b respectively. The carbon 1s signal contains contributions from multiple carbon 
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sources. First, the signal was fit with a central peak at 285 eV that was attributed to the 

binding energy of sp2 and sp3 hybridized carbons that are bound to carbon or hydrogens 

as shown in Figure 3.6a (C-H/C-C peak). Second, a higher energy peak was fit that was 

attributed to the oxygen and nitrogen bound sp3 C 1s emission (C-O/C-N peak in Figure 

3.6a). A third peak was fit that is in agreement with silicon bound C 1s emission (Si-C 

peak in Figure 3.6a).175,176 The signal from the scan of the N 1s region shown in Figure 

3.6b was minimal (as expected) and is consistent with emission from a small amount of 

residual nitrogen at the surface. 

 

 

Figure 3.6 XPS spectra of unfunctionalized surfaces. (a) High resolution scan of the 
carbon 1s region. (b) High resolution scan of the nitrogen 1s region. 
 
 
 Surfaces 1 and 2 were fully characterized to assist in the identification of more 

complicated features of the other surfaces discussed in this work. Figures 3.7a and 3.7b 
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show the narrow C 1s spectra of the methyl and octadecyl terminated surfaces 

respectively. Both of these C 1s signals were fitted with two peaks, the C-H/C-C peak at 

285 eV assigned to sp3 hybridized carbon emission, and the C-Si peak at 283.9 eV 

assigned to the silicon bound carbon 1s emission.175 The increased atomic concentration 

on the surface of 2 was observed in an increased C-H/C-C peak because 2 is 

functionalized with an 18 carbon alkyl chain while 1 is functionalized with a single 

methyl group. 

 

 

Figure 3.7 (a) High resolution XPS scan of the carbon 1s region of surface 1. (b) High 
resolution XPS scan of the carbon 1s region of surface 2. 
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Figures 3.8a and 3.8b show the C 1s and N 1s spectra of the 1-β-cyclodextrin-N-

(3-(silyl)propyl)-1H-1,2,3-triazole-4-carboxamide functionalized surface 3. In Figure 

3.8a, the C 1s signal was broad with a shoulder centered at 288 eV. The spectrum was 

deconvoluted into five overlapping peaks in agreement with the expected atomic 

structure of the organic monolayer. Two peaks, labeled C-H/C-C and C-Si are consistent 

with the C 1s emission attributed to sp3 and sp2 hybridized carbons and to C-Si bonds as 

previously described. The higher energy broadening of the signal was resolved into two 

peaks. The C=O peak in Figure 3.8a was fitted under the shoulder and centered at 288 

eV. This peak fitting is consistent with both the C 1s emission of the amide carbonyl 

carbon of the tether and with the anomeric carbons in the β-cyclodextrin. The second 

peak, which is centered at 286.2 eV, was assigned to the C 1s emission from nitrogen 

bound carbons and hydroxyl bound carbons in the β-cyclodextrin and is labeled C-O/C-N 

in Figure 3.8a.175, 177 The lower energy broadening of the signal was fitted with a peak 

centered at 283.1 eV, in agreement with the emission from the sp hybridized carbons. 

The sp C peak indicates that some alkynes remain unfunctionalized in the conversion of 9 

to 3 (Figure 3.4).178 
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Figure 3.8 (a) High resolution XPS scan of the carbon 1s region of surface 3. (b) High 
resolution XPS scan of the nitrogen 1s region of surface 3. 
 
 
 Additional evidence of the triazole formation is supported by the higher energy 

broadening in the N 1s spectrum from surface 3 (Figure 3.8b), an effect that is absent in 

data acquired with surface 9 (Figure A.1 in Appendix A) This high energy region is fitted 

with an additional peak centered at 401.5 eV in agreement with the binding energy of the 

1s emission of the central nitrogen (N=N-N) of the triazole.179,180 Additionally, the N=N-

N/R-NH2 peak centered at 400.3 eV (Figure 3.8b) has increased in magnitude relative to 

the C-NH2 peak centered at 400.3 eV (Figure A.1 in Appendix A) because of the 

additional nitrogen contribution from the 1s emission of the N1 (N-N=N) and N3 (N-

N=N) of the triazole ring.179,180 Both spectra were fit with peaks centered at 398.1 eV 
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(Figure 3.8b, Ad. N peak) in agreement with the N 1s emission that is attributed to 

adventitious nitrogen and at 399.4 eV (Figure 3.8b, Amide peak) that is assigned to the 

amide nitrogen. The observed lower energy shift relative to 399.8 eV175 is attributed to 

the amide nitrogen being in proximity to an electron donating group. 

 Further analysis of the N 1s region of surfaces 9 and 3 was used to quantitatively 

determine successful triazole formation; the calculations for this analysis are fully 

described in Appendix A. The results indicated that 31% of the propiolamides of 9 were 

successfully converted to the triazoles of 3 (Table 3.1). Overall, the XPS spectra in 

Figures 3.5, 3.6, and 3.7 indicate that XPS is a very useful method for the 

characterization of surfaces bearing alkyl, alkynyl, triazole-containing, and β-

cyclodextrin functionalities. Based on comparison to these spectra and on additional in-

depth analysis, XPS was used successfully to characterize and quantify the dendronized 

surfaces. 

 The XPS spectra of the C 1s and N 1s regions of dendronized surfaces 4 and 6 are 

shown in Figure 3.9. When the narrow C 1s spectra of 4 and 6, which are shown in 

Figures 3.9a and 3.9c, respectively, are compared to the C 1s spectrum of 3 (Figure 3.8a), 

important differences are notable. The C-O/C-N peak for both 4 and 6 is larger than the 

same peak for 3 (288.1 eV), indicating the difference between the alkyl tether and the 

dendron. This peak arises from emissions of oxygen bound carbons in the polyaryl ether 

dendrons and the nitrogen bound carbons.175,176 The C-O/C-N peak in Figure 3.9c for 6 is 

significantly larger than the same peak for 4 in Figure 3.9a, indicating that addition of β-

cyclodextrin was successfully achieved. The O-C-O/C=O peak in Figure 3.9c for 6 is also 
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larger than the C=O peak in 3.9a for 4, and this peak has a binding energy that is in 

agreement with the anomeric C 1s emission of the acetals present in 1,4-oligoglucosides. 

The size increase for this peak was attributed to the presence of the β-cyclodextrin 

present on the surface.175,181,182 XPS C 1s spectra for 3, 4, and 6 (Figures 3.8a, 3.9a, and 

3.9c, respectively), all display a peak at 283.1 eV, indicating alkyne functionality is 

present. This is fully expected in Figure 3.9a for compound 4 and indicates incomplete 

triazole formation (most likely because of steric hindrance) for 3 and 6. Comparison of 

the spectra of the narrow scan N 1s regions for 3 (Figure 3.8b), 4 (Figure 3.9b), and 6 

(Figure 3.9d) also indicates that the XPS spectra are as expected for the reported 

surfaces.183,184 

 

 

Figure 3.9 XPS spectra of G1 dendron functionalized surface 4 and β-cyclodextrin 
functionalized dendronized surface 6. (a) High resolution scan of the carbon 1s region of 
surface 4. (b) High resolution scan of the nitrogen 1s region of surface 4. (c) High 
resolution scan of the carbon 1s region of surface 6. (d) High Resolution Scan of the 
nitrogen 1s region of surface 6. 
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Quantitative analysis of the N 1s region of surfaces 4 and 6 was used to quantify the 

percent dendronization of the terminal amines of surface 12 and the percent triazole 

formation to yield surface 6. Equations are provided in the Supporting Information. 

Amine functionalized surface 12 was converted to dendronized surface 4 with a 35% 

conversion rate. The same analysis was performed for the formation of G2 dendronized 

surface 5, which was formed from 12 with 27% conversion. Addition of the bulkier G2 

polyaryl system was less efficient. The percent triazole formation was calculated per 

dendron to be 31% and 48% for surfaces 6 (G1) and 7 (G2), respectively. Thus, the 

overall amounts of β-cyclodextrins on surfaces 6 and 7 was determined based on the 

combined yields for dendronization and triazole formation and was found to be very 

nearly equivalent. Because the overall amount of β-cyclodextrin on the dendronized 

surfaces was constant, the efficiency of binding of C152 to the dendronized surfaces is 

directly comparable (see below). The results garnered from the quantitative analysis of 

the XPS spectra of dendronized surfaces are summarized in Table 3.1. 

 
Slide Dendronization 

(surface) 
Triazole Formation 

(surface) 
Single Layer  31% (3) 
Generation 1 36% (4) 31% (6) 
Generation 2 27% (5) 48% (7) 

 
Table 3.1 Surface reaction yields determined using quantitative analysis of XPS. 
 

 To evaluate the ability of each surface to remove and retain solutes from aqueous 

solution, experiments were performed with a coumarin solute, C152, dissolved in 

aqueous solution. In aqueous solution, C152’s emission maximum is 527 nm, and the 
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emission maximum is 424 nm in hexane. Upon addition of β-cyclodextrin to the bulk 

aqueous solution, the maximum emission wavelength shifts 7 nm to a shorter wavelength, 

indicating that the β-cyclodextrin is binding to the C152 and changing the solute’s local 

solvation environment (Figure A.2 in Appendix A). 

 The ability of β-cyclodextrin surfaces to retain C152 was tested using the 

procedure described in section 3.2.8 above. The same general trends observed in the bulk 

solution measurements hold true for the surfaces. Figure 3.10 shows a blue shift for C152 

molecules both bound by β-cyclodextrin (503 nm) and adsorbed to the hydrophobic 

surface (499 nm) when compared to the unfunctionalized silica (511 nm). This 

observation matches the blue shift seen upon addition of β-cyclodextrin to the bulk C152 

solution, and again suggests that adsorbed coumarins are experiencing a nonpolar 

environment. Functionalized surfaces showed repeatedly reproducible behavior with 

minimal signs of degradation after repeated cycling. 
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Figure 3.10 Coumarin 152 adsorbed to (a) a clean slide, (b) a methyl functionalized slide 
1, and (c) a β-cyclodextrin functionalized slide 3. Black dashed traces are prior to 
addition of the solution, solid red traces are after an hour of equilibration in the solution, 
dotted green traces are after the first soak in water, and short dashed blue traces are after 
the second soak in water. 
 
 
 The sharp rise on the shorter wavelength end of the spectra is due to scatter off the 

silica from the excitation light. This rise is present in both the functionalized and 

unfunctionalized slides and is extremely sensitive to slide position and angle. This scatter 

cannot be eliminated in a consistent manner from the individual spectra but contributes 

only minor inconsistencies in baselines and absolute emission intensities. Data in Figure 
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3.10 (red trace) shows that C152 adsorbs spontaneously to all three types of silica 

substrates – hydrophilic (Figure 3.10a), hydrophobic (Figure 3.10b) and β-cyclodextrin 

terminated (Figure 3.10c) – but adsorbed C152 is retained only by the β-cyclodextrin 

functionalized slide after rinsing with water (dotted green and short dashed blue traces 

are comparable to black dashed traces in Figure 3.10a and Figure 3.10b but not in Figure 

3.10c). This observation reinforces the hypothesis that retention of the dye by 

cyclodextrin functionalized surfaces is due to specific binding interactions between β-

cyclodextrin and C152, and that regardless the number of C152 molecules non-

specifically bound to hydrophobic interfaces, they are all removed upon rinsing with 

water. As noted in the section 3.2.7 above, the fluorescence results are sensitive to slide 

positioning; the blue and green traces in Figure 3.10 are equivalent within experimental 

limits. 

 Figure 3.11 shows that similar data are acquired from the slides functionalized 

with β-cyclodextrin bound to 1st and 2nd generation dendrons 6 and 7. Both samples 

appear to retain C152 following several 60 second rinses with pure water. Furthermore, 

the emission wavelength of the C152 bound by both generations of β-cyclodextrin 

dendrons (503 nm) is consistent with the wavelength of the C152 bound by surface 3 

with β-cyclodextrin functionalization but lacking the dendron subcomponent. To 

summarize these results, only a short (60 second) washing time was required to remove 

non-specifically bound C152 from 6 (G1); repeated washings of surface 6 do not reduce 

the amount of C152 that is bound. For surface 7 (G2), a second washing did remove 
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additional C152, indicating that more C152 is bound non-specifically to 7 and also that 7 

less effectively retains the solute from the solution via a specific binding mechanism. 

 

 

Figure 3.11 Coumarin 152 adsorbed to (a) β-cyclodextrin functionalized generation 1 
dendron surface 6 and (b) β-cyclodextrin functionalized generation 2 dendron surface 7. 
Black traces are prior to introduction to the solution, red are after an hour of equilibration 
in the solution, green are after the first soak in water, and blue are after the second soak in 
water. 
 
 
 While Figures 3.10 and 3.11 show that all of the slides functionalized with β-

cyclodextrin retained C152, the fluorescence data from the silica surfaces cannot resolve 

the absolute amount of C152 retained. To quantify the capacities of the three different 

surfaces, each sample was rinsed with 50 mL of methanol to remove all detectable C152 

from the surface. Figure 3.12a and 3.12b, respectively show retention of C152 after a 60 

second wash in water and complete desorption triggered by sonication in methanol. The 
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fluorescence excitation intensity of the wash was measured and compared to the 

excitation from prepared C152/methanol standards (Figure A.3 in Appendix A). The 

amount of C152 rinsed from each sample was assumed to represent the accessible 

number of β-cyclodextrin sites on the surface, and this number was converted into a 

surface coverage of β-cyclodextrins capable of forming complexes with organic solutes 

in aqueous solution. The spectra from the methanol washes of 6 and 7 are shown in 

Figures 12a and 12b, respectively. With regards to coumarin concentrations used in these 

experiments (2.6 mg/L), these concentrations are higher than are typical for regulated 

pesticides in ground water but only by a factor of ~3-4 in some cases. The signal to noise 

of our reported data exceeded 10 in many instances, inspiring confidence that these 

functionalized surfaces can, in fact, be relevant for waste water remediation. The results, 

summarized in Table 3.2, were informative: silica surfaces functionalized with 1st 

generation dendrons 6 showed the highest C152 binding capacity with a surface coverage 

of 2 x 1014 sites/cm2, followed by 2nd generation dendrons 7 with 1 x 1014 sites/cm2 and 

finally β-cyclodextrin functionalized slides 3 with 3 x 1013 sites/cm2. All values are the 

average of at least three trials. 
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Figure 3.12 Representative emission spectra showing (a) retention of C152 after a 60 
second wash in water, and (b) complete desorption triggered by sonication in methanol. 
 
 
 

 

Figure 3.13 Representative fluorescence excitation spectra of the methanol wash from (a) 
surface 6 and (b) surface 7. 
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Slide (compound) [C152] (nM) C152 molecules/cm2 (x 1013) 
Single Layer (3) 11 3 
Generation 1 (6) 78 20 
Generation 2 (7) 44 10 

 
Table 3.2 Summary of results for the quantification of desorbed C152. 
 
 
 As expected, both β-cyclodextrin dendronized surfaces 6 and 7 adsorb more 

analyte molecules than surface 3, which presented singly tethered β-cyclodextrin 

molecules at the surface. The observation that the first generation dendronized surface 6 

adsorbs more C152 than the second generation surface 7 is counterintuitive, however, 

since both surfaces bear the same overall amount of β-cyclodextrin. One likely possible 

explanation for the fact that surface 6 shows twice the binding capability of surface 7 is 

that many of the terminal β-cyclodextrin hosts on the second generation dendron of 7 are 

inaccessible for binding by C152. This inaccessibility and consequent decreased binding 

efficiency is likely due to steric crowding of large β-cyclodextrins on the dendron. 

Although dendronization of 12 did not occur quantitatively en route to formation of 

either 6 or 7, the increased density of coumarin binding sites available for adsorption of 

C152 using dendronized surfaces still enabled the adsorption of more C152 than could be 

adsorbed on the non-dendronized surface 3. 

 
3.4 Conclusions 

 
 
 Novel β-cyclodextrin functionalized silica surfaces that absorb targeted analytes 

from bulk aqueous solutions were synthesized and characterized. First and second 

generation polyaryl ether dendrons were tethered to silica surfaces. Cu(I) catalyzed 
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cycloaddition “click” chemistry was used to append β-cyclodextrin onto the dendronized 

surfaces, and a β-cyclodextrin functionalized surface without the dendron was also 

reported for comparison purposes. These complex surfaces were characterized using XPS 

and VSFS analysis. Both techniques indicated that the proposed architecture was 

successfully synthesized. Although the synthesis procedure reported here was used for 

the appendage of β-cyclodextrin units onto dendronized surfaces, the route is highly 

flexible, and a wide variety of endgroups can be added onto the alkynes on the dendrons 

via triazole formation. Different generations of dendrons afford different surface densities 

for the endgroup functionality. 

 These surfaces possess the adsorption and retention capabilities they were 

designed for: the functionalized surfaces can be used repeatedly with highly reproducible 

results. The adsorption ability was observed from fluorescence spectra of the 

functionalized slides. These results showed that C152 had an affinity for the β-

cyclodextrin functionalized surfaces that persisted through multiple aqueous washings. 

Additionally, the adsorptive capabilities of the slides were quantified by analyzing the 

wash from the slides after desorption was triggered. These results indicate that substrates 

functionalized with first generation dendrons had a greater binding capacity than slides 

functionalized either with monomeric β-cyclodextrin or with larger generation dendrons. 

This result can be understood in terms of the tradeoff between maximizing the density of 

β-cyclodextrin on the surface vs. maximizing the number of β-cyclodextrins that can be 

accessed by a binding partner such as C152. The studies reported here have provided a 
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methodology for characterizing and evaluating the properties of novel, highly functional 

surfaces. 
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CHAPTER 4 

 
 

PARTITIONING OF BINARY SOLVENTS AT  
 

SOLID/LIQUID AND SOLID/VAPOR INTERFACES 
 
 

4.1 Introduction 
 
 

Asymmetry between liquids and a solid surface can induce structure and long-

range order not found in bulk liquids. This organization affects the chemical and physical 

properties of both the surface and the adjacent solvent, and arises from a competition 

between the liquids’ own intermolecular interactions and interactions with the underlying 

substrate. As a result of this altered solvent environment, processes such as adsorption are 

influenced not only by the properties of the adsorbate and the substrate, but also by the 

surface mediated solvation environment. For example, n-alcohols create distinctly 

nonpolar regions at silica interfaces, a result that can be rationalized in terms of strong 

hydrogen bonding between silica’s surface silanol groups and the –OH groups of the 

alcohol. The hydrocarbon chains then organize to form a low dielectric, alkane-like 

layer.3, 9, 132 Other solvents such as cyclohexane form surprisingly polar interfacial 

environments due to their ability to order at a solid surface effectively enhancing local 

solvent density and the strength of solute-solvent interactions.1, 5 Less well understood is 

how two solvents organize themselves at a solid surface when the individual liquid 

species are thought to adopt two distinctly different interfacial structures. Interfacial 

structure and dynamics of both methanol63, 185 and acetonitrile186, 187 at silica surfaces 
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have been investigated, and these two liquids present a study in contrasts of how solvent 

structure is controlled by an adjacent substrate. Acetonitrile is thought to form anti-

parallel bilayer structures that persist up to 4 nm into the bulk liquid,186 whereas the 

hydrogen bonding effects of surface silanol groups on interfacial methanol structure are 

predicted to disappear after ~2 solvent layers.185 Given that both of these solvents 

associate strongly with the silica surface and are completely miscible with each other, 

predicting a priori how binary mixtures of methanol and acetonitrile will behave at a 

silica surface is not a simple matter. 

Bulk mixtures of acetonitrile and methanol show non-ideal behavior that has been 

attributed to solvent pairing in solution. Das et al. proposed that upon addition of 

acetonitrile, hydrogen bonds between methanol molecules break, and hydrogen bonds 

between unlike molecules are formed.188 These conclusions were based upon studies of 

composition dependent trends in properties including heat capacities,189 viscosities,188, 190 

and excess molar volumes.188, 189, 191 The acetonitrile/methanol mixture is of particular 

practical interest due to both solvents’ popularity as eluents in a host of liquid 

chromatography applications.15, 23, 192  

In section 4.2 of this work, we utilize vibrational sum frequency spectroscopy 

(VSFS) to examine solvent organization at both the silica/vapor and silica/liquid 

interfaces for different acetonitrile mole fractions in methanol. We then use the same 

technique in tandem with computer simulations (section 4.3) to examine the interfacial 

behavior of methanol, ethanol, and their binary mixture. Within the electric dipole 

approximation, sum frequency (SF) signal can be generated only in a non-
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centrosymmetric environment. This attribute makes VSFS a popular tool for studying 

surfaces and interfaces where inversion symmetry is broken.67, 193 Using a VSFS 

assembly described in Chapter 1 and elsewhere,5 we acquired spectra from the 

silica/vapor and silica/liquid interfaces exposed to either gas phase or liquid phase 

mixtures having different acetonitrile/methanol mole fractions. All reported spectra were 

acquired using a sSFsvispIR polarization combination that samples those SF active 

vibrations having a projection of their IR transition dipole along the surface normal. 

 
4.2 Acetonitrile/Methanol Data and Results 

 
 

Figure 4.1 shows SF spectra acquired from the silica/vapor interface where the 

vapor phase consisted of air saturated with methanol and acetonitrile from a binary 

solvent at the bottom of the sample cell. Signatures from both the methanol and 

acetonitrile are present in all but the pure substances’ silica/vapor spectra. Methanol 

contributes both a methyl symmetric stretch (r+) at 2834 cm-1 and a methyl Fermi 

resonance (r+-FR) at 2951 cm-1. Acetonitrile contributes only a methyl symmetric stretch 

(r+) at 2945 cm-1 to the spectra.194  
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Figure 4.1 VSFS spectra from the silica/vapor interface exposed to a vapor phase having 
different acetonitrile/methanol compositions. xACN refers to the liquid phase composition 
and yACN refers to the vapor phase composition. Spectra were acquired under sSFsvispIR 
polarization conditions and are offset for clarity. 
 
 
Due to the overlap of the r+ band from acetonitrile and the r+-FR band from methanol, 

Figure 4.2 shows the SF spectra acquired from the silica/vapor interface where the vapor 

phase consisted of air saturated with methanol-d4 and acetonitrile. 
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Figure 4.2 VSFS spectra from the silica/vapor interface exposed to a vapor phase having 
different acetonitrile/methanol-d4 compositions. xACN refers to the liquid phase 
composition and yACN refers to the vapor phase composition. Spectra were acquired under 
sSFsvispIR polarization conditions and are offset for clarity. 
 
 
Figure 4.3 plots the square root of the intensity of the methanol r+ stretch vs. mole 

fraction of acetonitrile. (Also plotted in Figure 4.3 are the relative vapor phase 

concentrations of acetonitrile and methanol.) The same procedure is applied to the 

acetonitrile r+ stretch. 
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Figure 4.3 VSFS fields (blue squares, right axes) of the methyl stretches of methanol 
(top) and acetonitrile (bottom) and literature equilibrium data195 (red circles, left axes) as 
a function of acetonitrile mole fraction. Note that the absolute magnitude of SF responses 
will depend upon an experimental assembly’s signal collection efficiency. 
 
 
Given that the square root of IMeOH r+ tracks with χ(2)

MeOH and assuming that average 

orientations of adsorbed species do not change, then data in Figure 4.3 show that 

methanol surface coverage matches perfectly the vapor phase methanol composition. 

This direct scaling of the SFG response with mole fraction indicates that methanol 

adsorbs ideally to the silica surface. We note that absence of classic ‘isotherm behavior’ 
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implies that the adsorption and desorption rates are similar enough at the experimental 

temperature of 21± 1 ˚C that the methanol adsorption does not necessarily form a 

terminal monolayer even when the vapor phase consists solely of gas phase methanol. 

We expect that experiments performed at lower temperatures would favor adsorption 

over desorption and that one (or both) of the adsorbates would exhibit a more traditional 

isotherm as a function of mole fraction. Such studies of competitive adsorption, however, 

are beyond the scope of the current work and remain an active area of interest for us. 

 Interestingly, the acetonitrile surface coverage appears to be consistently higher 

than the vapor phase acetonitrile composition, implying that acetonitrile has an even 

stronger affinity for the solid/vapor interface than would be predicted by ideal adsorption 

behavior. Such behavior can be understood in terms of the molecular interactions 

between the adsorbate and the substrate. Methanol molecules associate with silanol 

groups forming strong, directional hydrogen bonds whereas acetonitrile with its large 

dipole but relatively weak hydrogen bonding capability can be accommodated without 

dedicated –OH sites and can fill interstitial vacancies between adsorbed methanol. We 

note that changes in an adsorbate’s VSFS response can also be affected by adsorbate 

average orientation. However, determining average orientations requires measuring VSF 

spectra under different polarization conditions, and earlier work has shown that 

acetonitrile adsorbed to the silica/vapor interface does not have a measurable SPS 

response, a finding confirmed by our own measurements. (Data not shown.) 

Consequently, we were unable to make any claims about changes in acetonitrile 

organization as a function of coverage. 
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 Molecular organization changes considerably when the mixed vapor phase is 

replaced with different binary acetonitrile/methanol solutions. Figure 4.4 shows VSFS 

data from the silica/liquid binary mixture interface taken in the ssp polarization 

combination. (Both methanol and acetonitrile are fully hydrogenated.) The first 

observation is that intensities are weaker than those at the silica/vapor interface. Lower 

signal levels can have several origins. One explanation is that some of the incident SF 

signal is lost to transmission into the liquid phase due to a smaller change in refractive 

index between silica and the liquid solution. A second explanation is simply that 

interfacial solvent is more disordered at the solid/liquid interface relative to the 

solid/vapor interface. A third explanation is that the liquid system could emphasize 

dynamic effects such as rapid exchange and/or rotation of surface bound molecules. Each 

of these possibilities will be considered below, and, after considering the different 

scenarios, we propose that solvent dynamics are the most likely source of diminished 

acetonitrile SF intensity. A second general observation is that any signal assignable to 

methanol is absent at all solution compositions. This result is surprising, especially in the 

context of previous studies of binary solvents at interfaces63 and implies that methanol at 

at the silica/acetonitrile-methanol interface retains a persistent, dimer structure even at 

low bulk methanol mole fractions. 
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Figure 4.4 Square root of VSFS acetonitrile methyl stretch intensity in the liquid (red 
circles, left axis) and vapor (blue squares, right axis) phases (top). Representative VSFS 
spectra of different acetonitrile/methanol mole fractions at the silica/liquid interface in 
the ssp polarization combination (bottom). The raw spectra are offset vertically for 
clarification. 
 
 
 Intensities in Figure 4.4 (top) suggest that the acetonitrile adsorption from the 

vapor and liquid phases both behave in a similar manner until a mole fraction of ~0.85 is 

reached. At the solid/liquid interface, the VSFS signal from acetonitrile falls sharply at 

mole fractions > 0.85. After correcting the absolute intensities of the solid/vapor and 

solid/liquid spectra for differences in Fresnel factors (following Messmer et al.68), the 
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maximum acetonitrile r+ signal measured at the silica/liquid interface at a mole fraction 

of 0.85 was found to be about 65% that of the maximum signal measured at the 

silica/vapor interface (Figure 4.5). While these calculations depend on a host of 

experiment-specific conditions, experimental uncertainties can not account for this large 

difference. 

 

 

Figure 4.5 VSFG intensity of the acetonitrile methyl symmetric stretch in liquid mixtures 
(red circles) and in vapor mixtures after being adjusted for the differing Fresnel factors 
(blue squares).  
 
 
A second source of reduced signal intensity can be the formation of acetonitrile dimers at 

the surface where the dimers adopt an antiparallel structure. Such organization would 

reduce the measured VSFS intensity from the solid/liquid interface relative to the 

solid/vapor interface where, presumably, only monomers adsorb to the surface from the 

gas phase. This explanation for decreased signal intensity has precedence in literature. 

Molecular dynamics simulations performed by R. Mountain have shown a similar 

behavior for acetonitrile at the silica/binary solvent interface where the binary solvent 
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consists of acetonitrile and water.64 These simulations reported the relative number of 

acetonitrile molecules in the inner versus the outer sublayer of the acetonitrile bilayer 

formed near the interface. (In this description the ‘inner’ sublayer associates directly with 

the silica surface.) The maximum population difference between the two orientations was 

reported to occur at a mole fraction of ~0.70 acetonitrile with acetonitrile monomers in 

the outer sublayer outnumbering those in the inner sublayer. Data from these simulations 

were recently cited to support findings from experiments examining binary mixtures of 

acetonitrile and water at the silica/liquid interface.44  

 These simulations provide molecular insight into solvent organization at the 

silica/acetonitrile-methanol interface. We attribute the sharp decrease in intensity at 

xACN > 0.85 to the formation of bilayers predicted by Weeks and coworkers.186 In the 

limit that the bilayer has perfect inversion symmetry, one would expect the SF signal to 

disappear at the silica/neat acetonitrile interface. However, even with pure acetonitrile, 

the spectra show a clear – albeit weak – signal from the acetonitrile symmetric stretch. 

Ding, et al. proposed that changes in the methyl symmetric stretch frequency between 

those acetonitrile species associating directly with the surface and those in the 2nd layer 

would lead to interference in the VSFS response that did not cancel exactly.186 An 

alternative explanation would simply require different numbers of acetonitriles in the first 

solvent layer compared to the oppositely aligned, second solvent layer. This model is 

consistent with results from the simulations of acetonitrile-water binary solvents adjacent 

to a silica surface.64  
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 From the reported acetonitrile-water simulation data, we calculated acetonitrile 

population differences between the two sublayers. Based solely on these population 

differences, we simulated the anticipated VSFS response as a function of acetonitrile 

mole fraction (Figure B.2 in Appendix B). This fit is overlaid with our VSFS data in 

Figure 4.6. 
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Figure 4.6 The predicted VSFS response based on Figure 8 in Mountain’s molecular 
dynamics simulations64 (black) overlaid on experimental acetonitrile/methanol data (red). 
Also shown (dashed line) is the predicted SFG response if the effective number of 
acetonitrile monomers contributing to the spectra scaled linearly with acetonitrile mole 
fraction. 
 
 
The prediction from Mountain’s molecular dynamics simulations has the correct 

qualitative shape, but rises too steeply at low acetonitrile mole fractions and has a 

maximum in its response at a mole fraction of 0.70 instead of 0.85. Differences between 

Mountain’s simulations and experimental findings in this work are expected given the 

different co-solvents (water vs. methanol). In order for a model based on population 
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differences to more accurately capture the acetonitrile-methanol experimental data, either 

more acetonitrile must adsorb in the first sublayer at low acetonitrile mole fraction 

(leading to a smaller population difference between the first and second sublayers and a 

correspondingly weaker VSFS signal) or less acetonitrile must adsorb in the second 

sublayer. Furthermore, if the drop in acetonitrile r+ intensity coincides with acetonitrile 

monomers starting to occupy the final available surface sites, then displacement of the 

last strongly retained methanol adsorbates must happen at a higher acetonitrile mole 

fraction than is the case with the acetonitrile-water system. 

 Also appearing in Figure 4.6 is a linear fit that assumes acetonitrile contributing to 

the VSFS spectrum can be modeled with a single population assigned as neff, or the 

effective number of acetonitriles subject to interfacial anisotropy. For the SF field to scale 

linearly with bulk solution mole fraction, neff must behave ideally. In this model, 

acetonitrile solvent that is dipole paired at the interface does not contribute to neff. The 

data show that neff reaches a maximum at xACN = 0.85 and then begins to diminish. Based 

on the simulation results from Mountain, we propose that this high acetonitrile mole 

fraction is necessary in order to displace the interfacial methanol solvent that remains 

strongly hydrogen bonded to the silica surface. This idea is consistent with calorimetric 

experiments that have measured heats of immersion of silica in both acetonitrile 

(~50 kJ/mol)196 and methanol (~80 kJ/mol).197 Furthermore, based on the observed 

variation in acetonitrile VSFS intensity and the predictions from the acetonitrile-water 

simulations, we propose that the surface excess accumulates in the second sublayer with 

its methyl group directed towards the surface. This prediction cannot be verified with the 
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experimental data acquired in these studies. Rather, these findings and others198 motivate 

the need both for further molecular dynamics simulations199, 200 of the interfacial behavior 

of binary solvents and phase sensitive VSFS measurements.201  

Interestingly, VSFS spectra from the silica/liquid interface never show a 

significant response from methanol. In the case of neat methanol, the absence of a signal 

(or very weak signal) has been reported previously. Shen et al. proposed that this lack of 

signal is due to the methyl groups of the two layers adjacent to the surface having almost 

exactly opposite orientation.185 Also, at very high acetonitrile mole fractions, the amount 

of methanol adsorbed to the surface will decrease to zero leading to a vanishing VSFS 

signal. The fact that features assigned to methanol never appear in the VSFS spectra of 

binary acetonitrile/methanol mixtures can be explained in one of two ways, one structural 

and one dynamic. The structural explanation requires that interfacial methanol exists as 

molecular pairs with the individual molecules of each pair having opposite orientation or 

that an equal number of methanol molecules exist randomly with opposite orientations. 

Alternatively, a dynamic explanation necessitates that methanol molecules hydrogen 

bonded to the surface exchange with bulk solution solvent on a fast time scale so that 

methanol at the surface appears to be disordered on average. Previous experiments 

examining competitive adsorption between methanol and carbon tetrachloride would 

support the opposing orientations bilayer model.63 Shen et al. found that at methanol 

mole fractions of ~3-30% the SF signal closely resembles that of a methanol monolayer 

on silica.63 No such regime of ordered methanol having net surface excess has been found 

for the acetonitrile-methanol binary solvent mixtures. We believe this lack of an assigned 
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SF signature is due to interfacial methanol species remaining paired so that the methanol 

–CH3 vibrational structure remains VSF inactive. We reject the possibility of dynamic 

effects leading to interfacial disorder because of the strong acetonitrile signal that persists 

to high mole fractions (implying some degree of interfacial anisotropy) and because of 

calculated methanol reorientation times that are slow compared to the laser pulse 

durations of the IR and visible pulses.3 If fast exchange and/or reorientation of interfacial 

methanol were resposible for the absent methanol response, then these effects would also 

have Shen and coworkers from observing a methanol response from the silica/methanol-

carbon tetrachloride interface.63  

Furthermore, we also discount the possibility that an uncorrelated number of 

oppositely aligned methanol molecules in the first sublayer remains equal with the second 

sublayer. Based on the heats of immersion data cited above (References 24 and 25), one 

would expect that in an equimolar solution, 1.5 times more methanol molecules than 

acetonitrile should occupy surface sites. Despite this thermodynamic consideration, 

however, no significant response from interfacial methanol solvent is ever observed. We 

propose that acetonitrile molecules from a binary solvent organize themselves 

preferentially in the 2nd sublayer around oppositely oriented methanol pairs that remain 

strongly associated with the silica surface. Only at very high acetonitrile mole fractions 

(≥ 0.85) are the last remaining methanol pairs displaced. This changing composition and 

organization at the silica/liquid interface is inferred from changes in the vibrational 

signature(s) of interfacial acetonitrile. Again, we note that these observations provide a 

very stringent test (and motivate a very clear need) for molecular dynamics simulations. 
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4.3 Methanol/Ethanol Data and Results  
 
 

The research presented in section 4.3 of this chapter includes a close collaboration 

with the Benjamin research group at the University of California, Santa Cruz. In this 

section, experimental and computational methods were used to explain the lack of a sum 

frequency signature at silica/methanol interfaces. The molecular dynamics simulations 

performed by the Benjamin group proved to have a vital role in this part of the project. 

The computer simulations (and their analysis) presented in section 4.3 were performed by 

John Karnes and Dr. Ilan Benjamin, the details of which can be found in a manuscript 

submitted to the Journal of Physical Chemistry B. The results of the simulations are 

included in this section with their permission in order to demonstrate the broad scope of 

this project. 

In order to further address the absence of methanol signal at the silica/liquid 

interface, binary mixtures of methanol and ethanol were also studied using VSFS. These 

experiments were coupled with molecular dynamics simulations of the two neat solvents 

at silica interfaces. By comparing the two systems, the results found both experimentally 

and computationally were used to explain the lack of silica/liquid methanol SF signal. 

 Figure 4.7 shows the drastic difference between methanol’s SF signature at the 

silica/vapor interfaces versus the silica/liquid interface. 
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Figure 4.7 VSFS spectra at the silica/methanol interface (blue) and the silica/methanol 
vapor interface (red). Spectra were acquired under sSFsvispIR polarization conditions and 
are offset for clarity. 
 
 
As discussed in section 4.2, this observation has been explained previously using the 

rigid bilayer model of methanol molecules at silica interfaces where the two sublayers are 

oriented opposite to each other resulting in a cancelation of SF signal. Interestingly, 

ethanol does not behave in the same manner. Figure 4.8 shows spectra under the same 

conditions as Figure 4.7 with ethanol replacing the methanol. 
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Figure 4.8 VSFS spectra at the silica/ethanol interface (blue) and the silica/ethanol vapor 
interface (red). Spectra were acquired under sSFsvispIR polarization conditions and are 
offset for clarity. 
 
 
Unlike the methanol spectra, ethanol displays a SF signature at both the silica/vapor and 

silica/liquid interfaces. In the silica/vapor trace, the peaks at 2870 cm-1 and 2930 cm-1 are 

assigned to the r+ stretch and the r+-FR respectively. The asymmetric nature of the Fermi 

resonance peak also suggests the possibility of an underlying r- stretch centered at a 

slightly higher frequency as well. In the silica/liquid trace, the r+ stretch remains absent 

(as with methanol), but the intensity of the r- stretch increases with respect to the r+-FR. 

This result has been reported previously and has been attributed to bilayer formation 

where the sublayers have interdigitated alkyl chains.185 

 Binary mixtures consisting of methanol and ethanol were used to examine the 

organization of the two alcohols at the silica interface. The preferential adsorption and 
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organization of the interfacial alcohols could then lead to a more accurate description of 

the neat solvents. Due to the overlap of the methanol and ethanol VSFS signatures, 

methanol-d4 was used in the binary mixtures and the ethanol signature was recorded at 

the different molar compositions. The spectra in Figure 4.9 were collected using 

experimental methods similar to those used with the acetonitrile-methanol binary 

mixtures presented in Figure 4.1. 

 

 

Figure 4.9 VSFS spectra from the silica/vapor interface exposed to a vapor phase having 
different ethanol/methanol-d4 compositions. xEtOH refers to the liquid phase percent 
composition of ethanol. Spectra were acquired under sSFsvispIR polarization conditions and 
are offset for clarity. 
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 Figure 4.10 plots the square root of the intensity of the ethanol r+ stretch vs. the 

liquid mole fraction of ethanol. (Also plotted in Figure 4.10 are the relative vapor phase 

concentrations of ethanol.) 

 

 

Figure 4.10 VSFS fields (blue squares, right axis) of the methyl stretches of ethanol and 
literature vapor phase ethanol mole fraction data202 (red circles, left axis) as a function of 
ethanol liquid mole fraction. Note that the absolute magnitude of SF responses will 
depend upon an experimental assembly’s signal collection efficiency. 
 
 
While not as significant as the acetonitrile/methanol difference, Figure 4.10 does suggest 

that ethanol also adsorbs in excess of values predicted from the vapor liquid equilibrium 

data. This observation suggests an interesting parallel to the acetonitrile-methanol 

mixture. Just as methanol had a higher affinity for the surface silanols and the smaller, 

more weakly associating acetonitrile molecules could fill interstitial sites, in this case 

ethanol has the higher affinity (heat of immersion = ~100 kJ/mol197) and may require that 

smaller methanol molecules fit into the surface interstitial sites. 
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 Figure 4.11 shows VSFS spectra using the same mole fractions as Figure 4.9 but 

now at the silica/binary liquid interface. Due to the weak SF signals at the silica/liquid 

interface, SF intensity plots were not recorded. 

 

 

 Figure 4.11 VSFS spectra from the silica/vapor interface exposed to a vapor phase 
having different ethanol/methanol-d4 compositions. xEtOH refers to the liquid phase 
composition of ethanol. Spectra were acquired under sSFsvispIR polarization conditions and 
are offset for clarity. 
 
 
Ethanol has no discernable SF signature until xEtOH ≈ 0.45. Below this mole fraction, the 

absence of an ethanol signal can signify several possibilities. The first possibility is that 
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there are simply no ethanol molecules at the silica surface. We discount this possibility 

due to ethanol’s heat of immersion being larger than methanol’s. We believe that 

molecules hydrogen bonded to the surface as strongly as ethanol would not be displaced 

by the more weakly associating methanol molecules until much lower xEtOH. A second 

explanation for the lack of signal is complete disorder of the interfacial ethanol 

molecules. This explanation is also unlikely. Shen and coworkers found that binary 

mixtures of ethanol and carbon tetrachloride gave measurable ethanol signatures at all 

mole fractions above xEtOH = 0.03.63 We believe that these results suggest the ethanol 

monolayer observed at a silica/ethanol vapor interface remains intact at the silica/liquid 

interface. The same studies also suggest the lack of signal is not due to interfacial ethanol 

molecules reorienting. Furthermore, if the ethanol molecules were rearranging in such a 

way to direct their terminal methyl groups parallel to the interface (resulting in the loss of 

the methyl symmetric signature), we would expect the methyl antisymmetric stretches to 

remain – and even increase in intensity – even at low mole fractions. The last possibility 

for the lack of signal is the creation of a centrosymmetric environment. This option is the 

most likely considering the lack of a methyl symmetric stretch, even at the silica/neat 

ethanol interface. A featureless SF spectrum also supports the interdigitated opposing 

bilayer model proposed by Liu et al.185 Figure 4.11, however, suggests that this ethanol 

bilayer model exists even to very small ethanol mole fractions. 

Prompted by the questions presented by this work, a collaboration was formed 

and molecular dynamics (MD) simulations were run on both of these neat solvent 

systems by John Karnes of Ilan Benjamin’s group at the University of California, Santa 
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Cruz. All MD simulations presented in this section were performed by Karnes and 

Benjamin and are contained in a manuscript submitted to the Journal of Physical 

Chemistry B. Figures 4.12 and 4.13 show snapshots of both the silica/methanol and 

silica/ethanol interfaces, respectively. 

 
 

 

Figure 4.12 Snapshot of methanol at a silica interface. 
 
 
 

 

Figure 4.13 Snapshot of ethanol at a silica interface. 
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The most interesting observation from these figures is the region of low [or no] 

density after the first hydrogen bonded layer. This low density region can be seen more 

clearly in the density profile (Figure 4.14). 
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Figure 4.14 Density profiles of neat methanol (red) and ethanol (blue) at a silica interface. 
Dotted lines represent the total number of molecules per surface silanol (right axis). 
 
 
Figure 4.14 shows a region of near zero density for ethanol, and a small but certainly 

non-zero density region for methanol. The density fluctuations shown for the two 

molecules are slightly out of phase of each other due to the differing sizes of methanol 

and ethanol. The impact these results have on the SF signal can be seen in Figure 4.15. 

To examine SFG experiments using molecular insight gained from these MD simulations, 

we consider that an ssp polarized SFG signal arises when the active mode has its infrared 

transition moment oriented normal to the silica interface. A cumulative orientational 

profile for the methyl symmetric stretch vector of each solvent is used to visualize the 

contribution to an SFG signal based solely upon the number of molecules present and 

their orientation with respect to the silica interface. 
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Figure 4.15 Cumulative orientational profiles of molecular vectors parallel to the SF 
active mode. 
 
 
Figure 4.15 shows that due to a more ordered first layer, methanol has a higher 

magnitude peak than ethanol. Furthermore, results from these simulations also indicate 

that the small number of methanol molecules in the first layer’s second sublayer (between 

the first two layers) are primarily oriented oppositely of those molecules in the first 

sublayer. This net opposite orientation leads to a diminished SF intensity. Conversely, 

ethanol does not have this second sublayer leading to a plateau in the cumulative 

orientation profile and no impact on the SF signal. 

 The MD simulations presented above appear to disagree with the lack of SFG 

signal arising from silica/liquid methanol interfaces. This discrepancy might arise from 

small structural imperfections in the surface that create more disorder in the interfacial 

solvent’s organization. To test this hypothesis, additional experiments and simulations 
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were performed. MD simulations were altered by “shutting off” the binding ability of 

every sixth surface silanol group leading to a more deactivated surface. The results from 

such a modification can be seen in Figure 4.16. 
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Figure 4.16 Density profiles of methanol (red) and ethanol (blue) at a silica surface. Solid 
lines represent the density at an active surface and dashed lines represent a deactivated 
surface. Dotted curves (right axis) show the integrated number of molecules per silanol 
site at active surfaces (large dots) and deactivated surfaces (small dots). 
 
 
Figure 4.16 shows that the largest change between the active and partially deactivated 

silica surfaces is the interlayer density. While both molecules show an increased density 

in this region, methanol’s change seems most apparent. When these changes are plotted 

in a cumulative orientation profile (Figure 4.14), their effects on the SFG intensity are 

seen. 
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Figure 4.17 Cumulative orientational profile of methanol (red) and ethanol (blue). The 
solid curves are the profiles at an active surface and the dashed curves correspond to a 
deactivated surface. 
 

Figure 4.17 shows that the difference between activated and deactivated silica surfaces on 

the SFG signal is most pronounced for the methanol system. The interlayer region for the 

ethanol system remains similar for both surfaces, but the methanol system experiences an 

even larger decrease in SFG signal at the deactivated surface. This decrease is due to a 

larger second sublayer population oriented with their methyl groups directed towards the 

surface. We predict that this increased cancelation observed at imperfect surfaces leads to 

the lack of SFG signal at the silica/methanol interface. 

 Tuning the surface hydroxyl composition of silica is very difficult to do in a 

systematic and quantitative way. Instead, we explored the effect of having a lager 

interfacial hydroxyl group density by using an alumina substrate.203 Alumina/methanol 

and alumina/methanol vapor SFG spectra can be seen in Figure 4.18 
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Figure 4.18 VSFS spectra at the alumina/methanol interface (blue) and the 
alumina/methanol vapor interface (red). Spectra were acquired under sSFsvispIR 
polarization conditions and are offset for clarity. 
 
 
Figure 4.18 shows that unlike silica/methanol (Figure 4.7), alumina/methanol interfaces 

display an appreciable methanol SFG signature. Based on the experimental and 

computational studies, we believe this signal is due to an increased surface –OH group 

density. This increased density of hydroxyl groups manifests itself by diminishing the 

population and order of the first layer’s second sublayer. Both of these effects lead to an 

increased SFG signal. 

 
4.4 Conclusions 

 
 

VSFS data from the silica/acetonitrile-methanol binary solvent interface provide 

remarkably suggestive insight into solvent structure and organization at this solid/liquid 
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boundary. Acetonitrile molecules appear to have strong affinity for silica substrates from 

the vapor phase, while methanol adsorption from the vapor phase follows ideal behavior. 

From the binary solvent liquid phase, a surface excess of acetonitrile in an asymmetric 

environment continues to grow linearly until a bulk mole fraction of 0.85. At higher mole 

fractions, VSFS intensity diminishes sharply, implying the formation of a locally 

centrosymmetric bilayer organization. Based on very recent MD simulations (with the 

acetonitrile-water binary solvent), we proposed that the 2nd sublayer of the interfacial 

solvent is populated preferentially with acetonitrile until a mole fraction of 0.85. (Figure 

4.19) At higher acetonitrile mole fractions, acetonitrile begins to populate more of the 1st 

sublayer, creating acetonitrile dimers and reducing the measured acetonitrile SF signal. 

These findings – both for binary ‘solvent’ adsorption to the solid/vapor and solid/liquid 

interfaces – are highly suggestive and spur the need both for simulations and additional 

experiments examining the structure and organization of other binary solvent 

combinations at buried interfaces. Furthermore, recent MD simulations and experiments 

with alumina substrates indicate that the SFG signal at silica/methanol systems is directly 

dependent on the density of the surface silanol groups. 
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Figure 4.19 Scheme representing the proposed organization of acetonitrile (blue) and 
methanol (red) molecules at the binary mixture/silica interface. 
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CHAPTER 5 
 
 

COOPERATIVE ADSORPTION AT  
 

LIQUID/VAPOR INTERFACES 
 
 

5.1 Introduction 
 
 

Marine aerosols formed from bubbles bursting at the ocean’s surface contain large 

amounts of organic matter – up to 77% by mass of submicron range particles.204 These 

particles are thought to account for as much as 90% of cloud condensation nucleation in 

marine environments uninfluenced by continental effects making their composition 

environmentally relevant.205 As these bubbles ascend through the ocean to the surface, 

different oceanic regions can enrich them with organic matter before they burst, creating 

similarly organic enriched aerosol particles.206, 207 Multiple studies have shown that 

organic rich surface microlayers (the upper millimeter of the ocean) increase the amount 

of organic matter in these aerosols.208-210 The organic matter found in these particles 

includes water soluble solutes such as saccharides, alcohols, amines and amino acids; and 

water insoluble molecules including lipids and fatty acids.211-215 This organic matter is 

primarily biogenic in origin and can be enhanced by marine events such as periods of 

phytoplankton bloom.204, 216 

Adsorption of these organic molecules to aqueous/vapor interfaces will have large 

effects on the composition of these sea spray aerosols. A small layer termed the 

‘nanolayer’ exists between the ocean’s interfacial microlayer and the bordering 

atmosphere. This layer can be as thin as one molecular monolayer and represents a 
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‘mixing zone’ where a variety of surface-active species accumulate.217 While 

enhancement of surface active species at the interface is reasonable to expect, soluble 

organics that are not necessarily surface active on their own also show surprising increase 

in near-surface concentration compared to bulk solution values.206, 212 One hypothesis is 

that such enhancement is due to water-soluble organics complexing with interfacial 

surfactants effectively drawing them to the surface.218-220 Enhanced organic content at has 

important consequences for the physico-chemical properties of the sea surface. Not only 

does an organically enriched nanolayer impose an additional diffusion barrier for air-sea 

gas exchange221 but it also leads to the enhancement of the organic concentration in sea 

spray aerosols. 

Insoluble surfactants drawing soluble organic solutes to the surface is termed 

cooparative adsorption, and this phenomenon is not unique to oceanic systems. For 

example, Davies and coworkers have studied the effects of NaCl and polyelectrolyte on 

the adsorption of SDS to a hydrophobic solid/liquid interface,222 and Nguyen et al. 

observed enhanced adsorption with mixtures of different surfactants when compared to 

the individual constituents.223 Insoluble lipid monolayers can also increase the 

concentration of certain solutes at interfaces. For example, the cooperative adsorption of 

fatty acids and divalent cations at aqueous/vapor interfaces has been studied in detail due 

the prevalence of these molecules in biological systems.224-226  

Work presented in this chapter uses vibrational sum frequency spectroscopy 

(VSFS) to examine the cooperative adsorption of a water-soluble monosachharide, 

glucosamine, from bulk solution to the near surface region in the presence of a monolayer 
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of the lipid dipalmitoylphosphatidyl choline (DPPC). This migration is evident through 

the observed displacement of interfacial water molecules solvating the lipid headgroup 

and induced conformational ordering of DPPC’s alkyl chains. Specifically, with tightly 

packed monolayers glucosamine has a large effect on the solvating water molecules, but 

very little effect on alkyl chain order. With less tightly packed monolayers, both solvating 

water molecules and alkyl chain conformation are influenced by the glucosamine. While 

a number of studies have focused on the effects of solvated ions and insoluble surfactants 

on lipid monolayers,227-230 we believe the results presented below to be the first that 

report enhancement of highly soluble aqueous sugar concentrations at an aqueous/vapor 

interface. Insofar as lipid films and soluble sachharides represent model environmental 

systems, these observations suggest a mechanism responsible for enhanced organic 

content in sea spray aerosols.  

In this work, we use vibrational sum frequency spectroscopy (VSFS) to examine 

two primary regions of the vibrational spectrum: 1) disruption of interfacial water 

structure by glucosamine drawn by the lipid film is observed in O-H stretching region 

(3100 – 3700 cm-1), and 2) the conformational ordering of DPPC is observed in the C-H 

stretching region of the lipids’ alkyl chains (2800 – 3000 cm-1). These studies were 

performed in collaboration with scientists and atmospheric modelers at Pacific Northwest 

National Laboratory (PNNL). While the results presented are new and exciting, they only 

scratch the surface of an exciting new area of atmospheric science.  

 
 
 
 



144 
 

 
 

5.2 Experimental 
 
 

D-(+)-Glucosamine hydrochloride (≥99%, crystalline) was purchased from 

Sigma-Aldrich and DPPC was purchased from Avanti Polar Lipids, Inc. Sample cells 

were rinsed with methanol and deionized water (Milipore, 18.2 MΩ, pH 5.5) and allowed 

to sit in a plasma cleaner for 10 minutes in order to remove contaminants. Water from the 

same source was used for mixing aqueous samples. DPPC solutions were created in 

chloroform and applied dropwise to the aqueous interface. Samples were allowed to 

equilibrate for ten minutes prior to the acquisition of the VSFS spectra. 

 
5.2.1 PNNL HR-BB-VSFS Setup 

Vibrational spectra of the C-H region of DPPC’s alkyl chains were acquired using 

high-resolution broadband vibrational sum frequency spectroscopy (HR-BB-VSFS). The 

HR-BB-VSFS used at the EMSL user facility at PNNL has been described in detail 

elsewhere.231, 232 Briefly, two different Ti:Sapphire oscillator/amplifier combinations 

(1 kHz, ~800 nm) were used for the visible and infrared sources. The laser timing of both 

systems was electronically synchronized (Synchronolock-AP, Coherent, Palo Alto, CA). 

One set generates 40 fs pulses and is used to pump an OPA (OPerA-Solo) to produce the 

broadband IR light. The other generates 100 ps pulses and is used as the visible source. 

As a co-propagating system, both beams are focused on the interface at ~50° from 

normal, and the reflected signal is collected by a combined monochromator (Andor 

Technology, Belfast, NIR, Shamrock 750 mm, 1200 lines/mm grating) and CCD (Andor 

Technology, Newton 917P, back-illuminated). This setup allows for VSFS spectra to be 
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taken with sub-wavenumber resolution. Spectral frequencies are calibrated to a 

polystyrene film absorption spectrum and are accurate to ± 2 cm-1. Measured spectral 

intensities are background corrected using a ‘spectrum’ with a 1 ns delay between pulses. 

Spectral intensity is normalized to a bulk SF response from a thick z-cut quartz crystal. 

 
5.2.2 PNNL Scanning VSFS Setup 

Vibrational spectra of the O-H stretching region of the interfacial water were 

acquired using the scanning VSFS system at PNNL. Detailed descriptions of the 

experimental setup can be found elsewhere.233-235 Briefly, the SFG spectrometer laser 

system (EKSPLA, Lithuania) has a repetition rate of 10 Hz and a pulse width of 23 ps. 

The visible source is fixed at 532 nm and the IR source can be tuned from 1000 – 4300 

cm-1. For the data presented, each scan entailed 5 cm-1 steps with 150 pulses per point. 

The SFG signal is collected by a detector augmented with a high-gain low-noise 

photomultiplier (Hamamatsu, PMT-R585, tuned to 1250 V) and a two channel boxcar 

average system (Stanford Research Systems). Recorded spectra are normalized to the 

energy of the incident laser beams. 

 
5.3 Results 

 
 

To determine the effects of lipid monolayer surface coverage on aqueous 

solutions of glucosamine, VSFS spectra were taken at two different coverages of DPPC, 

40 Å2/molecule and 55 Å2/molecule (asterisks, Figure 5.1). For each surface coverage, 

repeated VSFS spectra were taken in the C-H stretching region and the O-H stretching 

region for different glucosamine solutions. 
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Figure 5.1 Surface pressure – molecular area isotherms of a monolayer of DPPC on neat 
water (red trace) and a 60 mM glucosamine solution with no DPPC (black trace). 
Asterisks represent points at which VSFS spectra were taken. 
 

Lipid surface coverages for these studies were chosen based on the two-

dimensional phase behavior of DPPC. Figure 5.1 illustrates the surface pressure vs. area 

behavior of a DPPC monolayer on water. The isothermal behavior of DPPC films has 

been studied extensively.236, 237 The small rise in surface pressure at ~90 A2/molecule 

corresponds to the liquid-expanded phase of the monolayer followed by the ~85-55 

A2/molecule plateau region indicating the coexistence of liquid-expanded and liquid-

condensed phases. After the plateau, the monolayer is exclusively in a liquid-condensed 

phase (~55-45 A2/molecule) followed by the solid phase (near-vertical region). At surface 

coverages more concentrated than ~44 A2/molecule, the monolayer collapses resulting in 

a horizontal region where multilayers begin to form. The two surface coverages chosen 

for these studies were 40 and 55 A2/molecule in order to observe the effects of dissolved 
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glucosamine on a lipid film that was already packed as tightly as possible and a film that 

was condensed but with more disorder. 

Representative SF spectra in the O-H stretching region taken of solutions with a 

40 A2/molecule monolayer of DPPC spread on the aqueous/vapor interface are shown in 

Figure 5.2. 
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Figure 5.2 VSFS spectra at the aqueous/vapor interface in the O-H stretching region of 
neat water (gray trace), aqueous 19.9 mM glucosamine (black trace), and various aqueous 
concentrations of glucosamine with a monolayer of DPPC (40 A2/molecule) spread at the 
interface (traces above dotted line). 
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The gray trace shows a spectrum of the neat water/vapor interface. This spectrum 

contains three features: the two broad hydrogen bonded water peaks centered at ~3250 

cm-1 and ~3400 cm-1, and the relatively narrow free –OH peak at ~3700 cm-1. The 

spectrum is consistent with many previous reports of the same water/vapor interface, 

although assignment of the features is still cause for debate.48, 53, 165, 238 Traditionally, the 

~3250 cm-1 feature has been assigned to tetrahedrally hydrogen bonded molecules similar 

to those found in ice,48, 239 although other studies have suggested that this feature belongs 

to uncoupled hydrogen bond donor OH’s such as the second O-H vibration of a water 

molecule with a dangling OH.240 The ~3400 cm-1 feature is typically assigned to 

asymmetrically hydrogen bound or more loosely coordinated water molecules such as 

those found in liquid water. The ‘free’ or ‘dangling’ OH feature at ~3700 cm-1 is 

universally acknowledged to arise from the vibration of an –OH group directed out from 

the liquid into the vapor phase. The same VSFS spectrum taken with a ~20 mM 

glucosamine solution (black trace in Figure 5.2) shows very little change. This 

observation together with surface tension data (flat black trace in Figure 5.1) show that 

while glucosamine is water-soluble, the solute is not surface active. 

When a tightly packed monolayer of DPPC is spread on a pure water surface, the 

free –OH peak disappears and the hydrogen bonded water peaks are significantly 

enhanced. (The spectrum also shows strong features in the –CH region due to the well-

ordered DPPC acyl chains.) This enhancement has been assigned previously to the polar 

ordering of water molecules by the charged headgroups of the DPPC molecules.241, 242 

Interestingly, however, the addition of glucosamine to the aqueous solution covered by 
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the lipid monolayer dramatically suppresses the enhanced water signature. This 

suppression is more evident when the SF fields are plotted as a function of glucosamine 

concentration (Figure 5.3) Assuming that the square root of the SF signal is proportional 

to the number of interfacial water molecules contributing to the spectrum, relatively low 

concentrations of glucosamine reduce the number of solvating water molecules by ~30%. 

Such behavior suggests that DPPC is drawing glucosamine to the surface and the 

glucosamine molecules are displacing solvating water molecules. 
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Figure 5.3 SF field at 3250 cm-1 as a function of glucosamine concentration in water with 
a 40 A2/molecule surface coverage of DPPC (left axis) and the corresponding percent of 
the SF field compared to DPPC on pure water (right axis). Error bars are based on point 
to point variability in each spectrum. 
 
 
  The suppression observable in Figure 5.3 implies that the interfacial water 

structure created by the lipid monolayer is disrupted upon the addition of glucosamine (at 

concentrations as low as 0.5 mM). We believe this disruption is due to the Coulomb-

driven displacement of some solvating molecules by positively charged glucosamine 
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molecules. Many studies have been performed on inorganic cations binding to 

phosphatidylcholine lipid membranes, where association constants have been found to 

range from ~0.15 M-1 for monovalent Na+ up to ~120 M-1 for divalent Ca2+.243-245 The 

proposed mechanism of association has cations interacting directly with the negatively 

charged phosphates of the DPPC headgroups displacing solvating water molecules. 

Curiously, this behavior is not observed immediately at aqueous surfaces covered 

by more expanded lipid monolayers. When a less densely packed (55 A2/molecule) layer 

of DPPC is spread on the surface (Figures 5.4 and 5.5), the OH signal increases initially 

with increasing concentrations of glucosamine. After passing through a maximum at 

glucosamine concentrations of ~2 mM, the –OH response is reduced but still never drops 

below levels observed for expanded DPPC monolayers (at 55 Å2/molecule) in the 

absence of GA. 
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Figure 5.4 VSFS spectra at the aqueous/vapor interface in the O-H stretching region of 
neat water (gray trace), aqueous 19.9 mM glucosamine (black trace), and various aqueous 
concentrations of glucosamine with a monolayer of DPPC (55 A2/molecule) spread at the 
interface (traces above dotted line). Spectra were smoothed using a 3 point boxcar 
average. 
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Figure 5.5 SF field at 3250 cm-1 as a function of glucosamine concentration in water with 
a 55 A2/molecule surface coverage of DPPC. Error bars are based on point to point 
variability in each spectrum. 
 
 
The behavior observed in Figures 5.4 and 5.5 defies simple explanation and suggests that 

several factors contribute to interfacial water structure. These considerations will be 

addressed later in this chapter.  

Further insight into this system comes from examining the -CH stretching region 

of DPPC’s alkyl chains. Representative SF spectra of a 55 A2/molecule monolayer of 

DPPC on different aqueous solutions of glucosamine can be seen in Figure 5.6. 
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Figure 5.6 Representative VSFS spectra in the C-H stretching region from the 
aqueous/vapor interface of 55 A2/molecule DPPC monolayers on aqueous glucosamine 
solutions. All spectra were collected in the ssp polarization combination. 
 

All VSFS spectra share six common features. These six features correspond to the 

methylene symmetric stretch (d+, ~2854 cm-1), methyl symmetric stretch (r+, ~2882 

cm-1), methyl symmetric Fermi resonance (r+
FR, ~2933 cm-1), methylene asymmetric 

stretch (d-, ~2947 cm-1), methyl asymmetric stretch (r-, ~2960 cm-1), and the methyl 

symmetric stretch of the methyl group on the lipid’s choline headgroup (r+
choline, ~2974 

cm-1). Assignments were made based off of previously reported linear246, 247 and 

nonlinear248-251 vibrational spectroscopic studies. While absolute SF intensities give 

insight into the number of interfacial vibrational oscillators, the r+/d+ ratio is more 

informative when examining the conformational order of the lipid’s alkyl chains.252, 253 

With the ssp polarization combination, vibrations having transition dipoles oriented 

normal to the interface give the strongest signal. If a monolayer sample is comprised of 
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highly ordered alkyl chains oriented normal to the interface, the ssp VSFS polarization 

combination typically shows a strong response from the r+ mode while the d+ mode 

makes little contribution leading to a large r+/d+ ratio. Conversely, if the monolayer is not 

tightly packed, conformational disorder randomizes the methyl group orientations and 

creates more methylene groups having their d+ transition moments aligned along the 

interface normal giving rise to a lower r+/d+ ratio results. 

 Figure 5.7 displays the r+/d+ ratio as a function of glucosamine concentration in 

order to quantify the extent to which a loosely packed monolayer is ordered by the 

aqueous sugar. 
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Figure 5.7 Ratio of methyl symmetric stretch : methylene symmetric stretch intensity as a 
function of glucosamine concentration in water. The DPPC is loosely packed at 55 
A2/molecule, and all points are the average of at least two trials. 
  

The trend shown in Figure 5.7 suggests that glucosamine adsorbed to the surface from the 

aqueous solution organizes DPPC’s alkyl chains into an arrangement with fewer gauche 
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defects. We believe the glucosamine induces condensation of the loosely packed DPPC 

monolayer. The condensation observed in Figure 5.7 is similar to the cholesterol-induced 

condensation recorded in 2004 by Bonn et al.254 Cholesterol, however is water insoluble 

so the condensation reported by Bonn and coworkers was ‘mechanical’ in nature – 

addition of cholesterol reduced the area available for DPPC leading to an effective 

compression of the lipid film. In contrast, the DPPC-glucosamine system requires that the 

highly soluble glucosamine be drawn to the surface in order to coordinate with the DPPC 

much in the way that inorganic cations interact with phosphocholine films. Such 

cooperative adsorption would lead to ‘islands’ of more tightly packed DPPC lipids and 

areas of the interface with only water exposed to the air. 

 The alkyl chains do not show increased order with glucosamine concentration 

when the monolayer of DPPC is tightly packed (40 A2/molecule). Figure 5.8 shows 

representative VSFS spectra for the closely packed monolayer on different aqueous 

glucosamine concentrations. 
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Figure 5.8 Representative VSFS spectra in the C-H stretching region from the 
aqueous/vapor interface of 40 A2/molecule DPPC monolayers on aqueous glucosamine 
solutions. All spectra were collected in the ssp polarization combination. 
 
 
Unlike with the 55 A2/molecule monolayer, spectra from the tightly packed monolayers 

are dominated by the strong methyl and methylene stretches. The methyl stretches are 

again evident at ~2879 cm-1 (r+) and ~2959 cm-1 (r-) while the methylene stretches are 

observed at ~2848 cm-1 (d+) and ~2945 cm-1 (d-). The peak at ~2945 cm-1 also likely 

contains significant contribution from the methyl symmetric Fermi resonance. The 

strength of these signatures overwhelms any signal arising from combination bands or the 

lipid’s choline headgroups. The increased signal to noise ratio of the tightly packed layer 

is also indicative of a higher density of oscillators at the surface. Also of interest is the 

tightly packed monolayer’s dramatic increase in conformational order as shown by a 

significantly larger r+/d+ ratio when compared to the 55 A2/molecule layer. The increase 

of conformational order with increased surface coverage has been well documented with 
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various lipids at multiple interfaces.251, 254, 255 We propose that because the DPPC 

monolayer is tightly packed and well ordered, even in the absence of glucosamine, 

addition of glucosamine to the aqueous solution does not affect lipid chain conformation 

even though the –OH spectra suggest that the sugar is coordinating with the DPPC 

headgroups and disrupting interfacial water.  

 
5.4 Discussion 

 

 Combining information from both spectral regions leads to a more cohesive 

picture of how the interfacial structure in these mixed systems depends on both the 

surface coverage of the insoluble monolayer as well as the bulk solution concentration of 

the organic solute. This section describes our interpretations of the results presented 

above. An extensive amount of literature has been compiled on VSFS analysis of aqueous 

surfaces in the presence of charged surfactants. Despite the large volume of work on the 

topic, reports show surprisingly little agreement regarding the origins of observed 

behaviors. Furthermore, the observations appear to depend not only upon the chemical 

system (i.e. the type, density/concentration, and charge of both the surfactant and 

solvated ions), but also upon the experimental setup. Both variables make direct 

comparison to previously published results tenuous. To the best of our knowledge, data 

reported in this chapter are the first evidence of highly soluble organic solutes impacting 

DPPC monolayers and the structure of adjacent water molecules. As noted in this 

chapter’s introduction, such interactions provide a plausible mechanism that may explain 

observed enhancement of organic material in atmospheric aerosols. 
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5.4.1 Tightly Packed DPPC 
Monolayers (40 A2/molecule) 

Data collected at a DPPC surface coverage of 40 A2/molecule point to a clear 

mechanism of cooperative adsorption. Figures 5.2 and 5.3 show that tightly packed 

monolayers of DPPC at the aqueous/vapor interface significantly enhance the SF signal 

of neat water implying increased ordering of near-surface water molecules. Previous 

studies have shown that this ordered region can extend ~1 nm from the interface.256, 257 

This enhancement is suppressed, however, when glucosamine is introduced to the system 

as a soluble solute. While glucosamine itself is not surface active, the Langmuir-like 

behavior observed in Figure 5.3 suggests that glucosamine is adsorbing cooperatively, 

drawn to the surface by the zwitterionic DPPC headgroups. 

We believe glucosamine is drawn to the headgroup through Coulombic attraction. 

Considering the pKa of glucosamine is 7.58258 and the pH of the solution is ~5.5, this 

assumption is not unreasonable. Such conditions cause roughly 99% of the glucosamine 

molecules to be protonated and hold a positive charge. Under the same conditions, the 

headgroup on DPPC is zwitterionic, however the negatively charged phosphate is more 

exposed than the quaternary ammonium at the end of the choline headgroup. 

Furthermore, VSFS results by Chen et al.241 along with MD simulations256, 259 suggest 

that water molecules view the headgroup as negatively charged (i.e. they order 

themselves with their hydrogen groups oriented towards the lipid monolayer). The 

opposing charges between glucosamine’s amine group and DPPC’s phosphate group 

suggest that Coulomb interactions are the driving force for the attraction between the 

molecules. The association of glucosamine with the headgroup results in disrupting the 
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order of the interfacial water molecules not only by displacing a number of them, but also 

by weakening the interfacial charge experienced by the remaining molecules. 

Alternatively, the suppression of the OH SF response could result from electric 

double layer effects on the VSFS signal such as those first reported by Eisenthal and 

coworkers in second harmonic generation experiments of charged inerfaces.260 Gragson 

et al. later used the same concept in experiments studying the effects of ionic surfactants 

on molecular structure by using VSFS to monitor interfacial water’s orientation as the 

surface potential was changed.261, 262 Data were modeled according to the Gouy-Chapman 

description of a diffuse double layer.260-262 Within this model, interfacial potential 

depends on the density of charges on the surface and the ionic strength of the solution, 

and is confined to an interfacial region defined by the solution’s ionic strength (the 

Debye-Huckel screening length). The Debye-Huckel screening length decays as the 

reciprocal square root of the ionic strength, but within this region, an increased surface 

potential results in an increased electrostatic electric field that aligns water molecules. 

The result of this alignment is a larger VSFS signal. Increasing a solution’s ionic strength 

decreases the Debye-Huckel screening length leading to a more narrow double layer, 

fewer aligned water molecules, and a reduced VSFS signal in the –OH stretching region. 

In the DPPC/glucosamine system, changing the lipid coverage influences the 

interfacial charge density and consequently the interfacial potential. As surface coverage 

decreases, the charge density decreases and therefore decreases the interfacial potential. 

The trend this surface potential follows has been determined and published by Mobius 

and coworkers263 and others.264 Changing the ionic strength of the solution, however, has 
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two effects: 1) Increasing the ionic strength will increase the number of ions at the 

interface leading to a shorter screening depth, and 2) Increasing the ionic strength will 

decrease the interfacial potential. In the case of the tightly packed DPPC monolayer on 

aqueous glucosamine concentrations, as the glucosamine concentration increases, the 

interfacial potential is decreased and the Debye-Huckel screening length is shortened – 

both leading to fewer organized water molecules and consequently less VSFS signal. 

The CH stretching region of DPPC’s alkyl chains neither supports nor refutes the 

possibility of glucosamine cooperative adsorption to the DPPC lipid film. Not 

surprisingly, when the monolayer is tightly packed, glucosamine added to solution has 

very little impact on the lipid’s alkyl chain organization. Considering that the monolayer 

is already very ordered (high r+/d+ ratio) and has few gauche defects, changing the 

underlying solution phase has little opportunity to affect lipid monolayer structure. 

 
5.4.2 Liquid Condensed DPPC 
Monolayers (55 A2/molecule) 

When the lipid film is more expanded, cooperative adsorption of glucosamine has 

markedly different effects on interfacial structure. With less tightly packed films in a 

liquid condensed – liquid expanded coexistence phase, smaller concentrations of 

glucosamine (< 2 mM) create more order within the interfacial water molecules and 

within the film itself. The conformational ordering of the lipid’s alkyl chains visible in 

Figure 5.7 implies that glucosamine adsorption to a more expanded DPPC monolayer has 

a condensing effect on the adsorbed lipids. This condensation effect has precedent in 

literature. Using MD simulations, Pandit et al. discovered that adding NaCl to a DPPC 
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bilayer slightly decreased the area per headgroup when compared to pure water.265, 266 

Using VSFS, surface pressure measurements, and fluorescence spectroscopy, Bonn and 

coworkers also found that Ca2+ cations cause loosely packed DPPC monomers adsorbed 

to the aqueous surface to form “small, ordered lipid domains”.255 

These two trends – the ordering of the alkyl chains and the enhancement of the 

OH SF signature – match markedly well at low glucosamine concentrations. This 

agreement is best seen when the two traces are combined (Figure 5.9). 

 
0.8

0.7

0.6

0.5

0.4

VS
FS

 r+ /d
+  R

at
io

20151050
Glucosamine Concentration (mM)

2.5x10
-3

2.0

1.5

SF O
H

 Stretch Intensity

 

Figure 5.9 Ratio of methyl symmetric stretch : methylene symmetric stretch intensity (red 
filled in circles, left axis) and SF field at 3250 cm-1 (blue empty circles, right axis) as a 
function of glucosamine concentration in water with a 55 A2/molecule surface coverage 
of DPPC. 
 

The close correlation between the water signal and the r+/d+ ratio up to 2 mM 

glucosamine suggests a correspondence between the mechanism(s) behind both 

observations. While the cause of the initial ordering of interfacial water molecules at low 

glucosamine concentrations is not straightforward, the agreement with alkyl chain 
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ordering suggests the condensation of the lipid monolayer as a likely source of the 

enhancement. 

 Within the double layer model, the observed increase in water structure at low 

glucosamine concentrations can come from two sources: 1) increasing the surface 

potential, and/or 2) increasing the Debye-Huckel screening length. Both of these options 

seem unlikely at first consideration. The Gouy-Chapman model predicts that increasing a 

solution’s ionic strength decreases both of these parameters, and adding glucosamine-

hydrochloride to solution increases solution phase ionic strength. The clustering – or 

condensation – of the lipids brought about by Coulomb attractions between positively 

charged glucosamine and the DPPC phosphate group, however, will create isolated 

regions of high surface charge density and therefore high surface potential. Given the 

enhanced water structure that accompanies small additions of glucosamine to aqueous 

solutions covered with an expanded monolayers, we propose that effective condensation 

of the loosely packed DPPC monolayer results in an increase in interfacial potential that 

is analogous to the findings of Vogel et al.263 Complexation of the DPPC phosphate 

group with the positively charged glucosamine may lessen the effective dipole of the 

adsorbed species, but we believe an increase of effective surface coverage will create 

regions of high surface potential that create a net increase in the interfacial aqueous 

structure. 

 At a concentration of ~2 mM, the glucosamine- DPPC-glucosamine association 

appears to saturate and subsequent changes of interfacial structure follow predictions 

based on the same double layer model used to explain tightly packed monolayer 
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behavior: namely, further addition of glucosamine to the solution begins to lower the 

surface potential and decrease the Debye-Huckel screening length. As in the case for the 

tightly packed monolayer, these two effects lead to a smaller electrostatic electric field 

and result in more disorder in the interfacial water molecules. Similar to the tightly 

packed monolayer (Figure 5.3), after the maximum ordering occurs in the water 

molecules, only small amounts of glucosamine (2-3 mM) are required to disrupt the water 

structure bringing the OH’s SF signal to it’s lowest levels. Interestingly, the lowest level 

for the tightly packed monolayer appears to be lower than the corresponding value for the 

more loosely packer layer. These values can be directly compared when the two trends 

are plotted together as percentages of their maximum values (Figure 5.10). 
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Figure 5.10 SF field percentages of largest values for 40 A2/molecule (red trace) and 
55 A2/molecule (blue trace) as a function of glucosamine concentration. 
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We believe the source of the larger percent of maximum signal at the high concentration 

limit for the loosely packed layer is related to the relative effect of the double layer 

model. After glucosamine condenses the loosely packed monolayer, interfacial regions of 

water without lipids are more prevalent. As with aqueous/vapor interfaces containing no 

surfactant, glucosamine has no affect on the interfacial water’s structure in such regions. 

 
5.4 Conclusions 

 
 
 The double layer model has been shown to fit well with a system involving a 

tightly packed monolayer of DPPC on aqueous glucosamine solutions. As predicted by 

the Gouy-Chapman model, increasing the concentration of glucosamine in the aqueous 

solution diminishes the OH stretching region of the SF spectra due to the disordering of 

the interfacial water molecules. This disorder occurs due to the decrease in electrostatic 

electric field induced by the glucosamine’s decrease of the interfacial potential and 

Debye-Huckel screening length. No further insight is gained from the CH stretching 

region of DPPC’s alkyl chains as vibrational signatures are concentration independent at 

the tightly packed surface coverage. With a more loosely packed DPPC monolayer, close 

correlation between the increase of the OH SF signature and the r+/d+ ratio indicate that 

the formation of more tightly packed lipid ‘islands’ increases the alignment of interfacial 

water molecules at low glucosamine concentrations. This observation is explained by the 

increase in the interfacial potential caused by the condensing effect induced on the 

monolayer by the glucosamine. After 2 mM, however, the glucosamine again begins to 

reduce interfacial potential and Debye-Huckel screening length leading to more 
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disordered water. A schematic summarizing this interfacial behavior is shown in Figure 

5.11. 

 

 

Figure 5.11 Schematic representing interfacial behavior of glucosamine (green cations), 
water (red and white molecules), and DPPC (purple headgroups with black alkyl chains) 
at different surface coverages and glucosamine concentrations ([GA]). Note the 
schematic is not to scale. 
 
 
  The results described above and summarized in Figure 5.10 form a plausible 

explanation for the enhancement of soluble organic compound concentrations at aqueous 

interfaces in the presence of insoluble surfactants. We believe this explanation could be 

used to describe the enhancement of soluble organic species in sea spray aerosols. While 

the experiments are only simplified models of these oceanic systems, they do provide 

clear evidence of the effects charged surfactants and solutes have on the structure of 

interfacial water. These effects are believed to result from Coulombic attraction between 
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the positively charged saccharide and the zwitterionic lipid, and the electrostatic electric 

field induced by the double layer formed at such an interface. 
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CHAPTER 6 
 
 

CONCLUSIONS AND FUTURE DIRECTIONS 
 
 

6.1 Summary 

 
Work presented in this thesis examined the noncovalent interactions of molecules 

at interfaces. Linear and nonlinear spectroscopies were used to determine the interfacial 

structure, organization, and associations of these molecules in order to infer their effects 

on different interfacial properties such as density and polarity, and develop insight into 

the molecular origins of applications including chromatography. 

Initial studies focused on the arrangement of four different solvents at the 

silica/liquid interface. Vibrational sum frequency spectroscopy (VSFS) was first used to 

identify how the molecules were ordered at the silica/liquid interface compared to the 

silica vapor interface. We determined that molecules capable of tight and efficient 

packing at the silica interface (i.e. 1-propanol and cyclohexane) retained the same 

interfacial structure at both silica/vapor and silica/liquid interfaces. Molecules lacking 

this packing efficiency (i.e. 2-propanol and methylcyclohexane), however, had different 

interfacial structures at the two surfaces. These studies also utilized second harmonic 

generation to examine the interfacial solvation of probe molecules (coumarin 151 and 

coumarin 152). Findings from these experiments suggested that interfacial solvation 

depends less on solvent structure and more on solvent association with the substrate. This 

behavior manifested itself by the probe molecules experiencing a polar environment at 

the silica/alkane interface, and a nonpolar environment at the silica/alcohol interface. We 
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believe the VSFS results highlight how solvent-substrate association mediates the 

solvation interactions of adsorbed solutes. Alkane solvents associate with the substrate 

weakly through van der Waals dispersion forces leaving the interfacial silanol groups 

available to hydrogen bond with the solute, whereas the alcohols themselves hydrogen 

bond to the silanols creating nonpolar interfaces for adsorbed solute molecules. 

The research presented in Chapter 3 addressed cyclodextrin functionalized 

substrates tailored for reversible adsorption. This chapter described the efforts made to 

design, build, and characterize a model chromatographic system intended to reversibly 

remove analytes from aqueous solutions. Three novel substrates utilizing β-cyclodextrin 

and chemisorbed dendrons were made using simple copper mediated “click” chemistry 

and characterized using x-ray photoelectron spectroscopy and VSFS. Furthermore, using 

fluorescence spectroscopy, these substrates were shown to reversibly remove Coumarin 

152 from water. We determined that while all substrates containing chemisorbed β-

cyclodextrin adsorbed and retained Coumarin 152, substrates functionalized with first 

generation dendrons had the largest capacity (twice as much as generation two and 

~7 times as much as the single β-cyclodextrin layer). This observation was interpreted in 

terms of a competition between maximizing the density of β-cyclodextrin on the surface 

vs. maximizing the number of β-cyclodextrins accessible to form guest/host inclusion 

complexes with the Coumarin 152. 

Chapter 4 addressed the interfacial organization of binary mixtures at both 

solid/vapor and solid/liquid interfaces. The first mixtures examined were acetonitrile and 

methanol at silica/vapor interfaces. Data showed that while methanol adsorbed ideally 
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(i.e. apparent surface coverage scaled with vapor phase mole fraction), acetonitrile 

adsorbed in excess of predictions drawn from vapor phase data. This observation led us 

to propose a model where methanol molecules associated strongly with silica’s surface 

silanol group and, acetonitrile molecules, because of their small size, were able to weakly 

associate through the interstitial sites between the methanol molecules allowing them to 

accumulate in excess. At the silica/liquid mixture interface, we made two surprising 

observations. First, we saw no methanol SF signal at any mole fraction, a phenomenon 

we attributed to dipole paired methanol molecules existing at the interface effectively 

canceling out the SF signature. We also observed an increase of the acetonitrile’s SF 

signature with mole fraction up until xACN = 0.85 after which it dropped back off. This 

trend is explained by differences in oppositely oriented acetonitrile sublayer populations. 

A larger difference in sublayer population led to a larger SF signature. After xACN = 0.85, 

the sublayer populations began to converge, primarily due to interfacial methanol pairs 

being displaced by first sublayer acetonitrile molecules. 

Interfacial methanol and ethanol mixtures were also studied in Chapter 4, both as 

neat solvents and as binary mixtures. The experiments were run in tandem with MD 

simulations performed by collaborators at the University of California, Santa Cruz. 

Experiments reaffirmed the lack of SF signal at the silica/methanol interface, but showed 

a distinguishable signal at the silica/ethanol interface. This seemingly odd difference was 

compared to findings from classical MD simulations that showed methanol having a 

higher molecular density in between the first two interfacial layers than ethanol. 

Furthermore, when the number of surface silanol groups was reduced, this interlayer 
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region became more populated and oriented primarily opposite to the first layer. Using 

this new information, a substrate with a higher density of surface hydroxyl groups was 

used experimentally to determine whether a methanol SFG signal could be observed. 

Alumina was chosen as this substrate and did in fact give a methanol SF signature. This 

observation supports the prediction that surface hydroxyl group density directly impacts 

the density of the interlayer region and consequently the SF activity. Binary mixtures of 

methanol and ethanol indicated that ethanol adsorbs in excess at the silica/vapor 

interface, and that ethanol’s SF signature is observable only after mole fractions of xEtOH 

= 0.5 at the silica/liquid interface. 

The research in Chapter 5 focused on cooperative adsorption at aqueous/vapor 

interfaces in an effort to model interactions occurring in sea spray aerosols. Studies 

focused on varying coverages of DPPC on different aqueous concentrations of 

glucosamine. VSFS experiments showed several interesting observations. We first 

determined that solutions containing glucosamine exhibited a suppression of the large O-

H SF signature seen at the neat water/vapor interface covered with a tightly packed (40 

A2/molecule) monolayer of DPPC. This observation implies that glucosamine disrupts 

the highly ordered interfacial water molecules that solvate the DPPC headgroup. 

Furthermore, glucosamine was shown to increase the conformational order of loosely 

packed (55 A2/molecule) DPPC alkyl chains by increasing the measurable r+/d+ ratio. 

Increased conformational order suggests a condensation effect triggered by glucosamine 

molecules on loosely packed monolayers of DPPC. This condensation effect is also 

responsible for increased ordering of water molecules upon the addition of low 
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concentrations of glucosamine. This effect increases the interfacial potential at low 

concentrations leading to a larger static electric field and more ordering of near-surface 

water molecules. At higher concentrations, however, more glucosamine leads to the 

screening of the interfacial charge leading to a shorter Debye-Huckel screening length 

and consequently more disorder in interfacial water molecules. These results imply that 

the concentration of water-soluble organics can be enhanced in the near-surface region of 

aqueous/vapor interfaces by applying a surfactant to the interface. 

 
6.2 Future Directions 

 
 Work presented in this thesis answers a number of questions about how 

asymmetric, noncovalent, intermolecular forces control solvent structure and organization 

at interfaces. Our findings also raise interesting questions that can be readily addressed 

with additional experimentation. While new questions and hypotheses can be developed 

in every chapter, particular attention here is drawn to the interfacial behavior of binary 

mixtures. Many unique and previously undocumented trends have been observed with no 

consistent, predictive model emerging. A stronger, first principles based understanding of 

liquid structure and organization at interfaces requires that additional experiments be 

performed. For example, binary mixtures of either acetonitrile or methanol paired with 

water have interesting behavior at silica interfaces. Figure 6.1 shows acetonitrile’s SF 

intensity trend at the silica/vapor interface with acetonitrile-water binary mixtures. 

Acetonitrile appears to also adsorb in excess of its vapor phase composition in this 

mixture. 
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Figure 6.1 VSFS fields (blue squares, left axis) of the methyl stretches of acetonitrile and 
literature equilibrium data267 (red fit, right axis) as a function of acetonitrile mole fraction 
in water. 
 
 
Figure 6.2 shows the SF behavior of the same mixture at the silica/liquid interface. 

Interestingly, the same mole fraction seems to exist (xACN = 0.85) as with the methanol 

mixtures where the acetonitrile SF response reaches a maximum before dropping back 

off. The maximum in SF signal, however, is not peaked as steeply in this system as with 

the methanol mixtures. 
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Figure 6.2 Square root of VSFS acetonitrile methyl symmetric stretch intensity in the 
liquid phase of acetonitrile-water binary mixtures. 
 
 
This comparable trend implies that similar organization mechanisms exist between the 

two different binary mixtures – namely that at some mole fraction, a maximum difference 

between acetonitrile sublayer populations exists before the addition of more acetonitrile 

begins to equalize the two sublayers. Interestingly, the behavior up to xACN = 0.6 is very 

different between the two mixtures. While the reason for this low mole fraction behavior 

is unknown, trend in SF signal intensity at low mole fractions of ACN in both binary 

mixtures at the silica/liquid interface appears to track the trend observed at their 

respective silica/vapor interfaces suggesting similar adsorption mechanisms between the 

two phases. Conflicting results from VSFS experiments performed by Fourkas and 

coworkers44 have been published recently, but these results also conflict with the 

predictions from MD simulations performed by Mountain on the same solvent system.64 
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The methanol-water binary mixture also leads to interesting observations. Figure 

6.3 shows the silica/vapor SF trend for this system. Figure 6.3 seems to indicate that 

methanol adsorbs ideally to this interface. 

 

 

Figure 6.3 VSFS fields (blue squares, left axis) of the methyl stretches of methanol and 
literature equilibrium data202 (red fit, right axis) as a function of methanol mole fraction 
in water. 
 
 
 Similar to the acetonitrile-methanol mixture, the methanol-water mixture does not 

present a methanol SF signal from the silica/binary liquid interface for any methanol 

mole fraction. While this lack of signal may not be surprising, if water is replaced with 

carbon tetrachloride, the silica/liquid interface does present a methanol SF signature. We 

have observed these results (Figure 6.4) as has Shen and coworkers.63 
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Figure 6.4 VSFS spectra from the silica/liquid interface where the liquid consisted of 
pure carbon tetrachloride (red), 17% carbon tetrachloride : 83% methanol (blue), and 
pure methanol (black). Spectra were acquired under sSFsvispIR polarization conditions and 
are offset for clarity. 
 
 

Another interesting binary mixture briefly studied was the acetonitrile-dimethyl 

sulfoxide (DMSO) mixture. Figures 6.5 and 6.6 show the SF signature trends for 

constituents of this mixture at the silica/vapor interface. 
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Figure 6.5 VSFS fields (blue circles, left axis) of the methyl stretches of acetonitrile and 
literature partial pressure data268 (black fit) as a function of acetonitrile mole fraction with 
DMSO. 
 
 

 
 
Figure 6.6 VSFS fields (red circles, left axis) of the methyl stretches of DMSO and 
literature equilibrium data268 (black fit) as a function of acetonitrile-d3 mole fraction. 
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Figures 6.5 and 6.6 combined indicate that DMSO adsorbs in excess of the vapor phase 

composition and, unlike methanol, DMSO adsorption inhibits rather than enhances 

acetonitrile adsorption at the silica/vapor interface. These results are reasonable 

considering DMSO has a larger heat of immersion than acetonitrile (~70 kJ/mol vs. ~50 

kJ/mol).196, 269 Additionally, DMSO is a larger molecule that may be able to block 

interstitial sites generally available for acetonitrile in smaller cosolvents. The VSFS 

spectra for the silica/liquid systems are shown in Figures 6.7 and 6.8. 
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Figure 6.7 VSFS spectra of different DMSO-acetonitrile-d3 mole fractions at the 
silica/liquid interface in the ssp polarization combination. The spectra are offset vertically 
for clarification. 
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Figure 6.8 VSFS spectra of different DMSO-d6-acetonitrile mole fractions at the 
silica/liquid interface in the ssp polarization combination. The spectra are offset vertically 
for clarity. 
 

Figures 6.7 and 6.8 show the silica/liquid interfacial behavior of acetonitrile-DMSO 

binary mixtures by mixing each hydrogentated solvent with its deuterated partner. The 

theme established at the silica/vapor interface (DMSO adsorbs in excess of acetonitrile – 

Figures 6.5 and 6.6) seems to remain true at the silica/liquid interface. Even mixtures as 

high as 80% acetonitrile exhibit no acetonitrile SF signature. 

 While I have explored additional binary mixture systems while at Montana State 

University, in this section I have addressed the mixtures with the most promise and the 

largest need for further experimentation. Of additional interest would be examining any 

of the aforementioned binary mixtures at an interface with a different surface hydroxyl 
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group density, such as alumina. Given the difference between silica and alumina at the 

solid/neat methanol interface, we believe that trends will be greatly dependent on the 

density of surface –OH groups. By using these different substrates, we can also validate 

or reject our theories involving the interstitial spacing of hydrogen-bonded interfacial 

molecules affecting the stacking or ordering of molecules extending out from the surface. 
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A.1 Supplemental Data 

 
 
 

 

Figure A.1 High resolution XPS scan of the nitrogen 1s region of surface 9.  
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Figure A.2 Fluorescence spectra of coumarin 152 in water (solid red), in water with 
excess β-cyclodextrin (dotted green), adsorbed to a β-cyclodextrin functionalized surface 
(small dashed blue), and in hexane (large dashed black). 
 

 

 

Figure A.3 Calibration plot for quantifying wash from functionalized slides. The best-fit 
line has a slope of 124.07 ± 0.3008 and a y-intercept of 1530.6 ± 67.3.  
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A.2 Quantitative XPS 
Analysis of Surface Functionalization 

 
 
Quantitative analysis of the XPS was performed using the methodology published by 

Geiger and co-workers.142 

Dendronization: The data from the XPS N 1s spectra was used to calculate the 

dendronization as expressed in the Equation A.1.  

%Dendronization = A399
A399 + A400 + A401

(100%)      (A.1) 

The integrated areas from the peaks centered at 399.0 eV, 400.1 eV and 401.2 eV that are 

attributed to the secondary amine formed from successful dendronization, the primary 

amine, and protonated amine signal are expressed as A399, A400, and A401. The percent 

dendronization is calculated by dividing the A399 term, which is assigned to one 

equivalent of the assigned functional group. This term is divided by the denominator, 

which is composed of one total equivalent of amine in its unprotonated and protonated 

form and the secondary amine. 

Triazole Formation: To determine the percent conversion of the alkynyl endgroups to 

triazoles, 1 equivalent of the signal that is assigned to each triazole formed is determined 

using Equation A.2. One equivalent of signal from triazole species ATri is equal to the 

change in the integrated area centered at 401.5 eV, A401.5, minus the signal from the 

protonated amine species, as shown in Equation A.3. Equation A.4 was derived to 

calculate this change, with an asterisk used to designate the integrated areas after 1,3 

cycloaddition has occurred. 
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A399
A401.5

=
A399
*

A401.5
* − ATri

         (A.2) 

ATri = A401.5
* −

A401.5 ⋅A399
*

A399

#

$
%

&

'
(         (A.3) 

%Triazole Formation = ATri
A399
* (100%)        (A.4) 

The site composition of the triazole species was calculated by dividing 1 equivalent of the 

signal from the triazoles formed by one equivalent of signal from all of the species 

present (dendron, amine, and secondary amine). This was repeated for each species, as 

shown in Equations A.5, A.6, and A.7. 

Total Triazole%=
ATri

A399
* + A400

* + A401.5
* − 2ATri

      (A.5) 

Total Dendron%=
A399
*

A399
* + A400

* + A401.5
* − 2ATri

     (A.6) 

Total Amine%=
A400
* + A401.5

* −3ATri
A399
* + A400

* + A401.5
* − 2ATri

      (A.7) 

For surface 3, equations were derived to determine the % triazole formation and the site 

composition. The N 1s spectrum for formation of surface 9 had no integrated area for a 

peak centered at 401.2 eV. Accordingly, A401.5 was attributed to 1 equivalent of triazole. 
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Slide Reaction Yields Site Compositions (for 3, 6, and 7) 
Dendronization 

(surface) 
Triazole 

Formation 
(surface) 

Amine Amide or 
Dendron 

Triazole 

Single Layer  31% (3) 23% 49% 15% 
Generation 1 36% (4) 31% (6) 53% 36% 11% 
Generation 2 27% (5) 48% (7) 48% 30% 15% 
 
Table A.1 Yields for surface functionalization reactions and site composition 
calculations. Adventitious N is not reported but was sometimes detected, which is why 
the site composition numbers do not always equal 100%. 
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B.1 Supplemental Data 

 
Silica/liquid VSFG spectra were also taken using mixtures of acetonitrile and deuterated 

methanol. These spectra were used to insure that there was no contribution to the 

acetonitrile r+ stretch intensity from the methanol r+-FR stretch. Figure S1 shows these 

data overlaid with the non-deuterated samples. Close overlap shows that the methanol r+-

FR stretch plays no factor in acetonitrile r+ stretch intensity. 

 

 

Figure B.1 VSFG intensity of the acetonitrile methyl stretch in methanol (red circles, left 
axis) and deuterated methanol (blue squares, right axis). 
 
 
Figure B.2 shows the simulated acetonitrile densities of the first acetonitrile bilayer found 

in a silica slit by Mountain.64 These densities are subtracted to give the predicted VSFS 

intensities shown in Figure 4.6. 
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Figure B.2 Simulated acetonitrile densities64 in the first sublayer (blue squares) and 
second sublayer (red circles) along with corresponding quartic fits to the raw data. 
 
 

B.2 References 
 

64. Mountain, R. D., Molecular Dynamics Simulation of Water−Acetonitrile 
Mixtures in a Silica Slit. J. Phys. Chem. C. 2013, 117, 3923-3929. 
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