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The interaction between water and a surface is highly localized and responsive to material
properties, driving a diverse set of processes such as lipid membrane assembly, protein folding,
proton transfer, and ion adsorption at minerals. However, naturally-occurring surfaces are highly
heterogeneous and complex. Model surfaces were developed at which properties such as texture
and polarity were independently controlled, and sum frequency generation spectroscopy was
used to probe the water structure at these interfaces. A series of mixed hydrophobic monolayers
were applied to transparent windows to create textured surfaces. The intensity of non-hydrogen
bonded water molecules at the monolayers was found to correlate not with the order of the
monomers within the monolayer, but with the monolayer surface area. A strategy to
functionalize silica surfaces with densely-packed, well-ordered OH- and COOH-terminated
siloxane monolayers was then explored. Monomers with heat labile groups were bound to silica,
and the protecting groups were removed by heat after monolayer deposition. While not initially
successful, with a change of monomer binding group this technique may be used generally to
create high quality monolayers with termini not otherwise compatible with this type of
monolayer. In a collaborative project, water structure at polymer filtration membranes was
observed in the presence of a biological buffer. It was found that films functionalized with poly
(ethylene glycol), used commonly to prevent protein fouling, excluded phosphate ions from the
immediate interface. The resulting electrical double layer aligned water molecules at the

interface. These findings demonstrate the importance of specific ion effects in surface fouling.
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1. Introduction

1.1. Motivation

Due to its ubiquity, polarity, and ability to form cohesive yet dynamic networks, water drives
many of the processes on this planet. Some phenomena can be explained adequately knowing
only water's macroscopic properties, such as heat distribution by convective ocean currents.'
Others require a molecular understanding of water in the bulk, such as hydration of ions and
small solutes.”” Hydration of extended surfaces, charged and neutral, polar and nonpolar, is
qualitatively different than that in the bulk. Processes occurring at extended water interfaces
include reactions at atmospheric aerosols,*” reactions catalyzed at water/oil emulsions,'* and

113 Whereas the energy of solvation of small solutes (< 1 nm in

adsorption of ions at minerals.
radius) is entropically driven, dependent on the volume of water excluded, solvation of larger
bodies is enthalpically driven, going as the surface area of the body.'* This surface area
dependence arises because an extended interface is too large to be accommodated without
breaking hydrogen bonds, unlike small solutes which can be solvated by rearranging hydrogen

bonds. Instead, the hydrogen bonding network of the bulk is terminated, and the energy of

breaking hydrogen bonds manifests itself in the macroscopic surface tension.

Interfacial water is particularly important in biology for its role in lipid membrane assembly,

protein folding, and proton transfer. Given the high density of biomolecules in a cell, there is
only on average ~20 — 30 A between any two biomolecules," and so a large fraction of water
molecules will be within the hydration shell of a biomolecule and engaging in correlated,

collective hydrogen-bond motions.'®"'? A topic of broad practical interest is the prevention of

1



biofilm formation and protein adhesion, which has applications in marine vessels coatings,*"*'

indwelling medical devices (such as joint prostheses, catheters, contact lenses, and implantable

22-24 25,26

cardiac defibrillators), and filtration membranes.””” Understanding the hydration of

biomolecules and surfaces, as well as the interaction between hydration shells, is key to targeted

design of anti-fouling surfaces.”””"

The challenge is to attain general rather than specific
resistance to attachment, as proteins and polysaccharides exist in a wide range of shapes, sizes,
charges, and polarities. Furthermore, some organisms, such as barnacles and Staphylococcus

epidermidis, have evolved effective adhesive materials which are a key part of their lifecycle

(barnacles)™ or impart resistance to antibiotics and immune response (S. epidermidis).”’

As important as naturally-occurring surfaces are, they are also highly complex and therefore
difficult to study. The focus of this research has been to create tunable and well-characterized

surfaces at which to observe water structure to determine the effect of specific surface properties.

1.2. Water

Liquid water at room temperature is extensively hydrogen bonded, with an average of 3.4
hydrogen bonds per molecule compared to 4 in hexagonal ice.” Due to the strong intermolecular
coupling, the sharp symmetric and asymmetric OH stretching modes observed for water in the
gas phase are replaced by a continuous IR and Raman resonance of 3100 - 3600 cm™'. Hydrogen
bonds modulate the strength of the associated covalent OH bond (OH), increasing the length of
the OH and causing a red-shift in the OH stretching mode.>'** Structural heterogeneity in the H-
bonding strength and in H-bonding angle are responsible for most of the breadth of the liquid

water OH stretching mode, but bonds and molecules in this system cannot be considered



independently of the H-bonding network,> nor can the network be considered a static entity. An
excitation of an OH stretch is rapidly delocalized to many water molecules by several competing
mechanisms. The overtone of the water bending mode (fundamental at 1650 cm™), overlaps with
the stretching mode, and the fast response of the bending mode to excitation of the OH stretch is
attributed to its mixed stretch-bend character.’*® Another explanation for the rapid transfer of
energy, and the loss of the initial polarization of excitation, is resonant vibrational energy
transfer (coupling of neighboring transition dipoles).”” Due to exciton delocalization or resonant
energy transfer, as well fluctuations of H-bond length and angle from librations,’® the
relationship between the initial and final OH frequency of a water molecule is scrambled within
about 100 fs***® in a process called spectral diffusion. For this reason, the homogeneous OH

36,40-42

stretch line width observed at very early waiting times expands to the several hundred

wavenumbers seen in static IR spectra, within the lifetime of the vibration (200 ps).43 Collective

44,45 .
*> can be observed in

restructuring of the H-bonding network, including rotation (~2.5 ps),
isotopically dilute solutions of HOD in D,O or HO where the mismatch in OD and OH

resonances inhibits energy transfer and thus extends the lifetime of the vibration.

At an interface, the number of possible water-water interactions is abruptly reduced, inhibiting
collective processes such as energy transfer and reorientation. Fayer and coworkers have studied
isotopically diluted water (HOD in H,O) “nano pools” confined in reverse micelles, which were

48 By decomposing the contribution of

varied in size to hold 50 — 400,000 water molecules.
water at the surface and the core to the population relaxation response, OH stretch vibrational
lifetimes were found to be longer for water at the perimeter of the micelles. Reorientation time

was lengthened as the reduction in hydrogen bonding partners limited the pathways for rotation.

At the water/air surface, non-hydrogen bonded “free" OHs (Figure 1.1) were also found to have a



49-51

longer OH stretch vibrational lifetime and a longer hydrogen bond lifetime,’**® but rotate

k°%> _ a water molecule with a free OH

faster than fully hydrogen-bonded molecules in the bul
rotating on the H-bonded OH axis can reorient by breaking only a single hydrogen bond.”
Hydrogen bond and OH stretch dynamics of interfacial water molecules are sensitive to the
strength of the interaction with the interface. A free OH at the water/air interface is only
associated with the water phase by the other OH group on the molecule. Due to the difference in
resonance frequencies of the H-bonded and non H-bonded OHs on the same molecule, (~165 cm
! for D,0)** and the lack of hydrogen bonding partners, intra- and inter-molecular energy
transfer is limited for the free OH, and the vibration decays over a (3x) longer timescale
compared to bulk hydrogen-bonded water.” However, strong interactions with a surface can also

decouple a bond or a molecule from the bulk, such as hydrogen bonding to a phosphate moiety

on a phospholipid® or to platinum.®

-— Free OH

» ? =

Figure 1.1 Water/air interface with non-hydrogen bonded “free OH."

Terminating the hydrogen bonding network of bulk water at a surface has a high enthalpic cost,
and water molecules assume a configuration which minimizes the number of broken hydrogen

bonds. This forced structuring generally dissipates in the space of two layers of water.”’



Vibrational spectroscopy of the OH stretch probes the hydrogen bond strength and configuration,
making it an ideal tool to characterize water structure. Even-order nonlinear techniques like sum
frequency generation (SFG) are in addition sensitive only to surfaces, enabling observation of
interfacial water structure. A lower OH stretch frequency indicates stronger hydrogen bonding
and a higher complement of hydrogen bonds, though due to the fast spectral diffusion and
heterogeneity of the system, the range in OH frequencies for a single water configuration is

30,58,59
d. 590,

broa Water at the water/air interface is a well-studied system with a sharp transition in

60.61 N ost water molecules here

density from the bulk to the vapor over only several Angstroms.
share two to four hydrogen bonds,* with approximately one out of four molecules at the surface

having a free OH.%

In a sum frequency generation (SFG) spectrum, the free OH appears as a sharp peak at ~3700
cm’' (Figure 1.2). The free OH peak is characteristic of water at hydrophobic interfaces in
general, as these surfaces do not accept or receive hydrogen bonds. Weak dipole interactions
between a free OH and nonpolar surface can lower the frequency as is observed at water/CCly,
where the resonance is redshifted by 60 cm™ compared to its position for water/air.”> At
hydrophilic surfaces, the free OH peak is not present.®* At both hydrophilic and hydrophobic
materials there appears a broad band stretching from 3000 to 3600 cm™ (Figure 1.2) universally
attributed to the hydrogen-bonded OH resonance. Specific assignments within this band are
controversial, however. For instance, the band often has humps at 3200 and 3400 cm'l, which are
explained by Shen, et al. as (3200 cm™) “ice-like” or double hydrogen bond donors and double
acceptors (DDAA), and (3400 cm™) “liquid-like” or molecules with only three hydrogen bonds
(DDA and DAA) and less symmetrical DDAA-like bonding molecules.®® Another explanation is

that the H-bonded OH band is a single homogeneous peak split by a Fermi resonance coupling



between the stretch and the bend.®® The molecular dynamics simulations of Skinner, by contrast,
describe a system of broad and overlapping contributions from water in many different
hydrogen-bonding configurations.®’ New data from phase-sensitive sum frequency generation,*

which can detect alignment of chromophores, as well as time-resolved spectroscopy of the water

69-71

surface, support the later picture of a broad, heterogeneous distribution of hydrogen bonding

configurations with a general trend towards stronger hydrogen bonding with decreasing OH

stretch frequency.
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Weaker OH stretch
—
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Figure 1.2 OH and CH peak assignments for an SFG spectrum of H,O at a hydrophobic
surface.

Interfacial water is also sensitive to the charge of a surface. A static electric field causes water
molecules to orient according to their dipoles, aligning molecules relative to the surface plane,
deepening the region of structured water, and increasing the (surface sensitive) SFG signal

(Figure 1.3 a and b).”>” The relationship between SFG signal intensity and surface charge has

74,75

been used to find the isoclectric points of silica, alumina,’®"” titania,”® and CaF,” b
p y



observing the pH at which the nonlinear signal reaches a minimum. SFG spectral line shapes
suggest which water hydrogen bonding environments are favored at different surface potentials;

generally, the more strongly hydrogen bonded and tetrahedral configurations are enhanced by a

4,79-81
k.7 ,7

surface potential as molecules are aligned further into the bul Phase-sensitive methods, in

addition, indicate the direction of the flip in water orientation accompanying the switch in

82,83

surface charge.””" Phase information is particularly useful when studying heterogeneous

systems such as zwitterionic surfactants, where the water orientation is not as easily predicted,**
and where the larger information content can make it possible to distinguish populations near

different charge groups with different orientations.®>*® Surface potentials can be screened by the
ge group p y

81,87

addition of a salt, such as sodium chloride at silica, or sodium salts at charged polymer or

surfactant monolayers at air/water (Figure 1.3 c).B8:

The reduction in potential experienced by
water near the interface also reduces the structuring effect of the surface charge, reducing SFG
signal. At an intrinsically neutral surface, ion pairs which differ in surface affinity can generate a
surface potential since the difference in cation and anion density profiles results in a charge

80,90,91

separation and therefore a surface field (Figure 1.3 d). Water molecules aligned by the field

give rise to a larger SFG signal.



Figure 1.3 Water molecules are aligned by surface potential: (a) positively charged surface, (b)
negatively charged surface, (c) screening of negatively charged surface, (d) preferential adsorption
of anions at neutral surface creates electric double layer.

1.3. Sum frequency generation

The number of techniques capable of directly characterizing interfacial water at the water/air
interface is limited, and of those, few can probe water at a buried interface. For instance, x-ray
photoelectron spectroscopy is commonly used to characterize surfaces, but the short inelastic
mean path length of the electrons which gives the technique its surface specificity limits its use
to vacuum. Spectroscopies using visible and infrared light can penetrate to a buried interface as
long as materials are chosen to be transparent at the relevant wavelengths. Still, techniques such
as linear IR and Raman spectroscopy and IR pump/probe spectroscopy can only be used to study
the water surface by careful selection of surface-rich samples and the use of signal
decomposition to extract information about the surface, because otherwise signal from the bulk
liquid is overwhelming.*****”* Sum frequency signal, in contrast, can be generated at buried

interfaces if transmissive materials are used, and has the advantage of being inherently surface



specific due to symmetry requirements. An SFG experiment can be designed to probe the water
OH stretch mode which, as discussed above, is sensitive to water ordering, orientation, and

hydrogen bonding structure.

a b

A time
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Figure 1.4 Sum frequency generation. (a) Addition of IR photon resonant with sample (red) to
visible photon (green) to produce sum frequency photon (blue). (b) Short broadband IR pulse is
overlapped with long narrowband visible pulse in time. (¢) SFG signal is produced in reflection
off the sample.

Sum frequency generation is a nonlinear optical process in which two laser pulses are overlapped
on a sample to produce photons of a third frequency (wsgg), the sum of the frequencies of the
two incident beams (Figure 1.4 a).”* One of the incident beams is chosen to be resonant with a
vibrational transition of interest, and is used to excite a vibrational coherence in the sample
(frequency wigr). The addition of the second incident beam, usually a visible frequency ( w;s ),
induces a Raman anti-Stokes transition from that coherence.” To produce an SFG signal, then, a

vibrational mode must be both IR and Raman active, which in turn requires that it lack inversion

2 is

symmetry. The SFG intensity of a chromophore, the molecular hyperpolarizability f5; ik

proportional to the (Raman) polarizability tensor da;;/9Q, and (IR) dipole transition moment

a:uk/aQq :96



@) da;; dpy
aijk * 7 50, 90,
q q

Here the coordinates ijk are the molecular coordinates and the subscript g specifies the

(1.1)

resonance. To generate SFG signal, molecular-level non-centrosymmetry is not sufficient. SFG-

()

active chromophores must also be aligned so that S, ik adds across the sample. The amplitude

Ag xyz Of resonance g in sample coordinates xyz is proportional to the number density of

q.x

()

chromophores N and the orientational average of f5; ik rotated from the polar molecular

coordinates (8, ¢, ) to the rectalinear sample coordinates (x, y, z) by Euler transformation

matrices R.”’

Aq,xyz = N Z;{(inRijzk )BL(JZ/C) (1.2)
ij

Interfacial water is SFG active because the OH stretch is both IR and Raman active (molecular
non-centrosymmetry), and the anisotropic environment produced by an interface orders water
molecules along the plane of the interface (macroscopic non-centrosymmetry). Below this
surface region, where the isotropic symmetry of bulk water is recovered, negligible signal is
generated.”® "% Charged surfaces are an important exception to this rule. A surface potential
creates a third electric field E, which interacts with the two transient electric fields of the IR and
visible incident pulses to produce a bulk-allowed nonlinear signal from water molecules within
E,. This third-order signal is linear in E, and can be larger than the second-order SFG

81
response.

In the Petersen laboratory, IR and visible pulses are overlapped in time (Figure 1.4 b) and space

on the sample, emitting sum frequency signal in reflection (Figure 1.4 c). The IR and visible

10



beams travel along one plane perpendicular to the substrate, and the SFG beam is emitted along
the same plane at an angle dictated by conservation of momentum. A combination of short,
broadband IR pulses (80 fs, 230 cm™) and long, narrowband visible pulses (2 ps, 10 cm™) allows
a wide window of vibrational resonances to be probed in each laser shot due to the large
bandwidth of the IR pulses, while also having the sharp frequency resolution determined by the
narrow frequency width of the visible source. The intensity of the SFG signal, Igg, is
proportional to the intensities of the visible and IR beams, I ;; and Iz, and the square of the

second-order nonlinear susceptibility, y .

Ispg % [x P Lislir 1.3)
The SFG susceptibility has a nonresonant )(IEIZR) component, and resonant )(((12) components, one
for each resonance g. At IR frequencies wig near SFG active modes of frequency w,, )(L(IZ) is

resonantly enhanced. Peaks with purely homogeneous broadening are Lorentzian in shape with

dampening constant [, and amplitude 4,.

A

@ — @ q
X=Xt E . 1.4
NR . wq — wr — i 1.4)

Ispgis uniformly positive in sign due to the squaring of y® (Equation 1.3), even though A4 may
be either positive or negative depending on the orientation of the chromophore and the sign of
B@. Nonresonant )(IEIZR) signal also interferes with the resonant components, distorting peak
shapes. Phase-sensitive or heterodyned SFG is an elaboration on standard “homodyned” SFG

described above, which removes these ambiguities in spectral interpretation.*>® The

experimental setup of both is as follows.

11



The oscillator (Micra, Coherent) generates ultrafast pulses (800 nm, 80 MHz, 75 nm full width at
half maximum (FWHM), 440 mW) which are directed into the amplifier (Legend Elite Duo,
Coherent) to produce more intense pulses with a lower repetition rate (793 nm, 1 kHz, 38 nm
FWHM, 25 fs). The output of the amplifier is split, with 1 mJ spectrally narrowed to become the
visible SFG pulse, and 3 mJ converted to broadband IR pulses. The 1 mJ (visible) fraction is
passed through an etalon filter and then a narrow bandpass filter, narrowing the peak in
frequency to 10 cm™ and giving rise to the temporal profile shown in Figure 1.4 b which is
characterized by a sharp leading edge and long tail. The 3 mJ (IR) fraction is routed through an
optical parametric amplifier (OperA Solo, Coherent) which, through optical parametric
amplification and difference frequency generation, transforms the 794 nm input into tunable
(2.6-20 um) infrared pulses (~230 cm™, 70 fs). Both the visible and IR beams are then reflected
off mirrors mounted on motorized translation stages to finely control the path lengths and
therefore the timing of the pulses. IR and visible polarization is controlled with half-wave plates

and polarizers.

Standard and heterodyned SFG are performed using the same system (Figure 1.5) with minor
adjustments.'”’ Elements specific to heterodyned SFG are labelled in orange, and are absent
when collecting standard SFG spectra. To characterize a sample using standard SFG, the visible
and IR beams are focused on the sample surface with parabolic mirror P2 and the pulses are
timed to arrive at the sample simultaneously. Emitted SFG signal (blue) is focused into the
monochromator (Princeton Instruments) to be dispersed by a grating onto a CCD camera (Spec-
10, Princeton Instruments, 1340 X 400 pixels). As the IR pulse is wide in frequency, the image

captured by the CCD camera is a spectrum. A nonresonant sample such as gold generates a
signal like the blue trace (Figure 1.5). While )(IEIZR) is not resonant and therefore constant with

12



frequency, the observed signal is convoluted by the intensity of the IR pulse, which is frequency
dependent. Spectra are collected from purely nonresonant samples to normalize data the IR

power envelope.

SFG +LO visl | R

local
oscillator
generation

e

sample

LO

Intensity (counts)

Frequency (cm™)

Figure 1.5 Standard and heterodyned SFG setup. For collection of standard SFG, the bulk local
oscillator medium is absent, and local oscillator signal (LO) is not produced, generating signal
shown in blue. For heterodyned SFG, LO signal is overlapped with SFG signal, producing
interference fringes in signal (orange). Parabolic mirrors collimate (P1) and focus (P2) visible, IR
and LO.

To collect heterodyned SFG, z-cut quartz or ZnO on CaF, is added in the first focus of the visible
and IR beams (Figure 1.5, right) to generate a local oscillator (LO) field E; o with frequency
wspg, shown in orange. The LO signal is then passed through a delay plate which retards the
pulse relative to the visible and IR pulses by a small time At. As with standard SFG, the SFG
signal is emitted from the surface of the sample, but due to the optical geometry, the SFG signal
is overlapped with the LO reflecting off the sample. The small time difference between the LO

and SFG introduced by the delay plate causes them to interfere (orange trace).
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The real and imaginary components of y(? can be recovered using the phase information in the

interference fringes. While in standard SFG this is lost as the SFG electric field Eggg is squared,

Ispg < |Egpg|? 1.5

the cross terms between Egg and E| for the heterodyned SFG intensity Iggg et retain the

phase.*

2 2 * —iw At * +iw At
Ispg het % |Erol” + |Espgl® + ELoEspge ™ S6°" + EfgEgpge ™ “sF6 (1.6)

From this the imaginary component Imy? can be calculated, which does not include )(IE]? (this

is in the real part), and which does indicate the sign of Aq.100

Knowing the sign of A, for each
resonance, the absolute (up/down) orientation of the corresponding chromophore can be

determined.

AT
Im)((z) = — 94
Zq (wr — wg)? +TF a.7)

1.4. SFG probe depth

In the electric dipole approximation, the second order nonlinear polarizability y ® is zero in
material with inversion symmetry.'®*'®® This leads to the rule that sum frequency is generated
only where inversion symmetry is broken, such as at an interface, and is often a reasonable
approximation. Simulations of SFG spectra for liquid interfaces with very few exceptions' "'’
include only the electric-dipole allowed y(®. The water/air interface is a frequent subject of
calculations, and these provide structural details about the interface which cannot be extracted

60,106

from experimental data. A general picture emerges that SFG spectral density, vibrational
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59,60,109

coupling,'”’ water density,””'°""'* hydrogen-bonding complement, and water

60,109

orientation return to bulk values within about 5 A of the Gibbs dividing surface. The non-

hydrogen bonded “free” OH is localized to the first water layer, while the remaining

29106110 The depth of anisotropic water

configurations are mainly confined to the first two layers.
orientation at the air interface is extended by ion pairs which create an electrical double layer and
align water molecules, such as 1.2 M (NH,4),SO,, which increased the depth to ~20 A,** 2.1 M
Nal and 1.1 M HCI, to 15 A and 10 A respectively,''' and 1.2 M Nal, to > 6 A.°' Part of the sum
frequency signal at these interfaces comes from isotropically-oriented water molecules as the

addition of the third, static, electric field E, from the ion arrangement generates a bulk-allowed

third-order signal. The combined second- and third- order polarization (P® and P(®) is given

72,112,113
by

water§ (2)) o
P@ + PO = Ny(BD)EE, + Ny ((B®) + L= By, (7 Eo(2)dz

(1.8)

The first term in Equation 1.8 gives the second-order response, which depends on the number of
water molecules with noncentrosymmetric orientation N,, the orientational average of the second
order molecular hyperpolarizability £, and the electric fields E; and E, from the incident
pulses. This is the standard response y? E, E, generated at a neutral surface. The second term
gives the third-order response, and is linear in the number of molecules N; experiencing the field
E,, which varies with depth from the interface, z. In the Gouy-Chapman model, the surface
potential ¥, from the integral of E,, decays exponentially with distance from the surface as e ™%,

where 1/k is the Debye (screening) length.''* For the phosphate buffers discussed in Chapter 5

with ionic strengths of 166 mM and 25 mM, the Debye length is 0.7 nm and 2 nm, respectively.
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There is a third-order hyperpolarizability 5 component, as well as a second-order component
dependent on the permanent dipole moment of the water molecules p, 4, @ cOnstant b
determined by the £(®) element, and kT. This treatment is still within the electric dipole
approximation, and has been used to correlate surface potential at the water interface with water

121313118 por instance, the surface

second harmonic or sum frequency generation intensity.
potential created by the adsorption of different anions to a neutral polymer film at the water/air

interface followed the ion surface activity predicted by the Hofmeister series.'"”

Higher order terms in y(® can result in significant bulk SFG signal, but for many samples and
experimental geometries it appears to be negligible. Expanding to the electric quadrupole and
magnetic dipole level, the second-order polarization has a surface component PS(Z) as in the

2

electric dipole approximation, with a corresponding surface nonlinear susceptibility ys™,

P? = xPELE, (1.9)

as well as a bulk component PB(Z) with bulk electric dipole polarization PB('ZD), electric quadrupole

polarization Q®, and magnetization M contributions.'*'*°

Here k; are wave vectors and w;
are frequencies, with IR and visible beams indicated by a subscript of 1 and 2, and sum

frequency with no subscript.

C
PP (w,k) = P (w, k) — ik - QP (w, k) — —k XM (w, k) + - (1.10)

The electric dipole, electric quadrupole, and magnetic dipole y(? associated with these

polarization terms can be grouped into one surface )(éz) and two bulk terms Xz(a? and )(é?.
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(2)

X
X Bhky, kg, 1) = 1P+ 1B (ky, g, ) + ik (1.11)

While )(é? can be determined in experiment by varying the coherence length [, = 1/|k, —
ki, —ky,| =1/Ak, )(éz) and )(1(325) are not separable. This is because the relative strength of the

dipole )(éz) and quadrupole )(1(325) responses depends on where the dividing surface is drawn, and
thus how the charges are grouped.”'*! Still, it has been possible to estimate the size of the bulk
signal. One strategy is to compare sum frequency generated in reflection to transmission, as the
coherence length is much longer in transmission, leading to a larger bulk signal.”>**'** It was
found that at most 10% of the signal in the reflection geometry came from the bulk for
methanol/air and polyethylene/air. As for the water/air system, application of a stearyl alcohol
film to the water surface removed the non-hydrogen-bonded “free” OH peak as well as some of
the higher frequency H-bonded OH intensity,** suggesting sensitivity to only the topmost water
layers. A comparison of water/air SFG spectra from different groups showed remarkable
consistency after corrections were made for differences in beam angles and normalization
method.'*® If multipolar contributions were significant in water/air spectra, the difference in
coherence length accompanying the difference in beam angles would limit reproducibility.
Finally, a large bulk response would be immediately noticeable for samples with inherently fine
surface structures such as water at phospholipid membranes,* where signal from the thin layer

of oriented water molecules could be easily overwhelmed.
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1.5. Self-Assembled Monolayers

Self-assembled monolayers are films composed of molecules which spontaneously arrange
themselves roughly normal to a surface and parallel to their neighbors (Figure 1.6). At the end
facing away from the substrate is the terminal group, which largely determines the surface
energy and the nature of surface interactions. The surface of a monolayer may be decorated with
a wide range of functional groups and macromolecules, ranging from small methyl, alcohol, and
cyanide moieties, to polymers, to proteins.'**'?” Connecting the head and the tail is a spacer
group, usually an alkane chain. Its function is central to the self-assembly process, as the van der
Waals attraction (1-2 kCal/mol/methylene group) between chains drives monomers to pack

12412831 £or chains of sufficient length, the resulting monolayer can

together in orderly arrays.
resemble a two-dimensional crystal.>*'*> A head group selectively binds monomers to the
substrate, anchoring the molecule to the surface or cross linking to head groups of other
monomers."*® As the substrate/anchor interaction is specific, binding groups are compatible with
a limited number of substrates. Commonly-used binding group and substrate combinations are

thiol/Au,"*® amphiphile/water (Langmuir film),"*” and chlorosilane/oxide."*®
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Figure 1.6 Structure of a self-assembled monolayer.

Self-assembled monolayers are a highly tunable and ordered platform for studying water
structure at surfaces with different chemical and textural properties. As the motivation for this
project is to probe the buried water/monolayer interface, the substrate must be transparent in the
IR, visible, and SFG frequencies. Chlorosilane/oxide monolayers are ideal because they can be
applied to visible-transparent materials like silica and alumina. While silica absorbs between
3500-3700 cm™ and below 2500 cm™, a chlorosilane compatible and IR/vis transparent substrate
was fabricated by depositing a thin layer of silica on CaF,. Chlorosilane monolayers are
chemically and thermally robust due to the strong siloxane bonds formed to the substrate and
between monomers.® The highly reactive trichlorosilane groups which create these bonds are
also incompatible with many functionalities of interest, including alcohols and carboxylic acids.
Several post-deposition modification strategies have been developed to bypass this limitation:
nucleophilic substitution,"** oxidation,'* cycloaddition,'*' photodecomposition,'** and various

others.!2>1%

However, most reactions rates are much smaller at surfaces than in the bulk due to
steric constraints, and decrease with increasing monolayer packing.'**'*” The cycloaddition and

photodecomposition schemes fare better here, but introduce moieties that are larger than the
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footprint of an alkane chain and either react incompletely or interfere with dense monomer
packing. A new solution is needed to expand the chlorosilane/oxide monolayer repertoire to

include hydrophilic moieties without sacrificing monolayer density and homogeneity.

1.6. Research Overview

The following chapters describe the development of tools to study water at interfaces, the
creation of tunable surfaces to observe interfacial water, and the interaction of water, ions, and
surfaces. Chapter 2 details a system for controlling the environment on the laser table, an
accessory for amplification of transmission IR signal, a chlorosilane-compatible substrate
allowing the buried water interface to be probed by SFG, a mounting system for those samples,
and a tool for choosing optimal SFG beam angles and substrate geometries. In Chapter 3, the
characterization of a series of textured hydrophobic monolayers is presented, along with
observations of the weak interaction between the monolayers and water. The exploration of a
heat deprotection strategy for preparing densely-packed hydrophilic monolayers is discussed in
Chapter 4. Then, in Chapter 5, a collaborative project investigating water structure at anti-fouling
films is reviewed, where biological buffers are found to generate an electrical double layer.

Lastly, a new method of determining the composition of large brush polymers is described.
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2. Design projects

2.1. Laser table enclosure

The laser table serves as a vibrationally-dampened platform for the laser, optics, and detectors.
An enclosure serves several purposes. It isolates the setup from air currents, which reduces noise
and improves the laser’s phase stability. It is a safety measure, blocking unexpected/uncontrolled
reflections. It also allows the path of the IR beam to be purged of water vapor and CO,. SFG
spectra of weakly hydrogen-bonded OH stretching modes and OD and carbony] stretches are all

obscured in room air due to atmospheric absorption.

Since the walls must be taken down often for alignment, setup of experiments, and insertion of
samples, they are assembled from removable panels fastened to stationary posts by magnet.
Brackets secure the posts to the breadboard plate (Figure 2.1). Posts are constructed from
rectangular steel tubing (Online Metals, A513 hot-rolled mild steel, 0.5 X 17, thickness 0.065")
cut in to 12” lengths. Brackets attach with 10-32 screws to the posts and 1/4-20 screws to the
breadboard plate. They are machined from aluminum angle stock (Online Metals, 6061-T6
extruded structural angle, 2” X2 x0.25”) with large tolerances. The wide, 1.5 slots for
attachment to the table allow each bracket (and therefore, each post) to be secured at any point
on the table. Panels were finished from 12”%24” aluminum sheets (Online Metals, 6061-T6,
0.040” thick) and painted with latex primer and matte paint to prevent light reflection. The
magnets (K&J Magnetics D61-N52 3/8” dia X 1/16” N52, 2.62 Ib pull force, and B842-N52 1/2”
X 1/4” x 1/8”, N52, 5.54 1b pull force) on the panels were applied by epoxy to the outer (red)
side of the panels to minimize strain on the adhesive and form a tight seal against the posts. Posts
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and brackets are interchangeable and can be used at straight sections or inside or outside corners.
Panels often need to be modified, and are easily cut, bent, and perforated for the passage of
wires, tubing, and light. The enclosure is covered using corrugated polypropylene sheeting (48~
24”4 mm thick, super clear), which is light, rigid, and easily modified. It can be cut to size by

razor, and hinged by cutting only one ply of the sheet.

Figure 2.1 Laser table and enclosure: (a) bare optical table with pneumatic isolating legs, (b) post
and bracket design for enclosure (not to scale), (c) posts and panels, and (d) assembled enclosure
with lid.

The areas requiring purging were divided into three sealed compartments which can be
individually perfused. These cover (1) the IR beam as it leaves the OPA and a telescope (to
adjust beam diameter) and periscope (to raise beam height), (2) The continuum IR setup, and (3)
the interferometer and SFG/2DIR setup. Scrubbed air with CO, and H,O removed is produced in
the lab with a CO, absorber (Purgas) and enters the laser enclosure through flexible tubing. This
scrubbed air is separated into three streams, one for each compartment. Each branch is fitted with

a quick disconnect valve at the manifold, allowing air to be routed only to the compartments
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needing purging. Each compartment is evenly flushed with scrubbed air a system of branching
tubes of decreasing diameter. H,O vapor and CO, are largely removed after 15 minutes of

purging (Figure 2.2).
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Figure 2.2 Reduction of IR adsorption with time due to CO, (2350 cm™) and water vapor (3700
-1
cm’).

2.2. Contact angle goniometer

Contact angle goniometry is a sensitive technique for characterizing surfaces which relates the
contact angle 8 of a liquid droplet at a solid to the free energy of the solid surface (Figure 2.3).
The work of adhesion between the liquid and solid wy; is the difference between the surface
tension at the solid/vapor interface ( ys; ) and the surface tension at the solid/liquid and
liquid/vapor interfaces (ys; and y;y ), along with a term dependent on the contact angle. That
angle is dependent on the adhesivity between molecules in the liquid versus liquid molecules and

the solid."”>
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Figure 2.3 Liquid droplet at solid interface

W, = Ysy — (¥s1. + vivcos (8)) = 0. 2.1)

Water contact angle is sensitive to surface polarity and roughness, allowing partial monolayers to
be detected or small differences in monolayer ordering to be discerned. In Figure 2.4, for
instance, we see the contact angle of water at C18 (octadecylsiloxane) monolayers adsorbed from
toluene solutions with different moisture contents. Water contact angle is plotted versus the
frequency of the asymmetric methylene stretch of the monolayer, which is sensitive to
monolayer packing.* The most highly packed and ordered monolayers, those with the lowest

frequency, also have the highest contact angle.
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Figure 2.4 Contact angle and frequency of the asymmetric methylene stretch as measured by IR
spectroscopy for C18 monolayers adsorbed from toluene solutions with different moisture
contents.

The contact angle goniometer (Figure 2.5 a) consists of a collimated white light source
(tungsten-halogen lamp, ThorLabs QTH10), a level platform for the substrate, a syringe (25 uL,
Hamilton) and syringe mount for dispensing water, a microscope objective for focusing the
image on the camera (5x, Zeiss), and several filters (neutral density filter, ND20 and blue
dichroic filter FD1B both Thorlabs) between the lens and camera (1280x1024 monochrome
CMOS camera, ThorLabs DCC1545M). The syringe mount is easily removed and replaced for
refilling of the syringe. The position of the water droplet can be finely adjusted in X, y, and z to
place it in the focus. The neutral density filter reduces the intensity of the light onto the sensor,
and a blue filter increases the image resolution on the monochrome CMOS sensor by reducing

the effect of chromatic aberration due mainly to the large condenser lens after the light source.
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Figure 2.5 Measuring contact angles: (a) contact angle goniometer. (b) Image of water droplet
on C18 monolayer

Images (Figure 2.5 b) are collected by UC480 Camera Manager in 8 bit monochrome and
analyzed by the DropSnake plugin’ in ImageJ. This plugin fits the droplet outline and calculates
the contact angle with the substrate at the left and right sides. To determine the water contact
angle at a sample, the syringe is flushed and filled with ultrapure water (18.2 M2 - cm @25 °C, 5
ppm TOC). The syringe assembly is replaced and aligned so that the tip of the needle is at the
focus, and the sample is rinsed and dried and placed on the platform. A droplet of 3 uL is formed
at the needle. The platform is raised towards the needle, and the hanging drop at the needle is
slowly brought into contact with the sample. The platform is then lowered to release the drop
from the needle, and an image is collected of the droplet on the sample surface. Images of at least
three droplets are collected at each sample, and these contact angles are averaged to give the

contact angle.
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2.3. White cell

FTIR characterization allows the chemical structure and ordering of a monolayer to be
determined. However, monolayers have a low IR absorbance (~0.003 OD) in transmission,
which makes analysis of spectra difficult. One strategy to amplify IR signal is to pass through the
sample multiple times. Multipass schemes include linear cavities (as in cavity ringdown
spectroscopy),” off-axis cavities,” '° and parallel mirrors. Parallel mirror systems are extremely
sensitive to alignment and only work with highly reflective samples, and linear cavities require
end mirrors with expensive broadband IR reflective coatings. However, off-axis cavities
generally use standard spherical mirrors and can easily accommodate transparent samples. I built

a White cell,”®'" an off-axis cavity which passes the IR beam through the sample eight times.

My setup consists of three gold spherical mirrors of the same focal length f: two 0.5 in diameter
(Thorlabs CM127-050-M01) in one plane, and a larger 2.0” mirror (Thorlabs M508-050-M01)
above in a parallel plane (Figure 2.6). One flat mirror routes light from the IR source into the
cell, and another routes the light back out and to the detector. To ensure the mirrors were parallel
and make optimization of the cavity length easier, the mirrors were set into plates compatible
with a cage system. Each plate (Thorlabs LCP03 (lower) and LCP06 (upper)) can slide up and
down four parallel 6 mm shafts. The 1” diameter windows with monolayers are placed in a
depression just above the two small mirrors, where the IR beams are close together. Initial

adjustment was difficult due to the multiple passes, but does not have to be repeated.
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Figure 2.6 White cell. Left: diagram indicates focal length f of mirrors and distance between
mirrors, d. The path of the IR beam is indicated by red, orange, green, and blue lines. Right:
photograph of White cell.

The White cell increases the IR absorption of a monolayer on SiO-coated CaF, by eight times
(Figure 2.7). Total IR throughput is reduced to 22% compared to simple transmission, mainly
due to clipping by the routing mirrors. However, the IR source is bright enough and the detector

is sensitive enough that this is not a limitation.
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Figure 2.7 FTIR spectrum of a C18 monolayer taken in simple transmission (black) and with the
White cell (red). Y-offsets are due to small differences in absorption between sample and bare
substrate (background).

40



2.4. Liquid cell

A liquid cell was design for SFG study of buried interfaces at aqueous solutions. The cell must
have an appropriate geometry: it must form a good seal with the sample and provide clearance
for the beams to enter and exit. All the components of the cell must be chemically compatible
with our cleaning procedure. We use an aggressive cleaning solution of Nochromix powder
((NH4)2S,0s, an oxidizer) dissolved in concentrated sulfuric acid, which is compatible with few
materials aside from PTFE, glass, and ceramic. Thorough cleaning is essential because we are

looking at surfaces, where contaminants tend to collect from the bulk.

A modular system was created which can accommodate circular 1 diameter windows, right
angle prisms (10 mm tall, 10 mm each leg), and equilateral prisms (10 mm tall, 10 mm each
side) in the same optical mount. For the windows, the cell is assembled like a sandwich with the
sample window at the front, a Viton or PTFE-encapsulated o-ring in the middle, and a glass-
filled PTFE plate at the back. Holes in the back plate are fitted with short sections of PTFE
tubing (18 gauge, Cole Parmer), over which larger 14 gauge PTFE tubing is slipped. This tubing
leads to a syringe (1 mL gaslight glass syringe, Hamilton Company 81301, or 1 mL disposable
polypropylene/polyethylene Norm-ject) via a slip Luer hub adaptor (Hamilton Company 90614),
(Figure 2.8). The window, o-ring, and back plate are squeezed together in a 17 optical rotation
mount. The setup is similar for the prisms, except that prisms are wedged into a glass-filled
PTFE or Delrin front plate and sealed with a smaller o-ring (Figure 2.9). When assembled,

solutions can be added or exchanged without disturbing the sample position.
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Figure 2.9 Prism mounting for (a) and (b) equilateral prisms, and (c) and (d) right angle prisms.
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2.5. Substrates

2.5.1. Substrate materials

Substrate materials must be compatible with the chemistry of the monolayer or film and be
transparent at the IR, visible, and SFG wavelengths. In order to probe the water structure, the IR
frequency is tuned to be resonant with the OH stretching mode. This means that passing through
even a thin layer of water is not feasible; the IR beam will be entirely absorbed. Instead, the
interface is approached by passing through the substrate and reflecting off the backside (Figure

2.10).

NN
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visible
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Figure 2.10 Accessing the water/sample interface: passing through the IR-transparent substrate
and reflecting off the back side avoids absorption of the IR beam by water.

Trichlorosilane monolayers such as the twelve and eighteen carbon alkane monolayers C12 and
C18 studied in the mixed monolayer project bind to silica. The chlorines are hydrolyzed by the
thin layer of water adsorbed to the silica, and the silanol forms a siloxane (Si-O-Si) bond to the
substrate.'? These monolayers can be applied to UV fused silica, which is also transparent in the
visible wavelengths and the CH stretch region in the IR (Figure 2.11), allowing examination of
those modes by SFG. IR fused silica eliminates the absorption between 3400 and 3800 cm™,
allowing OH stretch modes of water to be probed as well, but like UV fused silica, cannot be

used below 2500 cm™. The OD stretch of D,O is obscured, as are cyanate and thiocyanate CN
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and carbonyl CO stretching modes. The solution is to deposit a thin layer of SiO, on CaF,, which
is transparent in the visible range and in the IR down to 1000 cm™. CaF; also has low group
velocity dispersion, a property which is desirable particularly when the path length through the
substrate is long (such as in a prism). Group velocity dispersion is a measure of the delay of short
wavelengths relative to long wavelengths in an optical pulse as it passes through material." It
increases the temporal length of pulse and causes the center frequency to shift over its duration.
This reduces the efficiency of sum frequency generation and causes difficulty in normalizing

spectra to the IR power.
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Figure 2.11 IR absorption frequencies of air (gray), substrates, and chromophores of interest
(colored bands).
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Table 2.1 Optical and chemical properties of materials used as SFG substrates: IR transmission
range in mid IR, refractive index nig at 3000 cm™, nyis at 793 nm, group velocity dispersion (GVD)

at 3000 cm™', and compatible cleaning method.

Material IR range (cm'l) nir Nyis GVD* Cleaning

(fs2/mm)
UV fused 2500-3400 1.411 1.453 -845 piranha or Nochromix soln
silica'
IR fused silica” 2500-4000 1.450 1.451 -4.23 piranha or Nochromix soln
CaF, ¢ 1000-4000 1.415 | 1.431 -153 KOH in EtOH
SiO,-coated 1000-4000 - - --- UV ozone, solvent rinse, or
CaF, >500°C
Sapphire'’ 2000-4000 1.701 | 1.760 -806 piranha or Nochromix soln

A3 8%n

* 0

GVD = —= (=)=
2mct (612)/1_/10

2.5.2. SiO,-coated CaF,

Silica is applied to CaF, windows (diameter 25.4 mm, 1 mm thick, CeNing Optics or Crystran

Ltd.) and prisms (equilateral, 10x10x 10 mm, CeNing Optics) by atomic layer deposition

(Oxford FlexAL system). Substrates are coated with a 120 nm layer of SiO; in 110 °C plasma

and then annealed in a vacuum furnace (~1 x 10 torr) at 800 °C to prevent delamination of the

silica layer. An air-free or dry environment is necessary to prevent frosting of the CaF,, which

becomes water soluble at high temperatures. ALD is a gas phase process and so substrates are

coated equally on all sides. Coating can be limited to a single window surface by first applying a

low outgassing film. For this purpose, FSC-M (Microposit) mask is spin-coated on one side and

baked at 110 °C for at least twelve hours to drive off all solvent. After SiO; coating, the
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photoresist can be removed by soaking the substrate in photoresist removal solvent (Microposit

Remover 1165).

A spot of gold is also applied by DC magnetron argon sputtering through a stainless steel mask
(Figure 2.12). SFG of gold in the ppp polarization (all beams perpendicular, ‘p,' to the sample)
produces a nonresonant signal, which is used to normalize sample spectra to the frequency
envelope of the broadband IR pulse. The strong signal from the gold also makes it easier to
optimize the sample position at the overlap of the visible and IR beams. An adhesion layer of
titanium (5 nm, DC power 118 W/365 V) is deposited before the gold (150 nm, 70 W/375 V) in
5 mTorr argon. With a skin depth of 16.2 nm for 792.5 nm light and 33.5 nm for 3400 nm light,

the titanium adhesion layer does not influence the gold nonresonant SFG response.

Figure 2.12 Substrates with gold applied: (a) window, (b) equilateral prism, and (c) right angle
prism.

The layer of silica is thin enough to have little effect on IR transmission (Figure 2.11), while still
allowing for trichlorosilane monolayer adsorption. Monolayers on the coated CaF; are
indistinguishable from those grown on glass. The combination of CaF; and silica does

complicate substrate cleaning, however, as piranha and Nochromix solutions etch the CaF,, and
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KOH (base bath) removes the silica. Clean substrates are essential for successful monolayer
application. The best solution is to coat the CaF, just before they are needed, so that cleaning is
not necessary. UV ozone cleaning, solvent rinsing, and heat treatment (800 °C in vacuum

furnace) are other options. Sonicating the substrates in polar solvents can remove the silica.

2.5.3. Substrate geometry

The shape of the substrate is another consideration, as it has a large effect on the intensity (Isz¢)
and form of the SFG signal. Refraction of the laser beams through the substrate changes the

angles of incidence ( Oggg, Oyis, and O;g) at the interface (Figure 2.13).

z
A

material 1

material 2

Figure 2.13 Geometry of SFG spectroscopy: (a) laboratory (polarization) frame and (b) sample
(xyz) frame. E refers to the electric field produced by each beam, either in the s or p polarization
(Es or Ep).

SFG intensity at frequency wsgq is proportional to the absolute square of the effective nonlinear

susceptibility, Xe(fzf) 1821
83 wipgsec Ospg ,
Ispe(wskg) = I)((Eff)|21vis((l)vis)IIR(a)IR) 2.2)

31y (Wspe)N g (Wyis)Ny (WIR)
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where [;; and I are the intensities of the visible and IR beams, and n; (w;) is the frequency-
dependent refractive index. The effective nonlinear susceptibility depends both on the
polarization (€(w;) is the unit polarization vector) and Fresnel factor (L(w;)) of each beam in
addition to the nonlinear susceptibility y®). The SFG intensity dependence on beam angle comes

mainly from these Fresnel factors.

12 = [8(wsee) - L(wsre)] - ¥ [L(Wyis) (i) [L(@1) 8 (wir)] 23)

For a sample which is isotropic in the plane of the sample (in xy), there are only four non-zero

and unique components of )(e(fzf): )(éfzf’)ssp, ngzﬁ)sp o )(e(fzf?p s> and ngzf')ppp'ZZ The s and p indices refer

to the polarization of the SFG, visible, and IR beams, in that order: s means the beam
polarization is parallel to the sample plane, and p means that it is perpendicular to s and to the
direction of beam propagation. The choice of beam polarization combination determines which
vibrational modes are probed, since only chromophores in the proper orientation relative to the
polarization and angle of the beams will appear in the spectra (Figure 2.14). Molecular
orientation can be determined from spectra in multiple polarizations and by taking into account

the symmetry of the chromophores.'**%%
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Figure 2.14 SFG spectrum of a C18 monolayer using ssp and ppp polarizations. Modes are
indicated above peaks. Methylene modes are indicated with a ‘d’, methyl with an ‘r’, symmetric
with a ‘+', asymmetric with a ‘-, and Fermi resonances with ‘FR’

In order to calculate SFG response, the y(?) elements expressed in lab (beam polarization)

()

coordinates are re-expressed in terms of the sample coordinates xyz (Figure 2.13). All but Xeft ppp

are a function of only one element, making them simple to calculate qualitatively without

knowing any details about molecular symmetry or orientation. The relations for )(éfzf)ssp and

)(éfzf’)ppp, the most commonly used polarizations, are given below.
@ _ L Yy’ in 6.y® 2.4
Xefﬂssp - byy (wSFG) yy ((‘)ms) zzZ (wIR)Sln IRnyz ( . )
Xitopp = —Lx (@556) Lx (@yis) L (1)
— Lz (Wsp6) Lzz (Wyis) Ly (01R) €OS Bsgg sin Oy cos 91R)(;(c% 2.5)
(2 )

+ Lzz(wSFG)Lxx (wvis)Lxx ((‘)IR) sin QSFG cos gvis cos HIRszx
. . . 2
+ Lzz(wSFG)Lzz(wvis)Lzz ((‘)IR) sin QSFG sin Hvis sin BIR)(;z;

In Equations 2.4 and 2.5, L;; are the diagonal elements of L(w;), the nonlinear Fresnel tensor.

The angles and beam angles are named according to the scheme in Figure 2.13 b.
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2n, (w;)cos y;

i N 2.6
xx(wl) nl(wi)cos Yi + nz(a)i)COS Hi ( )
2ny (w;)cos 6;
i N 2.
yy(@i) n, (w;)cos 8; + n,(w;)cos y; &7
2 2 . . : i
L, (wp) = ——mi(@na(@)eos 8 m(@y),, 28)

n,(w;)cos y; + ny(w;)cos 6; "n'(w;)

The refractive index n'(w;) is the refractive index of the interfacial region. It can be estimated

21
as:

, _ ni(w) (5 (w) +5)
n'(w;) = j 2 (w) 1 2 (2.9)

Isrg can be calculated in a qualitative way for any single— y ) element, such as for I ssp (WsFG),

by leaving out all but )(e(fzf)

from Equation 2.2 (Figure 2.15). Only the substrate geometry (e.g.,
flat window, prism, hemicylinder), beam angles, frequencies, and refractive indices must be
known. Transmission efficiencies of the visible and IR beams to the interface, SFG transmission
efficiency from the interface, and beam overlap are included in calculations of Isgg at buried
interfaces. Observation confirms the strong effect of beam angle and sample geometry on SFG
intensity (Figure 2.16), which we see in the calculations. It is also important to consider the
effect of adding water to the buried interface. Since the difference in refractive index between a
substrate (n~1.45) and water (n~1.33) is much smaller than that between a substrate and air
(n=1.0), the efficiency of SFG reflection is much lower at the wet interface. This typically results

in a reduction in intensity by a factor of five. Sample and beam geometries should be chosen to

maximize intensity at the wet interface, where intensity is weakest. I wrote a script to calculate
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SFG intensity and coherence length as a function of initial beam angle, IR and visible
frequencies, and sample geometry, with frequency dependent refractive index functions for

various optical materials.
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Figure 2.15 Calculated I, intensity as a function of visible and IR beam angles in air for the
CaF,/H,0 interface: window, equilateral prism, and right angle prism.
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Figure 2.16 SFG spectra of H,O at two IR fused silica substrates under the same conditions: a
window and an equilateral prism.

The relative intensity of different vibrational modes is also affected by the beam angles,
accounting for differences in SFG spectra of the same samples after large changes to the SFG
setup, and between spectra of the front versus the back side of the same sample. The effect of
changing beam angles is dramatic when comparing spectra of OTS at the backside of a window
versus a prism. While the beams encounter the sample at the same angle, refraction through the
substrate results in very difference incident angles at the interface; the IR and visible are 26.8°
and 34.9° at the interface using the window, and 46.4° and 56.6° using the equilateral prism

(Figure 2.17).

53



600

——T————
— ssp window

500 L === SSp prism i

= ppp window

= ppp prism

Normalized Signal
w
o
o

(O e snrust i
2800 2850 2900

2950 3000
Frequency (cm'1)

Figure 2.17 Effect of beam angle on SFG spectra of a C18 monolayer in the ssp and ppp
polarizations: window and prism.

While a higher SFG intensity can be achieved by using an equilateral prism instead of a flat
window, the prisms have some challenges. They are more difficult to align at the IR/visible
overlap, more difficult to mount, cause more “chirp” (or group velocity dispersion), and are
roughly ten times more expensive than windows. The last issue can be mitigated by reusing the
prisms. Old sample material can be removed from a prism by polishing with a lapping wheel and
diamond lapping compound (600 mesh diamond powder). A single prism can be used with
multiple samples on flat windows by mating the prism and window with an index matching
liquid. The back face of the prism is squeezed against the front side of a window so that light
travels uninterrupted through the prism and to the back of the window, the surface of interest. It
is necessary to add a material between the prism and the window to prevent reflections at the
contact. The bonding material must be thin in consistency, so there is little material to absorb IR

light, and not be volatile. KL leak sealant (Kurt Lesker, KL-5) works well.
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3. Mixed monolayers

3.1. Introduction

Self-assembled monolayers (SAMs) are powerful structures for modifying surfaces.® A SAM
consists of individual monomers, each having a reactive head group that binds to the substrate, a
spacer section, and a tail group. The monomers pack together to form a carpet-like structure with
the tail group facing away from the substrate. The functional group on the tail can be used to
tune the chemical properties of the monolayer, and the length and structure of the spacer helps
determine the density and order of the monolayer as well as the orientation of the tail group.” '
Monolayers composed of monomers with different lengths can be used create textured surfaces

at molecular length scales."

Monolayers are commonly deposited through the adsorption of alkanethiols onto gold, lipids
onto a water subphase, and trichloro- or trimethoxysilanes onto silica. Silane monolayers are
chemically and thermally robust and can be applied to a wide range of silicate and aluminate
materials.'* Sum frequency generation (SFG) spectroscopy is an ideal technique to characterize
SAMs, because it is sensitive to order and surface-specific. By coating a calcium fluoride
window with a thin film of SiO,, we create a substrate which can support the formation of a
silane monolayer, while also being transparent to the visible and IR beams of the SFG
experiment.”” A SAM applied to the SiO,-coated CaF, may be probed through the substrate so

the buried interface of the SAM and another material, such as water, may be studied.

In the present study, a series of mixed-length alkylsilane monolayers were deposited to create

hydrophobic surfaces with smoothly varying disorder. Short chain (dodecyltrichlorosilane, C12)
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and long chain (octadecyltrichlorosilane, C18) n-alkane monolayers were formed on SiO,-coated
CaF; substrates (Figure 3.1). Fourier-transform infrared spectroscopy (FTIR) was used to
characterize the dry monolayers and sum frequency generation (SFG) was used to study the
monolayers both in contact with air and with water. Fitting of the C-H stretch region revealed
that the pure C18 monolayer is essentially completely ordered, while the pure C12 monolayer
exhibits a low amount of disorder, and the mixed monolayers exhibit a large amount of disorder.
Furthermore, we observed that the order of the monolayers is unperturbed by contact with water.
The intensity of the non-hydrogen-bonded OD stretch was correlated with monolayer surface

area, but not order or composition.

o I -
W

1
a b
Figure 3.1 (a) Schematic of C12, C18 and mixed C18/C12 monolayers (clockwise). (b) Alkane
monomer in trans conformation displaying the methylene and methyl stretching modes probed by
FTIR and SFG spectroscopy. Symmetric stretching modes are indicated in blue, and asymmetric

modes are indicated in red. Both methylene and methyl modes are FTIR active but only the methyl
modes are SFG active in the all-trans conformation.
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3.2. Methods

3.2.1. Materials
Octadecyltrichlorosilane (C18, >95.0%) and dodecyltrichlorosilane (C12, >90%) from Sigma-

Aldrich, and hexanes (HPLC grade) from Fisher Scientific, were used as received. Ultra pure
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water (18.2 MQ-cm @25 °C, 5 ppb TOC) was generated in-house using a Milli-Q Advantage
A10 system (EMD Millipore). Nochromix cleaning solution was prepared by dissolving
Nochromix cleaning reagent (Godax Laboratories) in concentrated sulfuric acid (Fisher

Scientific, certified ACS Plus).

3.2.2. Substrates

Optical windows (diameter 25.4 mm, 1 mm thick) of CaF, were acquired from CeNing Optics
and similarly dimensioned IR fused silica windows were purchased from Crystran Ltd. The CaF,
windows were coated with 125 nm SiO; using an Oxford Instruments ALD FlexAL atomic layer
deposition system (110 °C plasma). The substrates were annealed at 800 °C in a high vacuum
furnace. A spot of gold was added to both the CaF; and IR fused silica substrates to serve as a
reference for SFG by first applying a 5 nm thick titanium adhesion layer and then a 150 nm thick
gold layer by magnetron argon sputtering through a stainless steel mask. With a skin depth of
16.2 nm for 792.5 nm light and 33.5 nm for 3400 nm light, the titanium adhesion layer does not
greatly affect the gold non-resonant SFG response. Microscope slides (VWR) were cut into 25.4

mm square segments.

3.2.3. Monolayer formation

Prior to monolayer deposition, all glassware was soaked in Nochromix solution for at least 45
minutes, rinsed exhaustively with Milli-Q water, and dried, covered, in a 150°C oven for at least
an hour. IR fused silica substrates and microscope slide segments were cleaned by the same
method. CaF; substrates were treated for 10 minutes in a UV/ozone cleaner, rinsed with Milli-Q

water, and dried with compressed nitrogen.
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Seven solutions of C18 and C12 trichlorosilane monomer mixtures were prepared in hexanes.
The total concentration of monomers was kept constant at 2 mM while the mole fraction of C18
was varied from 0 to 1. The trichlorosilanes were added volumetrically by 25-uL glass gastight
syringes and mixed thoroughly with the solvent. Substrates were submerged in the solutions and
sealed in jars with PTFE-lined caps. After 90 minutes of soaking at room temperature, the
substrates (IR fused silica, SiO,-coated CaF,, and microscope slide sections) were rinsed with

hexanes and then sonicated 15 minutes in hexanes and 15 minutes in Milli-Q water.

3.2.4. Fourier-transform infrared (FTIR) spectroscopy

Initial characterization of the monolayers on microscope slides, IR fused silica, and SiO,-coated
CaF;, was made using FTIR spectroscopy (Thermo Fisher Nicolet 8700). The monolayer signal

was amplified using the White cell described in Chapter 2.3.

All FTIR spectra were fit with four Lorentzian peaks, for the d+ (2850-2855 cm™), d- (2918-
2924 cm™), r-op (~2958 cm™), and r-ip (~2963 cm™) modes and a linear baseline according to

Equation 3.1:

_ Aq(Te/2)" 3.1
IIR = Z (wIR _ wq)z n (Fq/2)2 + mw + b, ( )

where A, is the amplitude, I, the linewidth, and w, is resonance frequency for each peak. These

parameters were allowed to vary between bounds and fit using a least-squares algorithm. The

same starting values and boundary values were used in the fitting of all FTIR spectra.

In Figure 3.2 is the fitting of a pure C18 monolayer showing each peak as well as the overall fit.

There appears to be a feature around 2890 cm™ in some of the spectra which may be a r+ or
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d+FR mode, but it is too weak and too close to the large d- peak at 2918 cm™ to be included in

the fit.
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Figure 3.2 FTIR spectrum of 100/0 C18/C12 monolayer showing data and fit

3.2.5. Sum frequency generation (SFG) spectroscopy

The SFG spectrometer consists of a Micra (Coherent) oscillator (800 nm, 80 MHz, 75 nm
FWHM, 440 mW) seeding a Legend Elite Duo (Coherent) amplifier (793 nm, 1 kHz, 38 nm
FWHM, 25 fs). Before compression, the 5 mJ output of the amplifier was split into three separate
beams, each equipped with a compressor. One 800 nm beam (1 mJ) was passed through an
etalon (TecOpics, 795 nm, 0.6 nm (10 cm™) FWHM) and a bandpass filter (Thorlabs, 800 nm, 10
nm FWHM) to produce the upconversion pulse for SFG. A second beam from the amplifier, 3
mJ, was sent to an OPerA Solo (Coherent, tunable 2.6-20 pm, ~230 cm™ FWHM, 30 pJ at 3300
nm) to generate the broadband IR pulse by optical parametric amplification and difference
frequency generation with perpendicularly polarized signal and idler in a non-collinear geometry.
A 3000 nm longpass filter (Spectrogon) was used for removal of residual signal and idler. The IR

(5 ) and visible (5 pJ) beams were focused onto the sample at 40° and 55°, respectively, and
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overlapped in time to generate the SFG signal. The signal was dispersed by an Acton SP-25001
monochromater (Princeton Instruments, 1800 grooves/mm grating blazed at 500 nm) and
collected by a liquid nitrogen cooled Spec-10 CCD camera (Princeton Instruments, 1340x400
pixels). Polarization of the visible and SFG beams could be adjusted by means of a waveplate
and polarizer in both beams. Beam polarizations are indicated relative to the sample surface,
where a parallel polarization to the surface is 's' and perpendicular is 'p,' and the polarization of
the SFG, visible, and IR beams are listed in that order. The ppp polarization was used for

reference signals on gold, and the ssp polarization was used for all samples.

The SFG data was collected for 10-50 averages for the dry and 32-56 averages for the wet of 20
second exposures, alternating sample and background by inserting a 20 ps time delay between
the IR and 793 nm upconversion pulse. The optical alignment was optimized using the non-
resonant gold signal from the gold spot on each sample. The sample signal was normalized to the
gold signal to account for the spectral profile of the IR pulse. The SFG spectra of the dry
monolayers were taken at the front surface that the laser beams are incident on, and the SFG
spectra of the wet monolayers were taken at the back surface of the monolayer-coated CaF,
window with the monolayer in contact with either H>O or D,O using the liquid cell described in
Chapter 2.4. (The front surface SFG spectrum of the 0/100 C18/C12 monolayer was taken of the
IR fused silica substrate instead.) The liquids were introduced through PTFE tubing fitted in the

holes, and contained between the front and back windows.

All SFG spectra were fit using Equation 3.2,
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A
Ispc = Xlgﬁa) + z 5 1 3.2)

where )(1(\,213 is the non-resonant second order susceptibility, A, is the peak amplitude, w, is the
resonance frequency, and [}, is the line width. A least-squares algorithm was used which allowed
the amplitude, frequency, and width of each peak to vary within upper and lower boundaries.
Peak amplitudes were allowed to have a positive or negative sign. SFG spectra of mixed
monolayers at the dry and H,O interfaces were fitted with four peaks: d+ (~2852 cm', positive),
r+ (~2875 ecm™, positive), d+FR (2915 cm™, positive), and r+FR (2935 cm', positive). Spectra of
monolayers at the interface with D,0O (Figure 3.3) were fitted with two additional peaks: the H-
bonded OD stretch (~2580 cm-1, positive), and the free OD stretch (~2722 cm-1, negative). All
spectra of mixed monolayers at each single interface (air, D,O, or H,O) were fit simultaneously
so that the starting values and upper and lower bounds for each variable were the same.
However, the fitting conditions were slightly different between different interfaces. Confidence
intervals for each fitted value were calculated from the Jacobian and propagated to find the 95%

confidence intervals for peak areas.
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Figure 3.3 SFG spectra of C18/C12 mixed monolayers at the interface with D,O showing data,
fit, and individual peaks: (a) 100/0, and (b) 50/50.

3.2.6. Atomic force microscopy (AFM)

AFM was used to characterize the surface structure of the monolayers. A Digital Instruments
Dimension 3100 microscope was used with MikroMasch probes (HQ:NSC15/Al1 BS, 325 kHz,
40 N/m) in tapping mode. Images were collected for 1 pm and 10 pm square regions. NanoScope
Analysis v1.40 software (Bruker) was used to process the images and calculate root mean square
(RMS) roughness and surface area (SA) difference values. Image statistics were computed using
the 10 um square scans. Height values above 3 nm were excluded from the calculations to
improve consistency, but the same trends in roughness and surface area were observed without

thresholding.

3.3. Results

3.3.7. FTIR

The FTIR transmission spectra of the dry monolayers, shown in Figure 3.4, are dominated by the

methylene symmetric stretching (d+, 2850 cm™) and methylene asymmetric stretching (d-, 2918

64



cm’') modes. The methyl asymmetric stretching modes r- out of plane (r-op, 2958 cm™) and r- in
plane (r-ip, 2963 cm™) are also clearly resolved, but the methylene symmetric Fermi resonance
(d+FR, 2895 cm™") and methyl symmetric stretching (r+, 2870 cm™ and r+FR, 2935 cm™) modes

are not visible,'*!®

FTIR spectra were consistent for each C18/C12 composition regardless of the
substrate (microscope slide, SiO,-coated CaF,, and IR fused silica). The most obvious change in
the FTIR spectra is a reduction in the overall intensity as the C18 fraction decreases, particularly
in the methylene modes. As the fraction of C18 monomers decreases, the average number of
methylene units per monomer decreases. However, there is still one methyl unit per chain. A
decrease in the r- peak height with decrease in C18 fraction indicates that the monolayer density

is decreasing and/or that the orientation of the monomers is changing as a function of

composition.
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Figure 3.4 FTIR transmission spectra of mixed monolayers with different C18/C12 percentages.

Accompanying the changes in the peak intensities are red shifts of the methylene peaks by up to

5 cm™ (Figure 3.5). An increase in the d+ and d- frequencies is a signature of a higher occurrence

18-22

of gauche defects in the monolayer and thus indicates disorder. The d+ and d- frequencies
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are lowest for the pure C18 monolayer, reach a maximum for the mixed C18/C12 monolayers,
and exhibit another local minimum for the pure C12 monolayer. This suggests that the disorder is

highest for the mixed monolayers.
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Figure 3.5 Peak shift of methylene stretch modes in the FTIR spectra, relative to the mean peak
frequency of C18.

The peak areas of the fitted FTIR spectra as a function of C18 fraction are shown in Figure 3.6.
The combined peak areas of the r-ip and r-op modes were calculated by integrating from 2951-
2975 cm™ in the FTIR spectra, setting the baseline to zero at the same endpoints to remove
overlap from the d- peak. Methylene modes areas were taken from the fitting described above.
All peak areas are normalized to the corresponding peak area for the pure C18 monolayer
(Figure 3.6 a), and d+ and d- are then additionally normalized to the average number of
methylene groups per monomer (Figure 3.6 b). That is, the normalized d+ and d- values in
Figure 3.6 b represent the peak area per methylene group relative to the C18 monomer. All
modes follow the same trend, decreasing sharply in intensity with decreasing C18 fraction,

coming to a slight minimum around a C18 fraction of 0.5, and increasing slightly towards pure
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C12. The peak area fraction for r- does not stay at one as the C18 fraction decreases, indicating a

change in average chain tilt or monolayer density.
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Figure 3.6 FTIR mode areas normalized to average area for pure C18 (a) The black dotted line
indicates the average number of CH; groups per monomer normalized to C18, and the green dotted
line indicates the number of CHj3 groups per monomer. (b) Methylene mode areas are additionally
divided by average number of CH, groups per monomer.

3.3.8. SFG
3.3.8.1. Monolayers

The CH vibrational region of both dry and wet monolayers were studied in the ssp and ppp
polarization with SFG, shown in Figure 3.7 and Figure 3.8. Each spectrum can be interpreted as
a convolution of a non-resonant signal and Lorentzian peaks for the CH vibrational modes: d+
(2853 cm™), r+ (2878 cm™), d- (2885 cm™), d+FR (2918 cm™), r+FR (2941 cm™), and r- (2960
cm™).>* The peak assigned as d+FR* is sometimes attributed to the d-(r) or d- resonance
instead.”*’ In either case, it is a methylene mode and the specific assignment does not change
the analysis. Four modes are prominent in the ssp polarization, and all have a positive sign: d+,
r+, d+FR, and r+FR. The ppp spectra are more difficult to fit with five modes visible, and these

have a mixture of positive and negative signs: d+ (+), r+ (+), d- (=), d+FR (+), and r- (-).
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Although an analysis of the ppp spectra leads to the same conclusions, only the ssp spectra will

be discussed as the quality of the fit is better.
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Figure 3.7 SFG spectra of dry monolayers with different C18/C12 percentages with the (a) ssp
and (b) ppp polarization. Spectra were taken at the front side, monolayer/air interface.
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Figure 3.8 SFG spectra of mixed C18/C12 monolayers at the buried interface in the ssp
polarization: (a) wetted with D,0, and (b) wetted with H,O.

We further quantify the disorder of the monolayers with SFG that, by symmetry, is very sensitive

to the disorder of the monolayer, and can be used to probe both dry and wet monolayers. SFG is

interface-specific due to two symmetry requirements. Firstly, a vibrational mode must be both IR

and Raman active to act as a SFG emitter. This requires the molecular structure participating in
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the vibrational mode to lack inversion symmetry. Secondly, the second order susceptibility must
add constructively within the coherence length to generate a signal. This requires the distribution
of SFG emitters to be non-centrosymmetric to create an overall SFG signal. The symmetric
methyl stretch is SFG allowed for each molecule because it has a nonzero transition dipole
moment and polarizability and is thus both IR and Raman active.”® In a well ordered monolayer,
all the methyl groups point up in the same direction. Therefore, the r+ second order
susceptibilities add constructively giving rise to an overall large SFG signal. The d+ mode is also
allowed by the molecular requirement. However, for a monomer in the all-trans configuration,
each methylene group on an alkane chain faces away from the adjacent one (Figure 3.1 b).
Consequently, the methylene signals cancel out pairwise and no overall SFG signal is observed.
However, if there is a gauche defect in the alkane chain, there is an incomplete cancelation of the
d+ mode and it will appear on the SFG spectrum. Furthermore, a gauche defect causes the
methyl group on the tip of a monomer to change orientation leading to a partial cancelation of
the r+ and the r+FR signals.” A single gauche defect flips the orientation of the methyl group by
roughly 140 °. Characterizing the methyl and methylene intensities in the SFG spectrum thus

. . . 13.29—
gives a direct measure of the disorder of the monolayer.'>* !

The pure C18 monolayers have the strongest r+ and r+FR peaks and almost no intensity for the
methylene modes. This is consistent with a highly ordered monolayer with negligible gauche
defects. As the C12 fraction increases, however, we see the r+ modes decrease and the methylene
modes appear due to disordering of the monolayer. The results of the spectral fitting are shown
in Figure 3.8. If we define the disorder parameter as the fraction of peak area from methylene
modes out of all the CH stretches, we see that the disorder is minimal for the pure C18

monolayer and limited for the pure C12 monolayer, while a large disorder is observed for most
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of the mixed monolayers. Furthermore, the

monolayer disorder is the same for monolayers in

contact with air, H,O and D,O. Although there is no significant difference between the wet and

dry monolayers in ordering, the wetted monolayers have a higher intensity in the r+ compared to

the to the r+FR peak. We note that the monolayer disorder also affects the overall SFG intensity.

SFG is a coherent spectroscopy with a remarkable sensitivity to order, as described above. For

disordered monolayers there is a large cancelation of overall SFG intensity due to the destructive

interference among the differently orientated transition dipoles. In the limit of a completely

disordered monolayer exhibiting inversion symmetry, no SFG intensity is observed.

Accordingly, the drop in overall SFG intensity moving from pure C18 to the mixed monolayers

is due to an increase in disorder. SFG intensity rises again for the pure C12 monolayer as some

order is recovered.
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of SFG spectra of dry and wet monolayers. Error bars
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We also observe significant red shifts of the CH stretching modes due to the change in dielectric
environment: the r+FR mode is red-shifted by 10 cm’™’, the r+ mode by 4 cm™', the d+FR mode

by 7 cm™, and the d+ mode by 2 cm™.

3.3.8.2. Water at monolayers

Perturbation of water structure by the C18/C12 monolayers was observed. The buried
monolayer/D,0 interface was probed by SFG down to 2600 cm™ in ssp to cover the free (not
hydrogen-bonded) OD stretch at ~2750 cm™ (Figure 3.10). The tail of the H-bonded OD stretch
can be seen at lower frequencies. Free OH bonds are characteristic of water at hydrophobic
surfaces, where the H-bonded structure of bulk water must terminate, but where water cannot
form hydrogen bonds to the other phase. The non-hydrogen bonded OH stretching mode is well
documented for the water interface with air, hydrophobic liquids, and hydrophobic

8,29,32-35

monolayers. While all of the C18/C12 monolayers are hydrophobic, there is a large
variation in the intensity of the free OD peak, and this intensity is not correlated with C18
fraction or with monolayer order (Figure 3.11). An SFG study of C18 monolayers with varying
degrees of order did observe a correlation, finding that the strength of the free OH peak increased

with monolayer disorder.*” It is plausible that, for pure C18 monolayers, order and surface

roughness are correlated and therefore it only appeared that the two were directly linked.
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Figure 3.10 SFG spectra of free OD peak (D,0) at mixed monolayers, ssp polarization.
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Figure 3.11 C18 fraction and monolayer order parameter (CH; area fraction) as a function of free
OD peak area.

3.3.9. AFM

The AFM images in Figure 3.12 a and d show the texture of clean IR fused silica substrate
without a monolayer. We see scratches of less than 1 nm in depth, digs (pits) of around 1 nm, as
well as several round features much more than 3 nm in height. The scratches and digs are present
on some of the monolayers as well. They may be dust particles or polishing debris. Figure 3.12 b
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and e show an IR fused silica window with a pure C18 monolayer adsorbed. The scratches and
round features from the underlying substrate are visible. In addition, the monolayer has
depressions of 3 nm in depth (shown in green), some round and some elongated. These pits may
be defects in the monolayer where monomers are absent, since 3 nm is approximately the height
of an extended C18 monomer. This value is close to the thickness of a C18 siloxane monolayer
as determined by ellipsometry, 2.7 nm,® grazing-angle X-ray reflectivity, 2.6 nm,’’ and the
calculated maximum thickness, 2.6 nm.”” In Figure 3.12 ¢ and f we see a mixed monolayer of
half C18 and half C12 (50/50 C18/C12). It looks similar to the pure C18 monolayer, but there are
more depressions of 3 nm in depth, and there are also smaller, round depression of ~ 1 nm in
depth and ~20 nm in diameter. It is possible that the later indicate isolated pockets of C12
monomers surrounded by C18, but no extensive domain boundaries are apparent: lines at which
the height abruptly changes by around 1 nm, the height difference between C18 and C12
monomers.”® On the length scale of ~25 nm to 10 um, there do not appear to be discrete C12 and

C18 domains.
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Flgure 3.12 AFM images of clean IR fused silica substrate with no monolayer (a and d), with pure
C18 monolayer (b and e) and 50/50 C18/C12 mixed monolayer (¢ and f). Images were acquired at
two length scales: (a-c) 10 X 10 pm, and (d-f) 1 x 1 ym.

All three 10 um images of the 100/0 monolayer have a repeating feature in the height
distribution which appears in none of the other monolayers (Figure 3.13). (This feature is too
small to have a significant effect on the roughness values.) Peaks in the height distribution occur
at heights of 5, 10, and 16 nm and decrease in intensity with height. The peaks may indicate the
presence of C18 bilayer stacks. Unbound C18 monomers are amphiphilic, having a hydrophobic
tail with an affinity for other alkane chains, and hydrophilic silane group which can crosslink
with other silanes. The positions of the peaks in the height distribution can be explained by
stacks of C18 bilayers adsorbed to the substrate, as shown in Figure 3.14, with a bilayer
thickness of 5.3 nm and a monolayer thickness of 2.7 nm. This height is consistent with both the

22,36,37

thickness of C18 monolayers in the literature and the depressions seen in Figure 3.12 b and
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e. Bilayers may form directly at the substrate, or sheets of cross-linked monolayer sheets may
assemble in solution and later adsorb at the substrate. The later was proposed as a mechanism for

C18 monolayer assembly.®
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Figure 3.13 Height distribution of 100/0 monolayers from 10 X 10 um AFM images. (a)

Distributions from three different spots, compared to average (solid line, height=0) and 3 nm cutoff

(dotted line). (b) Height distributions of same 100/0 samples (red, blue, green) showing

multilayers. Compare with 75/25 monolayer (gray) lacking this feature.
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Figure 3.14 Proposed C18 bilayer stacking and height of features.

While neither C18 fraction nor monolayer order are correlated with the area of the free OD peak,

there is a positive relationship between the free OD and both roughness and surface area as
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determined by AFM (Figure 3.15). As the surfaces are very smooth, the surface area is given as
the surface area (SA) difference, the difference between actual and projected surface area as a
fraction of the imaging plane area. Data were acquired in two time periods: just before SFG
characterization, and several months later. Calculations of roughness and surface area from these
times are consistent except for the 90/10 monolayer, which has the highest free OD area. For this
sample, the single early measurement of roughness was correspondingly high, and we find a
linear relationship between roughness and peak area. Later measurements repeatedly found a
much lower roughness. It is possible that the monolayer annealed somewhat in the interim, or

that the surface was heterogenous. The positive trend remains without this point, however.
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Figure 3.15 Root mean square (RMS) roughness and surface area (SA) difference of monolayers
as a function of free OD peak area. Roughness measurements taken just before SFG spectra shown
as dark red diamonds, those three months after as bright red circles. Red dotted line is a linear fit
to early roughness values. SA difference shown as small green squares. One point (OD area 149,
SA difference 0.67) is off the scale.
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3.4. Discussion

The goal of this study was to determine the relationship between the composition of the C18/C12
mixed monolayer and monolayer disorder, and the effect of that disorder on water structure.
Since the monolayers were deposited by competitive adsorption from solution, one cannot
automatically assume that the solution and monolayers have the same C18/C12 fraction.
Multiple studies have found that, for mixed n-alkanethiol monolayers on gold, the longer chains
are preferentially adsorbed.””*' Alkylsilane monolayers do not appear to follow the same trend,
however. A study of mixed monolayers of methyltrichlorosilane (C1) and
octadecyltrichlorosilane (C18) found that the monolayer was enriched in C1 over the entire range
of composition."> However, this is a very large difference in chain length. A study more
applicable to ours investigated binary n-C4/C8, n-C4/C12, n-C4/C16, and n-C4/C18 silane
monolayers.'> No preference in chain length was detected. When an analogous series of
monolayers using t-butyltrichlorosilane (t-C4) instead of n-C4 was prepared, there was a
deficiency of t-C4 in the monolayers. It seems that, apart from systems involving extreme chain
length differences such as C1 and C18, the relevant factor in determining alkylsilane monolayer
composition is monomer cross-section, not length. It is reasonable to expect C18/C12 monomers

to adsorb at approximately the same ratio as in the parent solution.

The disorder of silane monolayers depends critically on the deposition conditions, with particular
sensitivity to solution temperature and substrate moisture content.''*****> When a hydrated
substrate is used, it will be coated with several layers of water molecules which will hydrolyze
the chlorines in the trichlorosilane.** The water can act similarly to the bulk water subphase
supporting a Langmuir-Blodgett film.'""'* Since the water molecules in the topmost layer are

only weakly coupled to the silica substrate, monomers are initially free to diffuse along the
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surface. Eventually the silane groups will crosslink, essentially freezing the monomers in place.
Depending on deposition temperature and monomer density, the films can exist in gas (G), liquid
expanded (LE), and liquid condensed (LC) phases, in order of increasing density. LC phases are
characterized by trans conformations of the alkane chain, while rarer LE and G phases have more
gauche defects. At deposition temperatures above a monomer's critical temperature (T¢), the film
progresses from G to coexisting LE+G to homogeneous LE. The film may not progress to
coexisting LC+LE before siloxane bond formation to substrate and neighboring silanes, locking
in the structure. At lower deposition temperatures, below T¢, LC and G phases initially coexist
before becoming fully LC.'"***® As a result, monolayers deposited below Tc exhibit a higher
order than monolayers deposited above it.'' The Tc of C12 and C18 are about 18 °C and 30 °C,
respectively, which are below and above the temperature of deposition.” The fact that C12 was
deposited at a temperature above its Tc, while C18 was deposited below its Tc, explains the

higher degree of disorder observed for the C12 monolayer.

The overall intensity of the FTIR spectrum drops significantly from pure C18 to about 50/50
mole fraction and then stays approximately constant to pure C12. If there were no change in the
monolayer density or average chain tilt, then the r- modes should stay constant and the d+ and d-
modes should drop linearly by a factor of 11/17 from pure C18 to pure C12. The observed
intensity drop for all modes is larger than this prediction, indicating either a change in monolayer
density or average chain tilt. For an ordered monolayer with monomers nearly perpendicular to
the surface, as in the C18 case, the transition dipole moments of the CH, stretching modes (d-
and d+) as well as the asymmetric CHjs stretching mode (r-) are all nearly parallel with the
surface. Therefore, an orientational change of the monomers will decrease the peak areas of the

CH, and asymmetric CH3 modes. If the CH, peak areas are normalized to compensate for the
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average number of methylene groups per monomer (i.e. a drop by 11/17 from pure C18 to pure
C12), then the dependence on the composition mirrors that of the r- areas (Figure 3.6). Either a
change in monolayer density or a change in orientation could explain the observed change in
intensity. However, there is a cosine-squared dependence between signal intensity and the
change in the orientational angle of the monomer. For a chain oriented near normal, as the case
of the pure C18 monolayer, a 45° change in chain tilt would be necessary to explain the observed
change in peak area. Such an orientational change would also result in a significant r+ peak,
which has a transition dipole moment parallel to the chain axis and would not be visible for a
chain normal to the substrate. Since an r+ peak is not observed it strongly indicates that the
intensity change is not due to a large orientational change. Lastly, studies examining Langmuir-
Blodgett films of fatty acids and alcohols at different liquid phases suggests that the reduction in
FTIR signal*”*® and SFG methyl stretch peak intensity™ accompanying a transition to a less
dense phase is primarily due to presence of fewer molecules (lower density), not a change in
orientation. Therefore, density is more likely to be responsible for the drop in intensity,
especially considering that the lower melting point of C12 should result in a less condensed
phase. We interpret the drop in the peak intensities in the FTIR spectra from pure C18 to 50/50
as resulting mainly from a change in monomer density that then stays fairly constant to pure

Cl2.

While the pure C12 monolayer is slightly more disordered than the pure C18 monolayer, the
mixed monolayers exhibit a much higher degree of disorder that appears weakly dependent on
the composition. Monolayer order can vary between synthesis runs,” and so can the exact shape
of the disorder curve with respect to composition. However, the disorder of the mixed

monolayers is always greater than that of the pure monolayers. The greater disorder for the
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mixed monolayers is likely caused by the reduction of lateral chain-chain interaction for the
upper half of C18 monomers which are adjacent to C12, instead of other C18, monomers. Since
there is a smaller free energy penalty for the protruding end of the C18 chain to assume a gauche
conformation, there is a higher occurrence of disorder in regions of chain length mismatch.”*""!
This configuration would be rare for a mixed monolayer separated into macroscopic domains of
pure C12 and C18, because the number of monomers at domain boundaries would be so small. If
the domains were large, then a linear relationship between disorder and C18 mole fraction would
be expected. Our SFG and AFM results are consistent with complete mixing or small scale
domains. Order is partially recovered for the pure C12 monolayers as there is no longer any

length mismatch and the occurrence of chain kinks is less favorable.

A study of fatty acid Langmuir-Blodgett films found that binary mixtures of tetradecanoic (C14)
and eicosanoic (C20) acid on water are highly nonideal and immiscible in many proportions.”
Taken together with data from other binary systems, the study suggests there is a large positive
free energy of mixing for a 1:1 mole ratio of tetradecanoic and eicosanoic acid, which should
lead to domain formation. Two studies of mixed monolayers have in fact found evidence for
partitioning.*>> An AFM study of a 1:1 mixed C18/C12 alkylsilane monolayer (formed by the
drawing-up method from a Langmuir-Blodgett film at 293K)) shows domains of LC C18
appearing in round islands around 2 pm in diameter, with the C12 in a more expanded state
surrounding them.” However, given domains of this size and shape, only about 0.1% of C18
monomers would lie at a domain boundary. Other mixed monolayer studies have not found
evidence of discrete domains, or could not distinguish between small domains and complete

. 12,1340
mixing. =~
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Our AFM images of the C18/C12 mixed monolayers support the conclusion that there are no
large C18 domains in the monolayers prepared here. No domain boundaries can be resolved at a
length scale between 10 pm and 25 nm. The discrepancy between the Langmuir-Blodgett films
and the results of this and other studies is not too surprising. The free energy of mixing is highly
dependent on temperature and surface pressure/monolayer density.”>>*>> Also, while alkylsilane
monolayers and Langmuir-Blodgett films have some similarities, the formation of the alkylsilane
monolayers is time limited by the cross-linking of the silane groups. There may not be enough

time for the monolayer to come to equilibrium.

Previous studies of well-ordered alkanethiol and alkylsilane monolayers have found that there is
little disorder induced upon bringing the monolayers into contact with water,>*>® but that if the

30,59,60
~7"Y We observe no

monolayer was disordered to begin with, wetting increased the disorder.
significant change in the disorder of the monolayers when wetted with H,O or D,0 across all
C18 fractions. The large redshift of r+FR by ~ 10 cm™ and a smaller shift of r+ by ~4 cm™
observed in the wetted monolayers is consistent with previous FTIR,® SFG,?-*%>%! and DFT>®
studies, which found a redshift of as much as 15 cm™ in the CHj stretch frequencies as water was
brought closer to the terminal methyl groups.”® Redshifting of the CH; modes occurs to a similar
extent in solvents over a range of polarities (e.g., water, acetonitrile, CCly, d-hexadecane)

pointing to a dispersion interaction rather than a dielectric effect.”%¢!

Free OD peak intensity is linear with monolayer roughness and surface area, suggesting that the
extent of interface, rather than the nature of the water/monolayer interaction, determines the
strength of the mode. This interpretation is further supported by the free OD peak frequency. The
frequency of a free OH peak is related to the strength of the dipole-dipole interaction with the

hydrophobic phase, a stronger interaction leading to a lower frequency. For instance, the free OH
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mode has a frequency of 3706 cm™ at air, where there is no interaction, but decreases to 3673
cm’” at a C18 monolayer (shift of ~30 cm™).® For D,0O at C18/C12 mixed monolayers, the free
OD peak appears at ~2719 cm™', which is redshifted from the free OD at air (~2750 cm™)*>% by
a similar amount. That the frequency of the free OD is the same for all monolayers indicates that
the degree of water interaction with the monolayer is insensitive to the differences between the

monolayer series.

3.5. Conclusions

In this project we have examined the disorder of mixed-length monolayers deposited on IR- and
visible-transparent substrates as a function of the composition. The disorder of the dry and wet
monolayers was characterized by FTIR (dry) and SFG (dry and wet) spectroscopy. While the
pure C18 monolayer contained virtually no disorder, the pure C12 monolayer exhibited a small
degree of disorder. This is likely because the monolayers were prepared at a temperature which
was below the T¢ of the C18, but above the T¢ of the C12 monomers. The mixed-length
monolayers, on the other hand, were found to be much more disordered than the pure
monolayers. This is likely due to the higher conformational freedom (and therefore greater
number of gauche defects) of the termini of C18 monomers adjacent to C12 monomers or
pinhole defects. This in turn suggests a monolayer structure not composed of large macro-scale
domains of pure C18 and pure C12, but either small domains or homogeneous mixing. AFM
images confirm that such domains, if they exist, must be smaller than 25 nm. We further found
that wetting the monolayers with H,O and D,O did not affect monolayer disorder over most of

the C18/C12 mixtures.
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A large variation was observed in the intensity but not the frequency of the non-hydrogen-
bonded “free” OD peak of D,O at different C18/C12 monolayers. Free OD intensity was
correlated with surface roughness rather than monolayer disorder. Taken together, the fact that
monolayer order was not affected by wetting, and free OD intensity and frequency was invariant
with monolayer order, indicates that there is only a weak interaction between the water and the
monolayer. The response of the non-hydrogen-bonded OD groups at the monolayers is governed

only by the size of the interface.
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4. Hydrophilic monolayers

4.1. Introduction

Water-surface interactions range widely in strength from weak dipole-dipole interactions at
hydrophobic surfaces,"”* such as the monolayers discussed in the previous chapter, to strong
hydrogen bonding with a material such as tin oxide, where the water adlayer is more strongly
associated with the mineral surface than other water molecules.” Hydrophilic surfaces like
alcohols occupy a middle ground where surface-water and water-water hydrogen-bonding are of
similar strengths, and water is neither decoupled from the surface due to absent or weak
interactions,” nor decoupled from a strongly surface-bound water adlayer.”* Development of a
hydrophilic monolayer compatible with a silica-coated CaF, substrate would increase the range
of water-surface interactions that could be observed at the buried interface by SFG spectroscopy.
Hydrophobic and hydrophilic monomers could be mixed to create surfaces varying in both
polarity and texture. For example, a monolayer composed of OH terminated chains interspersed
with shorter methyl-terminated chains would create hydrophobic pockets in imitation of

nonpolar pores in a protein.’

The reactivity of trichlorisilanes towards many hydrophilic moieties necessitates an indirect
approach to introducing functional groups such as OH and carboxylic acid which are not

compatible with the binding group.'® "> Carboxylic acid and OH-terminated siloxane monolayers

14-17 18,19

have previously been prepared by post-monolayer deposition hydrolysis and oxidation.
However, solution-based modifications like these are generally inhibited at interfaces compared

to bulk reactions and can be difficult to bring to completion without damaging the monolayer.”*
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> A dry technique like thermal deprotection is attractive because it avoids solvent and steric
issues of solution-based methods,* without the need for a bulky photo-labile group which may
reduce monolayer density. Conditions of thermal decomposition - temperature, pressure, and gas
type - are also easily controlled. However, no studies have been published which use this

strategy to prepare simple hydrophilic monolayers.

In this project, I attempted to functionalize SiO,-coated CaF; substrates with OH and COOH
terminated monolayers by applying tert-butoxy carbonyl (Boc) and t-butyl ester siloxane
monolayers, respectively, and removing the protecting groups with heat (Figure 4.1). The
monolayers were first applied to fumed silica, a material with a large surface area, which allowed
the monolayers to be characterized using bulk techniques. Monolayers on fumed silica were
analyzed by thermogravimetry to determine the temperature at which the heat labile groups are
removed without disturbing the alkane spacer. IR spectroscopy confirmed that the intended
functional groups were retained or removed, but water contact angles did not decrease after
treatment, and moreover SFG spectra indicated that the correct surface functionality was not
obtained. Premature acid-catalyzed cleavage of the Boc and t-butyl groups during deposition
may have led to the formation of multilayer films instead of monolayers. As the heat
deprotection scheme looks promising, replacement of the trichlorosilane binding group with less

reactive trimethoxysilane might allow the preparation to be successful.
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Figure 4.1 Scheme for creation of hydrophilic monolayers by post-deposition removal of heat-
labile protecting groups

4.2. Methods

4.2.1. Synthesis

4.2.1.1. Boc-protected trichlorosilane

tert-butyl undec-10-enyl carbonate: 10-Undecen-1-ol (Aldrich, 98%, 12 mL), di-tert-butyl
dicarbonate (Alfa Aesar, 97%, 10 g), and Zn(OAc)*2H,0O (Sigma Aldrich, 89%, 1.3 g) were
dissolved in dichloromethane and refluxed at 50 °C overnight.** The resulting solution was
washed with brine, and the Boc alkene was extracted into dichloromethane (DCM), dried over
MgSOy, and distilled to remove DCM. Flash chromatography removed excess undecenol (95%
hexanes, 5% EtOAc). '"H NMR (400 MHz, CDCls): 5.8 (1H, ddt), 5.0 (1H, m), 4.9 (1H, t), 4.1

(2H, 1), 2.1 (2H, q) 1.7 (2H, quin), 1.5 (9H, s), 1.4-1.2 (12H, m).

tert-butyl (11-trichlorosilyl)undecyl) carbonate: On a vacuum line, platinum on activated
carbon (Sigma Aldrich, 1% Pt, 0.10 g), 2.95 g alkene product, and HSiCl; (Sigma Aldrich, 99%,
3 mL) were degassed and stirred under Ar for 2 days at room temperature. Excess HSiCls (bp 32

°C) was boiled off, and Pt was filtered out with Celite. The structure of the t-butyl trichlorosilane
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was verified by "H NMR (300 MHz, CDCLy): 4.1 (2H, t), 1.7-1.5 (2H, m), 1.5 (9H, s), 1.4-1.2

(18H, m)) and FTIR (Figure 4.3).

NN
MOH Zn(OAc), * 2H,0 j)\
> e

. o}
HSICl, Pt
RT 2 days C|3SI 4 (0] O

Figure 4.2 Boc-protected trichlorosilane synthesis scheme
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Figure 4.3 IR spectra of compounds in synthesis of Boc protected tricholosilane, with dodecanol
for reference

4.2.1.2. t-butyl ester protected trichlorosilane

tert-butyl undec-10-enoate: 10-Undecenoic acid (Sigma Aldrich, 98%, 20 g) was refluxed with
thionyl chloride (Sigma Aldrich, 99%, 30 mL) under N, flow for 1.5 hours at 75 °C, then
overnight at room temperature. The acid chloride (red-brown liquid) was dissolved in toluene
and distilled to remove SOCI,. Product was added dropwise to chilled zerz-butanol (Fisher

Scientific, 50 mL), and stirred for 4 hours under Ar. Excess acid chloride was quenched over ice
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and deprotonated by addition of saturated Na,COs. The ester was extracted with three washes of
dichloromethane and dried with MgSOy and further purified by silica column with DCM.
Product is orange-brown liquid. "H NMR (300 MHz, CDCls): 5.80 (1H, ddt), 4.99 (1H, t), 4.92

(1H, m), 2.18 (2H, 1), 2.05 (2H, q), 1.56 (2H, t), 1.43 (9H, s), 1.4-1.2 (10H, m)

tert-butyl 11-(trichlorosilyl)undecanoate: t-butyl ester protected alkene (2 g) was added to dry
Pt on C (Sigma Aldrich, 1% Pt by weight) and flushed with N,. Trichlorosilane (Sigma Aldrich,

99%, 1.5 mL) was added under positive N, flow. Solution was degassed and then stirred at room
temperature for one day under N,. HSiCl; was driven off by water bath, and product was filtered
over Celite to remove catalyst. Verified structure of alkene and trichlorosilane by 'H NMR (300

MHz, CDCls): 2.20 (2H, t), 1.57 (4H, m), 1.44 (9, s), 1.43-1.22 (12, m) and FTIR (Figure 4.5).

The t-butyl ester trichlorosilane was hydrolyzed by sonication in water prior to IR spectroscopy.

t BuOH

0 SOCI2 -
WOH 1.5 hrs \’MC' RT 4 hrs W/U\ «%
75°C
HSICl,, Pt
P> Cl,Si 4%

RT 24 hrs

Figure 4.4 t-Butyl ester synthesis scheme
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Figure 4.5 IR spectra of compounds in synthesis of t-butyl ester trichlorosilane

4.2.2. Monolayer application

4.2.2.3. Monolayers on fumed silica

The preparation of monolayers on fumed silica detailed here largely follows procedures
established for bulk Raman® and solid-state NMR studies.’®*” Fumed silica (Sigma, 0.2-0.3 um
particle size, 200 m*/g, 0.2 g or 1 equivalent) was placed in a flask and evacuated and flushed
with N,. Toluene (Macron, ACS grade, 20 mL), dried over molecular sieves, was added to the
fumed silica to suspend the particles. Five equivalents of trichlorosilane monomer
(octadecyltrichlorosilane (C18), Boc trichlorosilane, or t-butyl ester trichlorosilane) was added to
the suspension and stirred under N, at room temperature for 12 hours. The trichlorosilane was
quenched with triethylamine (Sigma Aldrich, 99%, 10 equivalents) and stirred for 30 minutes.
Unbound monomer was then rinsed from the fumed silica. The fumed silica suspension was
removed from the flask by syringe and centrifuged, and the supernatant was decanted. Fresh dry
toluene was added back to the fumed silica, the fumed silica was re-dispersed in solution,
centrifuged, and decanted again. The rinsing procedure was repeated at least four times.

Trimethylamine was removed by three rinses of hexanes (Fisher Scientific, HPLC grade) in the
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same way. Coated fumed silica was characterized by FTIR with a diamond attenuated total

reflectance (ATR) accessory.

Figure 4.6 Fumed silica

4.2.2.4. Monolayers on flat silica substrates

C18, C12, t-butyl ester, and Boc monolayers were applied to flat silica substrates (microscope
slides and silica-coated CaF,) by adsorption from solution. Glass substrates and glassware were
cleaned in a solution prepared by dissolving Nochromix powder (Godax Laboratories) in
concentrated sulfuric acid (Fisher Scientific, certified ACS plus). Silica-coated CaF, windows
were baked in a vacuum furnace to 750 °C to remove surface impurities. All substrates and
implements were rinsed in ultra pure water (18.2 MQ-cm @25 °C, 5 ppm total organic content)
and dried. Substrates were soaked, covered, in deposition solutions of 2 mM trichlorosilane
monomer in hexanes (Fisher Scientific, HPLC grade) for 90 minutes. Unbound monomer was
removed by sonication in hexanes and ultra pure water. Monolayers were characterized by FTIR:
ATR for glass substrates, and 8x transmission with White cell (Chapter 1.3) for monolayers on
silica-coated CaF,. A contact angle goniometer (described in Chapter 1.2) was used to measure

water contact angle.
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4.2.3. Deprotection

4.2.3.5. Heat

Monolayers on fumed silica were characterized by thermogravimetric analysis (TGA) under N,
to determine the temperatures at which they decomposed. Samples were equilibrated at 100 °C
and heated to 700 °C at a rate of 3-10 °C/min while the weight of the sample was monitored. To
remove the heat-labile protecting groups of the Boc and t-butyl ester monolayers on fumed silica
and flat substrates, monolayers were heated to 315 °C in a vacuum or N, furnace for at least an
hour with a temperature ramp of 3 °C/min. Fumed silica samples were characterized by FTIR
(ATR) before and after heat treatment; samples on flat substrates were additionally characterized

by water contact angle.

4.2.3.6. Solution

Deprotection of Boc monolayers on glass slides was also attempted in solution and monitored by
FTIR and contact angle. Monolayer removal was tracked by the amplitude of the asymmetric
CHjs stretch (d-). A reduction in contact angle but not IR intensity meant successful deprotection,
while a reduction in both meant that the monolayer was being removed. Reagents were used as
received: hydrochloric acid (BDH, ACS grade, 38%), trifluoroacetic acid (TFA, Sigma-Aldrich,
99%), trimethylsilyl iodide (Sigma-Aldrich, 97%), chloroform (Macron, ACS grade), potassium
hydroxide (Mallinckrodt, ACS), acetic anhydride (Sigma-Aldrich, 98%), iron (III) chloride
(Sigma-Aldrich, 97%), diethyl ether (Fisher Scientific), triethylamine (Sigma-Aldrich, 99%),
lithium bromide (Aldrich, 99%), and acetonitrile (Mallinckrodt, ACS). Details given in

Table 4.1, with room temperature abbreviated as rt.
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Table 4.1 Boc deprotection methods and results. The average contact angle before any treatment
was 85°. The triethylamine/LiBr solution removed the monolayer, so final IR and contact angle
measurements were not collected.

Solution Conditions Time (h) d- Amplitude x10™ Contact

angle ( °)
final
Initial Final
2.4 M HCI rt 70 5.7 4.6 58
2.4 M HCI reflux 85 °C 11 4.6 6.5 25
4.0
neat TFA rt, 0.8 4.2 87
then reflux 60 °C 1

0.1 M MesSil  under N»: rt 0.5 hr, then 60 °C 3 7.4 8.8 81

in CHCI,

1 M aq KOH rt 1 8.5 3.1 43

Ac,O FeClzin | 2 mL Ac,0+0.1 g FeCl; in 20 4 8.1 8.8 77

Et20 mL Etzo, rt

Et;N LiBr in 3.2 mL Et;N+2 g LiBr in 1 16 - -—-

CH;CN CH;CN+H,0, reflux 70 °C

4.1. Results

The complete ineffectiveness of trifluoroacetic acid (TFA) in removing the Boc group from Boc-

protected monolayers was unexpected, as a 50% solution of TFA in dichloromethane is a

standard means of removing a Boc group.”® > A previous attempt with the 50% solution failed,

as did neat TFA at room temperature and at 60 °C described above. Only the 85 °C HCI solution
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significantly reduced the monolayer contact angle without removing the monolayer. In

Figure 4.7, the CH, symmetric stretch (d-) intensity and water contact angle are shown for the
KOH and hot HCI treatments. An OH or COOH-terminated monolayer should have a water
contact angle less than 10°.*' The drop in d- strength for KOH means that the monolayer was
being destroyed, and so the drop in contact angle is likely due to exposure of the hydrophilic
silica substrate. After 5 hours of treatment with 85 °C 2.4 M HCI, the intensity of the symmetric
CH, mode leveled off while the contact angle was still dropping. The harsh conditions and long
reaction time required for the Boc removal demonstrate how inefficient wet chemistry methods
are for this post-deposition monolayer modification. In addition, HCI etches CaF; and thus is
incompatible with the IR and visible transparent substrates used to probe the buried water

interface with SFG spectroscopy.

1 M KOH, RT 2.4 M HCI, 85 °C
0.003 0.003
T | T
- 80
0 0
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E ¥ 3 60 3
= 28 = S
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Figure 4.7 CH, asymmetric (d-) intensity and water contact angle for Boc monolayers placed in 1
M KOH and 85 °C 2.4 M HCl solutions for Boc removal.

Heat deprotection was more successful. The loss of Boc and t-butyl protecting groups was found
by TGA to occur at least 200 °C below decomposition of the alkane spacer, making selective
removal feasible. In Figure 4.8, the change in sample mass with temperature is shown for bare

fumed silica and C18, Boc, and t-butyl ester monolayers. The bare fumed silica does not lose
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mass with heating as there is no organic content to decompose, but fumed silica covered with a
C18 monolayer shows a small peak at ~150 °C, from adsorbed water,32 and a large peak at 500
°C, where the alkane chain is removed.33 The 500 °C peak is shared by all monolayers as they all
have an alkane chain. Additional peaks appear at lower temperatures for the Boc and t-butyl ester
monolayers where the heat labile groups decompose. Boc and t-butyl come off at temperatures
similar to those reported for the protecting groups in range of photo-cross-linkable polymers.34—
36 However, the ratio of mass lost in the first (heat labile) and second (alkane) decomposition

peaks is lower than expected for the Boc monolayer. The ratio should be 0.65 for Boc, but is

only 0.24 (Table 4.2).
U L T o
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Figure 4.8 Thermogravimetric analysis (TGA) of monolayers on fumed silica. Peaks represent
temperatures at which material decomposes.
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Table 4.2 Decomposition of monolayers on fumed silica. Fractional coverage is calculated
assuming 200 m*/g surface area of fumed silica, 25 A® area per monomer.

Monolayer Decomposition (° C) Expected mass Measured mass Fractional
(peak) ratio (1°/2"%) (peak) ratio coverage
C18 498 0 - 0.37
Boc 205, 502 0.65 0.24 0.48
t-butyl ester 267,488 0.33 0.28 0.35

FTIR spectra of monolayers on fumed silica are consistent with the loss of Boc and t-butyl and

the retention of the alkane spacer after heating the monolayers to 315 °C (Figure 4.9). The

regions below 1350 cm™ and above 3100 cm™ are not shown due to strong absorption by fumed

silica. No mass change is observed for fumed silica and C18 (aside from water) below 315 °C,

and similarly, the FTIR spectra of these samples show no change after heating. A change in the

FTIR spectra is observed with Boc and t-butyl ester monolayers, confirming that the mass loss

below 315 °C (Figure 4.8) causes a change in chemical structure. For the Boc monolayer, the

asymmetric CHj stretch (2980 cm™) from the t-butyl group and the C=0 stretch (1750 cm™)

from the carbonyl are removed, while the CH stretching (2800-2940 cm™) and bending (1400-

1450 cm™) modes from the alkane chain remain. The t-butyl ester loses the CH; but not the C=0

stretch, suggesting that the t-butyl is gone but the carbonyl has remained.
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Figure 4.9 Monolayers on fumed silica before and after heating in N, to 315 °C. Compare to bare
fumed silica, upper left.

FTIR spectra were acquired for heat-treated C18, C12, and Boc (“OH”’) monolayers applied to
glass and silica-coated CaF, substrates (Figure 4.10). For comparison, some Boc (“Boc”)
monolayers were not baked. Two intense CH, symmetric and asymmetric stretching modes, d+
and d- (2850 and 2920 cm™), are common to all samples. An asymmetric CHj stretch (r-) is
clearly resolved above 2940 cm™ for all, but the frequency is higher for the tertiary methyl
groups of the Boc monolayer, at ~2980 cm™, than for the primary methyl groups of the C18 and
C12 monolayers, ~2960 cm™'. As in the spectrum of the Boc monolayer on fumed silica, the
carbonyl C=0 stretch of Boc appears ~1720 cm™. While these monolayers were heated to 315 °C
like the monolayers on fumed silica, the effect is less consistent here. Shown below (Figure 4.10)
are IR spectra of two heat-treated Boc “OH” monolayers, OH 1 and OH 2, representative of the
range in structure observed. The t-butyl and ester functional groups are almost entirely gone for

OH 2, but are only half removed for OH 1. Possibly the energy required to remove the Boc is
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higher for a densely packed monolayer prepared on a flat surface, compared to the more sparsely

covered fumed silica (Table 4.2).

---------
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Figure 4.10 IR spectra of SiO, substrates modified with monolayers. Two spectra of heat-treated

Boc “OH” monolayers (blue) are included to show variation between OH monolayers.

Deprotection of the Boc and t-butyl ester monolayers is at least partially successful as judged by
the FTIR and TGA data, but the removal of the protecting groups was not accompanied by a
decrease in water contact angle (Table 4.3). An OH- or carboxylic acid-terminated surface
should have a contact angle near zero, as do thiol monolayers with these functionalities.’' Partial
deprotection should still result in a decrease in contact angle, not an increase. A study of ester
monolayers on silicon which were incompletely hydrolyzed to carboxylic acids showed a

decrease in contact angle from ~70° to 55°.'°
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Table 4.3 Contact angles of monolayers on glass before and after heating to 315 °C.

Monolayer Before A (°) After A (°)
C18 105+ 2 102 +£ 2
Boc 78 + 2 89+ 3
t-butyl ester 70 £ 3 79+ 6

SFG spectra of the monolayers complicate the interpretation further. While methylene (d+ and
d-) peaks dominate the CH stretch region in the IR spectra of these monolayers, CH, modes from
trans alkane chains cancel in sum frequency generation. A good indicator of order for a methyl-
terminated alkane monolayer like C18 and C12 is a large CHj3 stretch response, as the methyl
groups will be aligned and signal will add constructively, and a small CH, stretch response, as
signal from opposing CH; groups will cancel. In Figure 4.11 a, we see SFG spectra of two alkane
monolayers C18 (black) and C12 (red), both of which have previously been heated to 315 °C.
The two largest features are the symmetric methyl stretch (r+, ~2860 cm™) and Fermi resonance
(r+FR, ~2930 cm™") from methyl groups pointing away from the substrate. At 2880 cm™ is the
asymmetric methylene stretch d-. That the d- mode is large enough relative to the CH3; modes to
be well resolved (compare to C18/C12 100/0 in Figure 3.7) suggests that heating disordered the

C18 and C12 monolayers somewhat.

On the same plot is shown a Boc monolayer which has not been heated (“Boc,” green) and one
which has been heated to 315 °C, (“OH,” blue). Again, the largest peaks are r+ and r+FR, but the
d- peak is not visible. It is strange that both Boc and OH have large r modes, even though OH
has been heated so the methyl groups (from t-butyl) should be removed. All OH monolayers

examined had large r+ and r+FR peaks; this result is characteristic.
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Figure 4.11 SFG of dry monolayers: C18, C12, Boc (green) and heat-treated Boc (“OH”, blue),
(a) standard SFG, and (b) homodyned SFG. The C18 monolayer shown in (b) was not heat-treated.

In Figure 4.11 b we see the Imy?) spectra for the same monolayers obtained by heterodyned
SFG. As noted in Chapter 1.3, the sign of the imaginary component of ¥ ? can be positive or
negative and depends on the up/down orientation of the chromophore. Thus, heterodyned SFG
spectra relate the absolute orientation of molecules at an interface. The real (blue) and imaginary
(red) components for the OH monolayer are shown in Figure 4.12. When combined and squared,
the standard SFG |y ®|? response (black) is recovered. Comparing the Imy® spectra in

Figure 4.11 b, all monolayers have a negative r+ and r+FR peak, meaning that the methyl groups
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for all the monolayers are pointing in the same direction: away from the surface. While the OH
monolayer should not have the r+/r+FR modes, it at least makes sense that the methyl groups
would be oriented up even for a multilayer, because the monomers should be anchored to the
substrate or to preceding layers by a siloxane bond. With the additional information about peak
sign, an additional mode is visible which is not obvious in the standard SFG spectra: the

asymmetric CHj3 stretch r-.

Intensity

Frequency (cm'1)

Figure 4.12 Real, imaginary and squared y(®) elements of OH monolayer acquired by heterodyned
SFG.

4.2. Discussion

NMR and FTIR spectra confirm that the intended Boc and t-butyl ester terminated trichlorosilane
monomers were synthesized. Upon hydrosilation of the alkene, the alkene features in the spectra
are removed, while the Boc and t-butyl ester functionalities are retained. The C18, Boc, and t-
butyl ester monolayers all share a decomposition event at ~500 °C, verifying that this peak

represents the decomposition of the alkane spacer which they all share. The second peak for Boc
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and t-butyl ester occurs at a lower temperature and is consistent with the literature value for

thermal decomposition of these groups.”

The mass lost at the lower temperature for Boc, however, is smaller than expected. During
deposition of trichlorosilane monolayers, Si-Cl bonds are hydrolyzed by water at the silica
surface, which leads to the formation of siloxane Si-O-Si bonds to the substrate.’” This also
lowers the pH of the deposition solution as H" and CI are released, which could cause acid labile
groups like t-butyl ester and Boc to be removed prematurely. This might explain why the Boc
heat labile peak from TGA is smaller than predicted. In fact, the hydrosilation of the Boc alkene

to produce the Boc trichlorosilane has failed multiple times from loss of the Boc group.

The Boc and t-butyl ester groups from the synthesis of trichlorosilane monomers are also
observed for the monomers when bound to fumed silica and flat silica substrates. The intensity of
the Boc monolayer CH, modes in IR spectra (Figure 4.10), arising from the 11 carbon alkene
spacer, are large compared to the CH, modes of the C12 monolayer, which also has 11
methylene groups. This could be explained by the formation of a multilayer film. The SFG
intensity of the Boc monolayer is similar to C12 and C18 (Figure 4.11), suggesting that the
multilayer structure, if present, is structured and not a product of disorganized polymerization.
The Boc SFG spectrum is, like C12 and C18, dominated by the r+ and r+ FR modes. It is odd
that the CH3 modes of Boc are so close in frequency to those of C12 and C18 when presumably
they come from tertiary and not primary CHs groups (the t-butyl), but it is reasonable that methyl
modes are present. Boc and t-butyl ester monolayers are hydrophobic (contact angles of 78° and

70°, respectively), consistent with a t-butyl group termination.
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Boc and t-butyl ester film contact angles do not decrease, however, after they have been baked to
remove the heat labile groups. Even so, IR spectra of the monolayers on fumed silica and flat
silica substrates show at least partial loss of the expected functional groups. Just as before
deprotection, the CH, modes of Boc in the IR spectra are stronger than predicted by the number
of methylene groups in the monomer. Up to this point, the evidence is consistent with adsorption
of a Boc multilayer. Multi-monomer strands may form in the deposition solution or at the surface
of the growing film when a chlorosilane or silanol bonds with an exposed OH or COOH. The
resulting film would be thicker than a monolayer and also well aligned due to interactions
between the long monomers. The terminal group might still have an intact Boc or t-butyl ester
group before heating, accounting for their appearance in the IR spectra and the lower
temperature decomposition peak in TGA. After heating, the terminal Boc or t-butyl would be
removed, no longer showing up in IR spectra. However, the SFG spectra of heat-treated Boc
monolayer (“OH”) are not compatible with this idea. The r+ and r+ FR peaks are not smaller but
more intense for the OH film compared to Boc. This is hard to reconcile with the removal of the
t-butyl r- peak in the FTIR spectra. It is unlikely that the two large peaks attributed to the methyl
symmetric mode are actually CH, modes. For the CH, modes to be so prominent, the monomers
of the OH film would have to kinked in order to break the symmetry of the chain axis, and also

be arranged in a consistent way.

Premature deprotection of the acid-labile Boc and t-butyl ester groups is likely the cause of the
failure to prepare hydrophilic OH- and COOH-terminated monolayers. This mechanism could
account for the similar difficulties with both films. Switching from a trichlorosilane to a
trimethoxy binding group is a good option. It has been shown here that Boc and t-butyl ester

protecting groups can be efficiently removed at temperatures well separated from the
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decomposition point of the alkane spacer, when deposited on silica substrates. A
trimethoxysilane binding group could still anchor these groups to silica, but is less reactive, and

less likely to lead to the acid-catalyzed cleavage of Boc and t-butyl ester.

4.3. Conclusions

A strategy for preparing hydrophilic silane monolayers by post-deposition removal of heat labile
groups has been explored. Monolayers assembled from trichlorosilane monomers are robust and
can be applied to a range of transparent substrates,’® but choice in monolayer functionality is
limited by the reactivity of trichlorosilane with many hydrophilic moieties.'> Boc and t-butyl
ester groups are compatible with trichlorosilane and can be removed by heat to reveal OH and
COOH termini. Boc and t-butyl ester trichlorosilane monomers were synthesized and applied to
fumed silica and flat silica substrates. Thermogravimetric analysis and FTIR spectra of the
monolayers show that the protecting groups can be removed without damaging the alkane chain
beneath. Contact angles did not decrease along with the removal of the protecting groups,
however, and SFG spectra also indicated that the desired monolayers were not created. Boc and
t-butyl ester are acid labile as well as heat labile, and their partial removal during monolayer

deposition is probably responsible for this result.
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S. Anti-fouling films

5.1. Introduction

Prevention of protein and bacterial adhesion is sought in many industries and for many
applications, including indwelling medical devices (catheters, joint prostheses, contact lenses,
pace makers, etc.),H bioassays,5 desalination membranes,6 and marine vehicle coatings.7’8
Accumulation of foulants at surfaces can severely limit product safety and efficiency, as in the
formation of infectious biofilms on central veinous catheters,” or the increased drag at ship hulls
coated with algae and invertebrates.' This study is a collaboration with the Belfort group at
Rensselaer Polytechnic Institute, who graft a diverse library of monomers to filtration
membranes and screen the membranes for protein adsorption and filtration performance.'* We
wish to develop a better mechanistic understanding of the role of water structure in determining
susceptibility to protein adhesion. Specifically, I examine the effect of phosphate ions on water
structure at treated poly (ether sulfone) membranes using sum frequency generation (SFG)

spectroscopy.

Designing a surface to resist fouling from a diverse feed stock is challenging due to the range in
protein size, shape, and charge. Even individual proteins are heterogeneous, having hydrophilic,
hydrophobic, cationic, and anionic patches. Still, there are materials that impart general surface
passivity. These include polymers of ethylene oxide, zwitterions, balanced charge mixtures of
positively and negatively-charged monomers, saccharides, and polypeptides, and all (1) bind
water molecules tightly, but (2) do not induce long-range ordering of water molecules. For
instance, water hydrogen-bonds strongly to the oxygens in loosely packed" poly(ethylene
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21-23
such as

glycol) (PEG),'® " but returns to bulk structure within two water layers. Sugars,
mannitol,”* are an interesting case. The hydroxyl groups of some monosaccharides are
camouflaged in water due to their congruence with the hydrogen bonding network of bulk water,
causing them to behave as hydrophobic solutes.”> Zwitterionic and balanced mixed charge films
also impart resistance to adhesion.”**’ While water molecules are strongly aligned by and
attracted to charge centers, the spatial distribution and balance of the charges scrambles the

1.7% Thus, at short length scales an anti-fouling surface

structure of the interfacial water overal
binds tightly to water molecules to resist displacements by adsorbates, and at long length scales

conceals the presence of the interface.

Clearly the charge of an interface is a concern as a surface potential will orient water dipoles, and

may directly interact with a charged solute. But when previous studies have probed water

18,26,31-33 :
- even when fouling and

structure at anti-fouling surfaces, they generally use neat water
filtration metrics are determined using biological buffers. Therefore, it is relevant to determine
how charged species within a buffer interact with the membrane surface and affect the water
structure. Here we use SFG spectroscopy to investigate the water structure at a series of
chemically modified filtration membranes. SFG is a nonlinear optical vibrational spectroscopy
sensitive only to molecules in interfacial regions, and can be used to probe buried surfaces.**~
SFG is the ideal tool for probing water structure at solid substrates such as films and

3 —
membranes. >33

Whereas ions are isotropically distributed in the bulk, they assume structured density profiles at

surfaces. The surface propensity differs among ionic species, which can lead to a charge

separation and therefore a surface field in solutions with ions of dissimilar surface activities.***

Ion distribution is determined by the interfacial water structure, ion hydration energy, and the
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presence of other ions, among other factors.***’ Specific ion effects were first observed in the
nineteenth century, when Franz Hofmeister observed that some salts caused ovalbumin to retain
its structure and precipitate (kosmotropes) and others to denature and solubilize (chaotropes).”
Hofmeister effects are observed in other phenomena, where the cations and anions can be
ordered by their effect on protein solubility, on water surface tension, and many other interfacial
aqueous processes, to generate essentially the same series.*’” The terms kosmotrope and
chaotrope have their roots in the idea that a salt's effect on proteins is due to the ordering or
disordering of the bulk structure of water. However, while ions interact with water to different
extents and weak long range effects do exist at low salt concentrations, it is now generally agreed
that the ions strongly affect the water structure only in the first one to two solvation shells at

physiological salt concentrations and the Hofmeister effect is likely a surface phenomenon.’'>*

In this work we examine the water structure at three polymeric surfaces with different
chemistries and fouling resistance: unmodified (polyether sulfone) PES, PES modified with
hydrophobic alkane (C18, promotes protein adhesion), and PES modified with poly(ethylene
glycol) (PEG, resists adhesion). Water at these films was examined in neat water, 0.01 M
phosphate buffer (ionic strength 0.166), and phosphate buffered saline (PBS, 1=0.025 M). The
functionalized surfaces were prepared by spin-coating poly(ether sulfone) (PES) onto a CaF,
wafer forming a thin polymer film, which was subsequently modified with alkane and PEG
surfaces chemistries. We observe that the specific ion interactions within the phosphate buffer at
low ionic strengths lead to a surface charge causing a large degree of water structuring, which is

screened at high ionic strengths and absent in neat water.
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Figure 5.1 Membrane material poly(ether sulfone) (PES) and grafting polymers C18 and PEG).

5.2. Materials and Methods

5.2.1. Preparation of poly(ether sulfone) (PES) film

PES films were prepared and modified by Joseph Imbrogno at Rensselaer Polytechnic Institute.
Poly(ether sulfone) (PES, Ultrason®, BASF Corporation, Wyandotte, MI) powder was dissolved
in dichloromethane (Sigma-Aldrich) to make a 1% (w/v) solution. PES was applied to CaF;
wafers (Crystran Limited, 25 mm diameter, 1 mm thick) on the same side as a sputter-coated
spot of gold, used for reference in SFG analysis. Using an 8 in. Headway Spinner (Headway
Research, Inc., Garland, Texas), PES solution was deposited onto the CaF; surface and ramped
by 1000 rpm s™' to 3000 rpm, then spun at 3000 rpm for 20 s, and then ramped down to 0 rpm at
1000 rpm s™'. The films were annealed at 120°C for 30 min with heating and cooling rates of < 1
°C min™ to avoid thermal stress on the wafers and to relax the spin-coated layer into a stable

state. After annealing, they were kept covered at room temperature.

5.2.2. Surface Activation and Grafting of PES films

PES coated CaF, wafers were pre-soaked in Milli-Q water overnight prior to modification. They

were then exposed to an atmospheric pressure plasma (APP) source (model ATOMFLO, Surfx
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Technologies LLC, Culver City, CA) for 6 min at a helium flow rate of 30.0 L min "', an oxygen
flow rate of 0.4 L min ', and a source-to-membrane distance of 20 mm. The plasma source was
operated at 140 W and driven by a radiofrequency power at 27.12 MHz. An XYZ Robot (Surfx
Technologies LLC) was used to control the plasma source over the plate with a scan speed of 6
mm s . Following exposure to the plasma and subsequent formation of radicals at the membrane
surface, 5 mL of each monomer solution (PEG was dissolved in water and C18 was dissolved in
absolute ethanol) was added to each wafer in 30 mL beakers. The poly(ethylene glycol) methyl
ether methacrylate (n=8) (PEG) and stearyl methacrylate (C18) monomers were purchased from
Sigma-Aldrich (Figure 5.1). The beakers were then covered and placed in an oven. Graft
polymerization of monomers was immediately initiated at 60 + 1°C for 2 h. After removing the
monomer solutions, the wafers were rinsed and soaked with pure ethanol for 24 h to remove any
homopolymer and unreacted monomer residue from the membrane surfaces. The wafers were

then dried and stored at room temperature before SFG measurements.

5.2.3. Atomic Force Microscopy Measurements

Atomic force microscopy (AFM; MFP 3D, Asylum Research, Santa Barbara, California) images
of spin-coated PES on CaF, wafers were collected by Joseph Imbrogno. The root mean square
(RMS) roughness of the PES layer before and after modification were calculated from 5 x 5 ym

scans with 512 measurements/line in at least two different areas of the sample.

5.2.4. Sum Frequency Generation Spectroscopy

Sum frequency generation spectra were acquired in this laboratory. The films were probed in
reflection at the buried interface through the substrate, both dry and in contact with aqueous
solutions using the liquid cell detailed in Figure 2.8. Sum frequency signal was generated largely

as described in Chapter 3, with the following differences. The frequency range of the IR
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broadband pulses was extended to cover 2400 - 4000 cm™' by purging the point of IR to SFG
generation of water vapor and CO; and using a 2505 nm long pass filter (Spectrogon, Ge) to
filter out idler signal from the OPA. The visible (10 mJ, 60°) and IR (4.5 mJ, 65°) beams were
focused and overlapped on the film, and the SFG signal was dispersed by an Acton SP-25001
monochromator (Princeton Instruments, 600 grooves/mm grating blazed at 500 nm) and imaged

on a liquid nitrogen cooled Spec-10 CCD camera (Princeton Instruments, 1340 x 400 pixels).

Sample spectra were collected in ssp (SFG, visible, and IR, respectively) polarizations, while the
nonresonant spectra from gold used for normalization were collected in ppp polarization. ’s' (‘p')
indicates polarization parallel (perpendicular) to the sample plane. Each sample window had a
section of gold film used for generating this nonresonant signal. Background spectra were taken
by introducing a large time delay (20 ps) between the visible and IR beams, in order to subtract
dark counts and scattered light. Prior to characterization, PES films were rinsed in ultrapure
water, dried with Ny, and equilibrated with the climate controlled laboratory atmosphere (70+0.5
°F and 3542 9% relative humidity). SFG spectra of the PES films were acquired for multiple
samples of each film type, and in multiple locations on each sample, to determine sample
variability. Spectra were taken of the dry films in the CH stretch region, 2800-3200 cm™ . Two to

four spectra were averaged for each sample of each film type (Figure 5.4).

5.2.5. Water Structure

To examine water structure, samples were loaded into the liquid cell. All components apart from
the sample were soaked in Nochromix solution, prepared by dissolving Nochromix cleaning
reagent (Godax Laboratories) in concentrated sulfuric acid (Fisher Scientific, certified ACS
Plus), and then rinsed in ultrapure water (18.2 MQ-cm @25 °C, 5 ppb TOC). Phosphate buffer

(10 mM, pH 7.5) was prepared by dissolving NaH,PO4 (Sigma, 98%-+, anhydrous) and Na,HPOj4
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(Fisher Scientific, certified ACS, anhydrous) in ultrapure water. Phosphate buffered saline (PBS)
from a powder (Sigma) was prepared with ultrapure water (10 mM phosphate, 138 mM NaCl,
2.7 mM KCI, pH 7.5, [=0.166 M). All glassware used for preparing solutions was cleaned with
Nochromix solution and rinsed with ultrapure water. Solutions were filtered through a nylon

syringe filter (Cameo, 0.22 mm).

SFG spectra of the buried film/air, phosphate buffer, and PBS interfaces were taken on two or
three different samples of each film type. Two were averaged for each spectrum (Figure 5.5).
They were normalized to the nonresonant gold spectrum taken from a gold spot applied to the
window of the same sample to account for both IR intensity envelope and visible and IR beam
powers. To cover the CH and OH stretch regions (2700-3800 cm™), the IR wavelength was tuned

to 2700, 2900, 3100, 3300, and 3500 nm and the resulting SFG spectra were averaged together.

5.3. Results

5.3.1. Films at neat water
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Figure 5.2 SFG spectra of PES membranes at very low graft concentration of PEG (0.002 M,
PES*), pure PES (PES), C18 modified PES (C18), and PEG-modified PES (2.0 M, PEG): (a) damp
films, and (b) films at H,O. For comparison, an unmodified PES film at D,O is shown in gray.
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In the first stage of this study, PES films were characterized at air and neat water. PES and C18
and PEG modified PES films were rinsed and dried immediately before mounting for analysis
without an equilibration period in laboratory atmosphere, leading to ‘damp’ films. In Figure 5.2
a, we see SFG spectra spanning the CH stretch and OH stretch region for the air interface.
Aliphatic (2800 - 3000 cm™) and aromatic (~3075) CH stretch modes are visible. Weak H-
bonded OH signal is also present (< 3550 cm™). What is particularly interesting about these
damp films are the sharp OH modes above 3550 cm™'. Bare PES membrane has two intense
peaks arising from H-bonding of water monomers with the m-system of the phenyl moieties, a
symmetric and asymmetric OH stretching mode.”” >’ The large intensity indicates ordering of the
PES with respect to the interface, as signal from water molecules bonding to the -systems adds
constructively and does not cancel. The same peak pair appears in the spectrum of damp C18,
reduced in intensity perhaps from the layer of C18 between PES and film surface. No free OH
consistent with interaction with C18 itself is present. The spectrum of PEG-modified film has an
additional peak at 3712 cm™', matching the frequency of non-hydrogen bonded OH vibrations of
water at the neat water/air interface. As PEG is hydrophilic, it is likely coated with layers of

water molecules, the topmost of which is similar to that at the neat water/air interface.

At the interface with bulk H,O (Figure 5.2 b), the narrow peaks due to non-hydrogen bonded
water molecules and water molecules hydrogen bonding with phenyl groups are predictably
gone. Hydrogen-bonded OH modes now dominate. Intensity peaks around 3150 cm™ for all
films, but the range in frequency (2400 - 3650 cm™") indicates a wide range in hydrogen bonding

strengths. Both intensity and peak shape are similar for all film types. When H,O is replaced
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with D,0O at unmodified PES Figure 5.2 b, gray), all the OH stretch signal disappears, leaving

only the CH stretches and the higher frequency end of the H-bonded OD stretch.

5.3.2. Sample Variability

Studies of materials such as the modified PES membranes examined in this study are directly
relevant to products used outside the laboratory setting, but they are also more complex and
heterogeneous than simpler model systems. The dry PES films were first assessed for
consistency both spatially across single samples, and for multiple samples of the same film type.
To maximize the number of sites that could be sampled, only the region from 2800 - 3150 cm™
was probed. This covers the aliphatic C-H stretch (2820 - 3000 cm™) and the single aromatic C-
H stretch from the PES (3080 cm™). Spectra were taken at four positions on each sample (Figure
5.3). Within the same sample, the spectra are consistent both in the frequency and relative
intensity of peaks. There is some variation in the overall intensity, likely due to scattering from
the polymer surface, which exhibits roughness within the laser spot size of a few hundred
microns. Comparing spectra taken on different samples of the same film type, the relative height
of the peaks varies somewhat, but the frequencies are the same. Figure 5.4 shows the sample-to-
sample variation. Shifts in peak heights, such as in the aromatic CH peak, could indicate
differences in polymer orientation or density. Considering the porous and loose structure of the
films, some amount of variation is to be expected. Overall, the degree of similarity both within
and between samples of the same film type indicates that the samples are fairly uniform, and a

small number of spectra are representative of the materials.
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Figure 5.3 Variation within individual samples: SFG spectra taken at four positions on one sample
of (a) unmodified PES, (b) C18, and (c) PEG.
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Figure 5.4 Variation between different samples of the same film type: Average of SFG spectra

taken at each sample of (a) unmodified PES, (b) C18, and (c) PEG.

AFM images were taken of each sample and an increase in the roughness was observed after

modification, as expected. Overall, the unmodified and modified films were smooth at the

micron and sub-micron length scale with average RMS roughness values of 0.5 £ 0.1 nm, 1.4 £+

0.4 nm, and 2.2 + 1.4 nm for unmodified PES, C18 modified PES, and PEG modified PES,

respectively. The AFM data is not contradicted by the observed scattering, which is explained by

the presence of roughness on a longer length scale within the beam spot size of the laser on the

sample. Such scattering would reduce the overall efficiency of SFG detection, but as the samples

are smooth relative to the SFG coherence length (60 um), would not manifest as increased

disorder of the polymer or any other spectral change.
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5.3.3. PES films in air, phosphate buffer, and PBS

Having confirmed the consistency of the samples, the frequency range was expanded to include
the OH stretch region of water in addition to CH stretch. The water spectrum of bulk water
stretches from roughly 3000 to 3650 cm™, with two broad peaks at ~3200 cm™ and ~3400 cm™.
Water molecules can exhibit a range in the number of hydrogen bonding partners that is reflected
in the range of OH stretch bond frequencies.”® While individual hydrogen-bonding geometries
exhibit broad OH stretch frequency distributions, generally stronger H-bonding correlates to
weaker OH stretch bonds and therefore lower OH frequencies. Broadly speaking, frequencies
around 3200 cm™' are characteristic of more tetrahedrally-coordinated (bulk-like) water, where
frequencies around 3400 cm™ contain larger contributions from incomplete H-bonding (water

has fewer than two donor and two acceptor bonds).”
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Figure 5.5 PES films in air, phosphate buffer (I=0.025 M), and PBS solution (I=0.166 M) arranged
by (a) fluid type, and (b) film type.

The spectra averaged over two or three different samples of the films in contact with air, low salt
phosphate buffer, and PBS solution are shown in Figure 5.5. For films in contact with air (Figure
5.5 a, top) the spectra are nearly flat in the OH stretch region. The small bump around 3500 cm'™
is likely due to surface-adsorbed water from the 35% relative humidity in the laboratory air. The
same films in contact with the 0.01 M phosphate buffer solution Figure 5.5a, middle) display a

broad SFG signal from 2700 to 3700 cm™ with main features at 3150 cm™ and 3500 cm™. The
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PEG film has the highest intensity in the OH region with a large peak at 3150 cm™ (strongly H-
bonded water), followed by C18 and then bare PES. The CH stretching modes of the wetted
films are much smaller than those of the dry films due to less efficient reflection of the SFG
signal at the sample/solution boundary. The steep increase in intensity at 3075 cm™ for all films
is due to destructive interference between the aromatic CH and OH stretching modes. At 0.01 M
phosphate buffered saline (PBS) (Figure 5.5 a, bottom) the addition of 138 mM NaCl to the
phosphate buffer leads to a large decrease in OH intensity for PEG, some decrease in C18, and
little change in the unmodified PES. The decrease is mainly in the lower frequency peak for C18
and PEG. The large reduction in OH intensity upon increasing the NaCl concentration (0 mM for
phosphate buffer, 138 mM for PBS) suggests that the large OH intensities at the phosphate buffer
are due to a surface potential arising from the ion-specific surface propensities of the phosphate

and sodium ions.

5.4. Discussion

When an interface is charged, the resulting electric field from the overall surface potential
reorients the interfacial water molecules, widening the interface over the length-scale of the
Debye length (the length over which the surface electric field decays). The aligned water
molecules give rise to an increased effective second-order nonlinear response. This is generally
referred to as the Eisenthal y(®) effect and has been used to examine both the water structure and
to determine the surface potential for a variety of surfaces.®® * Surface potentials can also be
generated at innately neutral materials by the unequal attraction of certain cations and ions,
resulting in a local charge imbalance. For instance, surface potentials have been generated at the

43,44,65,66

neutral water/air interface upon the addition of different salts. Water alignment driven by
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a surface potential can be distinguished from more direct surface interactions by observing water
ordering as a non-surface-active salt, such as NaCl, is added to the solution. As the ionic strength
is increased, the Debye length is decreased, screening the surface potential if it is present. The
large decrease in the water ordering for the PBS solution compared with the low salt phosphate
buffer (Figure 5.5 b) is thus reflective of a surface potential caused by differential ion adsorption
of the single and particularly doubly valent phosphate ions versus the sodium counter ions. More
interestingly, the differences in the water structure (and subsequent reduction of water structure
upon addition of salt) among the PEG, C18 and unmodified PES surfaces reflect differences in

specific ion interactions between the different surface chemistries.

Previous studies have found phosphate anions to be excluded from the hydration layer of

6799 Tnitially, it seems surprising that a hydrophilic polymer such as

ethylene glycol polymers.
PEG should exhibit the same Hofmeister series effects typical of hydrophobic interfaces. Water
bonds strongly to the ethylene oxide residues of PEG. The kinks in loosely packed PEG
monomers are driven by water molecules bridging two adjacent oxygen atoms to donate two
hydrogen bonds. Hydrogen-bonding between water and PEG is stronger than that between water
molecules,'® and multiple simulations and experiments confirm the presence of strongly-bound
water at the PEG."" """ However, the placement of water molecules is highly constrained and
therefore entropically unfavorable. The attraction between adjacent PEG monomers can pull the
strands together, squeezing out and excluding water molecules from binding.®” Ions outcompete

PEG for water to complete their hydration shells, leading to a low-salt region surrounding PEG

which is largest for ions with large hydration energies, such as mono- and divalent phosphate.

As discussed above, a disparity in surface propensity between anions and cations, such as

between Na* and HPO,>, results in charge separation and creates an electric field near the
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interface. In the phosphate buffer and PBS solutions (pH ~7.4), the divalent phosphate anion is
predominant. Considering the position of H,PO,” and HPO,* in the Hofmeister series, their large
hydration shells,”" and their use in driving the phase separation of PEG/phosphate salt aqueous
systems, > '* it is clear that these anions are excluded from the surface of PEG. While Na is on
the more strongly hydrated, "kosmotrope,” side of the series in terms of its interaction with
PEG,?”® the effect of cations on the phase diagram of PEG solutions is much smaller than that
of anions, and so Na" probably sits much closer to the PEG/water interface than do the phosphate
anions. Accordingly, a sodium phosphate solution at PEG forms an electric double layer, with
sodium and chloride ions several angstroms from the polymer, and H,PO,” and then HPO,* a
few layers of H,O away from the surface (Figure 5.6 a & c). The electrical double layer will
increase the SFG OH intensity by deepening the layer of water molecules that is
noncentrosymmetric (SFG active). The water in the electric double layer will be oriented with
oxygens towards the net positively charged interface, and since it is not in direct contact with the
PEG, will be more strongly hydrogen-bonded and bulk-like. The large peak of the PEG film at

0.01 M phosphate buffer (Figure 5.5 b, bottom) at 3150 cm™ supports this interpretation.
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Figure 5.6 Schematic of ion distributioil at the PEG interface i; (a) phosphate buffer (I=0.025 M)
and (b) phosphate buffered saline (PBS) (I=0.166 M). Schematic of density, p(z), normalized to
the bulk density, p;, as a function of distance from the Gibbs dividing surface, z, for phosphate
buffer (c) and PBS (d).

Addition of a much larger concentration of NaCl to the phosphate buffer (138 mM) will disrupt
the water ordering by decreasing the Debye length.” In Figure 5.6 b and d, the excess of chloride
ions at the PEG surface largely negates the effect of the sodium ions in generating a positive
surface potential. The static electric surface field which orients water molecules at the phosphate
buffer is neutralized by PBS, leading to the large decrease in the OH intensity for PEG at the
phosphate buffer (Figure 5.5 b). Studies of aqueous PEG/phosphate systems with and without
added NaCl have found that the addition of NaCl shifts the onset of phase separation toward
lower phosphate and PEG concentrations, and that adding NaCl increases chromatographic
resolution of proteins by salting them out of the phosphate salt phase.”*’” The reduction in the
phosphate and PEG concentrations for phase separation and salting out the proteins suggests that
Na' and CI are excluded from the PEG surface somewhat, though to a smaller degree than
phosphate. For the PBS solution (0.138 M Na', 0.141 M CI,, 0.0027 M K", 0.01 M phosphate),

chloride and sodium will be closest to the interface, followed by the monovalent and divalent

phosphates. Since sodium and chloride exhibit similar surface propensity, they effectively screen
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the surface field and greatly reduce the degree of water ordering. Indeed, spectra of the films at
PBS, where the surface charge is masked, look very similar to spectra of the films at neat water

(Figure 5.2), where there is no phosphate anion to create a surface charge.

The C18 -modified PES film is hydrophobic, making simulations and experiments of air/water
and air/oil interface studies applicable to understanding the distribution of ions at this surface.
While phosphate anions at water interfaces have not been studied, the divalent HPO,> probably
acts similarly to the SO4>, which is more kosmotropic.””’® At the air/water interface, the sulfate
in both 1.2 M (NH4),SO4 and Na,SOy is buried below the cation.” This creates an electrical
double layer which aligns water molecules and increases the SFG OH stretch intensity,
particularly around 3150 cm™', characteristic of more bulk-like water. As expected, phosphate
buffer at C18-modified PES has the same effect of increasing the low-frequency OH stretch
response (Figure 5.5 b, middle). C18 induces the same ion distribution as seen at PEG but to a
much smaller degree, causing a somewhat higher OH intensity at the phosphate buffer solution,
and a reduction in intensity at PBS. The smaller OH intensity for C18 compared to PEG at the
phosphate buffer, coupled with the proportionately smaller 3150 cm™ peak (tetrahedrally-
structured water) for C18, suggests that the charge separation is significantly less pronounced at
C18 than at PEG. While the unmodified PES film is also somewhat hydrophobic, there does not

appear to be any electrostatically-induced increase in OH intensity.

5.5. Conclusions

Sum-frequency generation spectroscopy was used to examine the water ordering at

functionalized PES surfaces in contact with neat water and phosphate buffers at low- and high-
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ionic strength. Structured water is observed at all films in contact with low-salt phosphate buffer.
Large differences in the intensity of OH stretching modes between film types are seen, with
PEG>CI18>PES. The large reduction of the OH stretch modes upon the addition of salt indicates
that the increase in OH intensity emanates mainly from strongly hydrogen bonded water
molecules oriented in a surface field. The surface deficit of strongly hydrated phosphate anions
relative to sodium cations at the interface creates a static electric field that orients water
molecules more deeply into the bulk. The surface field is responsible for the large OH response
at the phosphate buffer, especially in the strongly H-bonded 3150 cm™ region characteristic of
tetrahedral bulk-like water molecules aligned in a surface field. The addition of a large
concentration of sodium chloride (PBS solution, [=0.166 M) reduces the electrostatic effect by
screening the surface charges and dissipating the ordered water structure. The effect is strong for
PEG-functionalized PES, significantly less pronounced for C18-functionalized PES, and
essentially absent for unmodified PES. This in turn means that phosphate is strongly excluded
from PEG, less so from C18, and not excluded from unfunctionalized PES surface, illustrating
the chemical sensitivity to the specific-ion effects. Our results show that phosphate buffer
strongly influences the interfacial water structure at different types of modified polymer films.
Investigations of the interplay between water structure and protein resistance must be performed

under physiologically relevant conditions.
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6. Brush polymers

6.1. Motivation

The number of Americans diagnosed with arthritis was 47.8 million in 2005, and is projected to
increase to nearly 67 million by 2030."' Many people with knee arthritis are severely constrained
by it, unable to climb stairs (10.2%), walk a mile (32.2%), or do heavy home chores (34.4%).”
Osteoarthritis, the most prevalent type of arthritis,’ results from mechanical damage to the joint
tissue. Increased stress and friction at a defect begins a process of escalating damage which can
progress to complete joint failure.* Despite the large and repetitive mechanical forces sustained
by the surface of the joint, regeneration of the tissue is limited.’ Articular cartilage is a highly
structured matrix of primarily collagen and proteoglycans populated only by isolated
chondrocytes (Figure 6.1). There is no vasculature. Synovial fluid bathes the articular surfaces
and works along with the stiff yet permeable cartilage to distribute compressive force.®’
Macromolecules secreted by the chondrocytes, most notably lubricin (a boundary lubricant),”
and hyaluronan (a viscous hydrodynamic lubricant) minimize friction between opposing joint

9-11
faces.
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1651 cm™

Figure 6.1 Articular cartilage from neonatal bovine fixed in formalin, 5 pm section. Each square
is 34 um wide. Left: image from visible microscope. Note thicker tangentially-oriented cartilage
at surface (first 5 um), and scattered chondrocytes throughout. Right: IR microscope image from
similar sample at 1651 cm™, an amide peak. Concentric variation in the matrix density can be seen
around chondrocytes.

Despite the high incidence of osteoarthritis, current pharmacological treatments are poor. They
include pain relief (acetaminophen, non-steroidal anti-inflammatory drugs, and opioids),

corticosteroid injection, hyaluronan injection, and supplements of glucosamine and chondroitin

4,12

sulfate.*'* Evidence for short-term symptom reduction by corticosteroid injection is strong,” but

14,15

is conflicting for hyaluronan ™~ and only weakly positive for glucosamine/chondroitin

sulfate 1

Augmentation of synovial fluid with lubricin or a lubricin-like substance is promising as a
therapy. Lubricin is a proteoglycan with a negatively-charged, heavily glycosylated middle
section (mucin-like), and positively-charged termini (Figure 6.2). The mucin domain assumes a
bottle-brush conformation due to strong hydration of the sugars and charged residues. Steric
repulsion causes lubricin molecules to slide past surfaces rather than intercalate, creating an

excellent boundary lubricant.'”" Lubricin binds specifically to the articular surface by the
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hemopexin-like domain at the C-terminus.””"" Both bound and solvated lubricin are important

lubricants,* helping to create the extremely low friction coefficient of a healthy joint and prevent
mechanical wear. But even as an acute or chronic injury leaves joint tissue vulnerable to further

. T 23-26
damage, expression of lubricin is down-regulated.

N-terminus: Lo . C-terminus:
aggregation Mucin-like domain bonding
| | v
T g lubricin
| Il |
lubricating bottle-brush structure anchor

I 1
2 pAA-g-PEG
T‘ brush polymer

pAA backbone/PEG sidechains thiol
Figure 6.2 Comparison of lubricin and brush polymer structure

Intra-articular supplementation of lubricin was shown to reduce cartilage degeneration®’
(recombinant lubricin) and improve joint function in a rat model of osteoarthritis (lubricin from
cultured human synoviocytes),” compared to placebo. While the benefits of lubricin are
encouraging, both recombinant and extracted types are expensive, and an alternative is

necessary.

A polymer was developed which, like lubricin, binds at one end to cartilage, and has a
negatively-charged and strongly hydrated middle domain with a stiff, bottle-brush form (Figure
6.2).%° In-vitro tests of cartilage lubrication and an in-vivo trial of a rat osteoarthritis model

29,30

showed a similar protective effect for the polymer as for lubricin.””" The lubricin mimic bound
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to the articular surface and reduced friction. Joint cartilage from rats treated with the polymer

had healthier tissue as determined by grading of histological sections and friction measurements.

In this collaboration, Ming-Chee Tan of the Putnam laboratory (Cornell School of Biomedical
Engineering) synthesized the biomimetic polymer, and Kirk Samaroo of the Bonassar laboratory
(Cornell School of Biomedical Engineering) characterized the polymer’s effect on cartilage
tribology. I was interested in the role of water in inducing the bottle-brush form of the lubricin
and biomimetic polymer, to what extent water structure was similar at the two lubricants, and
more generally, the effect of hydration on lubricity. Ultimately, the water structure could not be
characterized by SFG due to the degree of polymer disorder, but I provided expertise in the
characterization of the polymer composition. Determination of the optimal parameters of the
polymer for joint protection is needed, but standard techniques have failed to characterize the

polymers.

6.2. pAA-g-PEG brush polymer

In Professor Putnam’s laboratory Tan synthesized” pAA-g-PEG brush polymers to mimic the
structure of lubricin. The polymers have a backbone of poly (acrylic acid) to which branches of
poly (ethylene glycol) are grafted (Figure 6.3). Three features of the brush polymers were varied:
(1) the length of the pAA backbone, (2) the length of the PEG side chains, and (3) the proportion
of acrylic acid repeats bonded with PEG. Each of these properties are indicated in the format
pAA(a)-g-PEG(d), where a is the molecular weight of the pAA in kDa, b is the molecular weight
of PEG in kDa, and g is the grafting ratio, or moles of PEG to pAA used in the condensation

reaction.
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pAA

Figure 6.3 Structure of pAA-g-PEG brush polymer. The pAA backbone (black) consists of un-
reacted acrylic acid and acrylic acid condensed with PEG (red), forming the brush structure. The
thiol (orange) anchors the polymer to gold or cartilage.

Briefly, the polymers were synthesized in two steps. Reversible addition-fragmentation chain

31,32
transfer”

was used to polymerize acrylic acid into linear pAA polymers with low
polydispersity. Next, PEG polymer with an amine terminus was grafted by condensation to the
carboxylic acid of pAA.>> The molecular weight of the pAA product could be accurately
determined by gel permeation chromatography (GPC). The weight and polydispersity of the PEG
came from a commercial source and was also well characterized. However, the efficiency of the
grafting step was not known; due to the high density of the PEG side chains, it cannot be

assumed that the fraction of the acrylic acid grafted to PEG (the conjugation percentage) will be

equal to the grafting ratio.

Standard techniques for polymer analysis, GPC and proton NMR, could not be used to
characterize the conjugation percentage of the full library of brush polymers. Due to the brush
structure of the pAA-g-PEG, the polymer was too large for the pores of the GPC column, and
also could not be accurately compared to the linear polymer standards. "H NMR could be used to

quantify the amount of pAA and PEG in polymers with low grafting ratios, but failed for
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polymers with high grafting ratios. The spectra were dominated by signal from the PEG.
Polymers could also be sent out for analysis by multi-angle light scattering size exclusion
chromatography (MALLS/SEC) to determine the size of all the brush polymers, but this was too

expensive to do routinely.

6.3. FTIR spectra analysis

Fourier-transform infrared (FTIR) spectroscopy is an attractive strategy for polymer
characterization as it allows the relative concentrations of pAA and PEG to be measured directly.
Spectra of calibration standards, mixtures of un-conjugated pAA and PEG, were compared to
spectra of brush polymers to determine their composition. Six to eight polymer solutions
ranging from pure pAA to pure PEG in 0.1 M HCl / methanol were prepared, each with a total
polymer concentration of 10 mg/mL. These solutions were spin-coated onto CaF, windows, and
one of us took FTIR spectra in transmission. Brush polymer samples were prepared and analyzed

in the same way.

The FTIR spectra of pAA and PEG are very different (Figure 6.4). PEG has a tight cluster of CH
stretching modes between 2800 and 3000 cm™ and sharp CH bending and CO stretching modes
in the fingerprint region. pAA, due to hydrogen bonding of the carboxylic acid group, has very
broad OH stretching peaks between 2400 and 3600 cm™', which obscure the CH stretching mode,
and broad features below 1500 cm™ as well. A result of pAA’s hygroscopic property is the large
effect of moisture on its spectrum: compare pAA and PEG in Figure 6.5. Emergence of the water
OH stretch (3400 cm™), OH bend (1650 cm™), and the tail end of the water librations (<800 cm’

") are clear but localized in the PEG spectrum when humidity is increased. Changes in humidity
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results in more intense and diffuse effects for pAA. The large sensitivity to humidity complicates
analysis of the brush polymers and pAA and PEG homopolymers mixtures, and either must be

controlled for experimentally, or as was done in this study, in the data analysis.

0.2t — pAA 4
— PEG

— pAA(60)-2-PEG(10)
— pAA(108)-2-PEG(10)

Absorbance

T1200 1800 2400 3000 _ 3600
Frequency (cm'1)

Figure 6.4 FTIR spectra of pAA and PEG homopolymers, along with two pAA-g-PEG brush
polymers.
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Figure 6.5 Effect of moisture on IR spectrum of polymers, from dry (black) to wet (dark blue): (a)
pAA and (b) PEG

PAA does have one sharp feature, the carbonyl stretch at 1700 cm™', which appears in a region

with no other resonance from either pAA or PEG. Its utility is complicated by water because it
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coincides with the water bend. The frequency of the C=O stretch itself is sensitive to protonation
and hydrogen bonding of carboxylic acid, the former changing the symmetry of the group and
therefore the mode assignments, and the later causing shifts exceeding to 60 cm™ upon hydrogen

343 Protonation state is unlikely to be a factor here as the pH of the polymer solutions

bonding.
(pH 1) is much lower than the pK, of the acetic acid groups (~pH 4 *°); all the acid groups
should be protonated. Hydrogen bonding to other carboxylic acid groups explains the appearance
of two peaks in the pAA/PEG homopolymer mixtures (the calibration standards) (Figure 6.6).
Formation of cyclic homodimers between carboxylic acids such as formic and acetic acid®’*
and longer chain mono-carboxylic acids™ is well documented, and in fact the predominance of
the dimer can make study of the monomer difficult. The lower energy 1710 cm™ peak in Figure
6.6 is from the dimer, and the higher energy 1735 cm™ peak from the monomer. The higher

intensity of the dimer at high pAA fractions and of the monomer at low fractions supports this

assignment.
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Figure 6.6 Change in pAA carbonyl with pAA/PEG fraction in calibration standards.
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The situation is different for the brush polymers. In Figure 6.4, the pAA(60)-2-PEG(10) and
pAA(108)-2-PEG(10) also have two carbonyl peaks, one at 1735 cm™, the monomer, and the
other at 1668 cm™, the amide I mode arising from the carbonyl adjacent to PEG side chain. This
structure expected: some un-conjugated carboxylic acid groups remain, but they are both isolated
by bulky PEG chains and too low in number to form dimers. It is also a property of the brush
polymers not replicated by the calibration standards. Therefore, the method of spectral analysis

must predict the concentrations of pAA and PEG using the less intense CH and PEG CO modes.

6.4. Singular Value Decomposition (SVD)

Singular value decomposition (SVD) and basis rotation are used to create a calibration curve
relating the FTIR spectra of pAA/PEG mixtures to their pAA fractions. The calibration curve is

then used to calculate the pAA fraction of pAA-g-PEG brush polymers of unknown composition.

SVD is used here to decompose a set of related spectra into a series of basis vectors, each
describing a decreasing amount of the variance between spectra in the data set. Decomposing a

matrix Apy, containing p spectra with length n produces three matrices:

Apxp = UnsnSnxpVoxp (6.1)

The columns of U,,,,, contain the basis vectors (eigenvectors of AA"), in order of decreasing
importance, or weight. Sy, is a diagonal matrix with the singular values, which quantify the
weight of each Uy, vector. The elements of V), (eigenvectors of A'A) are the coefficients

giving the contribution of each of the basis vectors of U, x, in each spectrum in A,,x,.
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The broadest meaningful frequency range of the data, 815-3600 cm™, is used in the spectral
analysis, with the carbonyl region (1500-1800 cm™) excluded for the reasons discussed above.
Differences in baseline between spectra, caused by scattering and variations in substrate path
length, must be removed. Simple mean centering was the most effective. SVD factoring is
applied to all the spectra at once, including standards and unknowns. Since each spectrum
contains many more data points (n) than the number of spectra used in the analysis (p), the
resulting basis set in Uy, contains many more vectors than is necessary to describe the system.

These excess vectors, and the corresponding rows and columns in Sy, and V,,,, are removed.

We get Upeanxns Sred,nxp> and Vyyp,, where N = p.

Ureqis then rotated by IT,,, to generate Xy v, so that the first two vectors X, (:,1) and X, (:,2)

match the spectra of pure pAA and PEG, respectively (Figure 6.7).

Xg = Ureqll (6.2)
. . . : . 0.08 b - : : .
a AA — data — data
0.03} P — Xq(:,1) 1 0.061 PEG — Xy(5,2) |
S 0.02} S
8 g 0.04 +
S 0.01 o
8 8
< < 0.02

N

-0.01}
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Figure 6.7 Agreement between spectra of pure homopolymers and Xg for (a) pAA (b) PEG
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The elements of I (a symmetric matrix) are solved for by least squares. Once IT and X are
determined, V is rotated as well so that its elements relate the pAA and PEG character of each

spectrum in the data set.

Vioe = VI (6.3)

A pAA coefficient fraction is then calculated for each spectrum

Ve, 1) (64)

AA coefficient fraction =
P VrotCo1) + Veoe :2)

and plotted against the known pAA fraction for the standards. This is fitted with an appropriate
function (in this case, quadratic), to relate the two. Now the pAA fraction of the unknowns can

be calculated from their pAA coefficient fraction.

©c o o9
A o oo =

pAA coefficient fraction
o
N

o

0 02 04 06 08 1
pAA fraction (by mass)
Figure 6.8 Calibration curve relating pAA coefficient fraction to known pAA mass fraction.

This technique produced plausible values for the conjugation percentage (the fraction of pAA

repeats functionalized with PEG), and the degree of conjugation does increase with grafting
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ratio. However, the sample-to-sample variation is large, and the values are very sensitive to the
choice of frequency window. Results were particularly poor when a different batch of pAA was
used to synthesize the brush polymer than used to prepare the standards, as with pAA(150)-0.5-
PEG(2). Upon analyzing a different data set, it was apparent that this method is also intolerant of

defects in the spectra such as water vapor and sloping baselines.

Table 6.1 Conjugation percentage for pAA-g-PEG brush polymers from SVD technique. Three
polymer samples were characterized for each polymer type. Uncertainties are + 1 standard
deviation.

Polymer Conjugation %, SVD
PAA(146)-0.25-PEG(2) 20£20
pAA(150)-0.5-PEG(2)* 500£900
pAA(146)-1-PEG(2) 30+30
pAA(146)-2-PEG(2) 5010

*synthesized with different batch of pAA

6.5. Partial Least Squares (PLS) Regression

PLS regression is similar to SVD in that the independent variables are recombined and ordered
to create a set of orthogonal vectors. However, in PLS the new basis set is not calculated by
maximizing the variance in the independent variables, but by maximizing the covariance

4 the spectra of the polymer mixtures and

between the independent and dependent variables:
the corresponding pAA fractions. Only properties in the independent data (X) which are

correlated with changes in the dependent data (Y) are given weight in the model. Both X and the
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estimate of Y, ¥ are expressed in terms of T, the new orthogonal basis set. P and C are analogous

to V in singular value decomposition, and is B analogous to S:

X =TP'Y = TBC' (6.5)

The columns of T, or t, are the latent variables, and they are calculated by maximizing the

covariance in X and Y:

t=Xw
u=7Yx (6.6)

maximize t'u

After the first t is found, the process is repeated to find the vector maximizing the remaining
covariance, and this is continued until there are as many latent variables as there are independent
variables. It is not desirable to use all the latent variables (LVs) in the prediction because, while
the entire set of t contains as much information as X (i.e., all the spectra), we hope that there is a
simpler underlying relationship between X and Y. If this is true, including too many LVs will
only add noise. There are different methods of determining the optimal number, but they
generally involve leaving out some members of X, calculating t and the X -weights w with the
remainder, and finding the number of LVs after which the prediction of Y is not improved by

adding more latent variables. One measure is root mean squared error of cross validation,

RMSECV.

A collection of PLS functions*’ written for Matlab was used in this analysis. As before, the pAA

carbonyl stretch region was excluded. The frequency range of 815-1500; 1800-3500 cm™ was
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chosen. Spectra were smoothed and differentiated once to remove baseline offset (Figure 6.9),

and then mean centered to avoid bias toward more intense spectra.

dA/dw

uonoely yyd

900 1000 1100 1200 1300 1400 1500 2700 2800 2900 3000

Frequency (cm™) Frequency (em™)
Figure 6.9 Derivative spectra of pAA(146)/PEG(2) standards used to build PLS model.
Differentiating absorbance removed baseline offset from spectra, increasing consistency in the
PLS model of the calibration set.

Cross validation shows the model is robust. The thirteen (of fifty-four) most outlying spectra as
chosen by the Kennard-Stone algorithm were excluded from the model, and then the Y-

predictions of this test group was compared to the predictions of the training group (Figure 6.10).
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Figure 6.10 Validation of PLS model: model generated using training set (41 spectra), red line,
and agreement of test set (13 spectra), blue circles.

The optimal LV number is ten (Figure 6.11), higher than the minimum of two (pAA and PEG) or

three (including water), but much smaller than the number of spectra in the calibration set.

—
Q,

RMSECV

0 10 20 30 40 50
Latent variables

Figure 6.11 Root mean square error of cross validation (RMSECV) as a function of the number
of latent variables in the model. Note minimum at LV=10.

The PLS method was used successfully to calculate plausible pAA fractions for the
pAA(60)/PEG(2) data set, where SVD failed. The conjugation percent values agree well with
those determined by standard methods (light scattering, NMR, and GPC) for brush polymers
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with lower grafting ratios, but not for higher ratios. Since acrylic acid COOH moieties become
amides upon condensation with PEG, the calibration standards grow less representative of brush
polymers as the grafting ratio increases. Predictions of conjugation percentage may fail at higher
graft ratios due to this mismatch. While the carbonyl region (1500-1800 cm™) was initially left
out of the analysis due the carboxylic acid/amide issue, its inclusion actually improves the
prediction of conjugation percentage (Table 6.2). This suggests that sensitivity to pAA is the
limiting factor, as the carbonyl peak is the most intense and distinctive feature of the spectrum of
pAA (Figure 6.4). Polymers with a high conjugation percentage also have low pAA content, only

4.3% at full conjugation.
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Table 6.2 PEG conjugation percentage (%C). PLS uncertainty given as one standard deviation.

Polymer % C, % C, PLS w/ % C, PLS w/out # replicates,
reference C=0 C=0 PLS

pAA(60)-2-PEG(2) 81.2* 3004800 -2704200 6

pAA(60)-1-PEG(2) ~100% 100420 120440 3

pAA(60)-0.5-PEG(2) 23.1% 2612 22+6 5

pAA(60)-0.25- 23.7% 23.840.7 20.2+0.9 3

PEG(2)

* From LvV=10 Lv=14

MALLS/SEC

+ From '"H NMR

6.6. Conclusions

PLS regression analysis of IR spectra predicted the brush polymer pAA content with higher

precision than SVD decomposition, but was only effective for pAA-g-PEG brush polymers with
low conjugation ratios. Due to its low detection limit, UV spectroscopy could be more
successful. Poly (acrylic acid) has a pK, around 4,°® and so at neutral pH, a cationic dye could be
used to label the negatively-charged COO™ groups of the backbone. By adding a second dye with
specific affinity for the ethylene oxide groups of PEG, the ratio of the dye concentrations could
be determined. In addition, the concentration of dye bound to PEG (or pAA) alone should be
enough to calculate the conjugation percentage, avoiding the sensitivity issue encountered with

NMR and FTIR for very low pAA fractions. Some challenges would include calibration
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(determination of dye binding efficiency) and low polymer solubility. Quantitative digestion of

brush polymers into pAA and PEG homopolymers followed GPC is another possible strategy.
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