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ABSTRACT

Controlling the air-water behavior of phenolic surfactants and their m-thiolated derivatives

using subphase modification: towards deposition of functional thin films.

Renaud Miclette Lamarche, Ph. D.

Concordia University, 2019

Polyphenolic compounds have the ability to selectively bind metals and certain proteins, properties
that can be harnessed for sensing applications. Their analyte binding affinity is partially influenced
by the proximity and conformational freedom of the individual phenol moieties. This makes the
ability to control the organization of phenol groups an important consideration for the development
of phenolic-functionalized thin film coatings. We investigated the approach of using a Langmuir
monolayer, pre-organized at the air-water interface to control the lateral spacing upon deposition
onto a solid surface. The self-assembly of phenolic surfactants is determined by the strong
headgroup interactions: the hydroxyl groups can hydrogen bond with neighboring phenols and the
aromatic ring can form n-interactions. We find that the strong, directional interactions lead to the
creation of very rigid films that we attribute in large part to the presence of an organized and
crystalline phenol headgroup layer. Modification of the subphase pH caused deprotonation of the
phenol hydroxyls, which disrupt the organization of the monolayer in two ways: first by increasing
the inter-domain charge repulsion and, at high pH, by disrupting the hydrogen bond network

yielding a new lateral organization.

In order to deposit the film onto solid support for chemisorb to the surface using gold-thiol

chemistry, an o-thiolated phenolic surfactant was used. The impact of the w-thiolation on the
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behavior of the phenol film was investigated. The thiol-terminated surfactant initially forms a film
with the same structure and organization as the methyl-terminated surfactant but this phase was
found to be metastable and convert to a bent conformation, with both the phenol and the thiol
tethered to the water surface, over time. The rate of this interconversion between the condensed
phase and bent phases could be controlled using the subphase pH, however high pH can also induce
multilayer formation. We demonstrated that spreading the film over a subphase that contains
binding analytes of interest, such as poly-L-proline and copper ions, can be used as a strategy to

pre-organize the surfactants into the optimal lateral spacing for subsequent binding.
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Chapter 1. Introduction

1.1. Motivations

Tannins exhibit antioxidant, protein binding and metal chelating properties'~?, key to their behavior
are the phenol moieties (Figure 1-1). Tannins are also well known for having specificity toward binding
proline-rich and histidine-rich proteins®*, which contributes to the astringent sensation experienced when
consuming wine. It is thought that one of the roles of tannins in plants is a form of dietary defense against
herbivores since the precipitation caused by tannins deactivates some of the proteins present in saliva
necessary for digestion thus limiting the absorption of both proteins and iron containing compounds®. In
turn, herbivores secrete proteins and peptides that have a strong affinity for polyphenols, by for example
being rich in proline, to counter this and overwhelm the phenols. These proline rich proteins have also
been linked to various diseases, such as diabetes®, caries’ and cancer® and due to their large presence in
saliva, make for an attractive biosensor target since saliva is an easily accessible, although complex,
biological matrix and collecting it is less invasive than drawing blood. Furthermore, their large presence
in saliva can also impede the detection of other proteins, therefore an easy way to selectively remove them

from a sample is an attractive alternate use.

1.2. Polyphenol protein binding

When small molecules possessing only a single phenol moiety interact with proline rich protein
they tend to bind to every exposed proline. The strength of that binding is weak but it tends to be strongest

when the proline residue is immediately followed by another proline’. As the size and complexity of the
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Figure 1-1 Examples of phenols, catechin and pyrogallol

polyphenol increase the number of binding site tends to go down; this is due to the increasing steric
hindrance constraining the polyphenol from properly interacting with most proline sites. Larger

polyphenols therefore bind to specific sites and, if the number of binding sites is quantified, it tends to be



similar to the number of locations with multiple prolines in close proximity'’. Though the number of sites
decreases, the strength of the interaction with the few proline rich sites still capable of accommodating
the polyphenol increases’. When one of the phenol moiety binds to a proline, in a proline rich site, it
causes the other nearby phenols moieties to be in close proximity to the nearby proline, leading to
cooperative binding, see Figure 1-2 for example. This however depends on the other phenols being able
to properly orient themselves'! without being obstructed for steric reasons, either by other nearby amino

acid or part of the polyphenol.

Pentagalloyl glucose

Figure 1-2 Binding interaction between a polyphenol and a proline rich site, from ref’

Phenol affinity for proline arise from many possible interactions, both hydrophobic and hydrophilic'"!?,

but also because of their ability to disrupt the formation of helix structure'?, which makes binding to the
resulting extended conformation easier for polyphenol. Other nearby residues in the protein can also
contribute to a stronger bonding even in proline rich protein, for example, arginine is often found in an
adjacent or nearby position to the proline and strengthens the overall binding of the proline-rich protein
with a phenol by hydrogen bonding to the & system of a phenol ring'*!>. Furthermore, these conditions

also exist for other residues and polyphenol can also form strong bond with histidine'® rich protein.

1.3. Polyphenol-metal ions binding

Similarly to proteins, polyphenol metal binding has accrued attention because of their influence
on nutrient absorption!’, it is also considered for removal of metal contaminants'®. They also help limit

oxidative damage by chelating metal species in vivo'®, limiting the damage they can do. Tannins have
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good affinity for a variety of metals?, but still display selectivity and different polyphenols will have
different affinities®’. The ability of polyphenol to bind metals comes from the close proximity of the
hydroxyl groups, as such a phenol moiety with a single hydroxyl, cannot bind a metal, multiple hydroxyls
are needed?!. The planarity of the phenolic moieties, due to the presence of the aromatic ring, also help
the binding by positioning the hydroxyl in the right orientation for multidentate binding. Binding to metals
can take the form of binary complex?? or ternary complex?!, with water occupying the other positions.
This thesis will mostly contrast zinc and copper, which both can be found in the M?* states, but nonetheless
show different affinities. This has been attributed to the different complexes they adopt, zinc favoring

tetrahedral and copper planar?>.

1.4. Exploiting the properties of phenols

It would be useful to transfer some of polyphenol properties onto solid support (to be discuss later)
for further use in, for example, lab on a chip design®*. But since those properties are dependent on the
proximity and steric freedom of the phenol groups, any deposition technique would need to afford some
control over the final organisation. One approach would be to control the distance by synthesizing
polyphenols with specific arrangements, but synthesizing new molecules for every application would be
time and resource consuming. Ideally, the surface coating would use the same phenolic building blocks
but only change the transfer conditions as to obtain distinct surface organization and distance. To that end,
an alternative method would be to control the intermolecular distance in self-assembled films using
phenolic-derived building blocks. This thesis will mainly focus on tri-hydroxyl gallate single chain

surfactant (see Figure 1-3) and their w-thiol derivatives.

OH
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Figure 1-3 Gallate surfactant used throughout this thesis, N = 10 Lauryl gallate, N = 16 Octadecyl gallate



Lauryl gallate is notable because it is approved by the FDA (US Food and Drug Administration)
and the World Health Organisation as an antioxidant additive for food. As such, a large body of research
has been carried out with lauryl gallate and its analogues with different chain lengths, including octadecyl
gallate and different hydroxyl substitution patterns. This includes research into their membrane binding
properties®, surface tension as a function of chain length?, anti-cancer®’, anti-fungal®, anti-bacterial®’,

anti-viral®® and, of course, anti-oxidant®' abilities.

Furthermore, the air-water interface behavior of lauryl gallate has been studied, specifically its
impact on phospholipid monolayers, often used as a model for biologically relevant membrane®?¢. The
research mainly focused on the modification of the phospholipid behavior and morphology. They have
found that the lauryl gallate helps protect the film from oxidative damage due to its anti-oxidant properties.
They also compared the impact of the phenolic surfactant on the monolayer to the impact of cholesterol,
with the phenolic lipid being mostly located in a more fluid region and helping the different phospholipids

to mix due to the smaller headgroup.

Our own group researched the air-water behavior of a double chain variant, DPGG*’, which
formed highly rigid monolayers at the air-water interface. Subsequently, double chain variants with
differences in the number and placement of the hydroxyl moieties have been studied and all showed high
degree of aggregation at high molecular areas (nominally the gaseous phase)®®, highlighting the

contribution of m-stacking.

1.5. Phenolic films on solid supports

Most of the previous work on phenolic films has concentrated on modifying the phenolic moiety
and measuring the impact on the properties of the monolayer. For example, Taylor et al.*> used single
hydroxy substituted meta- or para-phenolic surfactants to study the effects of the position of the hydroxyl
group on self-assembled monolayer (SAMs) formed using gold-thiol chemistry. They found that these
structural isomers led to very different surface behavior. The para-hydroxyl surface was hydrophilic and
showed an increased hydrophilicity as the pH was increased. In contrast, the meta- hydroxyl surface
exhibited a hydrophobic surface that was almost unaffected by pH and had a much lower surface coverage.
They attributed these differences to the orientation of the hydroxyl group, with the para-version being
normal to the surface and the meta- version oriented into the monolayer or lying parallel to the surface.
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This demonstrates well the versatility of the phenolic group. With both hydrophobic and hydrophilic
moieties in the same structure and in close proximity, the behaviour can easily be altered with small
changes in structure. Also, the rigidity and relative bulkiness of the ring allows for specific arrangement

to be created and locked in place.

Differential binding as a function of the position of the hydroxyl moieties on a phenolic surfactant
was also previously studied. Azmi et al.** showed that monolayer coatings of two -thiolated phenolic
surfactants (3,4 dihydroxybenzene and 3,5-dihydroxybenzene surfactants) self-assembled on gold
surfaces, showed different affinity toward phosphate groups using chemical force spectroscopy. The two
SAMs had different pH dependences, i.e. different binding affinities for monoprotic and diprotic
phosphate groups. In the case of the monoprotic phosphate, the phenol with two meta- hydroxyls (3,5-
dihydroxybenzene) showed weaker interaction, attributed to its hydrogen bond with its SAM neighbor,
thus lowering its capacity to hydrogen bond with the phosphate groups. This suggests that the binding
interactions of the monolayer coating could be tuned by modifying the intermolecular distance, i.e. if the
distance was increased, neighboring surfactants may no longer be capable of forming hydrogen bonds
with each other increasing binding capacity. The interactions with the diprotic phosphate were more
complex and pH dependent since deprotonation of the phenolic hydroxyls will lead to the formation of
ion-dipole (O - HO) interactions, both between neighboring surfactant and between surfactant and
phosphate. These charge-assisted hydrogen bonds are potentially stronger than hydrogen bonds*! that
occur at lower pH values. It is noted that this could also be exploited at the air-water interface by changing
the subphase pH which will deprotonate some of the headgroup hydroxyls. Azmi et al. concluded that the
monolayer comprising both para- and meta- hydroxyls (3,4-dihydroxybenzene) has a maximal attraction
with phosphate at low pH (5) whereas the one with only mefa-hydroxyls (3,5-dihydroxybenzene)
exhibited a maximal attraction at high pH (10), attributed to the differences in phenol steric hindrance.
Specifically, the para-hydroxyl is able to freely bind at all pH values and the strongest interaction occurs
if one of the phosphate hydroxyl groups is deprotonated. On the other hand the meta-hydroxyls are
involved in hydrogen bonding with their neighbors and therefore have little ability to bind with the
phosphate until the phenols begin to deprotonate at higher pH values. This induces a re-organization due
to the ion-dipole interactions between the neighboring phenols, the extent of which is limited by their

chemical attachment to the substrate. It is therefore possible for some of the meta-hydroxyl to bind to the
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phosphates as the film cannot maximize the potential of the inter phenolic interactions. This points to one
of the potential problems that may encountered, namely if the phenolic surfactants bind too strongly

within the film, they might be unable to strongly interact with the analyte of interest.

While this illustrates the attractive prospect of phenolic coating, it also demonstrates the potential
problem with relying on modifying the phenolic compound structure, any modification will not only
change the surface behavior but also the organisation once deposited, which may change the surface
properties in an undesirable way. But the traditional way of forming self-assembled monolayers affords
very little control over the resulting film. Zhao et al.** deposited phenolic films onto silicon substrates
and then subsequently chemically modified the phenol group, replacing a methoxy with an hydroxyl
group. This created a chemically distinct surface, yielding a different contact angle measurement.
However when they compared the two surfaces bearing the same group but made through two different
routes (direct deposition versus post deposition modification), these had distinct properties. The self-
assembly route followed by chemical modification is limited by the necessity to use a building block that

can be subsequently modified at the air-solid or liquid-solid interfaces.

Pre-organising the film at the air water interface prior to deposition is an attractive alternative,
since it may allow different organisations to be reached with the same surfactant, i.e. without any synthetic
modification. But, before any deposition can occur, the surface behavior of phenolic films need to be

studied.

1.6. Phenolic films at the air water interface

There are few reports of phenolic monolayers at the air-water interface. The first report of
monolayer film of phenolic surfactant found was published in 1923%, they calculated a rough surface area
of p-hexadecyl phenol to be 24 A%/molecule which indicates very close packing. Some work was later
carried out on the azobenzene analogue of phenol**, for potential applications in dye photosynthesis and
adsorption. A more modern study was carried out by Peikert et al.**, studying the effect of modifying the
position of the hydroxyl group in phenolic surfactants at the air-water interface. They compared 1-(4-
hydroxyphenyl)-octadecane (with a para-hydroxyl) and 1-(3,4-hydroxyphenyl)-octadecane (with both a
para- and a meta-hydroxyl). They found that the additional hydroxyl impacted both the organization of
the headgroup and as a result the chain organization, leading to an increased chain tilt angle at the air-
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water interface. Based on X-ray measurements of the chain region, they proposed a corresponding model
organization of the headgroups that was heavily influenced by the n-n interactions, with the aryl rings
being in an edge-to-face organization, highlighting the importance of these interactions, in addition to
hydrogen bonds and the hydrophobic/hydrophilic interaction. Their proposed model for close-packed
headgroups was based solely on chain-chain packing constraints and headgroup bond lengths rather than
direct X-ray evidence of the headgroup lattice organization. This may mean that the orientation order for
a mono- and di-hydroxyphenol is not strong enough to restrict the free-rotation of the headgroup.
Headgroup orientation and freedom of motion will be an important aspect of the organization to be
studied, as the headgroup will need enough freedom to adopt an appropriate orientation to bind the desired
analyte, yet too much conformational freedom may limit the specificity of the binding. If a headgroup
possesses more than one meta-hydroxyl group there is the possibility of forming a hydrogen bond network
(Figure 1-4) which can rigidify the headgroup arrangement and could prevent it from changing

conformation, limiting its ability to bind to analytes.

= _0 =

HO 9-“” ~0 o~ ™0 o~
OH H OH H OH

Figure 1-4 Hydrogen bond network example

1.7. Hydrogen bonding in monolayers

Inter-surfactant hydrogen bonding can have large effects on the behavior of the monolayer at the

air water interface. Brezesinski et al.*°

studied an amine derived surfactant whose alkyl chain was untilted,
i.e. perpendicular to the surface of the water. An untilted chain should not not favor a specific growth
direction. Despite this the morphologies showed a strong linear tendencies, forming large dendritic
domains at the surface of water, indicating that some aspect of the surfactant favor linear assemblies. They
attributed this to hydrogen bonding between amine and carboxy group, forming large network, this was

confirmed by IR spectroscopy. This strong tendency to hydrogen bond leading to the formation of large
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linear assembly has also been observed for other systems*”*®. Furthermore, hydrogen bonding is not
limited to interactions between neighboring surfactants as the headgroups can also interact with species
dissolved in the subphase, providing the interaction is strong enough to overcome the interaction with the
water. For example nucleic acids interacting with surfactants derived from nucleic acids have been shown

to reproduce base pair interactions at the air-water interface®.

Subphase pH can also substantially modify the hydrogen bonding interactions present at the air-
water interface. Once deprotonated, the headgroup hydrogen bonds can be replaced by ion dipole
interactions which can be stronger. For example arachidic acid®® was found to have the strongest inter-
surfactant bonding at subphase pH of 9, which corresponds to a state when 50% of the headgroup would

be deprotonated. Schultz et al.>!

studied the systemic modification of eicosanephosphonic acid behavior
by subphase pH, such that its headgroup possesses 0, 1 or 2 charges both experimentally and
computationally. Without a charge, the monolayer tends toward small circular domains, the result of line
tension (2D equivalent of surface tension); these are visible both at the air-water interface and also through
molecular dynamics studies. As the subphase pH is raised, inducing partial deprotonation, the surfactant
initially tends toward a more packed system, contrary to what would be expected from the increase in
charge repulsion. This was attributed to an increase in cohesive energy>2, most likely brought about by
the increased interactions between neighboring surfactants due to replacing some hydrogen bonds by
stronger ion-dipole interactions. But further increases, toward an average charge of 1+ lead to a less
packed system. This also cause the appearance of dendritic domains, attributed to a reduction in line
tension. Once the system is close to an average charge of 2+ there is a noticeable lack of long range
ordering seen in the simulations, which agrees with the lack of domains seen at the air-water interface.

This less ordered state is also visible in the z-direction, with the headgroups not aligning and instead

shifting up or down from the plane of the monolayer to avoid charge-repulsion.

1.8. m-interactions in monolayers

Due to the presence of an aromatic ring in the phenol moiety, n-stacking interactions will affect
the monolayer behavior. While the name may suggest that stacking interaction involves ring structure
being aligned (sometime called sandwich conformation®?), two other pairwise motifs are also recognized:

the parallel displaced, where the rings are stacked but off-centered and the edge-to-face alignment, where



one of the rings is rotated so that the side of the ring interact with the face of the other ring (this orientation

does not require a full 90° orientation and can results in partial rotation still being favorable>*).

These interactions can greatly modify the organisation of the monolayer. For example, the self-
assembled monolayer of anthracene derived molecule® shows a very strong tendency to orient in a way
that maximizes the parallel displaced orientation when scanned using scanning electron microscopy.
These tend to make a regular array of interdigitated rings, but when a group capable of forming strong
hydrogen bond is added to the molecule, atop the ring (pointing away from the surface), and sufficient
time is given to allow reorganisation to proceed, these regular arrays can be replaced by small clusters,
organised in such a way to maximize both n-stacking interactions and hydrogen bonding, demonstrating
that the interplay between the various forces present in a molecule are important in determining the final

structure.

The studies of alkyl cyano-p-biphenyls and cyano-p-terphenyls at the air-water interface by Zhang

1.6 offer some interesting insights, even if they were not directly interested in studying n-m stacking

et a
interactions. In this work they compare the air-water behavior of the cyano-p-terphenyl with a 5-carbon
alkyl chain (5CT), wherein the p-isomer means that the cyano, the phenyl rings and the chain are all in a
linear arrangement, to a biphenyl version with either a 5 carbon (5CB) or an 8§ carbon (8CB) alkyl chain,
wherein the longer chain version has an equal molecular length to the terphenyl version, thus
compensating for the loss of hydrophobic interaction due to having one less ring. The terphenyl version
was shown to have a smaller critical areas compared to the biphenyl versions, indicative of stronger
cohesive forces. It was also shown to have a stronger tendency to self-interact when co-spread in a mixture
with other non-phenyl surfactants. This stronger cohesion resulted in a more close-packed layer that does

not allow for water to penetrate deeply into the monolayer, leaving the hydrophilic group less solvated

and making the monolayer behavior more dependent on the & interactions.

1.9. Self-assembled monolayer film on solid support

Self-assembled monolayers (SAMs) are typically prepared by immersing the substrate into a low
concentration solution of organic molecules containing a group that will react with the substrate, see

Figure 1-5.
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Figure 1-5 Representation of self-assembled monolayer of a molecule possessing a group (yellow circle) that will adhere

to the substrate (grey).

One common functional group used to form a strong rapid bond with the substrate is the silane
group. It has been shown to bind to a large range of surfaces, from silicon to glass and even metal oxides.
However, they are incompatible with water, which causes cross-linking of silane °’, which makes them

unsuitable for deposition from the air water interface.

Thus gold-thiol chemistry may be a better candidate®; the bond is formed very quickly, requires
no special conditions, such as heating or catalysts and is compatible with water. SAM formation involves
the immersion of the cleaned gold surface into a dilute solution of thiol in a solvent, typically ethanol®’.
The deposition is a multi-step process®®; first the surface of the gold becomes covered by molecules in as
little as two seconds, at this step the molecules are not fully upright, instead lying flat on the surface,
giving a very small thickness when measured. This is followed by an uprighting of the chains as the
surface becomes saturated by the thiols, giving thicknesses close to the final maximum thickness. This
step is still fairly fast, occurring over the span of a few minutes. Finally the step that take the longest
amount of time is the re-organization of the monolayer into its final conformation to maximize the
interactions between neighboring chains. This step can take multiple hours. However at the air water
interface, the chain will naturally organize in their optimal conformation at the surface of water once
spread and before deposition. Therefore, the only relevant step is the gold-thiol bond formation which can

happen very quickly and may allow us to “trap” the conformation present at the water without giving it

enough time to reorganize.
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Different gold surface preparations can result in different surface properties. Gold freshly cleaned
using oxidative means is hydrophilic and will therefore have a significant meniscus when in contact with
water, this is thought to be due to the formation of a thin oxide layer®. But, following oxidative treatment,
it is possible to reduce gold back to metallic gold by immersing the gold in ethanol, giving a hydrophobic
surface®!, which is also somewhat autophobic with ethanol. Both gold surfaces can chemisorb with thiol

and the resultant gold thiol bond is reasonably strong, 40-50 kcal/mol®

, however there is still significant
debate on whether or not deposited thiolated molecule can dynamically move on the surface. It has been
known for some time that molecules in a low density monolayer can move on the surface, allowing the
surface to be fully covered and the chain to become upright. Evidence for displacement on the surface
after deposition was provided using an unsymmetrical disulfide (which can also chemisorb on gold and
in the process cleaves their S-S bond), where the resulting different chains segregated into different
domains®. However it is unclear if the molecule can move in fully covered surface®® of equivalent
molecules. Furthermore gold surfaces are considered soft and there is evidence that the underlying gold
can move, which can results in movement of the adsorbed layer®>%, this is due to the weakening of the
Au-Au bond once molecules bind to the gold®’. But these phenomena may only involve displacement of

large assembly of molecules (orders of tens of nanometers) in a concerted fashion and thus preserve the

molecular organization.

1.10. Functional film formation strategy

Over the years various methods have been proposed for patterning films with some even making
it to commercial application for example photolithography. But even the state-of-the-art version of this
technique, capable of creating features in the sub 10 nm range®®, still cannot modify the intermolecular
distance. Similarly micro contact printing® can also be used to create patterns using a stamp to imprint a
surface, either by depositing an “ink” or patterning a surface, but the technique is limited by the stamp

resolution, which is often itself created using photolithography.

Ultrathin organic sheets can also be formed directly at the air water interface through in-situ

polymerization of the surfactant. Ponzio et al.”

showed that dopamine dissolved in water will naturally
adsorb to the surface. There they can polymerize, into a thin film and be subsequently deposited onto a

surface. In this case the film formed was a multilayer, but a similar approach was employed using a
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polymer spread directly at the air water interface to obtain monolayer. For example UV light can be used
to polymerize an anthracene-based monomer into a 2D polymer following spreading at the air water

interface’!

A related technique that uses polymerization to prepare functional materials with specific binding
sites is molecular imprinting’? (see Figure 1-6). Analytes of interest are brought in contact with a ligand
with which it can bind; those ligands are also either attached to monomers or are themselves monomers
which can polymerize. Once proper contact is achieved between the analytes and ligands the monomers
are polymerized (silica can also be used’?) and the analytes are washed out. Ideally, the polymer will
retain pores which have the correct size for the analyte but also have ligands in the correct position and
orientation to maximize interactions with the analyte. This strategy works for a wide range of targets from
larger cells, to proteins and smaller molecules and ions. There are several examples in which phenols are
used in molecular imprinting, generally as the target analyte’*” but also as the ligand’®. While this
technique can be used to control the molecular distance for specific target recognition, it suffers from

needing the ligand to polymerize with sufficient porosity for analytes to be able to diffuse in and out.

L ALV
noncovalent ®g j
i associabon " ®
—————et
I
: © i covalent @ e e )
mod fi calwon polymerize ’\. )_\
with
cross-linker
—_—_—
. I:qand exchange ‘k ® 4% x—
imprint ®®®
® ®
wash ’\. <)
—_— '
cleave covalent + target )’\

bonds ——

- t
I>gand exchange ‘% \x’ targe % x‘

Figure 1-6 Schematic representation of molecular imprinting formation”

In this work we seek to combine the concept of molecular imprinting with film pre-organization at the air
water interface by introducing the analyte in the subphase before spreading of the film at the air water

interface. If these analytes bind with the phenolic surfactants they should force the phenols to be in the
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optimal orientation and organization for maximal binding. If this organization can be preserved after

transfer, it should be uniquely suited for the analyte of interest.

1.11. Monolayer modification

Monolayers can also be modified pre or post deposition trough various strategies. They can be
directly modified and patterned using beams, either ions’’ or X-ray’®, which can modify the chemical
make up of the adsorbed molecule or even desorb them to expose the bare substrate, which can be further
treated. These techniques are however time consuming and have low output. Other strategies exist to
directly modify the surface of the deposited film using chemical means and a wide range of chemical
reactions have been reported for films both deposited on gold and silicon, using molecules terminated
with chemically reactive groups such as bromine or amides’”. These modifications not only allow for
customization of the terminal group of a monolayer but they can also be used to attach some larger
macromolecules like proteins®®. Using this technique some limited control over the spacing can be
obtained by depositing mixed monolayers. Molecules that do not posses the group to be chemically
modified can be used as spacers, to force the target molecules away from each other. This however
requires immersing the substrate in a solution containing both types of molecule, spacer and target, in the
right amount so that both deposit in the required proportion. It also requires that both spacer and target
molecules to freely intermix in the monolayer rather than segregate into domains, which is not always
possible®! without additional steps. A similar technique is to instead deposit molecules with terminal
groups that can subsequently be cleaved off®?, allowing a new functional group to be exposed and
potentially obtaining an organisation that would not be attainable by directly depositing the molecule

sporting the final terminal group.

A film can also integrate non-surfactant species if those have a strong affinity for the film. This
can be useful when the species are not stable in the spreading solvent, for example proteins that can
denature. Medina-Plaza er al.%® integrated enzymes into a film after spreading by injecting them in the
subphase and letting them absorb into the film. The film was subsequently deposited onto glass plate,
although only physisorbed rather than chemisorbed, and the film was used to discriminate different
species of grape by cyclic voltammetry. The electron mediator was included in the spreading film allowing

the reaction to proceed.
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Monolayers can also be used to create pattern through deposition. Tang et al.®* showed that by
transferring films made from mixtures of methyl terminated and disulfide terminated surfactants they
could create striped patterns with control over the distance between the stripes. They transferred those
stripes onto silicon wafers and further exposed the film to gold vapor, which subsequently reacted with

the exposed disulfide group to form a metallic film which conserved the striped pattern.

1.12. Air-water depositions

There are a few reports in the literature of depositing chemisorbed films from the air-water
interface using surfactants. Some work used the hydrophilic headgroup as the chemical linker to be

1.3 used long chain thiols to form films at

chemisorbed onto the surface. For example Gyepi-Garbrah ef a
the air water interface before deposition onto gold. They tested the electrical properties of the film and
compared it to film deposited in traditional SAM technique, where the thiol is adsorbed from solution.
They found that the films behaved similarly but that the air water deposited film was more organized.
Slowinski et al.3¢ showed that it was possible to transfer surfactants possessing a hydrophilic headgroup
distinct from the chemisorbing group, namely a hydroxyl headgroup with a ®-thiol functional group.
Using a long, C22 carbon chain, they were able to obtain a monolayer in which the chains stand upright

with the thiol oriented towards the air. They showed that they could obtain coating similar to that obtained

with a SAM, but in only a few minutes compared to hours.

The monolayer at the air-water interface could also be formed from a mixture of both thiolated
and non-thiolated surfactants. Only the thiolated surfactants would chemisorb to the gold such that the
non-thiolated surfactant could subsequently be removed by washing®’. In this work, the two surfactants
selected phase separated. As a result, the space left after removal of the non-thiolated surfactant were
backfilled with other surfactants to generate a patterned surface. Kageyama et al.%® used mixed
monolayers comprising surfactant with and without an w-terminal silane for chemisorption onto silicon
wafers. The monolayer was spread onto water, compressed to the desired organization before being
deposited onto the solid substrate. The substrate was then sonicated in solvent, allowing for the removal
of the physisorbed surfactant. The exposed, bare surface could then be filled with a surfactant comprising
a different functionality. In this case, the surfactants did not mix and removal generated relatively large

empty surface areas. In principle, the same approach can be applied to monolayers comprising fully
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miscible surfactants, wherein the backfilling could be used to induce full chain extension and exposure of

a terminal functional group.

An alternate approach for using mixed thiolated and non-thiolated surfactants involved using the
thiol containing surfactant as an anchoring group while the non-thiolated surfactant bears the exposed
functional group®’, with non-covalent interactions holding the film together. While this allows some
flexibility, it requires the thiol surfactant and the functional surfactant to be miscible in a monolayer.

Moreover, the film created may be less robust since only some of the surfactants are chemisorbed.

None of the work surveyed showed much attempt to control the resulting monolayer created via
modification of the deposition conditions, nor are there comparisons between similar surfactants that form

different phases at the air-water interface.

1.13. Research goals and thesis organization

The goal of this research was to control the intermolecular distances of phenol surfactants via
compression in Langmuir monolayers at the air-water interface and to subsequently deposit such films
onto solid substrates as functional coatings. This was done in three steps. First, the behavior of phenolic
surfactants at the air water interface will be characterised and the extent to which this organization can be
modified using pressure and subphase pH was to be studied (Chapter 3). Second, the impact of adding an
w-thiol at the end of the alkyl chain of the phenolic surfactant on the air water interface behavior was to
be investigated as well as the impact on deposition (Chapter 4). Finally, to demonstrate its potential for
detection applications, the interaction of the phenolic film with representative poly-proline peptides and
metal ions was to be studied (Chapter 5). Note that the theoretical background for all experimental
techniques employed in the characterization of such films is presented in Chapter 2, prior to the

manuscript chapters.
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Chapter 2. Theoretical background for experimental methods

2.1. Langmuir monolayers

A Langmuir monolayer is a one molecular thick film made of a single layer of molecules at the
air-water interface, these are generally made of surfactants. Surface-active agents’’, more commonly
referred to as surfactants, are compounds that reduce the surface tension of water by accumulating
preferentially at the air-water interface. In this thesis, traditional amphiphilic surfactants possessing both
a hydrophilic headgroup and a hydrophobic tail (long alkyl chain) are studied (see Figure 2-1 for the
schematic representation that will be used throughout the thesis). In addition, a special class of surfactants
called bola surfactants will be discussed, which possess two headgroups attached at each extremity of the
alkyl chain. True Langmuir monolayers are insoluble in the subphase, however, in some cases a small
amount may dissolve in the subphase, and the experiment conditions may cause this dissolution to become
important. The reverse effect, where dissolved surfactants accumulate at the air-water interface, is called

Gibbs monolayer®' and will not be covered in this thesis.

Figure 2-1 Representation of surfactant, with the headgroup in blue and tail in red.

2.2. Langmuir-Blodgett film balance

Monolayers are generally formed and studied using a Langmuir-Blodgett film balance (often
referred simply as a Langmuir trough). This technique can also be used in combination with many of the
techniques that will be explained later in this chapter. The basic form has changed relatively little since
first proposed by Irving Langmuir in 1917°. In its simplest form, it consists of a trough, preferably made
of Teflon, filled with water. Surfactants are deposited on this water surface, called spreading, by

dissolving them in a liquid that possesses two attributes: a propensity to spread at the surface of water”®,
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as opposed to forming a drop (lenses), and the ability to quickly evaporate without dissolving in the water,
leaving the surfactant on the surface. For all experiments carried out for this thesis the spreading solvent

used was HPLC grade chloroform.

One or two movable barriers can be added to the trough, these are used for lateral compression of
the film, by reducing the available area that surfactant can occupy and a sensor is used to monitor the
change in surface tension. When spread at the surface of water, the surfactant will disperse across the
surface and the area available will dictate the phase that the monolayer will adopt, this, in turn, will reduce
the surface tension of water. Bare water has a surface tension of 72.8 mN/m at room temperature”
(sometime express in dyne/cm, which are equivalent to mN/m), and the surface pressure is defined as

follows:
T=Yo— Y

where 7 is the surface pressure and yo denote the surface tension of pure water and vy is the surface tension
in the presence of a film. The surface pressure sensor is therefore a balance that measures the amount of
force exerted by the water surface on a Wilhelmy plate, for the experiments carried out in this thesis a
rectangular piece of filter paper is used. When surfactants are spread at the surface in sufficient quantity
they will reduce the surface tension of water, by covering the water, which reduces its ability to interact
with the Wilhelmy plate. This in turn reduces the force exerted on the plate and can be measured as a
reduction in force measured by the surface pressure sensor, see Figure 2-2 for full representation of the

Langmuir-Blodgett trough balance.
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Figure 2-2 Langmuir-Blodgett trough balance, with representation of surfactants.

2.3. Surface pressure molecular area isotherms

The Langmuir film balance is often used to measure the surface pressure-molecular area
isotherm®®, see figure 2-3 for schematic. At the surface of water, the monolayer can be considered as a
pseudo 2-dimensional system, and the phase adopted by the monolayer can be compared to the phases
found for the bulk, 3-dimensional material. When the available surface area is very large the surfactant
may adopt a phase reminiscent of gas phase, called the gaseous phase, where every surfactant is lying flat
(horizontally) on the surface and the surfactants are sufficiently distant from each other so as to not be
required to interact. The barriers may be used to reduce the available area, this is measured as molecular
area, defined as the surface area of the trough enclosed by the barriers divided by the number of surfactant
molecules, with units of A?/molecules. Reducing the molecular area available, compressing the
monolayer, will cause phase transitions to occur by forcing the surfactant in close proximity. The
molecular area where the surface pressure begins to increase is called the critical area and corresponds to
the formation of a coherent film covering the surface. This film can adopt a different phases, depending
on the chemical structure. In many cases, the phase that is initially formed is the liquid expanded (LE)
phase, analogous to a liquid phase for bulk material. In this phase, the chains interact but have a high
degree of conformational freedom due to the relatively large molecular areas. As they are compressed,
the chain begin to extend into the z-direction, i.e. out of plane. With sufficient reduction in surface area,
a first-order phase transition can take place, which in the isotherm is represented by a plateau in the surface

pressure. In this region there is co-existence of two phases, namely the LE and a condensed phase. At the
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end of the plateau, the film if fully converted into the condensed phase, analogous to the transition to a 3-
dimensional solid phase. In these condensed phases, the surfactants are in a liquid crystalline state, with
a defined arrangement in a repeating organization. A rich polymorphism of different phases can be formed
which are defined by differences molecular tilt directions, chain orientational and translational order®®.
Although discussion of all of these phases is outside of the scope required here, it is important to note the
distinction between tilted and untilted phases, which depends on whether or not the tail tilt compared to
the normal of the subphase, even though not every system will change its tilt due to compression. One of
the aspect that may cause the tilting of the tail of a surfactant is the relative size of the headgroup versus
tail cross-sectional areas. If an headgroup area is larger than the cross sectional area of the tail, then the
tails of neighboring surfactants will not be able to interact with each other when fully upright, through
Van der Waal interactions, as such they will naturally tilt to maximize those interactions. Eventually, the
film cannot be compressed further and remain as a monolayer leading to collapse, which is the point
where the system cannot keep acting as a pseudo 2-dimensional system. This can manifest itself as the

formation of multilayer, aggregate at the surface or the dissolution of the surfactant into the subphase.
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Figure 2-3 Schematic representation of a surface pressure-molecular area isotherm with the associated phases that

can be formed.

The isotherm shown in Figure 2-3 is highly idealized. Not all monolayer isotherms will exhibit
every phase, for example, a surfactant spread on a large area may have sufficiently strong interactions
with itself that it will favor being in a condensed phase even at high molecular areas. Similarly, a system
may collapse before reaching a condensed phase, e.g. a chain comprising one or more units of unsaturation
can prevent condensation at room temperature. Furthermore, as the films is undergoing a dynamic
compression, it is not always at equilibrium. In the case of rigid or viscous films, this may cause local
differences in organization and compression state, e.g. the surface pressure will be higher next to the
barriers. Local collapse may occur even while the surface pressure continues to increase (generally
manifesting itself as a decrease in the slope while the surface pressure is still rising). In some cases, it is
possible to mitigate these problems by slowing down the rate of compression. Finally, once spread at the
surface of the water the surfactant will not necessarily initially adopt their most stable conformation. In
general, the time required for evaporation of the chloroform is usually sufficient for equilibrium to be

reached while others require a longer equilibration period. However long equilibrations times and
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extremely slow compression rates, on the scaled of hours, generate additional problems: the water will
slowly evaporate which alters the surface tension measurement, and atmospheric carbon dioxide will

slowly dissolve in the subphase, potentially changing the pH.

2.4. Brewster angle microscopy

97,98

Brewster angle microscopy (BAM) is a visualization technique at the air-water interface”’~”°, used

in conjunction with a Langmuir trough. This is relatively new technique, first proposed in 1991%,
Previously morphological features at the air-water interface were visualized using fluorescence
microscopy, but this requires adding a small amount of fluorescently-labeled surfactant or a fluorescent
probe to the monolayer, which could modify its phase behavior. BAM works by exploiting the properties

of polarized light!%

and as such requires no probe. The Brewster angle is the angle at which p-polarized
is perfectly transmitted through the medium and as such does not produce a reflection. It is dependent on
the refractive index of the two media (here air and water) and will therefore vary based on the wavelength
used. For the air-water interface at a wavelength of 532 nm (Nd:YAG laser) the Brewster angle is
53.13°1%1 A film spread at the air-water interface will have a different refractive index than the underlying
water and therefore will reflect some of the light. As such, a film can be visually distinguish from bare
water, even when this film thickness is on a much smaller scale than the wavelength of the light used, see
Figure 2-4a. This is however, of limited use in a system that are in either the gaseous or the liquid
expanded phase, as these will naturally cover the surface and will give a uniformly bright surface with
little information as to the phase and behavior (the related technique of ellipsometry will be discussed
below). The main use of this technique is to visualize the morphology of the condensed phase, since
condensed phase domains can have distinct shapes'®? and exhibit a strong contrast to the surrounding
gaseous or liquid expanded phase'®. Furthermore, internal anisotropy can be visualized®’; if a domain
comprises of surfactant that tilts in different direction the light will encounter different environment based
on whether the tail tilt is parallel or perpendicular to the incoming light beam, this will manifest itself as
alternating areas of bright and dark, see Figure 2-4b. The shapes, morphology and internal anisotropy of
condensed phase domains have been related to surfactant orientation, organization and intermolecular

interactions!'?.
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Figure 2-4 a) Representation of the Brewster angle of water when striking a bare water surface and a water surface

covered with a monolayer, b) Representation of the impact of anisotropy on the reflected polarized light observed in
BAM. Chain tilt direction is represented by the orange arrows. Note that the effect can present itself in many
different patterns: the domain may not be circular, the tilt change does not have to originate from the center and the

boundary may or may not be sharp. A review of the different internal anisotropies can be found in reference!%2.

2.5. Ellipsometry

Ellipsometry, specifically nulling ellipsometry for the experiment carried out in this thesis, is a

technique that also use a polarized light!*1%

, similar to BAM. When light reflects from a medium, its
polarization will change depending on the optical properties of the medium. If the medium is covered by
a thin film, then the optical properties will depend on the physical attributes of the film, including the film
thickness. Changes in polarization reflect changes in optical properties and, assuming a uniform film,
these can be correlated to changes in thickness. A schematic of the setup employed is given in figure 2-5,
light from the laser first goes through a linear polarizer, creating linearly polarized light of known
polarization. The light then goes trough a retarder, usually called compensator, this is generally set at 45°,
creating circular polarized light. The light then strikes the medium and the reflected light will have a linear
polarization. This allows a second polarizer to act as an analyzer, by rotating it such that it is at a 90° to
the light polarization, where the light will be fully extinguished. Thus, the difference in polarization due

to the medium can be determined. This difference in polarization manifests itself as changes in the

polarization angles, A and ¥, where A is the phase difference and ¥ is the ratio of the amplitudes.

Extracting information from the changes in A and W requires fitting the data to a multi-box model. For a

2-box model representing a film atop a subphase, some assumptions are required. The subphase, whether

22



solid or liquid, is considered infinite and the thin film is considered homogenous, smooth (roughness
below 50 A'%) and isotropic. In the case of films at the air-water interface, for which vibrations play a
significant role, this is a non-trivial process the data is generally presented as dA, in other words the
changes in change of phase between different measurement (¥ is assumed to be constant). The two most
common reasons for a change in A are the increase in film thickness with compression and changes in
phase of the film, which may or may not be accompanied a changes in thickness. It is important to note
that the beam footprint is of several um?, therefore the measurement represents an average of the surface.
If the domains are sufficiently small, as in the case of nanodomains and early nucleation aggregates, it
may not be possible to select a region of interest which corresponds solely to one phase and the
measurements therefore represent the weighted average for the phases in the field of view. The
ellipsometer employed here is an imaging ellipsometer which enables the user to view the film real-time

and select the region of interest.

Measurements are also made at the air-solid interface. In this case, the data are fit with a 3-layer
model, namely gold-film-air. The film is considered to be uniform with a constant refractive index
throughout the vertical z-axis direction. While this is not quite accurate due to the differences in the
headgroup and alkyl chain regions, these differences are considered negligible for most Langmuir films>®.
For an accurate measurement of the thickness, both the refractive index, n, and the extinction coefficient,
k, of the substrate must be known. In the case of gold, the substrate used in this thesis, those values are
extremely sensitive to the nature of the gold substrate (thickness, grain size and crystallinity'?’) and thus
have to be determined for each individual substrate before sample deposition, which is also done using

nulling ellipsometry.
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Figure 2-5 Ellipsometer component used at the air solid interface, note that the setup is also shared with BAM.

2.6. Atomic force microscopy

Atomic force microscopy (AFM) is an imaging technique that can obtain topological information
about a sample deposited on a solid support. The measurements in this thesis were carried out in tapping
mode, using a very fine tip vibrating above the surface. Because of the forces exerted on the tip by the
surface, such as van der Waals or dipole interactions, the amplitude of the tip oscillation will change. A
feedback loop is used such that the tip to surface distance is varied using a piezoelectric actuator, such
that the amplitude is kept constant. In this way, the surface topology is scanned and at the same time,
information about the nature of the surface is obtained from the phase change of the oscillation. AFM
however does not measure the true height of the film or features (in reference to the bare substrate), it
only measure the difference between features seen at the surface; in most cases the bare substrate is not
exposed. Furthermore the roughness of the background will have very significant effects on the
topography measurement of thin films, especially when the roughness is of the order of magnitude or
larger than the film thickness. For this reason, whenever possible mica is used as a substrate, since it is
atomically flat with roughness value of 0.054 nm over 1 um? %, For comparison the roughness of the
gold substrates used in this work is on the order of 0.8 nm over 1 um?. Measurement of some features can
be tip limited, for example if the tip radius is larger than the width of a hole or crevice, the true depth may

be underestimated.
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2.7. Langmuir deposition methods

Films spread at the air water interface can be transferred onto a solid support using a mechanical
arm to push or pull the substrate trough the monolayer at the air water interface. Herein films are deposited
using the Langmuir-Blodgett (LB) geometry'%’, where the solid substrate is perpendicular to the surface
of water, see Figure 2-6, in contrast to Langmuir-Schaefer depositions which are made in a parallel
orientation. The depositions are carried out at constant surface pressure, where the barrier continuously
compresses the film while material is being removed from the interface. The barrier compression speed
and the transfer speed, vertical movement of the substrate, are important parameter to control, generally
those are set as low as possible to avoid modifying the morphology of the film to avoid transfer artifacts.
To ascertain the quality of the deposition the transfer ratio is measured, which is the ratio of the surface
area of the film removed during the transfer over the surface area of the substrate, a ratio between 0.8 and

1.2 is considered to indicate a good transfer.
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Figure 2-6 Langmuir-Blodgett transfer onto a solid support, a) upstroke, b) downstroke.

2.8. Grazing incidence X-ray diffraction

Grazing incidence X-ray diffraction (GIXD) is a crystallographic technique carried out at the air-
water interface using short wavelength X-ray from a synchrotron source (A=1 A)''%!"! When X-rays

strike the surface of water below the critical angle (around 0.13°) total external reflection will occur. This
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also creates an evanescent wave, a wave whose intensity decrease exponentially with depth, at the surface
of the water, which makes it surface specific. If an ordered, liquid crystalline film is present at the surface
of water, the constructive interference of diffracted X-rays will generate a diffraction pattern according to
Bragg’s Law. Condensed monolayers at the surface of the water comprise many small domains, in effect
micro crystals, this is therefore a powder-averaged X-ray diffraction, one that is limited to a 2D plane.
This create a few differences compared to single crystal crystallography; it is not possible to distinguish
between the Qx and Qy components of the scattering vector, thus the in-plane Qxy component is obtained.
GIXD also does not produce Bragg points but rather Bragg rods, which extend into the Q, direction,
perpendicular to the plane, see Figure 2-7a for schematic representation of a contour plot of the raw data
obtained. Furthermore, the crystalline domains are fairly small and as such only the strong first order
peaks are generally observed. As the monolayer forms a 2-dimensional powder crystal, analysis of the
data provides information on the relative the positions of the surfactant (usually the chains) rather than
the exact location of atoms. The surfactant chains can be approximated as cylinders pointing upward or
tilting. The packing is hexagonal or distorted hexagonal, in a top down view see Figure 2-7b, with the
chains untilted or tilting toward either nearest neighbor (NN), next nearest neighbor (NNN) or an
intermediate direction. Because of the (distorted) hexagonal arrangement, every surfactant is surrounded
by six other surfactants, giving rise to six potential reflections. However some of the reflections are
partially or completely obstructed by the water at the bottom of the trough. This limits the detector to only
seeing all reflections when those are all in plane (Q,=0) at which point only half a peak is seen, see Figure
2-7a “untilted” for an example with two in-plane half peaks, the other half of the peak(s) being below the
surface. Peaks can also be out-of-plane, Q. above 0. This gives three possible scenarios. In the first, a
single peak is detected at Q,=0, representing a combination of all six degenerate reflections which occurs
when the surfactants in the monolayer are untilted and all sides of the hexagonal are equal, figure 2-7b
where a=b=c and y=120. In the second, two peaks are observed (either both at Qz=0, one at Qz=0 and
one at Qz>0 or both at Qz>0, see Figure 2-7a first three cases) wherein one peak is degenerate and the
other is non-degenerate, represented in figure 2-7a by more contour lines (stronger intensity). This
scenario occurs when one of the axes of the hexagon is unequal to the other one, a#b=c leading to a
centred rectangular unit cell. This can occur without tilting of the tail (7a “untilted”) but is most often

associated with tail tilting towards either NN or NNN. The third possible scenario yields three peaks, in
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which case a#b#c, this indicates that the tail is tilted in an intermediate direction, i.e. in between an NN

and NNN tilt.
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Figure 2-7 a) Potential diffraction pattern depending on the chain tilt with a side view along with the reciprocal disc
(top) a top down view of the packed chains (middle) and the resulting diffraction pattern (bottom)''2, b) top down
view of a representative monolayer in hexagonal pattern, blue and green circle represent chain location, with the

arrow potential tilt direction.

These schematic shows well-separated peaks and properly identifying the location of peaks or
even the number of peaks is often non-trivial. The fitting is guided by the following selection rules. The
location in Q, of the peaks must follow Q,1+Q,2=Q.3, in other word; the location of the highest peak in
Q. must be equal to the sum of the location of two lower peaks ''*. Furthermore information can be
obtained from the full width at half maximum (FWHM), or coherence length, of the peaks, in both Qxy

and Q., using an equation derived from the Scherrer formula!!%!!!:

1~0.9 [2—”

FWHM
which when used with the FWHM in Qy, this gives the coherent length of the domains, the average length
of the crystallites. Note that different peaks can give different coherent lengths, which will indicate that
the the crystallinity in different crystallographic planes differs. When used with FWHM in Q; the
information obtained is the length of the scattering rod which correlates to the thickness of the crystalline

phase. It therefore follows that all peaks must have the same FWHM in Q, if they all originate from the

same crystalline structure, since a crystalline monolayer would have uniform thickness. If some peaks
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have different FWHM in Q) it is indicative that they must either be combination of multiple peaks at
different Q, but same Qxy or be from different crystalline phases. Furthermore, because the thickness is
limited by the length of the alkyl chains, a value of L, that is too long or short compared to the maximum
length of the chains indicate that the fit obtained must be from multiple overlapping peaks. In most cases
only the alkyl chains needs to be considered, headgroups are generally not crystalline since they are
surrounded by water and can easily rotate, preventing them from organising in a repeating unit, although
examples of large headgroup (larger than the alkyl chain(s)) being crystalline in a different organisation
than the tail region can be found in the literature!'*!!>. Diffraction peaks from molecular lattices that
include larger assemblies and multiple headgroups can also arise producing far more complex patterns. It
should be noted, although not applicable to this thesis, when surfactant or lipid possesses multiple tails,
such as naturally occurring phospholipids, the diffraction pattern obtained represents the lattice for the

alkyl chains and not the whole lipid.

To convert from diffraction pattern into real space coordination the following formula can be

used!!%:
1
d= 2_71 = h—2+ k—z — Z(ﬁcosy) _Esiny
Qxy a? b? ab

where d is the d-spacing, Qxy is the location of the peak in Qxy, h and k are miller indices of the peaks,
these will have integer value between 0 and 2 since only the first order peak are seen (more on miller
indices later), a and b are the distance between the surfactant (refer to 7b) and vy is the angle between a
and b. While the miller indices are not known, because they are restricted to integers, it is possible to
determine the value a, b and y using only three peaks (fewer if there are degenerate peaks) despite there
being five unknowns (a, b, v, h, k). Note that those values are dependent on the unit cell chosen to do the
calculation, in this thesis both the hexagonal and the centered rectangular unit cells are used, see figure 2-
8 for comparison of the two. Note that the reflections are due to the Bragg plane rather than points, which

do not always coincide.
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Figure 2-8 Comparison of hexagonal and centered rectangular unit cell, representation of the tail organisation in top
down view, along with the miller index, the blue circle denote the location of a surfactant tail, note that the red circle

is provided as a reference point and does not indicate the location of a surfactant

In the case of a NN tilt, the tilt angle of the surfactant can be obtained using the following

formula!!'!:

de

Tan 6 =

N|

08,0~ Zgmy

where 0 is the tilt angle relative to the normal of the surface, Q.4 is the location in Q of the degenerate
peak, Qxya is the location in Qyy of the degenerate peak and Qyyn is the location in Qxy of the non-degenerate

peak.
For the case where the tilt is in the NNN direction, the following formula is used:

QZTl

Qxyn

Tan 0 =

Until now, only cases where every surfactant is equivalent were considered, but a special case

need to be introduced for this thesis, namely the herringbone packing, where the tails are related to each
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other by glide symmetry, see figure 2-9. Tails are typically considered as rods because in the rotator! %!

phase, they are able to rotate freely around there long axis. This is not the case in a herringbone phase!',
where the tails are locked into place by the steric interaction of the hydrogens. This causes non-
equivalency between the tails, and give rise to an additional diffraction peaks, seen at slightly higher Qxy

values.

Figure 2-9 Cross sectional area of surfactant tails in a herringbone arrangement.
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2.9. Total reflection X-ray fluorescence

Total reflection X-ray fluorescence (TRXF) is another synchrotron based X-ray technique. X-rays
are capable of ejecting core electron from atoms. These electrons leave behind holes in the orbital which
can subsequently be filled by higher orbital electrons falling down in energy, emitting a photon as
fluorescence. The energy of the emitted photon will depend on the energy difference between the orbitals
involved, which is element specific. This enables identification of elements from their characteristic
fluorescence emission lines. Furthermore, the intensity of the emission is proportional to the quantity of
the element present, assuming the concentration is low enough for self-absorption effects to be ignored,

allowing for quantification.

When X-ray are reflected off the surface of water, the depth of penetration in the water is

dependent on the angle at which the light hit the interface, particularly around the critical angle!!®1%2,

Below the critical angle the depth penetration is on the order of a few nm, above it is on the order of pm

(see figure 2-10).
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Figure 2-10 Depth penetration of X-ray at the air-water interface as a function of the incident angle for pure water,
X-ray at 10 keV, y-scale is logarithmic

Therefore by taking measurements above the critical angle, information about the bulk
concentration and identity of elements (in this case solvated counter ions) is obtained. Below the critical

angle, only the counterions located in the vicinity of the interface are detected. Normally, the quantity of
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ions at the interface is too low to be detected, but if the ions are attracted to a spread monolayer at the air-

water interface, it is possible to get a drastic enrichment in ion concentration near the interface.

The experiment in this thesis were carried out using a beam of 10 keV (wavelength of 1.24 A).
For both elements used, copper and zinc, the Ko line and Ko, (K-L3 and K-L; in [IUPAC notation) were
used to quantify the ions. The Ko line and Ko, are indistinguishably close (Cu Ka= 8 047.78 keV, Kan=
8027.83 keV, Zn Koy=8 638.86 keV, Kao=8 615.78 keV)!?* (Figure 2-11) and so are considered together.
The copper KB1 (K-M3, 8 905.29 keV) was also detectable but was not used for analysis.
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Figure 2-11 X-ray spectra for calibration over a solution of Cu and Zn (20 mmol/L), multiple spectra are overlaid

together, each taken at a different incident angle.

Multiple measurements were taken at different angles ranging from 0.0904° to 0.1695°. By
scanning both the bulk and the interface it is possible to compare the two and knowing the bulk
concentration, the surface concentration can be determined through modeling of the system. The surface
concentration (in molecule/A?) can be compared to the molecular area from the air-water isotherm to

obtain a ratio of counterions to surfactant.
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2.10. Surface plasmon resonance

Surface plasmon resonance (SPR) is another technique that exploits the phenomena of evanescent
waves'?*, much like GIXD and X-ray fluorescence. A film is immobilized onto a substrate with a thin
outer layer of gold, typically gold. When p-polarized light is directed at the surface at the angle for total
internal reflection some of the light energy is transferred to a plasmon field created in the gold. This
creates an evanescent wave (Figure. 2-12a)'?°, due to the excitation of the electrons in the metal, which
penetrate into a solution, typically to a depth of a quarter of the wavelength used'?® (A=780 nm for the
instrument used in this thesis). The energy transferred results in a decrease in intensity of the reflected
light. The angle necessary to obtain this resonance effect is dependent on the optical properties of the
medium interacting with the evanescence wave, this in turn is dependent on the mass present at the
surface. Therefore, if analytes bind to the surface, displacing water in the process and changing the mass
and nature of the medium, this will cause a change in intensity of the reflected light, since the angle is no
longer the optimal angle for creation of the plasmon field. By monitoring the changes in intensity or in
angle required to get optimal resonance (the angle at which the reflected light is the weakest) the changes
in surface concentration can be monitored. Experiments are carried out with a constant flow of water or
buffer (main solution). Samples are injected into a loop, with a valve allowing the main solution to go
straight to the chip chamber or to go through the sample loop, pushing the sample into the chip chamber,

over the immobilized surface.
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Figure 2-12 a) Representation of SPR evanescence wave effect with intensity represented in red,

presented upside-down from the instrument used (solution is at the bottom of the image)'?‘. b) SPR

instrument configuration, 1) main solution 2) valve, either connecting the main solution directly to chips

or through the sample loop 3) Sample loop 4) chamber containing the chips with immobilized thin film

5) waste
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Chapter 3. Strong headgroup interactions drive highly directional
growth and unusual phase co-existence in self-assembled

phenolic films

3.1. Abstract

Self-assembled materials as surface coatings are used to confer functional properties to substrates
but such properties are highly dependent on the molecular organization that can be controlled through
tailoring the non-covalent interactions. For monomolecular films, it is well-known that strong, dipolar
interactions can oppose line tension generating non-circular domain growth. While many surfactant films
exhibit liquid crystalline arrangement of the alkyl chains, there are relatively few reports of crystalline
headgroups. Here we report the self-assembly of phenolic surfactants where the combination of hydrogen
bonding and =n-stacking leads to a herringbone arrangement of the headgroups, generating a molecular
super-lattice that can be observed using grazing incidence X-ray diffraction; such an arrangement has
been previously proposed for related phenolic systems but never experimentally observed. We also
investigated using pH to modulate the intermolecular interactions and the response of the system in terms
of molecular organization. The first hydroxyl deprotonation of octadecyl gallate does not appear to impact
the structure but has significant impact on the domain size and morphology. Higher pH generates both
strong directional domain growth and a loss of the molecular lattice structure, attributed to a second
deprotonation. In contrast, a shorter chain surfactant, lauryl gallate, forms a liquid expanded phase that
can contract upon deprotonation. In the condensed phase, the deprotonation kinetics are unusually slow,
taking close to an hour, for which an internal charge re-organization is proposed. The slow kinetics leads
to the co-existence of three distinct phases for a single component system over relatively long timescales
and provides evidence of a liquid-mediated polymorphic transformation process in two-dimensional, soft-
matter films. This work has implications for understanding the long-range ordering in aromatic self-

assembled structures and the mechanisms underlying Langmuir monolayer polymorphism.
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3.2. Introduction

Polyphenols such as tannins exhibit antioxidant, protein binding and metal chelating properties'?’.
The latter is dependent on the orientation and proximity of multiple phenol moieties'?®. Phenolic surface
coatings may confer such properties to a substrate and it may be possible to tune the reactivity and
specificity by modifying the distance between phenols. While it is possible to control the distance by
synthesizing polyphenols with specific arrangements, an alternative method would be to control the
intermolecular distance in self-assembled films using phenolic-derived building blocks. For example,
long-chain phenolic surfactants and lipids have been shown to self-assemble at liquid'?® and solid
surfaces'’. In this work we seek to control the domain morphology and intermolecular distances in
Langmuir monolayers at the air-water interface; such films could subsequently be deposited onto solid

substrates as coatings to harness the phenol properties.

The organization of surfactants at the air-water interface is determined by non-covalent

30.31 interactions and -

interactions. The interplay of hydrogen bonding, ion-dipole and/or dipole-dipole
stacking!®? are shown to modify the structure and morphology of surfactant films. Phenol headgroups
afford the opportunity to modify each of these which in turn can be used to tune the inter-phenolic
distance. With more than one hydroxyl on the headgroup, the charge can be varied systematically,
inducing either attractive or repulsive interactions. Additionally, the hydrophobic tail can be modified by
changing the length and the number of branches while the headgroup interactions can be altered by
changing the subphase composition. For example, the addition of ions to the subphase, either as part of

the effort to modify the pH of the subphase or by deliberately adding salt, non interacting ions, can also

modify the interaction with ions influencing the monolayers behavior'**, like morphology or critical area.

Our group previously reported the monolayer properties of a phenol lipid,
dipalmitoylgalloylglycerol, and found evidence of a highly cohesive and rigid film attributed to an
extensive hydrogen bond network between the phenol headgroups which comprise multiple hydroxyl
groups®’. Peikert e al.'** studied phenolic surfactant films with variation in hydroxyl position. Using
grazing incidence x-ray diffraction (GIXD) and computational methods, they determined possible
arrangements of the headgroups where the aromatic ring can interact with 4 adjacent rings, maximizing

the m-stacking interactions, hinting that despite the weakness of the m-stacking relative to hydrogen
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bonding, this can still significantly influence the organization of the monolayer. Studies of phenol-
terminated self-assembled monolayers (SAMs) showed that simply changing the hydroxyl group from the
meta- to the para- position can lower the surface coverage of the deposited SAM by 40% to 60%,
attributed to a modification of the organization at the interface®”. Not only the position of the hydroxyl on
the ring, but also the protonation state affects the orientation and exposure of the headgroup and hence
the hydrophilicity of the film surface®”. Azmi et al.*’ showed that the relative hydroxyl positions (1,2- or
1,3-) of dihydroxyphenol-terminated SAMs determined the intermolecular hydrogen bonding that
impacted the extent of binding of the phenolic SAMs with phosphate. Specifically, the 1,2-diol had
significantly higher binding potential to monoprotic phosphate, attributed to the ability of the 1,3-diol to

OH
HO

O
O
Figure 3-1 Structure of surfactants used, X=10 Lauryl gallate (LDG), X=16 Octadecyl gallate (ODG).

hydrogen bond with multiple neighboring surfactants, reducing the binding potential to the phosphate.

In the present work the self-organization of two phenolic surfactants, lauryl gallate and octadecyl
gallate (ODG) (Figure 3-1), which differ only in the length of their chains, are studied as a function of
monolayer subphase composition. The difference in chain length enables determination of the impact of
suphase pH and ionic strength as a function of the phase of the film (liquid-expanded versus condensed)
while maintaining the same headgroup. The two phases afford different routes to controlling the

intermolecular spacing that will be required for applications involving protein and metal binding.

The organization of phenol surfaces and interfaces is relevant for understanding systems as diverse
as the interaction of aqueous phsophates with phenolic-rich natural-organic matter (humic material)*’ to
natural and synthetic cross-linked biopolymer materials including the adhesion of mussels'** and protein
binding °. A recent review highlighted the importance of phenolic building blocks for the assembly of

functional materials '*. Amphiphilic phenols provide the opportunity to tailor the self-assembly of
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materials via modifications in the arrangement of functional moieties on the headgroup, and electrostatic

contributions to hydrogen bonding (H-bonding) affect film organization, properties, and structure.

3.3. Materials and methods

Materials. Lauryl gallate (=99.0%) was purchased from Sigma-Aldrich and used without further
purification. Ocatdecyl gallate (ODG) was synthesized from gallic acid and octadecanol using para-
toluene sulphonic acid'*’ under reflux conditions and recrystallized from chloroform and hexane.
Ultrapure water (resistivity of 18.2 M{/cm) was obtained from an EasyPure II LF system (Barnstead,
Dubuque IA). The spreading solutions were prepared using chloroform (HPLC grade, trace of ethanol as
preservative) from Fisher Scientific Company. Mica (grade V1) used in the AFM deposition was

purchased from Ted Pella Inc. and freshly cleaved before each measurement.

Isotherm measurements. Monolayers were spread from a chloroform spreading solution (1 to
1.5 mM) on three different types subphases: 1) ultrapure water (pH = 5.5 at 25 °C), ii) ultrapure water that
was adjusted to higher pH using NaOH, iii) ultrapure water that was ionic strength adjusted using NaCl.
Surface pressure-area isotherms were obtained on Langmuir film balances (Nima Technology Ltd.,
Coventry, U.K.) at room temperature with a compression speed of 5 cm?*/min (equivalent to between 3 to
7 A%/(molecule * min) depending on spreading solution concentration). Two different Langmuir film
balances were used, one with dimension of 5 cm by 35 cm was used for lauryl gallate isotherms and
Brewster Angle Microscopy and the other had dimensions of 7 by 15 cm and was used for octadecyl
gallate isotherms. Surface pressure measurements were made using a filter paper Wilhelmy plate
(Whatman No. 1 paper). Monolayers were given 10 minutes for film relaxation unless stated otherwise.
Monolayers were transferred at a constant pressure onto mica on the upstroke using the Langmuir-
Blodgett technique with a dipping speed of 1 mm/min. All transfer ratios were always close to 1.

Compressibility modulus measurement was calculated using'®:
c o= 1 (6/1)
s A\or T
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Brewster Angle Microscopy (BAM). Brewster Angle Microscopy was carried out with an I-
Elli2000 imaging ellipsometer (Nanofilm Technologies GmbH, Géttingen, Germany) equipped with a 50
mW Nd:YAG laser (A = 532 nm). All experiments were performed using a 20x magnification with a
lateral resolution of 1 um. BAM experiments were performed at an incident angle of 53.15° (Brewster

angle of water) and a laser output of 50% (analyzer, compensator and polarizer were all set to 0).

Atomic Force Microscopy (AFM). A Nanoscope Illa (Digital Instruments, Santa Barbara, CA)
was used to capture AFM images in air at room temperature using tapping mode at a scan rate of 1 Hz
using etched silicon cantilevers frequency of ~300 kHz, a nominal spring constant of 20-80 N/m and tip
radius of <10 nm. An oscillation operating at amplitude of 175 mV and medium damping (~25%) were

employed for these measurements.

Grazing Incidence X-Ray Diffraction (GIXD). The GIXD experiments were performed at
beamline 15-ID-C ChemMatCARS at the Advanced Photon Source (APS) in Argonne National
Laboratory with the following parameters: X-ray beam wavelength of 1.239 A, incidence angle of
0.09061°, horizontal size of 20 mm, and vertical size of 120 mm, leading to a beam footprint of 20 mm
by 7.6 cm. The detector used was the two-dimensional Swiss Light source PILATUS 100K set to single-
photon counting mode. Two sets of slits, one placed in front of the detector and the other placed 280.0
mm from the sample, were used to minimize intense low-angle scattering. Experiments were performed
at the air/water interface of a 340 cm? Langmuir trough, where the monolayer was spread and then
compressed at rates of 2 and 5 cm?/min (equivalent to 0.5 and 1.3 A%/molecule min respectively) using a
mobile barrier. The measured GIXD data is plotted as contour plots of the intensity as a function of both
the horizontal (Qxy) and the vertical (Q;) scattering vector components. The lattice spacing dnx was

obtained from the in-plane diffraction data as dhk=2n/q;‘1;, where the Miller indices h and k were used to

index the Bragg peaks needed to calculate the unit cell parameters for the in-plane lattice!!!**. Raw data
was extracted and patched using software developed by Wei Bu, beamline scientist at ChemMatCARS.
The Bragg rods and peaks were fitted with Gaussian and Lorentzian function, respectively, using Origin

lab graphing and analysis software.
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3.4. Results and discussion

The isotherm of octadecylgallate (ODG) on ultrapure water (pH 5.5) exhibits a sharp increase in

— ODG, water

60 ——ODG, pH 9
£ ODG, pH 10
% ——ODG, pH 10.5
> 40 ——ODG, pH 11
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Figure 3-2 Surface pressure-molecular area isotherms of ODG as a function of subphase pH.

surface pressure at areas below 30 A%/molecule (critical area for onset of surface pressure), indicative of

the formation of a condensed phase (blue isotherm, Figure 3-2). The surface pressure increases without

evidence of a phase transition until film collapse at an area of approximately 23 A%/molecule and 50

mN/m. The film morphology was visualized using BAM (Figure 3-3). Already at high molecular areas

and 0 mN/m surface pressure, large, condensed phase domains are visible, an indication of the strong

intermolecular interactions between the headgroups. The domains are untextured (isotropic) and separated
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Before pressure

After pressure

Figure 3-3 Brewster angle microscopy images of ODG, before and after the onset of pressure (0 mN/m) on various

subphases with 10 minutes relaxation time: a) water, b) pH 9, ¢) pH 10, d) pH 10.5, ¢) pH 11, f) pH 12,

05 1 15 2 25 3 35pym

Figure 3-4 Atomic force microscopy images of ODG monolayers deposited by Langmuir-Blodgettry onto mica
substrates at pressure of 1 mN/m with 10 minutes relaxation. Subphase and image sizes are: a) Water, 20 pnm, b) pH
9,5 pum, ¢) pH 10, 15 pm, d) pH 10.5, 15 pm, e) pH 11, 10 pm, f) pH 12, 10 pm, g) pH 11, 10 pm with height scan

underneath.

by dark regions that comprise either gaseous phase or bare interface. If the solution is sonicated for 15
minutes before spreading, the domains are smaller, but the isotherm does not change. The pressure
increases only after the domains are compressed to the point of contact. Most of the domains coalesce
producing large regions of isotropic condensed phase that are larger than the field of view. Periodically,

when the interstitial spaces between the domains appear in the field of view, smaller domains of the same
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condensed material are visible, likely generated by compression of these interstitial spaces by the highly

Intensity
Ll 30.00

Q, (A7)
Q, (A")

21.35

15.19

10.81

12 14 1.6 18 20 12 14 16 18 20 7.696

Q, (A1) Q,, (A"

5477
3.898
2,774

1.974

Q, (A"
Q, (A"

1.405

1.000

18 20

Q, (A"
Figure 3-5 GIXD contour plot of X-ray intensity of ODG as a function of the in-plane (Qxy) and out-of-plane (Qz)
vector components: a) water, S mN/m b) pH 9, 5 mN/m c) pH 11, with 10 minutes relaxation time, 20 mN/m d) pH 11

with 60 minutes relaxation time 5 mN/m.

rigid large domains (see Figure 3-3a). These smaller domains coexist with residual holes. Deposition of
the monolayer onto mica by Langmuir-Blodgettry and analysis by AFM reveals clusters of small domains
(Figure 3-4 a) that are approximately 1.2 nm above the background. Given the area coverage and the size
of the domains observed by BAM and the lack of domains in this size range by AFM, it is presumed that

the large, rigid domains break apart upon transfer.

In order to determine the tilt angle and lattice parameters of the condensed phase formed, GIXD
measurements were carried out at different pressures (Figure 3-5 a and Table 3-1) and multiple diffraction
peaks were observed. Two are located in the region normally associated with the first order peaks of the
alkyl chain lattice, at Qxy 1.28 A ! and 1.63 A ! (fitted peak positions and widths are provided in the
Appendix, Table 1), additional peaks were observed at Qxy 1.86 A ! and 0.96 A ! (Figure 3-6), the low
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Qxy peak will be discussed later. Using these peaks position to characterise the packing of the alkyl chains
yields a centred rectangular unit cell with herringbone backing of the alkyl chains (lattice parameters are

shown in Table 3.1). Notably, the unit cell and alkyl chain tilt angle

Table 3-1 Alkyl chain unit cell parameters derived from GIXD for ODG at room temperature on various subphases: a, b, y
are the unit cell dimensions reported using a rectangular unit cell nomenclature, t is the tilt angle relative to normal and the

W is the tilt direction relative to the unit cell where NN stands for a tilt towards nearest neighbor.

Water pH 10 subphase
Pressure  a(A) b (A) v (°) t(°) p Pressure  a(A) b (A) v (©) t(°) p
(mN/m) (mN/m)
5 7.66 6.40 90 39 NN 5 7.66 6.40 90 39 NN
20 7.66 6.37 90 38 NN 20 7.66 6.40 90 39 NN
40 7.59 6.35 90 37 NN pH 11 subphase, 10 minutes relaxation time
pH 9 subphase 1 7.64 6.40 90 40 NN
5 7.66 6.40 90 39 NN 20 7.59 6.34 90 35 NN
20 7.66 6.40 90 39 NN pH 11 subphase, 60 minutes relaxation time
5 8.57 5.11 90 33 NN
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Figure 3-6 GIXD contour plot showing evidence of a low Qxy diffraction peak for ODG on a water subphase at S

mN/m
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change minimally as the film is compressed, suggesting that the molecules adopt a preferred orientation
and organization already in the condensed phase domains formed immediately after spreading and
compression serves only to remove the residual gaseous phase regions. This is consistent with the

isotherms that do not show evidence of phase transitions.
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Figure 3-7 Integrated in-plane GIXD intensity for ODG on water at 5 mN/m. Proposed peaks are given relative to a
rectangular lattice of headgroups. Note that the [1,1]r and [0,2]r headgroup peaks overlap with the [1,0]h and

[0,1]h peaks of the alkyl chain lattice in a hexagonal notation.

Analysis of the distortion as a function of sin? t (tilt angle) enables extrapolation of do, the
distortion at zero tilt angle 3*!13:14%.141 ‘Thijg analysis for octadecylgallate shows a non-zero value of do at
0°, indicative of the herringbone arrangement!!'!'3 of the alkyl chains (Appendix Figure 1) which also
correlates well with the high Qxy position for the peak at 1.64 A'!. The peaks observed at Qxy 0.96 A and
1.86 A"! correspond to the [1,0]: and [1,2]: peaks, respectively, with the peaks at Qxy 1.28 A and Qxy 1.63
A being indexed as [1,1] and [0,2], where the ‘r’ subscript denotes the rectangular cell indices (Figure
3-7 for indexed peak). However, the peak at Qxy 1.86 A™! can only be fit with a full width at half (FWHM)
maximum in the Q. direction of 1.05 A™! (intensity in the Q. direction in Figure 3-8), which corresponds
to a scattering rod length of 5.4 A'%> whereas the other peaks exhibit a fwhm of 0.28 Al in better

agreement with a tilted C18 chain. In the absence of any other phases, and given the large fwhm, this
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Figure 3-8 Intensity of the peak at Qxy 1.86 A! along the Qz direction. Note that the increased noise at high Qz is an

artifact of the lower number of points (coarse scan) at high Qz (above 0.65).

reflection is proposed to be the result of an organized headgroup layer. Such an organization was proposed
based on simulations for ether-linked, mono- and di-hydroxy phenolic surfactants but not observed by
GIXD!**. Organization of the headgroup leads to the possibility that the centered rectangular herringbone
arrangement arises due to a molecular lattice with a non-equivalent headgroup orientation. If the alkyl
chains were also to be in herringbone arrangement, a corresponding strong [1,2]: peak should be observed
at the same Qxy = 1.86 A”!, but such a peak would need to be out-of-plane due to the tilting of the chain.
We cannot preclude that this peak is buried under the large width peak at 1.86 A™! (Figure 3-8) and that
the chains are also in a herringbone arrangement as might be expected given the Ao (chain area normal to
the long axis) is 19.2 A2, significantly less than the 20-21 A required for orientational disorder (the free-
rotator phase). Notably, most reports of single chain surfactants of similar length that adopt a herringbone
arrangement of the alkyl chains are for temperatures significantly below room temperature'**!*3. There is
a report of a herringbone structure at higher temperature for a longer chain length (C22) for which high
surface pressures are required'**. Therefore, if a herringbone organization of the chains is present, it must

be driven by the strong headgroup non-covalent interactions.
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Normally, the [0,1]; and [1,0]: peaks of a herringbone, centered rectangular unit cell are symmetry
forbidden!!®. In this case, a weak [1,0] peak is observed at Qxy 0.98 A (Figure 3-6), but the corresponding
[0,1]; peak predicted to be at 0.8 A™! was not observed (the full Qxy scan range was from 0.8 to 2.4 A™!),
Bohm et al.'* observed both the [1,0] and [0,1] in the case of stacked multilayers, however both AFM
and BAM exclude this possibility for our system. Thus the observance of the [1,0]; peak must derive from
form factors in this direction that are not identical due to headgroup orientations. The lack of [0,1]; either
implies that in this direction the symmetry is maintained and the form factors are still equivalent or the
crystallinity in this direction is significantly weaker. Note that the Qxy position of the [1,1]; peak of the
headgroup or molecular superlattice is commensurate with the alkyl chain peak at Qxy 1.28 A™! which

possesses a strong form factor around Q. 0 A™! and therefore cannot be explicitly identified.

Whereas herringbone higher order peaks for alkyl chains have been reported since the early 1990°s
for single chain fatty acids, molecular superlattices derived from strong headgroup organization leading
to non-free rotation of the headgroup are less common. However, the strong intermolecular hydrogen
bonding and n-stacking interactions between the gallate headgroups could be sufficient to induce ordering
in the headgroup region. Such a hydrogen bond network was previously proposed by Pascher et al.'*® in
leaflet of bilayer of sphingolipid, where the hydrogen bond network is inferred from crystal diffraction
and by Stefaniu et al.'*!!> for the sugar headgroup ordering in glycosylphosphatidylinositol monolayers.
A contributing factor here is the commensurate size of the headgroup with that of the single alkyl chain,
whereas double chain surfactants or lipids may be bulky enough to keep the headgroups far enough apart

to prevent long-range orientational order.

In order to probe the impact of head group protonation state on this network, experiments were
performed over a range of subphase pH values from 7 to 12. Increasing the subphase pH should lead to
deprotonation of the phenol and a charged headgroup which would modify the interaction between the
surfactants. At pH 7 and pH 8, no discernible changes in the isotherm or morphology were observed (data
not shown). At pH 9 the isotherm shifts to higher molecular areas and shows an increased collapse
pressure, close to 60 mN/m (Figure 3-2). There is some disagreement in the literature over the solution
pKa of gallic acid, but there is consensus that the first hydroxyl to deprotonate is the para- position at a
pKa of 8.2!%7 or 8.7!%%14 Tt is however important to note that pKa is environment dependent and that the

headgroup pKa in a monolayer can be substantially different from the solution pKa'>®. Therefore a
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modification in isotherm behavior at subphase pH 9 is in reasonable agreement with the deprotonation of
the para-hydroxyl. This discrepancy in the literature pKa values is more pronounced for the meta-
positions, with first position being ascribed three possible pKa values: 10.4!%°, 10.7'47 and 11.4'*8 and the
second meta-position deprotonation also being ascribed a pKa of 11.4'%° or 1347148 Herein, experiments
were not carried out above pH 12, but the isotherms support the idea of a progressive change in meta-
position protonation state over a pH range of 10.5-12 (Figure 3-2). As might be expected, increasing the
extent of deprotonation, and hence the headgroup charge, leads to an expansion of the film due to

electrostatic repulsion and consequent shifts to higher molecular areas.

At pH 9, BAM imaging shows a similar morphology as observed on water (Figure 3-3) however
the large domains appear more frayed at the edges (Figure 3-9); the increased repulsion brought about by
the deprotonation of the headgroup is most likely weakening the integrity of the domains. Similarly, upon

compression, the interstitial spaces never fully coalesce which may be due to the highly rigid nature of

Figure 3-9 BAM images of ODG on a pH 9 subphase taken before onset of pressure

the domains and the increased charge. By BAM, these are visible as regions between isotropic domains
that are less homogeneous and still contain small holes. AFM of deposited films (Figure 3-4b) reveals
that the large condensed phase regions themselves comprise smaller domains that have not coalesced,
evident from the observable grain boundaries and trapped holes comprising either gaseous phase or
effectively bare mica. These grain boundaries may induce sufficient flexibility of the film that deposition
can occur without the fragmentation that was observed for film transfer from water. Deposition at elevated

pressure shows that these domains can fuse with each other’s (Figure 3-10). Despite the morphological
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changes, GIXD of ODG on a pH 9 subphase shows an organization almost identical to the one found on

ultrapure water (Figure 3-6, to be discussed later).

At pH 10 and above, large changes in morphology are observed both at the air-water interface and
in deposited films. The large domains seen by BAM at lower pH values are replaced by smaller domains
that form a mesh-like structure (Figure 3-3). If compressed, they do not coalesce into a uniform condensed

phase, instead forming close-packed small domains of various shapes. AFM of films deposited at low

1.0 nm

“1.0 pm
Figure 3-10 AFM image of ODG deposited from a pH 9 subphase at 20 mN/m

pressure (Figure 3-4c) shows small (< 4 microns) distinct domains separated by small regions of gas
phase. This, combined with the BAM and AFM image at higher pressure (Figure 3-11), indicate that the

domains do not fuse even when compressed.
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Despite very different morphologies, the isotherms for ODG on pH 9 and pH 10 subphases are very

g B

Figure 3-11 AFM image of ODG deposited from a pH 10 subphase at 20 mN/m.

similar. The change in subphase pH is concomitant with a 10-fold change in ionic strength (from 10° M
to 10* M). To investigate this, NaCl was added to a pH 9 subphase such that the concentration of Na*
ions was the same as for the pH subphase (Appendix Figure 2). The isotherm obtained are again similar,
but the film morphology resembles that obtained on pH 9 (data not shown), confirming it is the pH
changes that alter the morphology not the ionic strength.

The GIXD measurements yield almost identical lattice parameters for water, pH 9 and pH 10
subphases (Table 3.1). Therefore, the morphological changes seen by BAM and AFM do not originate
from a modification of the surfactant organization and may result from the increase in charge of the
domains themselves. As the headgroup become deprotonated the domains will also experience greater
inter-domain charge repulsion producing smaller domains that repel hindering coalescence and favoring
small domains!*"*!32, Given the similarity of the isotherms and the Qyy values from GIXD, small domains
at subphase pH 10 must generate the same area coverage of the surface as the larger domains at pH 9.
Assuming the para- hydroxyl position is the first hydroxyl to deprotonate, as is the case in solution'* for

gallic acid, this could potentially have less impact on a hydrogen bond network that exists between the
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neighboring surfactant meta-hydroxyls. This would suggests that the meta-positions do not begin to

deprotonate until pH> 10.

The BAM morphology comprising chains of small domains persists at pH 11 and becomes more
pronounced. The isotherm shifts to significantly higher molecular areas. Unlike at pH 10, increasing the
pressure leads to a uniform condensed phase in BAM imaging (Figure 3-3¢). However, AFM (Figure 3-
4e and 3.4g) reveals a very different internal domain morphology compared to pH 10 (Figure 3-4c). The
domains seen by BAM at 0 mN/m are actually composed of small dendritic, snowflake-like features with
many branches that continuously split. Grooves are apparent within the dendritic arms (Figure 3-4g) and
have a nominal depth of 0.2 nm, although given their width this may be tip-limited and thus inaccurate.
Typically, the observation of dendritic features coincides with domain formation and growth at a LE-C
phase transition plateau'>® which can relax into circular domain given enough time'>*. Similarly, changing
the relative contributions of highly orienting, directional non-covalent interactions (via changing the pH'>
or temperature!>%) versus line tension also impacts dendrimer formation. Careful examination of Figure
3-4g reveals multiple co-existing phases, the region surrounding the dendrites comprises two phases. The
height difference between the dendrites and the lowest phase is approximately 1.0 nm while the
intermediate phase displays a height difference to the lowest phase of 0.7 nm. Periodic holes within the
lowest phase confirm that this is not the mica substrate (Figure 3-12a). It would appear that two different
condensed phases are formed and that these co-exist with a liquid-expanded phase. In agreement with
BAM imaging, the AFM of a film deposited at 20 mN/m (Figure 3-12b) shows that the coexistence

persists over the timescale of an isotherm, although the phases does begin to coalesce.
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Figure 3-13 a) AFM image of ODG deposited from pH 11 subphase at 1 mN/m, hole in deepest layer circled in blue,
approximate depth of 0.9 nm b) AFM image of ODG deposited from pH 11 subphase at 20 mN/m.

The co-existence of multiple phases was studied using GIXD. The diffraction pattern for ODG on
a pH 11 subphase shows peaks associated with multiple diffraction patterns. One set of peaks appears at
the same approximate positions as observed at the lower pH values (peaks at Qxy 1.28 A1, 1.64 A and
1.86 A1), although the peaks are significantly weaker. Additionally, the data shows the appearance of a
new set of peaks (Figure 3-5¢) corresponding to a phase with a lower tilt angle (peaks at Qxy 1.35 A"l and

1.46 A™) that yield the unit cell parameters listed in Table 3.1 for the 60 minutes relaxation time (note
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Figure 3-12 Surface pressure-molecular area isotherm of ODG at pH 11 with and without additional relaxation.
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that the unit cell is non-herringbone and centred rectangular). The co-existence of two phases was
observed both at low (1 mN/m) and high (20 mN/m) pressures. Notably, the height difference between
the two condensed phases obtained by AFM was 0.3 nm which corresponds well to the estimated height
difference for chains tilted at 40° and 33°.

Before pressure
Before pressure

After pressure
After pressure

A

Figure 3-14 BAM and AFM of ODG after 60 minutes relaxation time at subphase pH 10.5 a), b) (size of 10 pm,
deposition at 1 mN/m) and pH 11 c), d) (size of 5 pm, deposition at 1 mN/m).
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According to the Gibbs phase rule, in a one component system, multiple thermodynamically stable
phases can theoretically only coexist at phase transitions but not over broad ranges of surface pressures.
In practice, the phase transition can be broader than a single surface pressure as the compression speed
renders the film not at thermodynamic equilibrium. However such coexistence over broad ranges of
surface pressures could be due to a slow rearrangement of the surfactant due to the increase in pH or
separation into two phases, one rich in the deprotonated component and one rich in the protonated
component. To test this, the film was allowed to relax for 60 minutes prior to compression. This shows a
complete loss of the peaks associated with the higher tilt angle phase (Qxy 1.28 A and 1.64 A™!) and an
increased intensity for the lower tilt angle phase (Figure 3-5d). This relaxation of the film also induces a
change in the isotherm to higher molecular areas (Figure 3-13). Film relaxation also alters the morphology
observed by BAM with rounder, larger domains that never fully coalesce (as indicated by the residual
holes at high pressure, Figure 3-14), hence the shift to larger average molecular areas, despite a lower tilt
angle. In agreement with GIXD, AFM (Figure 3-14d) confirms that relaxation yields a film comprising
only two distinct heights, attributed to a single condensed phase with surrounding low density region
(gaseous phase). These results confirm that the multiple phases arise from slow kinetics rather than

impurities.

Hossain ef al. saw similar dendritic features by BAM for a monolayer of di-n-dodecyl hydrogen
phosphate which, upon relaxation at constant pressure, relaxed into circular shaped domains'>*. In our
case the dendritic phase is the less tilted (higher) phase and appears to grow initially at the expense of the
more tilted (lower) phase. This less tilted phase exhibits a fast initial dendritic growth that is not kinetically
stable and thus, as the film relaxes, the dendrites re-organize to form more rounded domains, highlighting
the competition between directional growth due to strong intermolecular interactions and line tension.
Notably, the phase that emerges upon relaxation of the film no longer exhibits the high crystallinity or the
herringbone packing observed at lower pH values (Figure 3-5a and d). Keeping in mind that the pKa for
the second deprotonation in the meta-position has been reported to be in the range of 10.4 to 11.4 and
assuming the para-hydroxyls to already be majority deprotonated'*, these changes are likely attributable
to a second deprotonation, i.e. deprotonation of one of the meta-hydroxy groups. Given the film is spread
from chloroform into a highly aggregated state (at high molecular areas) onto a subphase of high pH, one

has to assume a component of the kinetics is the rate of deprotonation which would require disrupting
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existing strong interactions, keeping in mind that in a condensed film, the gallate cannot be considered in
dilute solution. The second component that must be considered is a potential re-organization from the
deprotonation in the para- and meta- positions to deprotonation at both meta-positions which would limit
the internal charge repulsion and alter the headgroup dipole. The former (para-/meta-deprotonated) has
a strong headgroup dipole which could have a preferred growth direction and could explain the dendritic
growth pattern, while the latter (meta-/meta-deprotonated) has no net headgroup dipole (parallel to the
surface) thus could result in the line-tension dominated, circular domains. Transfer from one phase to
another must occur via dissolution from the domain edges into an intermediate liquid-expanded phase as
observed by AFM, a process similar to the concept of Ostwald ripening or solution mediated polymorphic

phase transformation.

In order to probe this pH-induced transition, an intermediate pH value of 10.5 was also studied
and also show the time-dependent reorganization. Branching and spiral patterns are visible by BAM and
AFM (Figure 3-14a and b) supporting the proposed second deprotonation around this pH. If the film is
compressed with minimal wait time, the domains clearly coalesce into long, highly oriented, striated
regions (Figure 3-3d). Compression after longer relaxation time (Figure 3-14a) generates a greater
coverage in uniform condensed phase although areas resembling the smaller domains observed for pH 10
persist. AFM imaging (Figure 3-4d) also shows a highly striated film, albeit on a completely different
length scale. The observed crevasses are of varying length and average 0.4 nm deep, although again, this
depth measurement is likely tip-limited due to their small lateral size. Clearly, strong orienting headgroup
interactions dominate over line tension in defining the domain shape. The lack of coalescence of these
long domains is likely due to increase repulsion between surfactant domains'>!. The lower proportion of
di-deprotonated headgroups mixed with the mono-deprotonated would then generate elongated, strand-
like domains even after relaxation (Figure 3-14b). This also demonstrates that the changes observed at pH
11 with long relaxation times are not due to the small change in pH from CO: absorption, which will
lower the pH, since longer relaxation times at pH 11 lead to rounder domains, not long striated ones. The
proposed deprotonation states and associated molecular re-organizations, both within the molecule and

within the film, leading to this phase behaviour are under investigation using computational methods.

At pH 12, multiple small bright domains are visible by BAM (Figure 3-3f) although there does

not appear to be chains of domains forming. Notably the contrast between the domains and the continuous
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matrix is significantly reduced. As the pressure increases this background gets brighter until it is the same
brightness as the small circles and the morphology become homogenous. AFM reveals that the domains
seen by BAM are regions of higher density of condensed phase, these are also dendritic in appearance,
especially at the edges, but they are visibly distinct from those seen at pH 11. These are surrounded by
regions of small nanodomains co-existing with gas phase, hence the similarity in optical properties seen
by BAM to the domains. As the pressure increases the visible holes, which are trapped remnants of gas
phase, are eventually excluded as the film fully coalesces, leading to full loss of contrast in BAM. GIXD
measurements indicate that only the lower tilt angle phase (seen at pH 11 with long relaxation time) is
formed with no evidence of the higher tilt angle phase or headgroup ordering (data not shown). The
structure is not included in Table 3.1 because the peaks, although evident, are too weak to be fit accurately.
Given the amount of condensed phase found by AFM imaging, the weaker peaks must be attributed to
extremely low correlation lengths. The presence of only one phase (low tilt angle) indicates that at higher
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——ODG, pH 9
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Figure 3-15 Compressibility modulus of ODG as a function of subphase pH.

pH, the rate of deprotonation and kinetic re-arrangements increases. Time dependent studies were
performed but show no change to the morphology or structure indicating that this polymorph is stable for

relaxation times up to 12 hours.
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The impact of pH on the film properties is clearly mapped in the compressibility modulus as a
function of pH (Figure 3-15). Three distinct regimes are observed that, according to our proposed model,
would correlate with (i) predominantly protonated and mono-deprotonated (water, pH 9, pH 10), (ii)
mixed mono- and di-deprotonated (pH 10.5, pH 11) and (iii) predominantly di-deprotonated (pH 12)
headgroups. The first two regimes correspond in compressibility moduli to condensed phases'**!%7, (Co>
200 mN/m in all cases), however as the charge repulsion of domains increases and hinders full

coalescence, the compressibility modulus decreases.
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Figure 3-16 Surface pressure-molecular area isotherms of lauryl gallate as a function of subphase.

In order to determine the effect of chain length on the pH induced phase behaviour, a shorter
analogue, lauryl gallate, was studied. Lauryl gallate films on ultrapure water exhibit an isotherm typical
of a liquid-expanded phase (Figure 3-16) with a critical area for pressure onset at 55 A?/molecule. It
remains in this phase until film collapse at 20 A%/molecule and 47 mN/m. This collapse area is larger than
that of ODG, but not significantly, suggesting there may be some solubility of lauryl gallate in the
subphase which has been reported for surfactants with a C12 alkyl chain'*®. AFM measurements of films
deposited by the Langmuir-Blodgett method on mica, confirm a single phase with a flat, featureless
surface (data not shown). As a result, the headgroups should not be in such close proximity as observed

with octadecyl gallate. In contrast to ODG for which the headgroup deprotonation at pH 9 induces a shift
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of the isotherm, there is no significant change in molecular area for lauryl gallate at pH 9 compared to
ultrapure water (Figure 3-16). Similarly, the addition of 0.1 M NaCl has no impact on the widely spaced
headgroups whereas with the close-packed ODG, insertion of the counterion into the headgroup region
expanded the film (Figure 3-16 and Appendix Figure 2). The first significant change in the isotherm area
occurs at pH 10 (for ODG the first noticeable shift was observed at pH 9). This may result from one of
two factors, either the greater headgroup spacing enables water and counterion screening of the charge on
the para-hydroxy and weakens the electrostatic repulsion or there is a difference in the first pKa due to
the differences in phase. Notably, the isotherm shifts to smaller molecular areas in contrast to ODG which
exhibited a shift to higher molecular areas with increasing pH. In this case, deprotonating the para-
position generates an ion-dipole interaction which is strong enough to bring the molecules closer together,

whereas in ODG the charge repulsion in an already close-packed system generates an increase in

molecular area.
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Figure 3-17 Compressibility modulus of lauryl gallate as a function of subphase, NaCl was added to increase the

ionic strength of the subphase to be equivalent to subphase of higher pH.

At pH 11, there is a larger shift to smaller molecular areas, this time accompanied by a change in
isotherm shape; it would be expected that the isotherm exhibits a change in compressibility modulus'*
corresponding to a condensed phase, however, there is no apparent change when compared to a film on
ultrapure water (Figure 3-17). Given the molecular area values are lower than what can be reasonably

expected for a single alkyl chain'> this suggests that the films is not a true insoluble monolayer and that
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at this pH, solubility becomes a significant factor, which is reflecting in the compressibility modulus
remaining that of a liquid expanded phase despite the low apparent molecular area. To counter the effect
of solubility, the subphase salt concentration and ionic strength was increased to reduce the surfactant
dissolution'®’. Figure 3-18 shows the isotherms for lauryl gallate at pH 11 with sufficient NaCl to bring
the ionic strength equivalent to that of the subphase adjusted to pH 12 (0.01 M) and 13 (0.1 M) with
NaOH. These isotherms result in a clear increase in compressibility modulus which is highest for pH 11
with 0.01 M NaCl. This supports the idea that the ion-dipole headgroup interactions are, at this pH,
bringing the headgroups closer together, since the addition of counterions into the headgroup region

expands the film'®!.
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Figure 3-18 Surface pressure-molecular area isotherm of lauryl gallate on pH 11 subphase with ionic strength of

higher pH adjusted with NaCl

Despite the condensing effects noted, no discernible features were observed using BAM (data not
shown). To ascertain whether or not a condensed phase is formed, the monolayer was deposited by
Langmuir-Blodgettry onto mica at 1 mN/m for characterization using AFM (Figure 3-19). Unlike the
deposition at neutral pH, the film is not homogeneous but rather exhibits a large number of small holes
with an average depth of 0.5 nm and diameter of only a few nanometers. It is not clear if the holes are

present at the air-water interface or if they are induced by the transfer as these features are too small to be
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observed by BAM. Transferring the monolayer at higher pressure, 30 mN/m, leads to a smooth surface

(data not shown).

Isotherms on a pH 12 subphase show a critical area intermediate between that on water and on a pH 11
subphase (Figure 3-16). As was seen at pH 11 and high salt concentrations, the ionic strength of pH 12
(0.01 M NaOH) will limit the solubility of the surfactant; this reduction in solubility accounts for the
difference in isotherms between pH 11 and 12. This is reinforced by AFM imaging of a film deposited
from a pH 12 subphase which shows a topology very similar to those seen at pH 11 (Figure 3-19).

3.5. Conclusions

Figure 3-19. AFM image of lauryl gallate deposited from pH 11 subphase at 1 mN/m.

The air-water behavior of monolayer comprising a phenolic surfactant was investigated as a
function of subphase pH and chain length. ODG on all subphases up to pH 10 exhibits evidence of strong
headgroup ordering both in morphology (high aggregation at high molecular areas) and structure, as
revealed by GIXD measurements. For the latter, additional peaks were attributed to a molecular
superlattice which exhibits herringbone packing of the headgroups but not necessarily the alkyl chains.
Initial deprotonation, presumed to be the para-position, has no impact on the intermolecular organization
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and structure but does impact morphology as revealed by BAM and AFM. As domain acquire a greater
charge, they becomes smaller and resist coalescence due to inter-domain electrostatic repulsion. At high
pH, a second deprotonation is presumed to occur since stronger impacts on morphology, structure and
relaxation time are observed. Due to the slow kinetics of re-organization, multiple phases are observed to
co-exist over a broad range of surface pressures. This has been attributed to the kinetics of deprotonation
in a condensed phase and possible internal re-distribution of the internal charges on the headgroup. The
generation of a strong headgroup dipole favors highly directional growth in films containing the proposed
di-deprotonated headgroup, at the expense of line tension. Moreover, the greater charge promotes the loss
of the molecular superlattice organization seen at lower pH in favor of a very different unit cell that does
not show signs of herringbone packing. To our knowledge, the impact of strong orientational ordering of
headgroups has not previously been shown to affect the kinetics of deprotonation and resulting phase
behavior in Langmuir monolayers. Notably, the hindrance of deprotonation due to the crystalline
headgroup region, leads to an unusual condensed phase growth mechanism in which the kinetics of the
system leads to the formation of a liquid phase as an intermediate in the transition from one condensed
phase to another. This is in effect a 2D analogy to the transformation between different polymorphs in the
presence of a mother liquor, except that in this case the mother liquor is not a solute and solvent but rather

a liquid form of the same material.

In contrast to ODG, initial deprotonation of the para-hydroxyl of lauryl gallate, which forms a
liquid-expanded phase on water due to the decreased van der Waals interactions, leads to a film
contraction due to the increase in headgroup interaction strength, brought about due to the replacement of
dipole-dipole interaction with stronger ion dipole. This demonstrates how the same modification,
deprotonation, can have very different impacts on a monolayer depending on the monolayer phase. The
ability to use subphase pH and chain length to finely tune the intermolecular interactions, headgroup
dipole moments and line tension provides the means to easily access a variety of domain morphologies
even while keeping the internal structure the same. Understanding interplay of such thermodynamically
and kinetically-driven processes will guide the design of new building blocks for functional surface

coatings and self-assembled structures.
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Chapter 4. w-Thiolation of phenolic surfactants enables controlled
conversion between extended, bolaform and multilayer

conformations

4.1. Abstract

The self-assembly of w-thiolated surfactants onto gold is a well-studied phenomenon, however
control over the final organization within the thin films is either limited or requires extensive pre- and
post-deposition chemical modifications. Langmuir-Blodgett deposition from the air-water interfaces
affords a high degree of control over lateral organization within the film, yet it is generally employed to
create physisorbed, soft matter films. Despite this, relatively little is known about the impact of the w-
thiolation on the air-water monolayer organization. Here we show that the introduction of a terminal
hydrophilic thiol on a phenolic surfactant does not necessarily disrupt a highly organized film nor does it
necessarily induce a bolaform conformation at the interface. We show that the relative proportions of
different conformations can be controlled using pH, relaxation time, surface pressure and combinations
thereof. Moreover, at high pH, the system undergoes a monolayer-to-multilayer transition wherein well-
defined multilayer structures and morphologies are generated. These multilayers appear to comprise a
single bolaform conformation atop an extended chain condensed phase. We demonstrate that these
structures can be transferred using Langmuir-Blodgett deposition demonstrating that combining these two
approaches has the potential to achieve greater control over the functional properties of robust,

chemisorbed films.

4.2. Introduction

Phenols are the dominant functional moiety of the class of natural compounds called tannins which
can bind histidine-'® and proline-rich proteins and chelate metals®>. Combining the phenol functionality
into a building block for thin film self-assembly provides a route to conferring this functionality to a solid

23,164

surface for biosensing!®?, antifouling'®’, metal binding?*'%*, membrane binding®> and oil repellant'®’

applications. However, protein binding requires insertion of the histidine or proline residue’ between the
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phenols moiety, hence the strength and specificity of such binding is dependent on the distance between
the phenols, which must therefore be carefully controlled. Thus, while self-assembled monolayers using
thiol-functionalized molecules that chemisorb to gold surfaces®, provides a facile fabrication route and
highly reproducible films, generating a homogeneous surface coverage with a high degree of control over
lateral spacing is challenging. One approach is to simply change the terminal functional group of a thiolate
bearing surfactant to a larger functional group which then defines the lateral spacing®® and which can later
be functionalized. However, this does not necessarily provide the means to generate a homogenously
spaced, low-density film required for an analyte such as a proteins to bind. Such a film can be achieved

by self-assembling a surfactant with a removable spacer!¢%!67

, wherein this moiety controls the lateral
spacing upon chemisorption and can be subsequently cleaved in mild conditions leaving behind a smaller
functional group. However, generating the terminal phenol then requires an additional step of chemical
modification. In this work, we investigate the possibility of pre-organising thiol-terminated phenol
surfactants at the air-water interface and their subsequent deposition by Langmuir-Blodgettry as a means

to control the lateral spacing in the film®’.

Surfactants can be spread at the air-water interface at molecular areas that correspond to a
monomolecular films'®®. The film is then compressed to alter the organization and lateral spacing between
the surfactants. This method introduces multiple variables that can influence the lateral spacing within the
film, including surface pressure!®, subphase pH!”’, temperature*® and subphase composition'’!. Our
previous work showed that the lateral organization, on both the microscopic (domain morphology) and
nanoscopic (surfactant organization within domains), can be modified in films comprising non-o-
thiolated phenolic surfactants by varying the subphase pH, wherein headgroup protonation state alters the

intermolecular interactions'”2.

]
HO O/\M?SH
HO
OH

Figure 4-1 18-mercaptooctadecyl 3,4,5-trihydroxy benzoate (w-thiolated octa-decylgallate or ODG SH).
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Despite the wealth of literature on both self-assembly of thiolated surfactants on gold and Langmuir-
Blodgett (LB) depositions of non-thiolated surfactants (reviewed, for example by Matharu et al.!”®), there
are relatively few studies reporting the Langmuir monolayer behaviour of o-functionalized
surfactants®**7%° Herein, we investigate the impact of adding an w-thiolation of octadecylgallate to form
18-mercaptooctadecyl 3,4,5-trihydroxy benzoate, (ODG SH, figure 4-1) on its Langmuir monolayer

behaviour and its subsequent deposition onto gold substrates.

4.3. Materials and methods

Materials. 18-mercaptooctadecyl 3,4,5-trihydroxy benzoate (ODG SH) was synthesized as
reported in the supplemental information. Ultrapure water (resistivity of 18.2 M{/cm) was obtained from
an EasyPure II LF system (Barnstead, Dubuque IA). The spreading solutions were prepared using
chloroform (HPLC grade, trace of ethanol as preservative) from Fisher Scientific Company. Mica (grade
V1) used in the AFM deposition was purchased from Ted Pella Inc. and freshly cleaved before each
measurement. Gold substrates were purchased from evaporated metal films (Ithaca, New York) product
# TA134 with thickness of 100 nm, with a titanium binding layer of 5 nm. These were cut into slices of
approximatively 1 cm by 2.5 cm. Prior to deposition these were cleaned using a UVO-cleaner model 342
(Irvine, California) for 15 minutes. The slides used for air-water deposition were then left in ethanol for
1 hour to be chemically reduced®’ and become hydrophobic. Slides were re-used by removing the
monolayer using 0.5 M NaBH4 (Fisher chemical) in 1:1 ethanol:water! ™ and cleaned by ozone for 1 hour.
Templated stripped gold was made by depositing 100 nm of gold onto a silicon wafer and glued to a glass
slide using UV activated glue (Norlan optical adhesive). The slides were treated the same as the purchased

slides for air-water deposition purposes (15 minutes ozone clean, 1 hour in ethanol) but were not re-used.

Isotherm measurements. Monolayers were spread from a chloroform spreading solution (1 to
1.5 mM) on two different types of subphases: ultrapure water (pH = 5.5 at 25 °C) and ultrapure water that
was adjusted to higher pH using NaOH. Surface pressure-area isotherms were obtained on Langmuir film
balances (Nima Technology Ltd., Conventry, U.K.) at room temperature with a compression speed of 5
cm?/min (equivalent to between 3 to 7 A%*molecule * minutes depending on spreading solution

concentration). Two different Langmuir film balances were used, one with dimensions of 5 cm by 35 cm
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and one with dimensions of 7 cm by 15 cm for Brewster angle microscopy and ellipsometry
measurements. Surface pressure measurements were made using a filter paper Wilhelmy plate (Whatman
No. 1 paper). Monolayers were given 10 minutes for film relaxation prior to compression, unless stated
otherwise. Monolayers were transferred at a constant surface pressure onto mica (physisorbed) or gold
(chemisorbed) on the upstroke using the Langmuir-Blodgett (LB) technique with a dipping speed of 1

mm/min. All transfer ratios were always close to 1 for the mica deposition.

Brewster Angle Microscopy (BAM). Brewster angle microscopy was carried out with an I-
Elli2000 imaging ellipsometer (Nanofilm Technologies GmbH, Gottingen, Germany) equipped with a 50
mW Nd:YAG laser (A = 532 nm). All experiments were performed using a 20x magnification with a
lateral resolution of 1 um. BAM experiments were performed at an incident angle of 53.15° (Brewster

angle of water) and a laser output of 50% (analyzer, compensator and polarizer were all set to 0).

Ellipsometry. Ellipsometric measurements at the air—water interface were carried out at an
incident angle of 50.00° and a laser output of 100%, with the compensator set to 20.00°. The reported
measurements are an average of 10 measurements each taken at a different location on the same film and
is consistent for multiple samples. The ellipsometric isotherm is reported in terms of dA, which is
independent of the optical model. dA is defined as the difference between the ellipsometric angle A of the
film on the subphase and the subphase alone (0A=Afilm—Asubphase). The reference, 0, is pure subphase
before the film is spread. The measurements were taken at constant surface pressure. Ellipsometric
measurements of films deposited onto gold were carried out at an angle of 65.00° and laser output of 1%,
with the compensator set to 45.00°. The optical properties (n and k) of each gold substrate were
determined using ellipsometry prior to deposition. The refractive index of the monolayer was set at 1.45%.
Each set of deposition conditions was performed in triplicate, with 5 measurements per deposition at

different locations.

Atomic Force Microscopy (AFM). A Nanoscope Illa (Digital Instruments, Santa Barbara, CA)
was used to capture AFM images in air at room temperature using tapping mode at a scan rate of 1 Hz
using etched silicon cantilevers frequency of ~300 kHz, a nominal spring constant of 20-80 N/m and tip

radius of < 10 nm. An oscillation operating at amplitude of 175 mV and medium damping (~25%) were
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employed for these measurements. All AFM images are for films deposited onto mica unless otherwise

indicated.

Grazing Incidence X-Ray Diffraction (GIXD). The GIXD experiments were performed at
beamline 15-ID-C ChemMatCARS at the Advanced Photon Source (APS) in Argonne National
Laboratory with the following parameters: X-ray beam wavelength of 1.239 A, incidence angle of
0.09061°, horizontal size of 20 mm, and vertical size of 120 mm, leading to a beam footprint of 20 mm
by 7.6 cm. The detector used was the two-dimensional Swiss Light source PILATUS 100K set to single-
photon counting mode. Two sets of slits, one placed in front of the detector and the other placed 280.0
mm from the sample, were used to minimize intense low-angle scattering. Experiments were performed
at the air/water interface of a 340 cm? Langmuir trough, where the monolayer was spread and then
compressed at rates of 2 and 5 cm?/min (equivalent to 0.5 and 1.3 A%/molecule min respectively) using a
mobile barrier. The measured GIXD data was plotted as contour plots of the intensity as a function of
both the horizontal (Qxy) and the vertical (Q) scattering vector components. The lattice spacing dnk was
obtained from the in-plane diffraction data as dhk=2n/q;‘1;, where the Miller indices h and k were used to
index the Bragg peaks needed to calculate the unit cell parameters for the in-plane lattice'!"'3°. Raw data
was extracted and patched using software developed by Wei Bu, beamline scientist at ChemMatCARS.
The Bragg rods and peaks were fitted with Gaussian and Lorentzian function, respectively, using Origin

lab graphing and analysis software.
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4.4. Results and discussion
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Figure 4-2 a) Isotherm of ODG SH on various subphase conditions with different relaxation times (indicated).
Ellipsometric measurements at the air-water interface (blue points) along with isotherms in red, for b) ODG SH on
water 10 min relaxation time, ¢) ODG SH on water, 60 min d) ODG SH on pH 11 subphase with 10 min relaxation

time.

Isotherms for ODG SH under various pH conditions are shown in Figure 4-2a. On an ultrapure
water subphase (pH 5.5, red line), with a standard relaxation time of 10 minutes prior to compression,
ODG SH exhibits a critical area of 45 A?/molecule that is significantly larger than the critical area of
26 A?/molecule obtained for the non-thiolated (methyl-terminated) octadecylgallate (ODG, blue line).
The large increase in molecular area is much greater than what might be expected simply due to the
substitution of the methyl with a thiol, which are of similar sizes. A possible explanation for the large

increase in critical area is that the molecule adopts a bola conformation'’> wherein the chain bends over
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such that the thiol acts as a secondary headgroup (sometimes referred to as U-shaped). However, this
conformation would be expected to have an even larger molecular area. For example, Lahann et al.'®’
used computational methods to estimate the areas required to generate a bent conformation of
mercaptohexadecanoic acid self-assembled monolayers. They found that 0.65 nm? generated an optimal
balance between the area requirements for bending and maximizing hydrophobic interactions between the
chains. Given the critical area lies between the proposed areas for bent chains of similar lengths and the
extended chain of ODG, this may indicate the co-existence of both the bola and extended conformations.
However, phase co-existence should not be thermodynamically favorable over a broad range of surface
pressures for a single component system. The isotherms appear to converge in area at high compression

states, prior to collapse of the w-thiolated surfactant suggesting a compression-induced transformation

from a bola to an extended conformation.

To probe the possibility of the coexistence of, and transformation between, kinetically and
thermodynamically favoured phases, the monolayer was left to relax for 60 minutes prior to compression
(pink line, figure 4-2a). This leads to an even greater critical area of 60 A%/molecule, almost triple that of
the methyl-terminated surfactant. This would suggest that immediately upon spreading, the molecule
initially adopts an extended formation, with the thiol oriented towards the air, but that this organization is
only metastable, with a conversion to a bent, bola conformation, i.e. with both functional groups
contacting the water, occurring over time. Additionally, after the longer relaxation period, the isotherm
clearly exhibits a phase transition plateau around surface pressure ~10 mN/m. Such a plateau is usually

176 Beyond this plateau, the area approaches

associated with a first-order phase change in the monolayer
the molecular areas obtained upon compression 10 minutes after spreading and the areas of the methyl-
terminated surfactant, suggesting that compression of the film forces a return to an extended conformation
as these areas are too small for the bola conformation. Upon closer examination of the isotherms with
only 10 minutes relaxation time, a small kink in the isotherm can be discerned at 10 mN/m. The ODG SH
monolayers all collapse at a lower surface pressures, around 40 mN/m, compared to the collapse pressure
of approximately 55 mN/m for the methylated version, regardless of relaxation time. This is most likely

due to the increase solubility brought about by the addition of the w- hydrophilic thiol group!”’.
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Figure 4-3 BAM images of ODG SH at below (left) and above (right) the plateau: a-b) water, 10 minutes relaxation
time, S and 20 mN/m c-d) water, 60 minutes relaxation time, 5 and 25 mN/m e-f) pH 9, 10 minutes relaxation time, 1

and 12 mN/m g-h) pH 10, 10 minutes relaxation time, 8 and 11 mN/m. Note that the contrast was enhanced for c) and

g

BAM imaging was used to further elucidate the nature of the plateau. Representative images of
ODG SH on a water subphase with either a 10 minutes or 60 minutes relaxation time at surface pressures
above and below the plateau pressure are shown in Figure 4-3 a) and b). For the film with a short relaxation
time, large domains with a mosaic texture (Figure 4-3a) are observed at both low and high surface
pressures, attributed to a condensed phase formed by extended chains. Increasing the relaxation time
(Figure 4-3b) lead to a surface bereft of mosaic domains at low surface pressure (5 mN/m). There is
evidence of small bright domains which are not sufficiently large to observe the internal anisotropy, if
present. Compressing the film into the plateau, leads to the recovery of the mosaic texture. Assuming the
mosaic texture to be associated with the extended form, this provides further evidence that an extended-
to-bola transformation takes place over time at high molecular areas but the reverse bola-to-extended
transformation can be induced with compression via a first order phase transition. Such a bent-to-extended
transition has been reported in the literature for the similar length 1,18-octadecanedicarboxylic acid!”®

and longer bola amphiphiles'”.

Such a phase transition should be evident from monolayer thickness changes over the course of
the isotherm which can be evaluated using ellipsometry. These measurements do not directly measure the
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thickness of the monolayer but rather measure the change in ellipsometric angles which can be correlated
to relative changes in optical properties including optical thickness'”®. The ellipsometric isotherms are
presented in figures 4-2b and ¢ and show that the monolayer with minimal relaxation time exhibits a large
initial increase in the ellipsometric angle A (which is directly correlated to the thickness, assuming ¥ to
be constant) once the critical area is reached, after which further compression yields only a modest
increase in OA. It is important to note that the laser footprint is much larger than the domains at the air-
water interface, thus the 0A represents an average over the surface. A phase coexistence of condensed
phase domains dispersed within a thinner matrix (gas or liquid-expanded phase) will lead to a film
thickness that is not representative of the domain thickness, especially at low surface pressures and the
modest increase in A may reflect a reduction of the proportion of gas phase present at the surface instead

of, or in addition to, a film thickness increase.

5.0 nm

Figure 4-4 AFM images of ODG SH deposited onto mica at 5 mN/m with variations in subphase, relaxation time and

image size: a) Water, 10 min, 5 pm, b) Water, 60 min, 5 pm, ¢) pH 9, 10 min, 5 pm, d) pH 9, 60 min, 20 pm.
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2.5nm

3.0 -‘
Figure 4-5 AFM image of ODG SH deposited onto mica from an ultrapure water subphase at a surface pressure of 20

mN/m after 10 minutes relaxation time.

AFM imaging of a LB film deposited on mica at 5 mN/m from a water subphase (Figure 4-4a)
confirms a co-existence of condensed phase domains within a matrix which is 0.94 + 0.18 nm lower in
height. Deposition of this monolayer at higher surface pressure (20 mN/m, figure 4-5) shows a uniform
surface corresponding to a full coalescence of the condensed phase domains and exclusion of any residual
gas or liquid phase. Referring to the ellipsometric isotherm, by 20 mN/m the thickness of the film no
longer increases significantly, supporting the conclusion that the increase in A observed results from
exclusion of the thinner phase. In contrast, the ellipsometric measurements for the film with the longer,
60 minutes, relaxation time (Figure 4-2c) shows a more modest initial A and a gradual increase in 5A

with compression. At higher surface pressures similar values of A are reached with both monolayers,

Table 4-1Alkyl chain unit cell parameters derived from GIXD for ODG SH at room temperature on various subphase,
where a, b, y are the unit cell dimensions based on rectangular nomenclature, t is the tilt angle relative to normal, ¥ is the
tilt direction relative to the unit cell and approximate thickness is the thickness estimated from the tilt angle and length of

full extended surfactant.

Water
Pressure (mN/m) a(A) b (A) v (©) t(°) ¥ Approximate thickness (nm)
1 7.60 6.35 90 39 NN 24
20 7.58 6.37 90 39 NN 2.4

pH 10 subphase
5 7.58 6.37 90 39 NN 2.4

15 8.31 4.84 90 15 NN 3.0
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indicating that the final thickness achieved is the same regardless of relaxation time, consistent with an
extended conformation at high surface pressures. AFM deposition for the latter film at low surface
pressures (below the plateau) also shows a co-existence of condensed phase domains (Figure 4-4b) but
the domain edges are more frayed and less rounded, consistent with the proposal that edge molecules

convert to bola form (the surrounding matrix).
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Figure 4-6 GIXD contour plots of the diffracted X-ray intensity as a function of the in-plane (Qxy) and out-of-plane
(Qz) vector components for ODG SH: a) water, 1 mN/m, b) water, 20 mN/m, c¢) pH 10, 5 mN/m, d) pH 10, 15 mN/m.

GIXD provides information about the lateral structure of the condensed phase formed. A GIXD
contour plot of the diffracted intensity as a function of the in-plane (Qxy) and out-of-plane (Q,)
components of the scattering vector for ODG SH on water is show in Figure 4-6a with the corresponding
unit cell parameters in Table 4.1. The peak positions (Appendix Table 2) and hence unit cell are identical
within experimental error to those reported previously for the methyl-terminated ODG surfactant'’?. We

note in particular the presence of a peak at Qxy of 1.86 A™! that we previously attributed to a supermolecular
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lattice unit cell due to headgroup ordering. This not only confirms that the condensed phase observed by
BAM and AFM corresponds to the extended conformation, additionally the presence of the w-thiol has
no impact on the organisation of the surfactants when they are extended. This highlights the strength of
the non-covalent interactions between the headgroups which dominates the organization leading to a
supermolecular lattice in addition to an alkyl chain lattice wherein even the addition of the ®-thiol does

not disrupt this organization.

Deposition of the thiol was achieved both using self-assembly and LB deposition from the air-
water interface. The self-assembled monolayers (SAMs) of ODG SH exhibit a post-wash thickness of
3.81 £ 0.16 nm as determined by ellipsometry. This is thicker than the length of the fully extended
surfactant (3.1 nm), indicating partial multilayer formation. Visualization of the surface using imaging
ellipsometry did not reveal any features (data not shown), therefore any form of multilayer must be

homogeneously distributed across the sample, at least on the micron scale.
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Figure 4-7 Deposition thicknesses obtained by ellipsometric measurement of ODG SH transferred onto gold substrate

using LB deposition from the air-water interface as a function of deposition pressure for different pH subphases
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The LB deposition onto gold from the air-water interface was carried out on the upstroke, with the
gold surface being in an hydrophobic state®!. The lack of observable meniscus and generation of a robust
film that does not wash away, as is the case with methyl-terminated surfactant, support a chemisorption
of the thiol to the gold even in an upstroke deposition. The average film thicknesses obtained for films
deposited from the air-water interface are presented as a function of surface pressure in Figure 4-7 and
Appendix Table 3. These films yield thicknesses that are significantly lower than those of the SAMs and
are affected by both surface pressure and subphase pH (to be discussed later). Visualization of the LB
deposited films by ellipsometry showed that they were free of large domains or other features that would
indicate phase separation on the micron scale (data not shown). AFM imaging of deposited films on
template stripped gold show no evidence of phase separation or poor coverage for either the SAMs or the
LB films (see Figure 4-8). This may be due to the roughness of the bare sample masking any variation

due to the monolayer (the roughness of the substrate is on the same order of magnitude as the monolayer).

4.0 nm

-6.6 nm

1.8 nm

-3.2nm

200.0 nm

Figure 4-8 AFM images of a) bare template-stripped gold (TSG), b) SAM of ODG SH assembled on TSG, c) LB
transfer of ODG SH from an ultrapure water supbase onto TSG at pressure of 25 mN/m before an ethanol wash, d)
LB transfer of ODG SH on a water supbase onto TSG at pressure of 25 mN/m after an ethanol wash.

The surface of the LB film post-wash shows the appearance of multiple small holes with depths of around
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1 nm (this depth measurement is likely tip-limited due to their small lateral size). These holes most likely
derive from areas where the thiol failed to chemisorb to the surface and were subsequently removed during
the wash process, which correlates with the decrease in thickness due to washing (see Appendix Table 3
for pre- and post-wash thicknesses). Transfer ratios were not recorded since the two sides of the substrate
have different properties (hydrophobic gold and hydrophilic glass). In comparison, deposition of the
physisorbing methyl-terminated ODG, yields a film with non-zero thickness that is completely removed
through washing, confirming that the thiolated ODG SH is more strongly attached, likely chemisorbed,

to the surface.

Deposition from a water subphase as a function of surface pressure shows two deposition regimes,
either side of the isotherm kink, the surface pressure at which the bola form surfactants are forced upward
due to surface pressure. Thus at 15 mN/m, the larger standard deviation is a consequence of depositing
within the plateau region where the films appear to feature a mix of both bola and extended forms. The
increase in thickness at surface pressures of 15 mN/m and above would then derive from variation in the
proportion of these two forms since it was shown by GIXD that the organisation of the condensed phase,
and therefore its thickness, is constant during the compression. Thus, the increase can be attributed to the
exclusion of any remaining bola form still present at the air-water interface. Once all of the bola form is

fully converted to extended form, the thickness stabilizes.

2.1 nm

-2.2nm

Figure 4-9 AFM image of ODG SH deposited onto mica from a pH 9 subphase at a surface pressure of 5 mN/m after

10 minutes relaxation time.

In our previous work, ODG rigid organisation imposed by strong headgroup interactions could be

disrupted by increasing the subphase pH, attributed to deprotonation of two of the headgroup hydroxyls!’?.

74



Similarly, modifying the subphase pH may alter either or both the molecular conformations or the kinetics
of conformational changes. The isotherm of ODG SH on a pH 9 subphase (10° M NaOH) is shown in
Figure 4-2a. At this pH and with 10 minutes relaxation time, the isotherm shows similar behaviour to that
observed on water with the longer relaxation time, namely the shift to higher molecular areas and the
appearance of a plateau in the isotherm at approximately 10 mN/m. BAM images (Figure 4-3¢) confirm
the similarity in the morphological features of these two films with small domains below the plateau (as
well as some anisotropic regions) and complete coverage of the mosaic texture (anisotropic) film above
the plateau. Similarly, AFM shows frayed domains (Figure 4-4c, and Figure 4-9) as seen for longer
relaxation time on a water subphase. We have previously shown that increasing the pH of the subphase
with ODG leads to smaller domains, most likely due to inter-domain electrostatic repulsion!’?, even when
the organisation at the molecular level within the domains is unperturbed. For ODG SH, the increase in
pH increases the rate of conversion from an extended to a bola conformation, as seen by the increased
critical area of the film, see Figure 4-10. Assuming that this transition is initiated at domain boundaries
(likely leading to the frayed domain edges) where the surfactants have sufficient space and conformational
freedom to bend over, then the increased rate of conversion correlates with a higher proportion of
perimeter molecules that occurs with smaller domains. Combining an increase in pH and a longer
relaxation time yields a greater increase in molecular area (Figure 4-10), demonstrating that the system is

not yet at equilibrium. Under these conditions, BAM (Figure 4-11) and AFM (Figure 4-4 and 4-12) images
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Figure 4-10 Surface pressure-molecular area isotherms of ODG SH as a function of subphase pH and relaxation time.

reveal a different morphology: below the plateau no features are seen, most likely indicating that the
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system is fully in the bola conformation, which cannot coalesce into discreet domains. With the onset of
the plateau, small condensed phase domains, attributed to the extended conformation, appear. This
indicates that although the pH impacts the rate of conversion, the fundamental organisation of the system

is unchanged and the bent-to-extended transition can still be induced with compression of the film.

Figure 4-12 BAM images of ODG SH on a pH 9 subphase with 60 minutes relaxation at surface pressures of a) 10
mN/m, b) 12 mN/m, ¢) 15 mN/m, d) 22 mN/m.

2.0 ym
Figure 4-11 AFM image of ODG SH deposited onto mica from a pH 9 subphase at a surface pressure of 12 mN/m

after 60 minutes relaxation time.
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These effects are accentuated with increasing pH. At pH 10, shifts to higher molecular areas are
observed (Figure 4-2a green), confirming a greater proportion of molecules with the bent, bola
conformation or, in other words, a greater rate of conversion between the initial phase of extended
conformation and the bent conformation phase formed upon relaxation at the surface. BAM (Figure 4-3d)
and AFM (Figure 4-13a) imaging show the presence of some well-dispersed, small, condensed phase
domains (1.5 to 1.7 nm above the background) below the plateau. This height difference between the two
phases is larger than was obtained at lower pH (for which the height difference was approximately 0.95
nm). It is not known whether the greater height difference is because the condensed phase domains are
thicker or the bola form matrix thinner, however, as will be shown below, the GIXD indicates that the tilt
angle of the condensed domains present up to the plateau remains the same, indicating that the bola phase
must be thinner which may be due to charge repulsion between deprotonated headgroups. It is thought,

based on our previous work, that the gallate begins to undergo a second deprotonation at this pH.

5.0nm

0nm

Figure 4-13 AFM measurement of ODG SH deposited onto mica from a pH 10 subphase at surface pressures of a) 5
mN/m, 25 pm, b) 10 mN/m, 25 pm, ¢) 14 mN/m, 15 pm, d) 16 mN/m, 15 pm.
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However, the thiol must additionally be taken into account for which a pKa of approximately 10.5 has

been reported!'®’.

BAM shows the growth of irregularly shaped domains at the beginning of the plateau (Figure 4-
3d and 4.14). As the domains grow, the internal anisotropy becomes apparent with the brightness of the
domain being a function of its orientation relative to the incoming polarized light. Many of the domains
feature a dark interior with a brighter perimeter; notably these domains are oriented in the same direction
(i.e. the long axis of the domain is horizontal with respect to the image, see highlighted domains in figure

4-14) while the brighter features are oriented vertically with respect to the image. AFM imaging was used

Figure 4-14 BAM images of ODG SH on a pH 10 subphase at surface pressures of a) 7mN/m, b) 8 mN/m, ¢) 9 mN/m,
d) 10 mN/m, e) 11 mN/m, f) 12 mN/m. The ellipses in d) highlight two domains that differ in brightness due to their

orientation.

to determine if the bright perimeter material is different from the dark interior or if this is simply a
manifestation of the anisotropy. These images reveal a very unusual morphology (Figure 4-13 b-d and

Appendix figure 3) with three phases with distinct heights. At the start of the plateau (Figure 4-13b), we
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again observe the large, frayed-edge domains that are approximately 1.75 = 0.14 nm higher than the
surrounding matrix in height. Additionally, small bright regions are observed at the domain boundaries,
which are 3.12 + 0.14 nm above the background matrix. Initially, these appear as rounded nodules
decorating the domain boundary (Figure 4-13b). As the surface pressure increases, these nodules coalesce
to generate a more continuous band of material outlining the condensed domain. The lateral thickness of
the band is reasonably consistent between domains and does not appear to grow beyond 1-2 um from the
domain edge. As the film emerges from the plateau, filaments appear to form extending from the
continuous band of higher material. There is a higher density of these filaments near the edges of the band
of higher material but they can extend throughout the background matrix (figure 4-13d) and the filaments
are the same height as the continuous band, namely 3.12 nm above the matrix. Notably, in figure 4-13d
(Appendix Figure 3 for a magnified view) the small round domains of the same material appear to nucleate
at the junctions of filaments which may grow to form the larger domains of this materials observed in
figure 4-13d and Appendix Figure 3. Notably, this morphology appears to be extremely sensitive to
deposition conditions, i.e. the intermediate stages are not always observed and films comprising only the
round domains surrounded by a high density of filaments (to be discussed later), in the absence of the

intermediate height condensed domains, can also be observed.

GIXD measurements were performed below and above the plateau region (1, 5 and 15 mN/m,
Figure 4-6 and Appendix Table 2). At the lowest surface pressure, no discernible diffraction pattern was
observed, this was attributed to a low density of any residual extended form, condensed phase material.
By 5 mN/m, the organization is identical to that observed for both the thiol- and methyl-terminated
surfactants on a water subphase, for which the tilt angle was invariant with compression. At the plateau,
a transition takes place with a step change to less tilted structure (tilt angle of 15° from the normal, versus
39° from the normal at lower surface pressure and on water at all surface pressures). Additionally, the
high Qxy peak attributed to headgroup ordering is no longer present. If both the frayed domains and the
band of higher material surrounding them are assumed to be liquid crystalline, either two diffraction
patterns should be observed or one, if they have identical organizations. However, if the band of higher
material were to be fully organized, one would expect to see bending of the peaks along the Debye-

Scherrer line to reflect the three-dimensional nature of the structures'®"!32, Given that neither of these are
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the case, two assumptions can be made: the plateau corresponds to the transition between the two tilted

structures, and concurrently the taller material is formed and is amorphous.

Using this information, we can attempt to identify the various features seen by AFM. The
background matrix is most likely the surfactant in bola form, which is not in a condensed phase and
therefore does not generate a diffraction pattern. Just below the plateau, domains appear which correspond
to the more tilted phase (figures 4-13a and 4-6¢). At the phase transition, the frayed edge domains are
generated which must correspond to the lower tilt angle phase seen by GIXD in agreement with the
increased height difference observed with AFM. The film thickness has been estimated from the
molecular length (3.1 nm full extended) and the tilt angle in Table 4.1. For the phase with a 15° tilt angle,
the maximum thickness would be 3.0 nm. Given these domains are only 1.8 nm above the background, it
can be assumed that the background matrix comprises the bent bola conformation and precludes that this
is simply uncovered mica. The bola phase must therefore have a thickness of approximately 1.2 nm. This

is in reasonable agreement with a bent chain conformation, assuming a tight turn, which can be achieved
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Figure 4-15 Schematic representation of the various phases formed by ODG SH on a pH 10 subphase at high surface

pressure: a) at the air-water interface, b) after LB transfer onto gold, c) after chemisorption, d) after washing.

even with only 6 carbons involved in the turn'®®. The highest phase (3.1 nm above the bola phase) is too
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high to be a single monolayer. The height difference between the higher material and the domains in
which they are in contact is 1.4 nm (tallest phase to intermediate phase), which is in reasonable agreement
with another bola layer. It is therefore propose that the material in this highest phase is not a traditional
multilayer but rather a combination of an underlying condensed phase with the molecules in extended
form upon which sits an additional layer in bola form (Figure 4-15a, iii). This would allow the surfactant
to maximize the interactions between polar moieties, the thiol at the end of the condensed phase and both
the thiol and phenol of the bola phase, leaving the bola chain exposed. Compressing bola surfactant
monolayers often results in multilayer formation'8!86, but to our knowledge there are no reports of a
multilayer combining the layers of extended molecules with layers of bent conformation molecules. This
difference may derive from the molecular structure: prior studies used symmetrical bola amphiphiles

whereas here we report on an asymmetric ®-thiolated phenolic bola surfactant.

We previously showed with the methyl-terminated octadecylgallate that high pH can modify the

film organization!”

. However, although the methyl and thiol-terminated surfactant condensed phases
show identical organizations and tilt angles on water, the impact of headgroup deprotonation leads to very
different tilt angles at high pH as well as a difference in the pH required for deprotonation. Assuming the
phenolic headgroup retains a similar pKa, which is not unreasonable given the similarity in phase
behaviour, this would indicate that once the headgroup organization is disrupted (loss of the high Qxy
peak), the w-thiol has a much more significant impact on the phase behaviour. The change in the packing

and tilt angle is likely driven by maximizing thiol-thiol non-covalent interactions.

Since the filaments observed using AFM for films deposited from a pH 10 subphase (figure 4-
13d) are the same height as the nodules formed (the highest phase) we assume that they correspond to the
same phase. This is supported by the observance of only a single diffraction pattern by GIXD. Given the
nodules appear at lower surface pressures (the beginning of the plateau) while the filaments appear only
at the end of the plateau, this might suggest that the formation of the multilayer can occur via different
routes. They initially form only at the edges of the condensed phase domains indicating that the phase
boundary catalyzes and nucleates the formation of the multilayer phase. Once the frayed domain perimeter
is mostly covered, a new nucleation mechanism results in the long filaments. Linear nanostriped

1185

multilayers formed by bolaamphiles were reported by Chen et al.' >, although in this case the multilayered

bola amphiphile was proposed to be in an upturned bent conformation, i.e. the orientation was driven by
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hydrophobic interactions. They based their conclusion on a prior report in which traditional, single-
headgroup surfactants could form linear multilayers along defect lines'®’. In both of these reports, these
defects at which multilayer formation occurred attributed to the mismatch of the area requirements of the
polar groups and the hydrophobic chains. In our case, this mismatch may be amplified by the strong

headgroup interactions and non-equivalent headgroups that may be driving molecular alignment.

The methyl-terminated surfactant has a tendency to form a condensed phase with highly
directional growth at high pH'”> which has been attributed to strongly oriented headgroup interactions.
Such interactions can also dominate with the bolaform surfactant, for example a symmetric phenolic bola
surfactant by Liu et al.!®® showed strong tendency to form filamentous domains but only when the alkyl
chain number was odd, otherwise 3D nanostructures were formed. This was attributed to the presence of
strong directional interactions between both the phenol headgroups and the amide connections to the
chains which then limited the conformation freedom of the alkyl chain. The difference in chain lengths
(odd versus even) led to changes in the dipolar interactions between the amides resulting in the different

either parallel or anti-parallel arrangements (filaments or 3D structures).

Deposition of the films onto gold substrates from pH 10 subphase shows an earlier, i.e. at lower
surface pressure, increase in deposition thickness compared to water (figure 4-7). This large increase
coincides with the appearance of the thicker (frayed edge) domains observed on mica (figure 4-13d),
which GIXD confirmed were thicker than the condensed phase formed on water (table 4.1). However,
further compression does not yield as large an increase in the thickness of the deposited film (compare 20
mN/m to 10 mN/m). At these higher surface pressures, the film comprises three phases, postulated to be
1) fluid phase comprising bola form, ii) condensed phase comprising straight form and iii) a multilayer
comprising a bola-form atop the condensed phase (see figure 4-15a). Depending on the surface pressure
and phases present, not all of the thiols will contact the hydrophobic gold during the LB deposition process
in which the outward facing groups (air-side) make initial contact with the gold. For the simple bola phase
(phase i, figure 4-15), although the chain makes initial contact with the gold, the flexibility afforded in
this phase enables subsequent rearrangement such that many of the thiols can chemisorb. For the
extended-form condensed phase domains (phase ii, figure 4-15), the thiol is exposed air-side and therefore

easily chemisorbs. For the multilayered phase (phase iii, figure 4-15), again the bola can re-organize to
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contact the gold, however much of the extended phase upon which the bola resided is either not transferred

or blocked from chemisorbing to the gold surface, allowing it to be washed away (figure 4-15¢ and d)).

Spreading the monolayer on a pH 11 subphase does not cause further increase in the critical area
(Figure 4-2a) but induces a slight increase in the plateau pressure. As was observed on the pH 10 subphase,
no features are visible by BAM before the plateau (with the exception of a 2D foam structure directly
after spreading, supplemental Figure 4-16). Again visible domain formation begins with the plateau, with
a different morphology. Initially, small, bright domains are observed within a non-homogeneous
background. By 20 mN/m these domains appear to coalesce with only a few residual holes visible (figure
4-16). AFM images taken of films deposited below the plateau are mostly flat with the occasional small
domain that would be at the limit of the resolution of BAM. The domains have a height between 1.5 and
2.5 nm (supplemental Figure 4-17a) above the continuous phase and display significant roughness. It may
be that these domains are remnants of the extended form of the surfactant which has not converted into
bolaform prior to compression. GIXD of the film at 5 mN/m shows no discernible diffraction peaks
indicating that the continuous phase is likely the bolaform surfactant and that there are not sufficient
condensed phase domains present within the beam footprint to generate a diffraction signal. Above the
plateau, AFM shows the co-existence of filaments and small round domains that are 2.7 + 0.2 nm above
the continuous bolaform phase, i.e. at no stage are only circular domains or filaments observed

(supplemental Figure 4-17b). The circular domains are at the limit of the resolution of BAM. At this pH

Figure 4-16 BAM images of ODG SH on a pH 11 subphase at surface pressures of a) 0 mN/m, immediately
after spreading, b) 15 mN/m, ¢) 14 mN/m (past the local maxima), d) 20 mN/m.

and surface pressures above the plateau, there is no evidence of the intermediate height phase that was

observed at pH 10. Despite this GIXD confirms the presence of the low tilt angle phase (Figure 4-18),
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similar to what is seen at pH 10. However the signal is weak, such that the exact position of the out-of-
plane peak cannot be fit with confidence. Evidence that the phase is still tilted (i.e. that there is a second
peak which resides at Q>0 A!) derives from the peak widths. The in-plane peak is at a very similar
position (Qxy 1.48 A™! at pH 11 compared to 1.51 A™! for pH 10), but fitted as a single peak this would
yield a FWHM in Q. that is far too high for a C18 alkyl chain (see Appendix Table 2 for GIXD peak fits).
The weak GIXD peaks are most likely due to a smaller area surface coverage by this phase. Given the
lack of evidence of an intermediate height (condensed) phase in the AFM images at these surface
pressures, it can only be concluded that this low tilt condensed phase must reside underneath the small
domains and filaments. Ellipsometric measurements at the air-water interface show a significant step
change in dA at the plateau region which also reaches greater (more negative) 0A values (Figure 4-2d).This
is consistent with a transition from a predominantly bola phase with very few condensed phase domains
to a multilayered phase. Notably, the surface homogeneity in this phase separated system was low,
resulting in large errors on the measurements at high surface pressures. Our previous work'”? showed that
the second pKa of the headgroup is approximately 11 in the condensed phase. At subphase pH of 11 or
higher, a similar low tilt condensed phase was formed depending on the time allowed for film relaxation.

In the case of ODG SH, it appears that increasing the charge on the phenolic headgroup limits the ability

2.0 pm 2.0 um
Figure 4-17 AFM image of ODG SH deposited onto mica from a pH 11 subphase at surface pressures of 5 and 15

mN/m after 10 minutes relaxation time.

to form the condensed phase unless a multilayer can be formed concurrently. This may be due to the
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additional stabilizing non-covalent interactions between the thiol and the phenol when a multilayer is

formed.

In contrast to the ellipsometry at the air-water interface, deposition of the film from a pH 11
subphase onto gold indicates a lower film thickness than observed at lower pH and the lack of a significant
step change in thickness at the plateau. At low surface pressures, the film showed no GIXD peaks and is
therefore assumed to have only one dominant phase, a fluid bola form phase, present, which explains the
similarity in thickness between all of the films deposited at 5 mN/m. Upon compression, only the
multilayered phase and the bola phase are observed (phases 1 and iii in figure 4-15). As described earlier,
phase iii does not deposit well and in the absence of an extended from condensed phase, only the bola-
phase deposits to any great extent (i.e., the overlying phase is easily washed away). This results in a small,
continuous change in thickness for the deposited films at pH 11, attributed simply to compression of the
bent bola form chains. Even upon higher compression, the thickness never reaches that expected for a

condensed phase.

Q,, (A"

Figure 4-18 Contour plot of X-ray intensity as a function of the in-plane (Qxy) and out-of-plane (Qz) vector components

of ODG SH on a pH 11 subphase at a surface pressure of 15 mN/m.

4.5. Conclusions

The formation of highly organized chemisorbed monolayers of long chain thiols from solution
self-assembly is now well established yet there are relatively few examples of deposition of long-chain
thiols from an air-water interface as means to control lateral spacing and film organization®’. Thalainen
and Peltonen®® demonstrated that o-methyldisulfide-terminated phospholipids, in which one of the two
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alkyl chains terminates with a disulfide moiety, can be deposited with the disulphide exposed for
subsequent metal deposition, however this was for a disulfide rather than thiol. In this work we
demonstrate that for single chain, condensed phase forming surfactants, the addition of an ®-thiol does
not impact the structure of the condensed phase on water. It does however, impact the overall phase
behaviour, wherein the w-thiol acts as a second headgroup. Initially, a condensed phase forms which
comprises an identical organization to the methyl-terminated surfactant, i.e. the extended conformation
of the surfactant. This is however kinetically unstable: relaxation over an extended period of time prior to
compression allows a significant proportion to convert to a bola conformation, wherein both the phenol
and thiol are tethered to the water. This is reversible with film compression, where the reduction in
available surface area will force the surfactants back to an extended conformation, yielding a first order
phase transition (plateau). The kinetics of the transition from extended to bola can be increased by
increasing the subphase pH to 9. This is most likely due to the increased electrostatic repulsion between
the deprotonated phenols for which the bolaform organisation, where the phenols are further apart, is more
favorable. Understanding the behavior of such molecules is essential to be able to use the LB deposition

as a means to afford control over film organization at the air-solid interface.

Most reports of bola amphiphiles at the air-water interface involve symmetrical molecules. Herein
we report on an asymmetrical molecule such that one headgroup provides the means to tether to the solid
surface and will confer functionality to the deposited film. At high pH (pH 10 and above), this results in
the co-existence of multiple phases including a multilayer phase. Importantly, unlike systems in which
the ‘collapse’ of the film generates amorphous material and/or irregular multilayers, this asymmetrical
bola amphiphile forms a regular, well-defined structure which is proposed to be a second bola
conformation atop the extended form condensed phase. The evolution of this multilayer, in the forms of
nodules decorating the edges of the condensed phase, circular domains and filaments within a bola matrix,

was followed using AFM and GIXD.

Finally, we demonstrated that the monolayer films could be deposited by Langmuir-Blodgettry
from the air-water interface, generating robust, chemisorbed films. The deposited film thickness, and
hence organization, is dependent on the deposition conditions, i.e. both the surface pressure and subphase

pH, and as such these could be employed to tailor the lateral spacing between the surfactants. This opens
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the avenues for a new deposition approach by pre-assembling w-thiolated surfactants at the air-water

interface.
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Chapter 5. Phenolic monolayers exhibit strong binding with
copper and proline causing chain-independent re-organization of

the headgroups

5.1. Abstract

Phenolic compounds such as tannins are known to bind strongly to proline-rich proteins and to
chelate metals. Surfactants containing phenolic headgroups have the potential to mimic these properties
in a self-assembled film. Yet, with headgroups that themselves exhibit strong intermolecular interactions,
leading to highly organized structures, the impact of film phase, morphology and organization on the
binding is important. We studied the binding of poly-L-proline as well as zinc and copper ions to a
Langmuir monolayer formed from w-thiolated, gallate surfactants with either shorter (C12) or longer
(C18) chains. Both copper ions and poly-L-proline interact strongly with the monolayer, even at
submicromolar (10”7 M) subphase concentration, while zinc ions were absent from the interface. Notably,
the films formed are dominated by the headgroup-analyte interactions, regardless of the chain length, i.e.
in the presence of the corresponding binding partner, the films properties of ODG SH and LDG SH appear
to be converging in terms of isotherm, morphology and structure. Pre-organization of the film for
subsequent deposition onto solid substrate will permit tailoring of the film for binding and therefore

sensing applications.

5.2. Introduction

Tannins have a propensity to interact with metals and proteins'?’, particularly proline rich protein®,
These interactions are centered on the phenol moiety®!® which exhibits binding selectivity. For example,

many poly-phenols selectivity bind copper over zinc ions?%?*

and proteins that have proline-rich regions
have a stronger binding affinity with poly-phenols’. This binding selectivity could be exploited for
biosensing, but this would require a convenient method to attach the phenol to the solid surface with
control over the lateral organization; one approach would be to use well-established gold-thiol chemistry.
Furthermore, if multiple proline residues were to bind simultaneously to multiple phenol moieties,
unhindered by steric restrictions, this would create a far stronger affinity between polyphenol surface and

the desired protein or peptide analyte. On the other hand, steric restrictions are a major consideration. It
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is known that proline interacts via stacking interactions with the phenol moieties’. This emphasizes the
necessity to pre-organise the phenols in order to fine tune the selectivity. One strategy would be to pre-
organise the phenols in the presence of the analytes of interest at the air-water interface, such that the
phenols adopt the optimal organisation, prior to deposition and subsequently removing the bound analytes.

This is analogous to the approach used in molecular imprinting of polymers’?.

To this end, we have previously studied the air-water interface behavior of surfactants possessing
a phenol moiety'”?. At this interface, phenols should possess enough conformational freedom to
reorganise when presented with analytes with significant binding potential such that they adopt
conformations to maximize binding to the selected analytes, either metal ions or proline-rich proteins.
These films could be subsequently deposited onto gold-coated solid supports. For this deposition method,
the impact of the w-thiol on the organisation of phenolic surfactants and the ability to deposit such films,
is important!*°. It was previously shown that monolayers of phenolic surfactants self-assembled onto gold
have different interaction strengths with phosphate depending on the position of the hydroxyl groups on
the aromatic ring. If the lateral phenol-phenol intermolecular interactions reduced their ability to interact
with other analytes of interest, namely phosphates, demonstrating the importance of controlling the lateral

spacing of phenol moiety to modulate the interaction with analytes and neighboring phenols.

In this work, the interaction of phenolic surfactants with both metal ions and poly-L-proline

HO I SH
o M

HO
OH

Figure 5-1 Structure of surfactants used, X=11: 12-sulfanyldodecyl 3,4,5-trihydroxybenzoate (®-thiolated lauryl
gallate, LDG SH), X=17: 18-sulfanyloctadecyl 3,4,5-trihydroxybenzoate (®-thiolated octadecyl gallate, ODG SH).

peptides were investigated. Langmuir monolayers at the air-water interface were spread first on subphases
containing dissolved chloride salts of either zinc or copper. The surfactant to metal ion molar ratios were
kept constant at either 1:1 or 1:10 (surfactant:metal), assuming all metal would bind to the monolayer.
Copper and zinc salts were selected because they are both divalent ions and known to have different

binding affinities for phenols in solution, with copper ions showing stronger binding than zinc?. Poly-L-
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proline is used as an analogue of proline-rich proteins and peptides which are often found in saliva’ and

are of interest as biomarkers'®'.

In addition, to investigate the impact of the monolayer phase (either liquid expanded or
condensed), two different m-thiolated surfactants were studied with chain lengths of 12 and 18 carbons,
namely 12-sulfanyldodecyl 3.,4,5-trihydroxybenzoate (w-thiolated lauryl gallate, LDG SH), and 18-
sulfanyloctadecyl 3,4,5-trihydroxybenzoate (w-thiolated octadecyl gallate, ODG SH) respectively (Figure
5-1). Where appropriate, the interactions with the corresponding octadecylgallate (ODGQG) are presented
for comparison. Herein it is demonstrated that when the analyte is already present in the subphase when
the monolayer is spread, the interaction with a strongly-bound analyte dominates the organization of the

films rather than the phase naturally formed by the surfactant.

5.3. Experimental

Materials. 12-sulfanyldodecyl 3,4,5-trihydroxybenzoate (LDG SH) was synthesized as
previously reported!®?. 18-mercaptooctadecyl 3,4,5-trihydroxy benzoate (ODG SH) was synthesized as
previously reported'*°. Ultrapure water (resistivity of 18.2 MQ/cm) was obtained from an EasyPure 11 LF
system (Barnstead, Dubuque IA). The spreading solutions were prepared using chloroform (HPLC grade,
trace of ethanol as preservative) from Fisher Scientific Company. Mica (grade V1) used in the AFM
deposition was purchased from Ted Pella Inc. and freshly cleaved before each measurement. Poly-L-
proline was purchased from Sigma Aldrich, it is composed of a mixture of polyproline peptides with
molecular weights ranging from 1000 to 10 000. The dominant species was determined using mass

spectrometry to be 25 prolines long (Prozs) which was used to calculate the lipid:peptide ratio.

Isotherm measurements. Monolayers were spread from a chloroform spreading solution (1 to
1.5 mM) on two different types of subphases: ultrapure water (pH = 5.5 at 25 °C) and ultrapure water that
was adjusted to higher pH using NaOH. Surface pressure-area isotherms were obtained on Langmuir film
balances (Nima Technology Ltd., Conventry, U.K.) at room temperature with a compression speed of 5
cm?/min (equivalent to between 3 to 7 A?/(molecule * minute) depending on spreading solution
concentration). Two different Langmuir film balances were used, one with dimension of 5 cm by 35 cm
and one with dimensions of 7 cm by 15 cm for Brewster Angle Microscopy. Surface pressure

measurements were made using a filter paper Wilhelmy plate (Whatman No. 1 paper). Monolayers were
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given 10 minutes for film relaxation unless stated otherwise. Monolayers were transferred at a constant
pressure onto mica (for AFM) on the upstroke using the Langmuir-Blodgett technique with a dipping

speed of 1 mm/min. All transfer ratios were always close to 1.

Brewster Angle Microscopy (BAM). Brewster Angle Microscopy was carried out with an I-
Elli2000 imaging ellipsometer (Nanofilm Technologies GmbH, Géttingen, Germany) equipped with a 50
mW Nd:YAG laser (A = 532 nm). All experiments were performed using a 20x magnification with a
lateral resolution of 1 um. BAM experiments were performed at an incident angle of 53.15° (Brewster

angle of water) and a laser output of 50% (analyzer, compensator and polarizer were all set to 0).

Atomic Force Microscopy (AFM). A Nanoscope Illa (Digital Instruments, Santa Barbara, CA)
was used to capture AFM images in air at room temperature using tapping mode at a scan rate of 1 Hz
using etched silicon cantilevers frequency of ~300 kHz, a nominal spring constant of 20-80 N/m and tip
radius of <10nm. An oscillation operating at amplitude of 175 mV and medium damping (~25%) were

employed for these measurements.

Grazing Incidence X-Ray Diffraction (GIXD). The GIXD experiments were performed at
beamline 15-ID-C ChemMatCARS at the Advanced Photon Source (APS) in Argonne National
Laboratory with the following parameters: X-ray beam wavelength of 1.239 A, incidence angle of
0.09061°, horizontal size of 20 mm, and vertical size of 120mm, leading to a beam footprint of 20 mm by
7.6 cm. The detector used was the two-dimensional Swiss Light source PILATUS 100K set to single-
photon counting mode. Two sets of slits, one placed in front of the detector and the other placed 280.0
mm from the sample, were used to minimize intense low-angle scattering. Experiments were performed
at the air/water interface of a 340 cm? Langmuir trough, where the monolayer was spread and then
compressed at rates of 2 and 5 cm?/min (equivalent to 0.5 and 1.3 A%/molecule min * respectively) using
a mobile barrier. The measured GIXD data is plotted as contour plots of the intensity as a function of both
the horizontal (Qxy) and the vertical (Qz) scattering vector components. The lattice spacing dnx was

obtained from the in-plane diffraction data as dhk=2n/q;‘1;, where the Miller indices h and k were used to

index the Bragg peaks needed to calculate the unit cell parameters for the in-plane lattice!!"!**. Raw data

was extracted and patched using software developed by Wei Bu, beamline scientist at ChemMatCARS.
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The Bragg rods and peaks were fitted with Gaussian and Lorentzian function, respectively, using Origin

lab graphing and analysis software.

X-ray fluorescence near total reflection (XFNTR). The XFNTR experiments were performed
at beamline 15-ID-C ChemMatCARS at the Advanced Photon Source (APS) in Argonne National
Laboratory using the same trough and chamber for GIXD experiment. The beam energy was of 10 keV
(1.239 A), the incidence angle range used was of 0.0904° to 0.1695° with slits size of 0.04 mm and a
Vertex-60EX detector set 10 mm above the surface. The data fitting was performed using software

developed by Wei Bu, beamline scientist at ChemMatCARS using procedure described elsewhere!*>.

5.4. Results and discussion
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Figure 5-2 Surface pressure-molecular area isotherms of LDG SH as a function of lipid to metal ratio.

The surface pressure-area isotherms for w-thiolated lauryl gallate on different subphases are
shown in Figure 5-2. On a water subphase, LDG SH exhibits liquid expanded behavior at all surface
pressures. Metal ions were introduced into the subphase such that either a 1:1 or 1:10 surfactant:metal

ratio would result if all metal ions accumulated at the interface. The presence of zinc ions in the subphase
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causes no significant changes in the isotherms (Figure 5-2), although the film is slightly more expanded
at high surface pressures. In contrast, copper ions have drastic effects, with a large reduction in critical
area, from 85 A%/molecule to 64 A%/molecule for the 1:1 ratio and 50 A%/molecule for the 1:10 ratio. This
is also accompanied by a large decrease in collapse pressure, the cause of which will be discussed later.
The copper ions appears to condense the monolayer which likely results from the metal ions bridging the
phenols; this condensation is also reflected in the compressibility modulus which is significantly increased

at a ratio of 1:10 LDG SH:copper ions (Figure 5-3). This in itself is not unusual as
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Figure 5-3 Compressibility modulus of LDG SH as a function of subphase lipid to metal ratio.

ions frequently have an ordering effect on films'**, but the difference between zinc and copper, both

divalent ions, suggests a specific effect, especially given the low overall ion concentration (1077 M).
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While it is clear that there is a strong effect due to copper ions, it is possible that zinc ions are also
bound but either has a limited effect on the isotherm or binds to a lesser extent. X-ray fluorescence at the
air water interface was used to ascertain and quantify the presence of metal ions in the surface layer.
Measurements were carried out at both ratio of 1:10 for copper ions and zinc ions but also for a subphase
combining both copper and zinc ions, in a 1:10:10 ratio (lipid:copper:zinc), to confirm the preferential
binding of the phenol to copper ions over zinc ions, see Table 5.1 (Appendix Figure 4 for raw data). The
measurements were taken at 2 mN/m to avoid the presence of collapse material at the surface. As can be
seen, copper ions have a very strong adsorption to the monolayer whereas zinc ions shows no measurable

signal. This also hold true for the mixed system, which shows that the monolayer affinity for copper over

Table 5-1 Surface ion density as measured by XFNTR at a surface pressure of 2 mN/m, no signal was detectable

for zinc ions in both conditions.

. . 2
System, ratio and subphase concentration Surface density (atom/A )

LDG SH: Copper (1:10), 2.48e-06 mol/l 0.02295
LDG SH: Zinc (1:10), 1.66e-06 mol/l No signal
Lauryl SH: Cu and Zn (1:10), 0.02688 (Cu), no signal (Zn)

Copper 2.48e-06 mol/l
Zinc 2.42e-06 mol/L
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zinc ions is the reason for the vastly different isotherms rather than the two different ions binding
differently to the phenol. The surface density of copper ions was determined to be 0.02295 atom/A*
equivalent to approximately 1 atom per 43 A% or 1 atom of copper ions per surfactant present at the
interface, when compared to the value of molecular area from the isotherm at 2 mN/m (40 A>/molecule).

The depth of penetration of the evanescent wave is approximately 50 A from the surface. Thus, the

1:1

1:10

At critical area  Area 32, pressure 8

Figure 5-4 Brewster angle microscopy images of LDG SH on subphase containing copper ions at two different lipid:metal

ratio. Image at critical area of 1:1 ratio contrast was enhanced.
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technique cannot distinguish chelated copper ions from an underlying copper ions rich water layer, which

could mean the number of ions directly associated with the phenol might be lower.

The shift of the isotherm towards lower molecular areas in the presence of copper ions, suggests

the formation of a condensed phase. Brewster angle microscopy of LDG SH on either an ultrapure water

7.0 um S 3.0 pm

Figure 5-5 Atomic force microscopy images of LDG SH monolayers deposited by Langmuir-Blodgettry onto mica

substrates at pressure of 5 mN/m. Lipid:metal ratio of 1:1 (a, b) and 1:10 (c, d)

or a zinc ions-containing subphases does not show any evidence of domain formation (data not shown),

however domains are visible for LDG SH at both copper ions ratios (Figure 5-4). At the higher 1:10 ratio,
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a greater proportion of the surface is covered by condensed phase domains and a stronger contrast of the
domains with the background is observed. The domains are large plate-like domains, with no specific
shape motif. These appear as soon as the surfactant is spread and compression only serves to force the
domains into closer proximity (Appendix Figure 5a for image before compression). The increase in
surface pressure coincides with the point at which most of the gaseous phase has been excluded and the
domains begin to contact and coalesce. Residual gaseous phase can be observed even at high surface

pressures, indicative of a rigid condensed phase.

AFM imaging of films deposited by Langmuir-Blodgettry reveal a more complex morphology
when spread in presence of copper ions (zinc ions shown no changes compared to water, see Appendix
Figure 5). Filaments are present at the interface in both 1:1 and 1:10 cases (Figure 5-5). In the 1:1 case,
the filaments are around 1.66 + 0.19 nm above the background. This can be correlated to the BAM images
darker and lighter regions, likely corresponding to areas with low and high densities of these filaments,
respectively. The situation is similar in the case of the 1:10 ratio, however with an overall much higher
density of filaments and region where the filaments are much higher (brighter region) reaching upward of
5 nm. At this ratio, there are regions where the higher segments are ubiquitous, which may explain the
presence of anisotropy in the domains seen by BAM, i.e. areas with high concentrations of higher
filaments appear brighter. We have previously shown!®® for the longer-chain ODG SH, that the addition
of the w-thiol can allow the surfactant to behave as a bola surfactant, with both the phenol headgroup and
the thiol being in contact with the water, but that upon compression the surfactant can undergo a
conformational change such that if it behaves as a traditional surfactant. Here we propose a similar bola
conformation is initially adopted upon spreading, which corresponds to the background matrix seen in the
AFM images. Catechol and gallic acid are known to chelate metals such as copper ions in a bidentate

manner and even in binary complexes®%!%319

, although in solid state, the latter generates an orientation
that is not conducive to monolayer formation. If copper ions were to bridge multiple phenol headgroups,
it must necessarily bring the surfactants closer together, and force the thiol from the water surface. The
formation of a copper-bridged, extended-chain condensed phase (filaments) surrounded by a bola
amphiphile liquid phase (dark areas) would correlate well with the height differences between the phases

measured using AFM, which are less than a molecular length at full chain extension (2.3 nm).
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Figure 5-6 Schematic representation of LDG SH monolayer on ultrapure water (left) and a possible re-organization

of the film on a subphase containing copper at a 1:10 lipid:metal ions ratio (right).

Given the height differences, the higher filament segments appear to be a form of bilayer or even
multilayer, likely with the copper ion bridging the two layers and the thiol of the bottom layer connected
to the water (see Figure 5-6). A similar organization was proposed for the collapse of arachidic acid in
the presence of Ca*" ions using MD simulations and confirmed by X-ray reflectivity'®’. Similarly a
surfactant derived from urea!®® was shown to reorganize at the air-water interface such that the
hydrophobic chain contacts the water and the hydrophilic headgroups are in the middle (vertically) of the
monolayer film rather than submerged in the subphase. This is attributed to a strong, multipronged

hydrogen-bonding network.

GIXD was used to probe the nature of the filamentous condensed phase. For a monolayer spread
on a copper ions-containing subphase (1:10) no diffraction peaks were observed (data not shown, full
scan range in Qxy, was from 0.5 to 2.0 A™!). In addition, neither LDG SH on ultrapure water and, or, on a
1:10 zinc ions-containing subphase produced any discernible diffraction peaks. Two potential
explanations for the apparently contradictory results for LDG SH associated with copper ions arise. In
the first, the nature and size of the filaments leads to a very low correlation length such that only a broad,
diffuse scattering would be expected. Such a reduction in condensed phase correlation length has been

)199

observed for the intercalation of iron within a dipalmitoylphosphatidylcholine (DPPC)"”” monolayer. In

the second, the headgroups bind to the copper ions which forces the headgroups into a rigid network that
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is not, or only, weakly ordered. Previous research!’? has shown that long chain phenolic surfactant, C18,
are heavily titled (39° from the normal), this organization was heavily influenced by the phenol headgroup
space requirement. If the addition of copper ions causes the system to adopt an similar organization, with
the same tilt requirement, then the C12 chain might be too short to generate sufficient van der Waals
interactions for chain condensation. A similar idea, namely the organization of the headgroups into a
network wherein the chain spacing and length are insufficient for the formation of a condensed phase has

I 200

been proposed by Giner-Casares et al.”"", although in their case the headgroup network was induced by

the asymmetric nature of the surfactant and the large size of the headgroup.
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Figure 5-7 Surface pressure-molecular area isotherms of ODG-SH as a function of lipid to metal ratio.
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Figure 5-8 Surface pressure molecular area isotherms of ODG SH and LDG SH at 1:10 lipid: CuCI? ratio

While LDG SH shows almost no interaction with zinc ions, the situation is different when the
phenolic lipid adopts a condensed phase due to a longer alkyl chain, as is the case with ODG SH (Figure
5-1). In this case, zinc ions does show modest effects on the isotherm, Figure 5-7, with a somewhat
higher critical area and a more pronounced phase transition. Those effects are however very minor
compared to the impact of copper ions. In that case, the molecular area increases rather than decreases,
as was the case with LDG SH. The film behaviour on a copper ions subphase at the lower ratio (1:1) is
similar to the film behavior on the zinc ions subphase, with a plateau around 10 mN/m and a small shift
to higher molecular areas. Beyond the plateau, as the pressure continues to increase, the isotherms cross,
and the molecular area shifts to much smaller areas than can be reached with ODG SH on ultrapure
water. This is probably due to the formation of structures extended into the z-direction, as was observed
for LDG-SH with the formation of bilayer filaments. In the case of the higher metal ratio (1:10), the
critical area for the onset of pressure shifts to lower molecular areas, there is a loss of the phase
transition plateau and the film collapses at much lower surface pressures. Notably the isotherm of ODG
SH 1:10 copper ions and LDG SH 1:10 copper ions are very similar (Figure 5-2 and 6, see Figure 5-8
for an overlay of the two isotherms), having almost identical critical areas and similar collapse
pressures, despite the two surfactants adopting different phases when spread on ultrapure water. This

indicates that at sufficiently high concentrations, the intercalation of the copper ions with the phenol
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headgroups dictates the molecular spacing, regardless of the chain length.

water 1:10 Zinc

5 mN/m 20 mN/m 1 mN/m 13 mN/m
1:1 Copper 1:10 Copper

!

5 mN/m 15 mN/m 3 mN/m 15 mN/m

Figure 5-9 Brewster angle microscopy images of ODG SH on subphase of ultrapure water or containing metal with

lipid: metal ratio given.

Brewster angle microscopy of the ODG SH on an ultrapure water subphase was previously
published and showed a mosaic texture (Figure 5-9), wherein the texture is due to internal anisotropy of
an otherwise relatively flat surface!®®. The addition of zinc ions at either the 1:1 or 1:10 ratio produced
little difference compared to water (1:10 shown in Figure 5-9). The copper ions containing subphase,
however, generates significant differences, both above and below the plateau, with significant
inhomogeneity. AFM imaging again reveals highly inhomogeneous surfaces for both 1:1 and 1:10 copper
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ions (Figure 5-10). At 1:1 these show remarkable similarity with LDG SH AFM, exhibiting filaments that
have formed above the continuous phase which have highly regular width (50 £ 6.0 nm) and height (1.3
+ 0.16 nm taller than the background), attributed to bilayer structures. As with LDG SH, the filaments
contain sections that are higher (>2 nm above the background). The filaments are not regularly distributed
at the interface, and areas absent of filament are also seen (Appendix Figure 7). The difference in
brightness observed by BAM must derive from regions of higher filament density, since the filaments are

below the resolution limit of BAM. At a 1:10 ratio the AFM images reveals a far more irregular, rough

3.5 nm

2000nm  20umm

Figure 5-10 Atomic force microscopy images of ODG SH monolayers deposited by Langmuir-Blodgettry

onto mica substrates at pressure of 5 mN/m. Lipid:metal ratio of 1:1 (a, b) and 1:10 (c, d)
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surface with height difference between 1 to 2.5 nm. The density of bilayer and multilayer structures has
now increased to cover the majority of the surface, i.e. there is no longer a continuous background nor

regions of higher and lower filament density.

The ability of subphase metal ions to induce aggregated structures from Langmuir monolayers has
been reported, even in the absence of a chelating group. Low concentrations of Fe** (uM) have been
shown to accumulate at the DPPC interface, with as many as 3 iron ions per choline. The strong binding

led to intercalation of the iron and partial disruption of the condensed phase'®’

. At much higher subphase
concentrations (0.1 M), Li et al.?*! showed that Fe’" interacted with DPPC monolayers and generated
lipid-iron nanoparticles that are squeezed out of the monolayer plane. In the case of chelating surfactants,
the concentration at which 3D structures are formed appear to be even lower. To probe the impact of the
adsorbed ions on the gallate surfactant structure, GIXD measurements were performed with ODG, the
methyl terminated version, on zinc and copper ions-containing subphases (Appendix Figure 8). Ata 1:10
ratio of ODG:zinc the diffraction pattern is identical to that obtained for ODG on water!’> and ODG SH
on water'”, including the molecular lattice/headgroup peaks. With the same ratio of copper ions in the

subphase, there is evidence of weak diffraction peaks in the same positions, however these are too weak

to be fit and reflect an almost complete loss of condensed phase and/or crystallinity, see Figure 5-11.
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Figure 5-11 Integrated intensity of GIXD data for ODG on metal containing subphase at specific lipid: metal ratio
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All data confirm that the propensity of phenol to interact with copper over zinc ions is conserved
at the air-water interface, with very strong binding between the monolayer and the copper ions being
observed. Despite the difference in monolayer phase between the C12 and CI18 variants, there is
remarkable convergence between their behaviors on copper: similar isotherm, appearance of a condensed
phase (BAM), observance of multilayer filaments (AFM) and the lack of alkyl chain ordering (GIXD).
This suggests that the interaction between the phenol and the metal is so strong and dominant that the
impact of lengthening the chain by 6 carbons becomes inconsequential. Notably, the formation of a bi-
/multi-layer would normally be expected to shift the isotherm to smaller molecular areas as some of the
surfactants are removed from the water interface to form the multilayer. This is observed for LDG SH but
not for ODG SH which instead exhibits a slight increase in molecular area, despite multilayer formation.
Considering the loss of chain organization observed using GIXD, it is likely that the initial interaction
with the copper ions with the headgroups expands the film; the increased intermolecular distance prevents
efficient chain-chain van der Waals interactions thus leading to the loss of the condensed phase. It is
known that gallic acid can dimerize in presence of copper ions**?, which would certainly result in a
reorganization. We therefore propose that the two effects are happening concurrently when copper ions
is introduced into the subphase of an ODG SH monolayer, namely multilayer formation and film
expansion. The relative propensity of each of these effects can be partially controlled by the copper ions
concentration. The surfactant-copper ions interaction (for either chain length) leads to a molecular area
that is intermediate between that of LDG SH and ODG SH and ultimately results in the convergence of
the LDG SH and ODG SH isotherms with higher copper ions concentrations. Moreover, the collapse
pressure decreases for both surfactants in the presence of copper ions, indicating a low compressibility
film, most likely due to a preferred area of the phenol-copper ions complex. Although the compressibility
modulus reported in Figure 5-3 is lower than that expected for a condensed phase, the presence of the
multilayer means that the molecular area is not accurate and the true compressibility modulus would be
higher. Assuming that this new organization is the optimal conformation for copper ions binding, and that

copper ions concentration can be controlled to minimize the prevalence of multilayering, this would
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Figure 5-12 Compressibility modulus of LDG SH as a function of subphase lipid to poly-L-rpoline ratio.

allows pre-organization of the films for transfer to solid substrate in order to generate surface coatings

with high binding affinity to copper ions.

In addition to metal chelation, phenols are known to bind proline-rich proteins and peptides’. Poly-

L-proline was used to probe the binding of the gallate surfactants with proline-rich peptides. The effects

of poly-L-proline dissolved in subphase on the LDG SH isotherm are shown in Figure 5-12a (poly-L-

proline spread by itself at the air-water interface does not show an increase in surface pressure). At lower
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Figure 5-13 Surface pressure-molecular area isotherms of a) LDG SH and b) ODG SH as a function of lipid to poly-

L-proline ratio.
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peptide concentrations (higher lipid:peptide ratio), the poly-L-proline causes an increase in the critical
area but a reduction in the rate at which the surface pressure increases with a reduction in the
corresponding compressibility modulus (Figure 5-13). Increasing the peptide concentration yields the
same isotherm slope as obtained on ultrapure water but with an increase in critical area. These changes in
slope and shift to molecular areas results in no net change in compressibility compared to the films on
ultrapure water. BAM imaging showed no features (data not shown), suggesting that the monolayer
remains in a liquid phase. AFM imaging of deposited films with a 1:1 lipid:peptide ratio, likewise, show

a homogeneous surface (Appendix Figure 9) similar to films deposited from a water subphase.

GIXD measurements of the LDG SH film in the presence of poly-L-proline (1:1) does not produce

any diffraction pattern located in the region normally associated with alkyl chains, which is also the case
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Figure 5-14 GIXD contour plots of the diffracted X-ray intensity as a function of the in-plane (Qxy) and
out-of-plane (Qz) vector components over various subphase lipid:poly-L-proline ratio: a) LDG SH, 1:1
poly-L-proline, 20 mN/m, b) ODG SH, 1:1 poly-L-proline, 15 mN/m, ¢) ODG SH, 1:1 poly-L-proline, 25
mN/m d) ODG SH, ultrapure water, 20 mN/m
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when LDG SH is spread on ultrapure water. However, a weak in-plane diffraction peak is seen at low Qxy
values (figure 5-14a, integrated intensity Appendix Figure 10), namely at 0.725 A" and 0.75 A"!, which
correspond to d-spacings of 8.67 A and 8.32 A. These are too large for chain-chain distances, moreover,
the short alkyl chains are unlikely to form a liquid-crystalline lattice. Therefore this must come from either
the headgroups or the poly-L-proline. Poly-L-proline in water is known to favor the poly-prolines II
helix?® (PPII), this structure is reported to have a diameter of 7.36 A%** and a proline repeat distance of
9.60 A. While these are similar to the d-spacings observed, they are not sufficiently close to attribute the
diffraction peaks to those deriving from a PPII helix at the interface. Co-crystals of phenol with proline
do tend to create linear alignments of proline alternating with linear assemblies of flavonoid (phenol)**,
and a similar structure could form at the air-water interface, wherein the proline organizes at the phenolic
surface, either below or interdigitated. The presence of two peaks with Q, close to 0 A™! could arise from
the polyproline polydispersity in which folded and unfolded peptides may interact differently with the
phenolic monolayer. Alternatively, it may represent the phenol-proline unit cell with non-equivalent d-
spacings. Future experiments to resolve these questions include GIXD measurements of LDG SH in the
presence of monomeric proline and x-ray reflectivity to determine the thickness of the absorbed layer.
Computational studies are underway to assess the level of insertion of the proline into the phenolic

headgroups and the resultant organization.

Although it is not possible to assign these diffraction peaks, they represent clear evidence that the

poly-L-proline has a strong affinity for the monolayer and can induce ordering of an otherwise disordered
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Figure 5-15 Surface pressure-molecular area isotherms of ODG on 1:1 ODG:poly-L-proline ratio.
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film. MD calculations®® for surfactants with a related headgroup (alkylbenzene sulfonate) in lyotropic
liquid crystals showed that water penetration disordered the alkyl chain region without disrupting
headgroup organization, supporting the notion that the small aromatic headgroups can form an ordered

lattice without consequently requiring chain ordering.

The effect of poly-L-proline on ODG SH isotherms is similar in that it induces an increase in
critical area (Figure 5-12b). The changes at a 10:1 surfactant:poly-L-proline ratio are relatively minor,
with similar critical areas but a loss of the isotherm kink at 10 mN/m, previously reported to be associated

190 However at a 1:1 surfactant:poly-L-proline ratio, a

with a bola-to-extended conformational change
much larger increase in molecular area is apparent, most likely indicating significant insertion into the

monolayer. There is also the appearance of a new transition at around 20 mN/m, which is either the same

1.0 pm 70 pum

Figure 5-16 Brewster angle microscopy images of ODG SH on subphase with lipid to poly-L-proline ratio of 1:1, a) 1
mN/m, b) 30 mN/m. Atomic force microscopy images of ODG SH monolayers deposited by Langmuir-Blodgettry onto

mica substrates at pressure of ¢) 5 mN/m, d) 20 mN/m.
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surfactant conformational change shifted to higher surface pressures or a squeezing-out of the polyproline
form the interface?””?%. The appearance of a kink in the isotherm at 20 mN/m is also observed for poly-
L-proline interactions with ODG, the methyl-terminated analogue (see Figure 5-15), supporting a

squeezing-out rather than bola-to-extended conformational change.

Brewster angle microscopy of the 1:1 system (Figure 5-16a) shows small, bright features visible
at all surface pressures below the transition (20 mN/m), in contrast to the anisotropic features observed
throughout the isotherm for ODH SH on ultrapure water (Figure 5-9). Above 20 mN/m, ODG SH on
poly-L-proline exhibits distinct bright and dark regions, reminiscent of the anisotropic features on a water

subphase!®

. As the poly-L-proline is excluded from the interface at the transition, the surfactants should
be able self-assemble into a condensed phase. AFM of a LB film at 5 mN/m (Figure 5-16¢) shows a
relatively flat surface dotted with both small aggregates, height of 5 to 15 nm, and small holes, with a
depth of around 1.36+0.20 nm. Both features appear to be co-located which, in combination with the
previously reported high rigidity, suggest that the bright features may be the result of the deposition
process. Deposition at higher surface pressures, above the transition, yields rough surface absent of any
large domains, although notably with a relatively low roughness of 0.11 nm. There are no signs of the

large, bright aggregates seen at lower surface pressure, supporting the hypothesis that these are due to the

deposition process.

T T T T

'S
=)
T

——LDG SH, 1:1 poly-L-rpoline T
—— ODG SH, 1:1 poly-L-proline

N w
o o
T T

Surface pressure [mMN/m]
o

1 1 1 1 1

20 40 60 80 100 120
Molecular area [A%molecule]

Figure 5-17 Surface pressure molecular area isotherms of ODG SH and LDG SH at 1:1 lipid:poly-L-proline ratio.
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GIXD was used to determine the phases formed by the surfactant (Figure 5-14b, c). At low
pressure the pattern obtained for ODG SH on poly-L-proline is very similar to that of LDG SH on the
same subphase, namely a lack of alkyl peaks indicating disorder chains and similar low Qxy peaks,
however these are not at the exact same positions (Appendix Figure 10). By comparison, ODG and ODG
SH on ultrapure water show strong alkyl chain peaks!’>!*’. The similarity of the diffraction patterns for
LDG SH and ODG SH at low surface pressures in the presence of poly-L-proline indicates that the poly-
L-proline interacts with the phenol headgroup in the same manner and with the same result, regardless of
the length of the tail and the phase of the system. The lack of alkyl chain peaks indicates that the poly-L-
proline forces the surfactants far enough apart to induce a liquid expanded state for the chains. This is also
reflected in the isotherms which converges toward similar molecular area with increasing amount of

peptide (Figure 5-17).

Compressing the film above the transition leads to the disappearance of the peaks at low Qxy and
the re-appearance of the peaks normally observed in the absence of the peptide, although notably weaker
(compare Figures 5-14c and d). The weaker peaks correlate well with the AFM images at the higher
surface pressures in that the domains are much smaller, and irregular shaped, in the presence of the
peptide. This is clear confirmation that the peptide is squeezed out at the transition, allowing the ODG to
regain its close-packed organization. This behavior is in contrast to LDG SH, where the low Qxy peaks
never disappear as a results of compression, most likely because the surfactant adopts a liquid expanded

phase with larger molecular areas even in the absence of the peptide.

5.5. Conclusions

Phenols are known to bind strongly to proline-rich proteins and to chelate metals, yet in both cases,
there are specific space requirements for the interaction. This becomes important in the design and
preparation of phenol-functionalized surfaces for the purposes of conferring these strong binding
characteristics. In a Langmuir monolayer, achieving this space means overcoming the natural self-
association properties of phenols, driven by strong n-stacking and hydrogen bonding'’?. In this work, we
have demonstrated the utility of a Langmuir film, prepared in the presence of a binding partner, to modify
the strong heagroup interactions, when the binding is sufficiently strong. Both copper ions and poly-L-

proline interact strongly with the monolayer, even at submicromolar (10”7 M) subphase concentration.
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Moreover, in the case of the metal ions, the specificity of the binding was demonstrated by confirming
the presence of copper, but not zinc, ions at the interface. In the presence of copper ions and poly-L-
proline, the phenolic surfactant headgroup organization was significantly modified. For LDG SH which
nominally forms a fluid phase, the binding of copper ions condenses the film without headgroup
crystallinity while with poly-L-proline, it expands the film, likely due to interdigitation, and generates an
ordered headgroup region. For ODG SH, both copper ions and poly-proline expand the normally close-
packed, condensed film leading to a disorganization of the chains, but while poly-L-proline interdigitating
induces a new crystalline organization of the headgroup region, intercalation of copper ions appears to
crosslink the headgroups into a type of condensed phase in which neither the chains nor the headgroups
show long-range ordering. Notably, the films formed are dominated by the headgroup interactions,
regardless of the chain length, i.e. in the presence of the corresponding binding partner, the films
properties of ODG SH and LDH SH appear to be converging in terms of isotherm, morphology and
structure. This opens avenues for a molecular imprinting-type of film assembly in which the desired
analyte is used to pre-organize the film into the optimal organization for binding prior to assembly onto a

solid substrate.
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Chapter 6. Conclusion and future work

To evaluate the potential for transferring highly organised monolayers from the air-water interface
onto solid substrate for the purposes of creating a functional coating, it is necessary to understand their
air-water behavior and which conditions enable control over the film organisation. The gallate moiety was
employed both because of its potential applications and because of the opportunity to systematically

modify the headgroup interaction through hydroxyl deprotonation and subphase modification.

In most typical surfactant monolayers, the headgroup freely rotates in the water and the
organisation is predominantly dictated by the chain packing, which can be modified through compression.
The gallate group, however, has a very strong intermolecular (phenol-phenol) interactions in a monolayer.
With the C18 alkyl chain, it creates a rigid monolayer which possesses a preferred arrangement, dictated
by the headgroup area requirement, which is unmodified by compression. Even the addition of an ®-thiol
group, thus replacing a terminal hydrophobic group by a hydrophilic one, does not initially cause any
significant change to the film organisation, the hydrogen bond and =m-stacking network being strong
enough to retain the same organisation. However this is not the most stable conformation for the thiolated
surfactant and with time a new organisation evolves, with the surfactant adopting a bola form. This
organisation has a much larger surface area, however compression forces the monolayer back into the

extended form, yielding an organization identical to that observed with the methyl-terminated surfactant.

With three hydroxyl moieties in the headgroup, in principle these strong inter-headgroup
interactions, and hence the film organization, can be modified by changing their protonation state.
Deprotonation of the headgroups does not initially modify the organisation of the methyl terminated alkyl
gallate surfactants, however it does generate sufficient inter-domain repulsion to oppose coalescence and
cause the domain to become smaller. This reduced domain size due to repulsion in turn causes the thiol
terminated surfactant to convert from the extended to bola form at a faster rate, most likely because the
conversion occurs at the boundary of the domains. This conformational change can still be reversed

through compression.

The electrostatic repulsion of a single deprotonation by itself is not enough to disrupt the
organisation, however multiple deprotonations weaken the hydrogen bond network sufficiently for a new

organisation to be adopted. This could be due to the greater electrostatic repulsion between neighboring
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surfactants or it could be due to the ion-dipole interactions having different area requirements than the
hydrogen bond they replace, one that may in turn push the aromatic rings further apart thus weakening
the m-stacking interactions that contribute to holding the system in a rigid conformation. The likelihood
of this second possibility is reinforced by the behavior of the phenol surfactant when in the liquid
expanded phase, achieved with a shorter chain. In contrast to ODG, which exhibits a film expansion with
increasing pH, the shorter chain LDG exhibits a shift to smaller molecular areas, indicative of stronger
intermolecular interactions; this was supported by AFM measurements, which reveal the presence of

domains.

The new film organisation observed at high pH manifests itself differently for the C18 methyl and
thiol surfactants. For the methyl-terminated surfactant, the headgroup organisation is weakened at high
pH, as evidenced by the disappearance of the GIXD peaks associated with headgroup lattice. This allows
the chains to adopt a more compact organisation with a much lower tilt angle. In the case of the thiol, the
weakened headgroup network causes a faster transformation to a bola form, with the complete
disappearance of any GIXD peaks. Compression can be used to force the system back into an extended
conformation but, due to the presence of the w-thiol, a slightly different organisation is generated and the
formation of defined multilayers is favored. This has profound implications for the deposition of the
system onto a gold support, since only part of the multilayer can chemisorb with the gold and any material
in the multilayer not directly in contact with the gold is therefore not deposited. The extent of this
multilayering can be controlled via the deposition pressure, which allows the selectivity of the dominant
form present at the air-water interface. Similar control is afforded at lower pH, where surface pressure
can dictate whether the major species is bola or extended. In this way different deposited films have been

created with different thicknesses and, presumably, lateral surfactant distances.

More work will be needed to elucidate the protonation state of the gallate headgroup, this can take
two different approaches. New surfactants with different hydroxyl substitution patterns can be synthesised
(e.g. mono- and di-hydroxyl substituted) and studied as a function of pH, to contrast with the tri-hydroxyl
(gallate) headgroup. In particular, selectively removing a meta- or para-hydroxyl may shed light on the
individual pKa’s for each position and their relative importance in determining the headgroup
organization. Alternatively, it has been reported that the UV absorption of methyl gallate shift with

deprotonation of the gallate in dilute 2. Thus employing a surface-specific spectroscopic technique for
113



measurements directly at the air-water interface?'” can be used to monitor the changes brought about due

to deprotonation.

The headgroup rigid organisation can also be disrupted by introducing subphase components that
have a natural affinity for the phenol groups, which limit the neighboring phenol-phenol interactions.
When metals are used, their drastic differences in affinity for the monolayer are evident: zinc ions are
undetected at the interface and the hydrogen bond network is intact, potentially because the interaction of
the zinc ions with phenol is much weaker than the phenol-phenol interactions. Copper ions on the other
hand showed a very high enrichment at the interface compared to the subphase concentration. The
monolayer organisation is completely disrupted, both chain and headgroup, in the case of ODG. The
copper ions are forcing the monolayer into a new organisation with a different inter-phenol distance. The
exact nature of the interaction between the gallate and the copper at the air-water interface will need to be
investigated. A significant re-orientation of the gallate may be required for chelation with the copper
ions. The coordination environment for copper (II) complexes can include tetragonal (most common),
tetrahedral, square planar and trigonal bipyramidal?!!, not all of which may be achievable given the
constraints of the 2D film. Additionally, the interaction of gallate with copper ions in solution is not fully

202 - A surface-

understood, whether or not an oxidation reaction occurs has been called into question
specific spectroscopy such as sum frequency generation would be needed to yield information about the

orientational changes in the gallate ring upon binding to copper.

A similar situation arises when poly-L-proline is introduced into the subphase. The usual
organisation is disrupted by the strong phenol-proline interactions. However, the new lattice extracted
from GIXD measurements cannot yet be assigned to either poly-L-proline, phenol or a combination
thereof. With both poly-L-proline and copper ions, the headgroup-analyte interactions are much stronger
and this causes both long and short chain surfactant to behave very similarly, since the increase in
interaction potential energy arising from the additional six-carbons in the chain is significantly less than
the interaction potential generated by the headgroup-analyte interactions. It is hoped that transferring films
with this pre-defined organization will translate into stronger binding affinity for the desired analyte with

the deposited film.
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Some very preliminary work has been carried out using surface plasmon resonance (SPR) using
poly-L-proline binding to films deposited under different conditions. When a poly-L-proline solution is
flowed over a deposited monolayer film of LDG SH onto gold, binding is registered but once the running
solution is returned to ultrapurewater the response returns to baseline, indicating that the poly-L-proline
easily desorbs. When the deposited film is a monolayer comprising 50:50 LDG:LDG SH that is
subsequently washed to remove the unreacted, methyl-terminated surfactant, thereby giving more
conformational freedom to the remaining chemisorbed thiol, the response does not return to baseline,
indicating that some of the poly-L-proline remains bound to the surface, demonstrating a stronger binding

(example of preliminary data included Appendix Figure 11).

Further SPR work will need to be carried over a wider range of deposition conditions (surfactant,
composition, pressure, subphase pH and presence of analyte in subphases) to confirm differences in
binding due to film organization. Additionally, SPR may not be sensitive enough to detect metal binding
to the surface, so to measure the interaction of the deposited film with metals it may be necessary to use
quartz crystal microbalance (QCMD). Moreover, given the known strong binding affinity of phenols such
as catechol with iron?, this may be a good candidate for study. However, iron (III) chloride is known to
form iron clusters at neutral pH?'? and therefore a larger study of this in the context of different pHs would

be required.

The deposited films themselves will need to be further scrutinized as no direct evidence of
chemisorption of the thiol to the gold surface has yet been obtained. X-ray photoelectron spectroscopy
(XPS) which would reveal the oxidation state of the sulfur, could be used to confirm the chemisoprtion.
Furthermore, grazing incidence small-angle X-ray scattering (GISAXS) at the air-solid interface can be
used to compare the deposited film organisation to the organisation seen by GIXD at the air-water
interface, to determine how much the deposition process alters the organisation. The nature of the
hydrophobic gold and the exact steps in which the depositions occur will also need to be scrutinized, the
filmed obtain by Langmuir-Blodgett transfer onto hydrophobic gold will need to be compared to film

obtained trough different deposition technique and gold nature.

The deposition strategy can also be diversified. Expanding on the idea of deposition from mixtures

of thiol- and methyl-terminated surfactants, it should be possible to back fill the space left behind in the
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monolayer from the removal of the methyl terminated surfactant using short chain alkyl thiol. By
controlling the length of the alkyl chain the rigidity and conformational freedom of the phenol group can

most likely be fine-tuned.

The interaction of phenolic air-water monolayers with peptides also needs to be further studied to
determine the species involved in the lattice structure seen by GIXD. Some potential experiments that can
be envisaged include spreading the monolayer on a subphase containing free proline, or other amino acids
which should make it possible to see whether the organisation observed is also disrupted in a similar
fashion as with the poly-L-proline. Also comparing poly-L-proline to other peptides, one that may, or
may not, be rich in proline, could shed light on the necessity and/or presence of the secondary structure.

Computational studies are ongoing to shed further light on these interactions.

In this thesis, the focus has been on single-chain, trihydroxy surfactants. Additional parameters
which will influence the headgroup organization include both modification of the number and placement
of the hydroxyl groups on the headgroup which will alter the balance between n-stacking and hydrogen
bonding as well as introducing a second chain which will yield greater space and hence more
conformational freedom for the headgroup. GIXD data has been collected for such systems at the air-

water interface and computational studies are ongoing.

The focus of this thesis was to investigate the potential to control the surfactant intermolecular
spacing at the air-water interface for transfer onto solid support using gold thiol chemistry, creating robust
functional surface films. In particular, the aim was to generate a tannin-mimetic surface coating using a
gallate-based surfactant. On a fundamental level, the strong gallate intermolecular interactions, and the
ability to generate charged forms of this heagroup, provided insight into the balance of m-stacking,
hydrogen bonding and ionic interactions in defining film structure and organization at different length
scales. We also demonstrated that the introduction of an w-thiol, necessary for chemisorption to gold,
does not necessarily disrupt this organization, but careful control of spreading conditions is required.
These concepts are more broadly applicable than just the gallate-derived surfactant studied here. A
preliminary study of molecular imprinting the required spacing for analyte binding was undertaken but

further study is required.
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Appendix

Appendix Table 1. Fitted peak positions in Qxy and Qz and corresponding full width at half maximum
(FWHM). TW denotes a peak that was too weak to properly fit accurately in either position and/or width. DNS
denotes systems for which a low Qxy scan was not performed. For the pH 11 subphase, the new set of peaks
appears at pH 11 already with 10 minutes relaxation time but were too weak to fit and are therefore not listed
in the table. After 60 minutes relaxation only the new set of peaks are visible. The out-of-plane peak seen for
ODG on subphases from water to pH 11 could also be fit as two peaks yielding an intermediate tilt, in between

NN and NNN, but the difference in tilt azimuth was minimal (120° vs 118°).

Water
o Quyl Q:l Q2 Q2 Qxy3 Q23 Qx4 QA4
(mN/m) (A (A (A (A (A1) (A1) (A1) (A1)
5 Position 0.963 0 1.279 0.783 1.638 0 1.863 0
FWHM 0.025 ™ 0.058 0.288 0.026 0.288 0.053 1.113
20 Position 0.965 0 1.284 0.767 1.642 0 1.873 0
FWHM 0.034 ™ 0.059 0.309 0.031 0.309 0.055 0.995
40 Position DNS DNS 1.289 0.759 1.652 0 1.877 0
FWHM DNS DNS 0.058 0.290 0.026 0.290 0.082 1.002
pHO
Quyl Q.1 Qxy2 Q2 Qxy3 Q23 Qxy4 QA4
5 Position 0.962 0 1.279 0.785 1.638 0 1.862 0
FWHM 0.024 ™ 0.059 0.337 0.024 0.337 0.044 1.236
20 Position 0.960 0 1.281 0.784 1.643 0 1.868 0
FWHM 0.022 ™ 0.061 0.299 0.031 0.299 0.037 0.985
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pH 10

Quyl Q-1 Qxy2 Q2 Qxy3 Q23 Qxy4 QA4
5 Position 0.962 0 1.282 0.785 1.637 0 1.863 0
FWHM 0.236 ™ 0.062 0.318 0.028 1.282 0.041 1.447
20 Position 0.962 0 1.286 0.768 1.646 0 1.872 0
FWHM 0.041 ™ 0.071 0.277 0.040 0.277 0.055 0.930
pH 11, 10 minutes relaxation time
Quyl Q.1 Qxy2 Q2 Qxy3 Q23 Qxy4 QA4
1 Position ™ ™ 1.280 0.812 1.642 0 ™ ™
FWHM ™ ™ 0.059 0.3 0.023 0.3 ™ ™
20 Position DNS DNS 1.288 0.700 1.647 0 1.870 ™
FWHM DNS DNS 0.040 0.3 0.048 0.3 0.040 ™
pH 11, 60 minutes relaxation time
Quyl Q-1 Qxy2 Q2 - - - -
5 Position 1.348 0.726 1.461 0 - - - -
FWHM 0.180 0.382 0.080 0.383 - - - -
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Appendix Figure 1. Distortion value derived from GIXD analysis as a function of sin? of the tilt angle for ODG on a

water subphase
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Appendix Figure 2. Surface pressure-molecular area isotherms of ODG as a function of subphase, NaCl was added

to increase the ionic strenght of the subphase to be equivalent to subphase of higher pH.
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Appendix Table 2. Fitted peak positions in Qxy and Qz and corresponding full width at half maximum

(FWHM). TW denotes a peak that was too weak to properly fit accurately in either position and width. The out-

of-plane peak seen for ODG SH on subphases water and pH 10 could also be fit as two peaks yielding an

intermediate tilt, in between NN and NNN, but the difference in tilt azimuth was minimal (120° vs 118°).

Water
m Qxyl Qzl1 Qxy2 Qz2 Qxy3 Qz3 Qxy4 Qz4
(mN/m) (A-1) (A-1) (A-1) (A-1) (A-1) (A-1) (A-1) (A-1)
1 Position - - 1.28723 0.78753 1.6476 0 1.86447 0
Width - - 0.05166 0.26929 0.01888 0.26929 0.01824 ™
20 Position - - 1.28594 0.78509 1.65153 0 1.8715 0
Width - - 0.05188 0.29212 0.0252 0.29212 0.03387 0.90995
pH 10
Qxyl Qz1 Qxy2 Qz2 Qxy3 Qz3 Qxy4 Qz4
5 Position 0.96327 ™ 1.28596 0.7976 1.65126 0 1.86838 0
Width 0.00907 ™ 0.06423 0.3 0.03823 0.3 0.11275 ™
15 Position 1.50249 0.34062 1.51362 0 - - - -
Width 0.10056 0.35989 0.08771 0.35989 - - - -
pH 11, 10 minutes relaxation time
Qxyl Qzl - - - - - -
1 Position none None - - - - - -
Width none None - - - - - -
10 Position None None - - - - - -
Width None none - - - - - -
15 Position 1.48199 0 - - - - - -
Width 0.11939 0.611 - - - - - -
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Appendix Table 3. Film thickness pre- and post-ethanol wash determined by ellipsometric

measurements of ODG SH deposited onto gold by LB from the air-water interface.

Deposition pressure (mN/m)
subphase 5 10 15 20 25 35
Pre-wash 1.11+£0.17 1.42+0.42 1.31+£0.64 | - 3.09+£0.49 3.20+0.08
water
Post-wash 1.08+£0.11 1.06 £0.32 1.20+£048 | - 227+036 | 2.25+0.08
Pre-wash 1.04+£0.11 | 2.37+0.50 | - 2.68 +0.50 - -
PH 10
Post-wash 0.89+0.15 1.72+0.59 | - 2.2+0.45 - -
Pre-wash 0.95+0.60 | 1.27+0.02 | 1.51+0.21 1.52+0.10 | 1.69+0.13 | -
pH 11
Post-wash | 1.00+£0.46 | 1.07+0.19 | 1.41+0.16 | 1.40+0.11 1.53+0.21 | -
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Appendix Figure 3. AFM image of ODG SH deposited onto mica from a pH 10 subphase at a surface pressure of 16

mN/m after 10 minutes relaxation time.
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Appendix Figure 4. X-ray fluorescence near total reflection raw data. The Koi and Ka: (K-L3 and K-L: in [IUPAC
notation) are too close to distinguish. Cu lines are Kai= 8 047.78 keV, Ka2= 8 027.83 keV, (in addition the Kf1 (K-M3)
line for Cu was visible but not used (at 8 905.29 keV) Zn lines are Ko:1= 8 638.86 KeV, Ka>= 8 615.78 KeV). Direct

beam at 10 000 keV. LDG SH to metal ratio of 1:10 (along with subphase metal concentration), pressure of 2 mN/m,
a) Cu (2.48¢* M), b) Zn (1.66e® M), ¢) Cu and Zn (2.48¢®* M and 2.42¢® M). d) Reference used with metal

concentration of 0.02 M of CuCl: and ZnCl,.
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Appendix Figure 5. Brewster angle microscopy images of a) LDG SH on 1:10 subphase of copper, before any compression
is applied (image quality is low due to the high movement of the domains at the surface of water). b) LDG SH on 1:1

subphase of copper at the critical area

Appendix Figure 6. Atomic force microscopy images of LDG SH monolayers deposited by Langmuir-Blodgettry onto

mica substrates at pressure of 5 mN/m. a) ultrapure water subphase, b) lipid:ZnCI2 ratio of 10.
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Appendix Figure 7. Atomic force microscopy images of ODG SH monolayers deposited by Langmuir-Blodgettry onto mica

substrates at pressure of S mN/m, ODG SH:CuCl2 ratio of 1:10.
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Appendix Figure 8. GIXD contour plots of the diffracted X-ray intensity of ODG as a function of the in-plane (Qxy)

and out-of-plane (Qz) vector components over subphase with lipid:metal ratio of 1:10 at pressure 5 mN/m a) ZnClz, b)
CuCl
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Appendix Figure 9. Atomic force microscopy images of LDG SH monolayers deposited by Langmuir-Blodgettry onto mica

substrates at pressure of 5 mN/m, LDG SH:ZnCl: ratio of 1:10
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Appendix Figure 10. Integrated in-plane GIXD intensity of monolayer on a 1:1 lipid:poly-L-proline ratio: a) LDG SH,
5 mN/m (only rough scan available), b) LDG SH, 20 mN/m, ¢) ODG SH, 5 mN/m, d) ODG SG, 15 mN/m
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Appendix figure 11. SPR response of deposited film onto gold, a) LDG SH, depo at 15 mN/m, b) LDG:LDG SH 50:50
deposited at 25 mN/m. Red arrow indicate moment where pure ethanol is flowed over the chips, which cause a large

change in response, blue arrow indicate moment when a solution of poly-L-proline is flowed over the chips.
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