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.
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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
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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 - - - -

140




0.45

0.4

0.35 ’\ g

o
w

0.25

o
N

Distortion parameter, d,
o
=
(9]

o
il

0.05

0.365 0.37 0.375 0.38 0.385 0.39
sin2 0

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 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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