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Abstract
Monolayer Behavior of Phenolic Lipids: Experimental and Computational Studies
Ying Zhao

The monolayer and bilayer behavior of 1,2-di1;almitoylgalloy1glycerol (DPGG 1)
is thought to be governed by strong intermolecular hydrogen bonding. To probe this
hypothesis, monolayers of DPGG and its analogs (2-5) with variation in the position and
numbers of hydroxyl groups on the aromatic headgroup, and 6, in which all the hydroxyl
groups of 5 were replaces by methoxyl groups in order to disrupt the hydrogen bonds,

were studied experimentally and computationally.
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1 2 3 4 5 6

It was found that at 25°C, all phenolic lipids formed aggregates at the air/water
interface even at very high molecular areas, which suggests strong interactions between
the phenolic lipid headgroups. Moreover, isotherms of 2 showed a shift to larger
molecular area compared to those of the other phenolic lipids. A para—OH group played
an important role in the monolayer behavior of the phenolic lipids.

To rationalize the differences in the surface properties of the phenolic lipids that
are caused by changing the substitu;cion pattern on the aromatic headgroup, the

interactions between small model phenolic esters in the gas phase was studied with

iii



density-functional theory. The carbonyl group involved configuration had the lowest total
energy for all the phenolic lipid headgroup dimers. Aggregation of the phenolic lipid
headgroups was energetically favorable. The preferred conformation of the full DPGG
molecule had two non-interacting side chains, and in order to change into the
conformation for the solid state monolayer, in which the two side chains were aligned, an

energy barrier of about 5.5 kcal mol™ needed to be overcome.
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Chapter 1. Introduction

1.1. 1,2-Dipalmitoylgalloylglycerol (DPGG) and Langmuir Monolayers

DPGG, which was first synthesised and characterised by Pollastri et al.' in 2000, is

a diacyl glycerol-based lipid with a phenolic headgroup. The molecular structure of

DPGG is as shown in Figure 1.

) j\/\/\/\/\/\/\/\
HO 9
HO 0\)\/0\“/\/\/\/\/\/\/\/

Figure 1. Molecular structure of DPGG.

As a recently synthesised molecule, the properties of DPGG are not well
understood, and its potential uses are still being explored.1 Its structure as a combination
of lipid with gallic acid headgroup suggests it can be used in some of the applications of

surfactants and polyphenols.

The first appliéation of surfactants can be tracea back to at least 2300 years ago,’
and now main applications of surfactants lie in the field of detergency, emulsification,
lubrication, petroleum recovery and pharmaceuticals. The properties and applications of
surfactants are determined by the balance between the hydrophilic and hydrophobic
portions of the molecules. Therefore, a surfactant may perform well in some applications
but less well in some others depending on their surface tension reducing capability,
foaming capacity, solubility in different solvents, detergency power, and critical micelle

concentration.? As a water-insoluble surfactant, DPGG can form Langmuir monolayers at



the air/water interface, and monolayers and multilayers of DPGG can be transferred onto
different substrates, such as mica, glass or silica, to be further characterized by surface
chemistry. The property of DPGG as a surfactant also suggests that it can be used to

tether biological molecules to different substrates for sfudy and medical uses.?

In addition, as a compound with more than one hydroxyl group attached to an
aromatic ring, a monolayer of DPGG can resemble the surface of polyphenol.
Polyphenols are known to have synthetic, medicinal and industrial value as they can
prevent the formation of free radicals in biological systems,” > chelate metal ions® and

bind with biological molecules, such as proteins.®

DPGG has a variety of potential uses. Proposed applications for DPGG so far

include bio-sensing applications and biocompatible coatings."

Before we can make good use of this synthetic lipid, we first need to understand its
properties. Bilayer properties for DPGG were studied by Pollastri et al.' and were
compared with those of 1,2-dipalmitoylphosphatidylcholine (DPPC) and 1,2-dipalmitoyl-
phosphatidylethanolamine (DPPE), which are molecules having the same side chains and
glycerol backbones but different headgroups from DPGG (the structures of DPPC and
DPPE are shown in Figure 2). DPGG bilayers showed a very narrow fluid separation and
a very high T, (69.3°C) for the “gel-to-lamellar” transition.! While the narrow fluid
separation was explained by interbilayer hydrogen bonding via water bridges, the high Tr,
was explained by potential lateral H-bonding (hydrogen-bonding) between the
neighboring DPGG molecules. The main endotherrnicg transition for DPGG occurring at

high temperature means that there are strong attractive interactions between neighboring

molecules that fight against the expansion of the monolayers, and hence require high



energy to break them. Most membrane lipids with the same side chains have much lower
Tm than DPGG, for example, Ty, for DPPC is only 41°C.! DPGG and other molecules,
including some cerebrosides and phosphatidylethanolazmines (PEs), that exhibit high T,
have one thing in common: the ability to form hydrogen bonds between neighboring
molecules. As DPGG has hydroxyl groups on its headgroup, the strong attractive lateral

interactions between DPGG neighboring molecules are most likely hydrogen bonds."

Figure 2. Molecular structure of DPPC and DPPE.

Lateral H-bonding can be systematically studied using a Langmuir monolayer
model system. A Langmuir monolayer is an insoluble layer of an organic material, with
thickness of one-molecule, spread onto an aqueous subphase with the hydrophilic groups

oriented towards the water phase and the hydrophobic chains oriented towards the air

phase.

When a monolayer is spread onto the air/water interface, there is a decrease of
surface tension because the amphiphiles orient with the hydrophilic parts in water and the
hydrophobic part in air, which is energetically favorable and less water molecules have to

be present at the surface. The surface pressure () of a Langmuir monolayer is the



lowering of surface tension due to the presence of a Langmuir monolayer and can be

obtained by the following equation:’
T=Ye—Yy

where 7, is the surface tension of the clean surface and y is the surface tension of

the surface after spreading of a monolayer.

The variation of surface pressure (1) with the surface area (A) is represented by n-
A isotherms. n-A isotherms can be regarded as the two:dimensional equivalent of the p-V
curves for three dimensional systems. When a three-dimensional gas is compressed, it
condenses into a liquid and then into a solid. Each phase is progressively less
compressible, with changes in the extent of ordering. Similarly, a pseudo two-
dimensional film (monolayer) also shows different physical states depends on the
ordering of the constituent molecules, which in turn depends on lateral forces between the
constituent molecules. Besides interactions between the headgroups of the molecules, the
most common lateral forces between molecules are non van der Waals forces between the
chains, which are maximized when neighboring molecules align with one another.
Although van der Waals forces are weak, chains with 8-20 or more carbon atoms can
contribute as much as tens of kilojoules per mole to the interaction.® The three general
states of monolayers, namely the gaseous, liquid expanded and condensed phases, are

illustrated in the schematic n-A isotherm in Figure 3.
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Figure 3. Schematic presentation of a compression isotherm.

At large molecular areas, the constituent molecules of a monolayer are considered
to be far away from each other so that interactions between them are negligible.
Therefore, constituent molecules can move about the surface separately and
independently. Ideal gaseous films, which consist of molecules of negligible size without
any lateral adhesion between them, obey an ideal gas law for two-dimensional systems,
n-A= - T (where x is the Boltzmann constant). In this case, the ©-A curve would be a
rectangular hyperbola.7

Compression of gaseous state monolayers can result in a transition from gaseous
phase to liquid expanded (LE) phase. The transition, however, occurs at such low

pressures that a phase transition plateau corresponding to the coexistence of these two

phases is not discernable in Figure 3. At the end of the gaseous phase to LE transition,



monolayers show significant increase in surface pressure with the decrease of surface
area. Therefore, the point at which the pressure begins to rise discernibly is known as the
critical area of the monolayer. Liquid expanded films are fluid and coherent, with the

average distance between molecules much larger than those for bulk liquids.9

Unlike the transition from gaseous phase to LE phase which takes place at very low
pressure, the transition from LE to condensed (C) phase can occur at higher surface
pressures and usually appears as a plateau on the 7-A isotherm (refer to Figure 3). During
the transition, molecules start to pack closely, and eventually when the monolayer
reaches the condensed phase, the surface pressure begins to increase rapidly. In
condensed monolayers, with the decreasing of surface area occupied by each constituent
molecule, the monolayer has to gradually reduce the tilt angle of the side chains of its
constituent molecules, and the physical state of the monolayer can eventually turn from a
tilted condensed phase to an untilted condensed phase. Molecules in an untilted
condensed film pack closely. It is observed that for straight-chain fatty acids, each
molecule occupies a limiting area of 0.20-0.22 nm’® at the air/water interface.”
Compression beyond the limiting area will cause collapse or buckling of the film. It is
noteworthy that some monolayers may show direct transition from gaseous phase to
condensed phase, or only show gaseous phase and liquid expanded phase (a condensed

phase cannot be achieved).

As mentioned above, the physical state of a monolayer depends on the lateral
cohesive forces between the constituent molecules, which in turn depend on the geometry

and orientation of the molecules. The following factors will, in principle, favor the



formation of a LE film: 1) bulkier headgroups; 2) more than one polar group; 3) not all-

trans hydrocarbon chains; 4) branched hydrocarbon chains.’

The monolayer behavior of DPGG hés been studied by Schmidt et al.? with a
Langmuir monolayer model system. Many unusual properties were observed for DPGG
compared to common phospholipids, such as DPPC, including the formation of
aggregates at high molecular areas, an increase in surface pressure at constant surface
area, slow film equilibration, an extreme surface pressure gradient, and high film rigidity.
All the unusual properties of the DPGG monolayer led to the proposition of a lateral H-

bonding network between DPGG headgroups.
1.2. Hydrogen Bonding

Hydrogen bonding plays an important role in chemistry and biology. Since it was
first described in 1902 by Werner'® and first termed as “hydrogen bond” in 1931 by
Pauling,11 research in hydrogen bonding for various has boomed. By definition, a
hydrogen bond is a hydrogen atom involved in a donor-acceptor attractive interaction.'"
12 Although the strength of hydrogen bonds is moderate (between the range of covalent
bonds and van der Waals interactions), they are sufficient to direct molecular assembly.
They are directional and reproducible.m Hydrogen bonds are classified, by Jeffery in

1997, into strong, moderate and weak H-bonds. Table 1 summarises the parameters for

strong, moderate and weak hydrogen bonds.'* "

Molecules with the ability to form hydrogen bonds can form monolayers. Although
it is commonly accepted that the domain shape of a condensed phase of a monolayer is

principally governed by the competition between dipole-dipole interactions and line



tension,'® the situation becomes more complicated when hydrogen bonds are involved.
Numerous groups have studied hydrogen bonding between the headgroups of the
amphiphiles in monolayer systems, some of them have studied the H-bonding between

the amphiphile headgroups computationally.

Table 1. Summary of the typical bond energy (kcal mol™), bond distance (A) and angle

(degrees) of hydrogen bonds for A-H-B from refs. 10 and 11.

Bond Parameter Strong hydrogen Moderate hydrogen Weak hydrogen

bonds bonds bonds
Bond energy 15-40 4-15 <4
H-B 1.2-1.5 1.5-2.2 2.2-32
A-B 2.2-2.5 2.5-32 3.2-4.0
0(A-H:B) 175-180 130-180 90-150
Example [N--H--0]" O-H-+O-H C-H--O

Wang et al.'* studied methyl and ethyl esters of 2,3-dihydroxy fatty acids. They
suggested that the observed elongated aggregates were caused by directional
intermolecular H-bonds. The FT-IR spectrum of the monolayer transferred at 22 mN m™
showed a band appearing at 1728 em” corresponding to the C=O bond stretching
vibration, while this band appeared at 1737 cm” for the amphiphile in chloroform
solution, which suggested the existence of intermolecular hydrogen bonding between the
headgroups of neighboring molecules in the transferred monolayer. Differences in the
morphology caused by both changing the side chain length and the headgroup structure

were explained by the competition between the intermolecular hydrogen bonding and the



van der Waals interaction in the domination of the aggregation process. That is, when
hydrogen bonds dominated, elongated domains were formed, while when van der Waals
interactions were dominant, rigid and large aggregates were formed, which happened

with the molecules with longer side chains (16 carbon atoms).

Chen el al.”® studied the monolayer behavior of 2,3-disubstituted methyl
octadecanoate computationally. Monolayers were built by allowing maximum H-bonding
between the headgroups. It was found that the methyl-2,3-dihydroxyoctadecanoate
(DHO) molecules can hydrogen bond with up to four like molecules since a hydroxyl
group can serve as both proton acceptor and proton donor, which results in the formation
of a 2D H-bond network. The intermolecular H-bond between DHO molecules stabilise
the aggregates by balancing steric repulsions, leading :to a stable DHO monolayer which
was observed experimentally. When one of the hydroxyl groups on DHO is replaced by a
fluorine, the balance between the H-bonding and the steric repulsion was broken since
fluorine can only act as a proton acceptor, hence the resulting monolayer is less stable.
3D collapse structure was observed experimentally by BAM for the fluorine replaced

molecules.

Dreger et al.'® studied the influence of the position of a methyl group on the
monolayer stability of methyl octadecanoates with amide groups integrated into the alkyl
chain. They simulated the headgroup of the amphiphiles in density-functional theory
(DFT) calculations. They claimed that in the LE phase, the amide group of the
amphiphile formed two hydrogen bonds with subphase water molecules, while in the
condensed phase, the amides formed one hydrogen bend with subphase water molecule

and an intermolecular hydrogen bond with a like amphiphile. Therefore, by rotating the



headgroup along the N-C bond, the enthalpy difference between the LE and condensed
phase conformers was calculated. The sequence of enthalpy differences (AH) calculated

for four methyl-substituted octadecanoates agreed well with experimental results.

Thirumoorthy et al.”® studied the influence of electrostatic interactions on the
domain shapes of monoglycerol amphiphiles with different headgroup, including
monoglycerol amide, ether, ester and amine. They claimed that the variations in
headgroup structure change domain shapes drastically and electrostatic interactions play
an important role in the mesoscopic domain sizes and shapes. Ab inito calculations based
on the Hartree-Fock (HF) method were employed in their work to optimize monomer and
dimer configurations of the amphiphiles and to study their dimerisation energy. They
found the dimerisation energy to follow the sequence of ether < ester < amine < amide,
which explained well, except for the amine, the domain shape for the monoglycerol
amphiphiles observed experimentally. The high dimerisation energy for the amine was

explained by the enhanced importance of intermolecular hydrogen bonding.

These examples suggest that a systematic study can be used to probe the H-bonding
between DPGG headgroups, and a computational study will be useful in understanding

the H-bonding patterns between the headgroups.
1.3. Computational Chemistry in the Study of Monolayers and Hydrogen
Bonding

With the availability of supercomputers, computational chemistry is becoming a
more and more useful and reliable tool in studyingﬁ structures, energies and physical

properties of systems of various sizes. With a proper selection of model systems,
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researchers have solved many complicated problems that have not yet been solved
experimentally. For example, the geometry of N-sulfinylamines (R-N=5=0) has drawn
researchers’ interest for a long time!”?° Several compounds in this family have finally
been confirmed as being syn-configured experimentally by X-ray diffraction.! In a
computational study on aromatic N-sylfinylamines with ortho hydrogen atoms,
intramolecular C-H--O anti-hydrogen bonds between the NSO and the ortho hydrogen
atom were found, characterised by a shortening of the C-H bond and a blue shift of its
stretching frequency.22 Experimental evidence for this weak interaction is not yet

available.

In recent years, great efforts have been put in tﬁe simulation of lipid monolayers.
Traditional simulation of monolayers was done by molecular dynamics simulations using
coarse-grained models.”® The amphiphiles are modelled as stiff chains with a rod-like
part attached to a head segment, free to move in lateral directions but confined into a
planar surface by a harmonic potential.23 The coarse-grained model, developed by Feller
et al., was used to simulate two lipid monolayers se?parated by a layer of water. The
thickness of the water layer was chosen so that little interaction was anticipated between
the two monolayers.24 Larson et al. modified the model developed by Feller and co-
workers by applying a wall potential instead of using a bilayer, with side chains of the
amphiphiles interacting with each other.?* This model was also adopted by Alper et al. in

a simulation of a DMPC monolayer.?>

Molecular dynamics simulations, however, carot give insight into the detailed
interactions between the side chains or the headgroups of the amphiphiles. In order to

study how changing the headgroup structure influences the surface behavior of the

11



amphiphilic molecules, electronic structure methods are needed. Electronic structure
methods are based on quantum mechanics. By solving the Schrodinger equation
( HY = E¥), the energy and related properties of a mo}ecule can be obtained.”” The exact
solution of the Schrodinger equation, however, is not possible for multi-electron
molecules. Electronic structure methods therefore make compromises between
computational accuracy and cost by using approximations.27 The methods using
experiment-derived parameters are known as semiempirical methods (e.g. Parameterized
Method number 3 - PM3) and those using only physical constants are called ab initio
methods (e.g. Hartree-Fock-HF, Meller-Plesset Perturbation theory of second order -
MP2). Methods from density-functional theory (e.g. Becke’s three parameter hybrid
exchange/Lee-Yang-Parr correlation functional - B3LYP) compute the energy as a
function of the electron density?’ and have become popular because they often have the

accuracy of more sophisticated ab initio methods at a much lower computational cost.

Electronic structure theory is widely used in the simulation of monolayers of
amphiphiles. Besides the studies on hydrogen bonding in monolayers by Dreger et al.,'s
Thirumoorthy et al."® and Chen el al.”® as summarised in section 1.2, computational
simulations were also used in studying the thermodynamic characteristics of monolayers.
Vysotsky et al. simulated 2D cluster formation with 2-7 monomers of fatty alcohols with
8-16 carbon-atom side chains using the semiempirical method PM3.?® They found that
the calculated enthalpy, entropy and Gibbs’ free energy had a linear relationship with the
number of methylene groups in the alcohol. A thernlodynamic model was established
based on the assumption of an equilibrium between the oligomers (dimers to tetramers)

and larger clusters. The calculated results agreed very well with the experimental ones.

12



They suggested that the liquid state of a monolayer was made up of monomers and
oligomers, and that the aggregation degree increased with an increase of the chain length.
Vysotsky et al. also simulated the formation of 2D’ clusters (dimers to tetramers) of
carboxylic acids (5-15 carbon atoms in the chain) at the air/water interface using
semiempirical methods, and calculated geometries and thermodynamic characteristics.”
They found that spontaneous aggregation could take place for chains larger than 13
carbon atoms, while for less than 11, decomposition of the aggregates was energetically
favorable. When the chains contain 8 to 13 carbon atoms, the formation of trimers was

most likely to occur.

For the identification and characterisation of hydrogen bonds, the quantum theory
of Atoms in Molecules (AIM) is a powerful tool.*® It has been successfully used to
characterise H-bonds varied in strength in a wide variety of molecular systems.’ 138 With
AIM, the topology of the electron density (p) is analysed. A hydrogen bond is identified
through the presence of a “bond critical point (BCP)” between the interacting nuclei (as
shown in Figure 4), a critical point that has one positive and two negative curvatures of
the electron density (a saddle point). It has been shown that the electron density at such a
hydrogen BCP has a value within the range of 0.002 to 0.04 au,”’ its second derivative,
the Laplacian (V?p) is in the range of 0.015 to 0.15 au’® and there is a mutual penetration
of the hydrogen and the acceptor atom. Besides these topological properties, integrated
properties of the electron density are also affected upon hydrogen bonding, namely there
is an increase in the net positive atomic charge (loss of charge) on H, an energetic

destablisation of the hydrogen atom, a decrease in its dipolar polarisation and a decrease

13



in its atomic volume.*’ Integration is performed over the volume bordered by interatomic

surfaces (shown in green in Figure 4).

Figure 4. Contour plot of the electron density for two hydrogen-bonded water molecules.
The hydrogen bond critical point is labelled. Interatomic surfaces are shown as green

lines.

1.4. Objectives

The purpose of this project is to probe the lateral H-bonding between DPGG
headgroups and its effect on monolayer behavior. To do this, we compare the monolayer
behavior of DPGG (1) with its analogs with different placement and number of hydroxyl
groups on the headgroup (Figure 5), namely dipalmitoyl-3,5-dihydroxybenzoylglycerol
(DP-3,5-HBG) (2), dipalmitoyl-3,4-dihydroxylbenzoylglycerol (DP-3,4-HBG) (3),
dipalmitoyl-4-hydroxylbenzoylglycerol (DP-4-HBG) (4), dipalmitoyl-3-hydroxybenzoyl-
glycerol (DP-3-HBG) (5). In the extreme case of dipalmitoyl-3,4,5-methoxybenzoyl-
glycerol (DP-3,4,5-MBG) (6), all three hydrogen atoms in the hydroxyl groups of DPGG
are replaced with methyl groups in order to completely disrupt the hydrogen bonding

network if it does exist.
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Figure 5. Chemical structures of phenolic lipids (n-hydroxybenzoic acids) (1-5) and the

methoxy substituted analog (6).

The isotherms and morphology of racemic phenolic lipid monolayers at the
air/water interface, through Langmuir film balance and Brewster angle microscopy
(BAM), are compared to understand the headgroup structure on the monolayer behavior
of the racemic phenolic lipids. Changes in temperature and period of time allowed for
monolayer equilibration at the air/water interface are performed to better understand the
interactions between the lipid molecules. Moreover, in order to determine if the lipids are
hydrogen bonded with each other in the spreading solution, FT-IR (Fourier transform

infrared) and '"H NMR (proton nuclear magnetic resonance) spectroscopic studies are
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performed. The influence of chirality on the DPGG monolayer is also included in this

study.

A computational study is done on the gas phase interactions of phenolic lipid
headgroups and their small assemblies (dimers and trimers) to understand their possible
configurations to form hydrogen bonds in the gas phase. Hydrogen bonds between
phenolic lipid headgroups are located through the electron density and verified by
evaluating atomic properties of H and O atoms according to established theory. The full
DPGG molecule is simulated and the potential energy curves are generated to find the

most stable configuration.
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Chapter 2. Methods
2.1. Instruments

2.1.1. Langmuir Film Balance

A schematic diagram of a Langmuir film balance is shown in Figure 6. The
Langmuir film balance consists of a fabricated teflon trough, one (for the asymmetric
compression mode) or two (for the symmetric compfession mode) moveable barrier(s),
and a Wilhelmy plate. The teflon trough is filled with the aqueous subphase. Spreading
of amphiphilic materials at the air/water surface will create a monolayer (if space allows)
with known area and number of molecules. This is usually achieved by pre-dissolving the
amphiphiles in a solvent, ejecting small amounts from a micrometer syringe at various
points on the liquid surface, and allowing evaporation of the solvent. The surface area of
the monolayer can be changed by the movable barrier(s). The surface tension of the

subphase with or without a monolayer can be measured by the Wilhelmy plate.

Wilhelmy plate

moveable
barrier

Figure 6. Schematic diagram of a Langmuir film balance.
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2.1.2. Brewster Angle Microscopy (BAM)

BAM is an optical technique that can be used to visualise the surface morphology
of monolayers. The biggest advantage of optical techniques in surface study is that they
do not require direct contact with the samples so that they can provide “real time”

images, which reflect the morphology of the films.

David Brewster, a Scottish Physicist of the eurly 19th century, discovered that
when light moves between two media with different refractive indices, p-polarised light
(with respect to the interface) was not reflected at a specific incident angle.*® This angle

is known now as the Brewster angle, which can be calculated as follows:

_sina _ sina
sinf  sin(90 - )

where 7 is the refractive index of the medium, « is the angle of incidence and f is

the angle of refraction.

BAM was developed in 1991 by Hénon and Meunier (French) and Honig and
Moébius (German). This technique makes good use of the zero reflectance at the Brewster

angle of an air/water interface or dielectric substrate for polarised light.*'

As shown in Figure 7, laser light (wavelength =.532 nm) is polarised by a filter to
produce p-polarised light. By introducing the p-polarised light at the Brewster angle (as
shown by the above equation, the Brewster angle for air/water is 53.15°) before spreading
the monolayer at the air/water interface, there is no reflection from the water surface, and
the background of the BAM image is then completely dark. After spreading of a

monolayer, 53.15° is no longer the Brewster angle for this interface. Therefore, light is
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reflected (see Figure 8). A condensed phase of the monolayer will result in high contrast
images of the film because it has the largest difference in refractive index from that of
water (as compared to liquid and gaseous phases). In the case that the amphiphilic
molecules have the side chains tilted in different directions or arranged in non-hexagonal
arrangements, anisotropic domains will form, resulting in BAM images with different

darkness levels within the same domain.

detector

Brewster Angle: 53.15°

|
% Figure 7. Schematic diagram of Brewster angle microscopy.
1
!

no reflection reflection

Figure 8. Schematic illustration of the reflection change before and after spreading of a

monolayer.
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2.2. Method and Materials for the Monolayer Study

Enantiomerically pure (R-configured) DPGG was purchased from Avanti Polar
Lipids Inc. (Alabaster, AL), and was used without further purification (for the structure
refer to (1) of Figure 5). Racemic phenolic lipids were prepared by Schmidt et al.
according to their published method.*? Ultrapure water with a resistivity of 18.2 mQ cm”
was obtained from an EasyPure II LF system (Barnstead, Dubuque, IA). Except where

mentioned otherwise, all the experiments were performed with the racemic compounds.

Monolayers of phenolic lipids were spread using a Hamilton 50 uL syringe from
chloroform solutions with a concentration of 0.8 mM and using a volume of 30 pL on a
subphase of ultra-pure water (pH = 5.3-6.3 at 25°C). Surface pressure-area isotherms
were obtained with a compression speed of 5 cm? min™ (which corresponds to 0.058 AZ
molecule™ s for a spreading volume of 30 puL. of a 0.8 mM phenol lipid solution) using a
Langmuir film balance (Nima Technology Ltd., Coventry, U.K.) equipped with a filter
paper Wilhelmy plate. All isotherms were obtained with symmetric compression

immediately after spreading.

BAM images were obtained using an I-Elli2000 ellipsometer (Nanofilm
Technology GmbH, Géttingen, Germany) with a green laser (A = 532 nm) of 50 mW
intensity. A 20x magnification was used with a 1um lateral resolution for all images.

BAM images were obtained using a laser output of 50% at the Brewster angle for water.

2.3. Spectroscopy

IR studies were done using a Nicolet Magna-IR550 spectrometer (Thermo Electron

Corporation, USA) equipped with Whatman FT-IR purge gas generator. Deuterated
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triglycine sulfate (DTGS) KBr typed detector was used, which provides a spectral
window of 6000 to 350 cm™. The beamsplitter and plates of the cells were made of KBr.

CHCIl; was used as the solvent.

The '"H NMR study was done using an Oxford NMR300 (Varian Corporation,
USA) with a radio frequency of 300 MHz at room temperature. The solvent used was

CDCl;. Spectra were referenced to the CHCl;3 signal at 7.26 ppm. Signals are labelled

with b (broad), vb (very broad) and o (hidden/overlap).

2.4. Calculations

All electronic structure calculations were carried out using GAUSSIAN 98%

or
GAUSSIAN 03.* Calculations employed the semiempirical PM3,* ab initio Hartree-
Fock (HF)* and Moller-Plesset perturbation theory of second order (MP2),*¢ and the
density-funcitional theory functionals Becke’s three parameter hybrid exchange/Lee-
Yang-Parr correlation functional (B3LYP)*" * and the 1996 “parameter-free” density-
functional of Perdew-Burke-Ernzerhof (PBE0).*> ° All geometries were fully optimised,
except where stated otherwise. Frequency calculations were performed within the rigid
rotor/harmonic oscillator approximation, to determine the nature of the stationary points
and to obtain free energies. Atomic properties of H atoms, including the atomic energy,
population, dipole moment and atomic volume, are calculated with the program
PROAIMV of the AIMPAC series of programs.’' Radii of H and O atoms are calculated
using the program PROFIL, also of AIMPAC. Molecular graphs are plotted, and electron

densities and Laplacian values are determined, from AiM2000.52’ 53 Molecules are plotted

with Molekel.**
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Chapter 3. Monolayer Behavior of Phenolic Lipids:

Experimental Study

3.1. Introduction

Ampbhiphiles can form monolayers at the air/water interface because of their surface
activity due to their molecular hydrophilic-hydrophobic balance; too great a weight on
either part makes a monolayer unstable.® Small changes in the ratio between the
hydrophilic part and the hydrophobic part of the amphipiles bring about significant
changes in the surface morphology and the phase beﬂavior of monolayers.’® Systematic
changes in the intermolecular interactions can be achieved by introducing side chains
with different length in different positions or by changing the polar groups on the

headgroups.

Many studies have examined the influence of changing both the hydrophobic part
and the hydrophilic parts of molecules on monolayer properties. For example,
lengthening of the alkyl chain for either phospholipids or polymers increases the van der

Waals interactions between side chains, resulting in a shift of the phase transitions of

14, 55, 57-61 14, 55, 57-61

isotherms to lower pressures, an increase in ordering in two dimensions,
as well as significant morphological changes.'” °* ®* Changing the size or functional
groups on the headgroups can also have dramatic influence on the monolayer behavior of
amphiphiles. Numerous studies have confirmed the influence of headgroup structure of

amphiphilic molecules on their monolayer properties.'* '> 8  Weidemann. et al.*®

compared the surface behavior of DPP(Me)E, DPP(Me,)E and DPPC (DPP(Me):E) with
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those of DPPE (DPPH;E) to understand the influence of headgroup size on phospholipid
monolayers. They found that changing the size of the headgroup changed the shape of the
condensed phase domains as larger headgroups hinder the chains from erection. As a
result, they found dendritic domains for DPP(Me)E and DPPE, but not for DPP(Me),E
and DPPC. Since dendritic growth results from anisotropic line tension, loss of dendritic
structure in the larger headgroup systems means the side chains are more disordered. The
order of collapse pressures for the four lipids they studied was DPPC > DPP(Me,)E >
DPP(Me)E > DPPE, which was also due to the size change of the headgroup. For
molecules with large headgroups, as DPPC and DPP(Me;)E, no complete erection of the

side chains could be achieved.

The monolayer behavior of DPGG is thought to be governed by a lateral hydrogen
bonding network.? In this study, we compare the monolayer behavior of DPGG with that
of phenolic lipids with different placement and number of hydroxyl groups on the
headgroup (Figure 5). The isotherms and morphology of phenolic lipid monolayers at the
air/water interface at different temperatures are compéred to understand the influence of

headgroup structure on the monolayer behavior of phenolic lipids.
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3.2. Influence of Headgroup Structure on the Monolayer Behavior of

phenolic Lipids
3.2.1. Monolayer Behavior of phenolic Lipids at 25 °C

3.2.1.1. Isotherms

Isotherms of the phenolic lipids at 25°C are shown in Figure 9. It shows that
headgroup alterations do have an influence on the isotherms of phenolic lipid
monolayers. Except for DP-3,4,5-MBG, the only compound without any OH group on
the aromatic ring, all the phenolic lipid monolayers appear to show isotherms with a
direct transition from gaseous phase to condensed phase at 25°C while DP-3,4,5-MBG
films show a LE phase at large molecular areas and low pressures. Whether or not a
monolayer shows direct transition from gaseous phase to condensed phase depends on
factors including temperature, size of the headgroup, interactions between the headgroup

14. 16, 62 64 Generally, lower

and van der Waals interactions between the side chains.
temperature, smaller headgroup, stronger attractive interactions between headgroups,
longer (or more) saturated side chain(s) favor the direct transition for a monolayer from
gaseous phase to condensed phase. Many other lipids also showed the G-C direct
transition at room temperature, for example 1,2-dilignoceroyl-glycerol-3-phosphacholine

(DLPC; C24)*® due to the long side chains, and diacylphosphatidylethanolamine®® % due

to hydrogen bonding between the headgroups.

Because the DP-3,4,5-MBG molecule has the same side chains as the other
phenolic lipids and all the isotherms were collected at the same temperature, the LE-LC

plateau on the isotherm of the DP-3,4,5-MBG monolayer can be explained by the
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following possible reasons. First the interaction between the headgroup of the methoxyl
compound is not as strong as those of the lipids with OH groups. OH groups can form
O--H-O hydrogen bonds with each other, which is a fa;rly strong interaction, while OCHj3
groups cannot form the same kind of hydrogen bonds. The disruption of the lateral O--H-
O hydrogen bonds between the headgroups replaces the stronger hydrogen bonding with
much weaker interactions. As a result, the DP-3,4,5-MBG molecules are less constrained
by the neighboring molecules and they have more flexibility at the surface. In addition
the methyl groups are bulkier than H atoms. Consequently, the methyl groups prevent
the constituent molecules of DP-3,4,5-MBG monolayer to closely pack at low pressures.
The monolayer behavior of DP-3,4,5-MBG may be the result of the combination of both
of these factors. Therefore, side chains of DP-3,4,5-MBG molecules do not interact with
each other effectively, hence its isotherm shows a liquid expanded phase at low surface

pressures.

The isotherm of DP-3,5-HBG is shifted to much larger molecular areas (60 A2
molecule” compared to 50 A% molecule” for DPGG isotherm) which may be caused by
the different patterning of lateral hydrogen bonds between the phenolic lipid headgroups.
Excei)t for DP-3,5-HBG, all the other phenolic lipids show similar condensed phase
molecular areas despite a large variation in headgroup size. The isotherm of DP-3-HBG
has a slightly larger critical area than that of DP-4-HBG, which again suggests that due to
the different position of the OH group on the headgroup, the orientation of the lipid
molecules is different at the air/water interface. The larger critical area of the DP-3-HBG

isotherm suggests that a DP-3-HBG molecule occupies a larger space at the air/water
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interface than a DP-4-HBG molecule, which maybe caused by DP-3-HBG molecules

tilting more than the DP-4-HBG molecules.
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Figure 9. n-A Isotherms of phenolic lipids on water at 25°C.

The larger collapse pressures of DP-4-HBG and DP-3-HBG compared to those of
the other phenolic lipids indicate that the DP-4-HBG and DP-3-HBG monolayers are
more stable than those of the other phenolic lipids. The collapse pressure of all the lipids
studied is DP-4-HBG and DP-3-HBG (55 mN m™) > DPGG; DP-3,4-HBG; DP-3,4,5-
MBG (50 mN m™’) > DP-3,5-HBG (45 mN m™). :l"his is contradictory to that was
observed by Weidemann et al.® where larger headgroups had higher collapsing surface
pressures. This indicates that headgroup size is not the only factor that influences the

collapse pressure of phenolic lipids. Interactions between the headgroups also play an
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important role on the collapse pressure for molecules that interact strongly with

neighboring molecules.

3.2.1.2. BAM images

BAM images of the phenolic lipid monolayers are shown in Figure 10. It shows
that in all cases, a condensed phase has already formed at zero surface pressure and very
large surface areas (130 cm?, average area for each molecule at the surface is about 90
Az). DP-3,4,5-MBG monolayer also forms islands of condensed phases although its
isotherm shows a LE-C plateau. The presence of the plateau despite the existence of
aggregation cannot easily be explained and warrants further investigation. The
aggregation is probably caused by the van der Waals interactions between the side chains
plus weak interactions between the headgroups, including weak hydrogen bonding, van
der Waals interactions and possible n-stacking. Moreover, the size of condensed phase
domains formed at the air/water interface for all the pl{enolic lipids is quite different from
each other. It is unusual to see, for DPGG, DP-3,4-HBG, DP-4-HBG and DP-3,5-HBG,
such large extensive aggregation yielding entire regions of condensed phase rather than
just small domains, especially at such high molecular areas. Domain sizes for DP-3,4,5-
MBG are much smaller than for the other phenolic lipids with -OH groups on the
aromatic ring. The shape of the condensed phase domains for DP-3,4,5-MBG are also
significantly different from those for the other phenolic lipids. Since all the compounds
have already formed aggregates immediately after being spread, compression results only

in the movement and interaction of the aggregates.
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(a) Surface pressure 7= 0 mN m" (after spreading without any compression, surface area

is 130 cm?, 90 A% molecule™)

DPGG DP-3,4-HBG DP-3,5-HBG

DP-3-HBG DP-4-HBG DP-3.4,5-MBG

(b) Surface pressure © =5 mN m’

DP-3,5-H

”

DPGG _ DP-34-HBG

DP-3-HBG DP-4HBG  DP-3,4,5-MBG
Figure 10. BAM images of phenolic lipids (as indicated) at different surface pressures.

The BAM images for DPGG, DP-3,4-HBG, and DP-4-HBG are very similar with

each other for all surface pressures. Dark spots shown in DPGG, DP-3,4-HBG and DP-4-
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HBG BAM images at 5 mN m’! (Figure 10) are holes .0t completely disappeared yet due
to the monolayer not being very compact. At higher surface pressures, DPGG, DP-3,4-
HG and DP-4-HBG all exhibit smooth isotropic _phases as shown in Appendix A.
According to Kato et al.,% the shape and texture of the domain is determined by quite a
few factors, including line tension between the phases, subphase temperature,
compression speed, orientation of the molecules, interactions between the alkyl chains
(mainly the van der Waals interaction), and interactions between the headgroups. The
similarity in the BAM images for the three phenolic lipids with p-hydroxyl groups
suggests the similar orientation of their molecules and interaction between the side chains
and headgroups. Lack of anisotropy suggests the low tilt angle of phenolic lipid
molecules with p-hydroxyl groups. DP-3-HBG clearly exhibited dendritic structures at 0
mN m™ (Figure 10). According to Weidemann et al., dendritic structures are caused by an
anisotropic line tension, which indicates a crystalline state of the monolayer.® However,
the crystalline state of the DP-3-HBG monolayer quickly changes into the anisotropic
domains as shown in Figure 10 (b) when the surface pressure is 5 mN m™. Actually, this
fast change of domain morphology occurs even before compression when the surface
pressure is 0 mN m™, and it starts with the disappearing of the dendritic arms and
appearing of bright spots. Monolayers of DP-3,5-HBG and DP-3,4,5-MBG monolayers
also exhibit anisotropic phases, which indicate tha£ the side chains tilt to different
directions within a domain. The anisotropic phases for DP-3,5-HBG are not easy to see at
low temperatures but become more evident at higher temperature as will be discussed
later. The domain shape of DP-3,4,5-MBG is very similar to that of L-DPP(Mey)E

observed by Weidemann et al.*> except that DP-3,4,5-MBG does not have any continuous

29



changes of orientation within a domain. Domains for L-DPP(Me,)E have lines to separate
dark and bright boundaries whereas the lines continuously shifted with the rotation of the
analyzer. This phenomenon was not observed for DP-3,4,5-MBG. The anisotropy is
associated with tilted domains, which corresponds nicely with the isotherm shifts for DP-
3-HBG, DP-3,5-HBG and DP-3,4,5-MBG since more highly tilted molecules occupy a

greater area at the interface.

3.2.2. Monolayer Behavior of Phenolic Lipids at 38 °C

Temperature plays an important role on the nature of monolayers. By increasing the
temperature of the monolayer systems, more kinetic energy is provided. Hence the
mobility of the molecules is increased, molecules interact with each other less effectively

and a LE phase may appear or shift to higher pressures compared to at room temperature.

3.2.2.1. Isotherms

A comparison of the isotherms obtained at 25°C and 38°C for each of the
compounds is given in Figure 11. This figure shows that DPGG, DP-3,4-HBG and DP-4-
HBG have very similar isotherms at both 25°C and 38°C although there are differences in
the surface pressure for the loss of the LG phase at 38°C, which has the following order:
DP-4-HBG > DP-3,4-HBG > DPGG. This ordering indicates the interactions between
DPGG headgroups are strongest and those between DP-4-HBG headgroups are weakest,
which makes sense because there are three hydroxyl éroups on DPGG compared to the
one hydroxyl group on DP-4-HBG. The similarity in isotherms of DPGG, DP-3,4-HBG
and DP-4-HBG at both 25°C and 38°C indicates that the para-hydroxyl group is very

important to the monolayer behavior of the phenolic lipids.
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Figure 11. Temperature effect on phenolic lipid monolayers.

The isotherm of DP-3-HBG at 38°C differs from those of DPGG, DP-3,4-HBG and

DP-4-HBG in a longer LE phase and an increased compressibility of the monolayer. The
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isotherm of DP-3,5-HBG at 38°C still has a larger critical area than all the other phenolic
lipids with more distinct plateau region. The isotherm of DP-3,4-5-MBG at 38°C has the
collapse pressure occurring at much lower value (39 mN m™) compared to at 25°C (53
mN m™). This large change in collapse pressure also indicates that DP-3,4,5-MBG is
affected most by a temperature increase, these suggest the DP-3,4,5-MBG molecules are
less constrained by the neighboring molecules and interactions between its headgroups
are weak. DP-3,5-HBG, DP-3-HBG and DP-4-HBG also show some decrease in collapse
pressure whereas those of DPGG and DP-3,4-HBG do not, suggesting that the DPGG and

DP-3,4-HBG have stronger interactions between their headgroups.

3.2.2.2. BAM Images

As mentioned above, increasing temperature can increase the mobility of molecules,
therefore, molecules interact less efficiently with each other and a LE phase will appear.
This is reflected in BAM images, where smaller and more fluid-like domains are
expected than at lower temperatures. BAM images for all the phenolic lipids at 38°C with
a surface pressure of 2 mN m™ are summarised in Figure 12. For a surface pressure of 0
mN m”, DP-3,4,5-MBG did not show any aggregates, in contrast to the other lipids,

which suggests the weak interaction between the constituent molecules.
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(a) Surface pressure is 2 mN m’

DPGG ______ DP-34-HBG DP-4-HBG

DP-3-HBG "DP-3,5-HBG

(b) Surface pressure is 5 mN m™

DP-3,4,5-MBG

DP-3,4-HBG

20 gm

DP-3-HBG DP-3,5-HBG " DP-3,4,5-MBG

Figure 12. BAM images of phenolic lipids at 38°C.

Figure 12 shows that at 38°C, DPPG, DP-3,4-HBG and DP-4-HBG, phenolic lipids

with similar isotherms (Figure 9) and BAM images (Figure 10) at 25°C, still have very
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similar BAM images at 38°C, although the aggregates look more fluid and show
branched domains. DP-3-HBG shows domains with similar shape to those of DPGG, DP-
3,4-HBG and DP-4-HBG, but the domain sizes are smaller. The branched domains for
DPGG, DP-3,4-HBG, DP-3-HBG and DP-4-HBG may originate from intermolecular
interactions that are highly directional.! According to Wang et al.,'* rigid and large
aggregates are formed with a domination of van der Waals interactions between the side
chains over hydrogen bonding between the headgrouips. Increasing temperature breaks
van der Waals interactions more readily than hydrogen bonds, therefore, at higher
temperatures, hydrogen bonds, which are more directional, dominate and elongated
structures form. The domain shape of DPGG, DP-3,4-HBG, DP-3-HBG and DP-4-HBG
at 38°C is very similar to that of N-(B-hydroxyethyl)tridecanoic acid amide (HETA)
(structure of HETA is shown in Figure 13) obtained by Vollhardt et al.,”” which also has
the ability to form H-bonds. Another similarity between BAM images of the four
phenolic lipids and those of HETA is the coexistence of the branched domains with
smaller, nearly round, domains (not shown in Figure 12; see Appendix A (10)). As
Vollhardt mentioned,®” the branched domains with thick arms (usually six) connected to a
compact center indicate fluidity of the monolayers. Moreover, reflections of all the
domains of the four phenolic lipids and HETA are homogeneous, indicating the alkyl

chains are normal to the subphase or at least with a low tilt angle.
0
OH
H

Figure 13. Molecular structure of HETA.
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As at 25°C, BAM images of DP-3,5-HBG and DP-3,4,5-MBG still differ from
those of the three pyhenolic lipids with para-OH groups. DP-3,5-HBG forms large
anisotropic blocks, suggesting that side chains of DP-3,5-HBG tilt to different directions
with space in between the domains. DP-3,4,5-MBG- monolayer begins to show some
dendritic structures when the temperature is incfeased to 38°C, which disappear when the
surface pressure is increased to 5 mN m™. For this molecule, when the surface pressure is
0 mN m™, there are not any visible aggregates formed, which confirms the weaker
interaction between its headgroups. The other lipids all showed aggregates immediately
after spreading; for DPGG, DP-3,4-HBG, DP-3-HBG and DP-4-HBG, their aggregates
exhibit thinner branches at 0 mN m™ than at 2 mN m™. Again this low aggregation
despite plateau in isotherm needs further investigation. DP-3,5-HBG exhibits similar
sized domains at both surface pressures. Images for all the molecules studied are shown

in Appendix A.

3.3. Comparison of the Monolayer Behavior of the Enantiomerically Pure

DPGG with Racemic DPGG

It has been observed that amphiphiles with headgroups including amino acids,
amides, phosphates and glycerol derivatives showed different extents of chiral effects
onto their monolayer behaviors.®® These were illustrated by the different isotherms and
film morphologies of the two enantiomers for some species, including for example N-
stearoylserine methyl ester, N-o-palmitoyltheronine, 1-stearylamine glycerol and
DPPC.®® Differences in the isotherms and film morphologies between the two
enantiomers also led to differences in the isotherms and film morphologies of the

enantiomerically pure compounds compared to their racemic mixtures.
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In this section, the monolayer behavior of enantiomerically pure DPGG will be
compared with that of racemic DPGG to verify if there are any chiral effects for this

newly synthesized phenolic lipid.
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Figure 14. Isotherms of enantiomerically pure and racemic DPGG at 25°C.

The isotherms of enantiomerically pure DPGG and racemic DPGG at 25°C are
shown in Figure 14. It shows both exhibit the same isotherm within experimental error.
This result is contradictory to that obtained by James Fairbairn.*” He observed that the
isotherm for racemic DPGG shifted to a larger molecular area by 15 A>molecule™, and it
was explained by a heterochiral preference causing more efficient packing. The
contradiction between these results can be explained by different experimental
conditions. For the results in this thesis, the isotherms were obtained by compressing the
monolayer immediately after the spreading, while earlier the monolayer was permitted to
sit uncompressed for 5 minutes. Due to an equilibration effect for the enantiomerically

pure DPGG, the isotherm shifts to larger molecular area as will be described later.
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1) Enantiomerically pure DPGG

1t=0mNm' T=5mNm t=20mNm’

2) Racemic DPGG

t=5mNm t=20mNm’

=0mNm"
Figure 15. BAM images of enantiomerically pure DPGG and racemic DPGG at

25°C;monolayers were compressed right after spreading.

BAM images for both enantiomerically pure and racemic DPGG are shown in
Figure 15. It shows that the enantiomerically pure DPGG monolayer exhibits dendritic
structures after spreading of the solution at the air/water interface (the image was taken
immediately after spreading), while racemic DPGG shows compact structures at a surface
pressure of 0 mN m™. With compression, enantiomerically pure DPGG starts to show
coexistence of some unusual anisotropic domains with smooth structures surrounding
them (as shown in the images for surface pressures of 5 mN m™ and 20 mN m™"), while

the racemic DPGG monolayer only exhibits smooth, isotropic structures.
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An interesting phenomenon about the anisotropic aggregates for enantiomerically
pure DPGG is that their size and number increases with an increase in equilibration time
(the period of time the monolayer is allowed to sit at the air/water surface after spreading

prior to compression). Figure 16 shows the effect of equilibration on the monolayer

behavior of enantiomerically pure DPGG.

0 minutes after spreading 5 minutes after spreading 10 minutes after spreading

Figure 16. Morphology changes in the monolayer of enantiomerically pure DPGG with

increasing equilibration time (without compression).

The anisotropic aggregates shift the isotherm of enantiomerically pure DPGG to
larger molecular areas as shown in Figure 17. This indicates that the anisotropic domains
occupy larger areas than the smooth structures. This may be explained by an increased
tilting of the side chains to different directions. The same period of equilibration was
allowed for the racemic DPGG monolayers, but no anisotropic aggregates were observed,

and the isotherm did not change.
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Figure 17. Effect of equilibration on monolayer behavior of enantiomerically pure

DPGG.

BAM images at different surface pressures are shown in Figure 18 for the
enantiomerically pure DPGG monolayers equilibrated for 10 minutes. A comparison
between Figure 15 (a) and Figure 18 shows that equilibration favors the formation of the
anisotropic domains, which indicates that the rearrangement of the enanotiomerically
pure DPGG molecules at the air/water interface is slow, possibly due to strong H-bonding
hindering rearrangement. The reason and mechanism for the formation of the anisotropic
aggregates in the monolayer of enantiomerically pure PDGG is still not clear. One
possible reason is that enantiomerically pure DPGG packs differently at the air/water

interface compared to the racemic mixture.*
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n=mNm' =5mNm' | 7:=20Nm'

Figure 18. BAM images of enantiomerically pure DPGG with 10 minutes of equilibration

at different surface pressures.

T=0mNm’ n=0mNm
(10 minutes of equilibration)

T=5mNm t=20mNm

Figure 19. BAM images of enantiomerically pure DPGG at different surface pressures at

33°C.

Another interesting phenomenon of the anisotropic domains observed for
enantiomerically pure DPGG is that at higher temperatures, they decrease in size and

amount for the same period of equilibration as shown in Figure 19. It shows that at 33°C,

40



10 minutes of equilibration do not create visible anisotropic domains as at lower
temperatures. At different surface pressures, small anisotropic domains in the monolayer
are observed, but the amount and size are decreased. As discussed previously, the
increased temperature provides more kinetic energy to the system and the mobility of
molecules increases. Packing of the molecules to form the anisotropic domains therefore

becomes harder.
3.4. Conclusions

All the phenolic lipids show direct transitions from gaseous phase to condensed
phase upon compression at room temperature. Replacing the H atoms in the OH group
with methyl groups results in a LE-LC plateau on the isotherm. This may be a result from
the disruption of the lateral hydrogen bonding. The para-OH group is critical to the
monolayer properties of the phenolic lipids. Its removal may cause different patterns of
the lateral hydrogen bonds and hence a different orientation of the phenolic lipids at the

air/water interface.

Isotherms of enantiomerically pure DPGG shifts to larger molecular area upon
equilibration. Its BAM images exhibit anisotropic aggregates whose formation is more

favored at lower temperatures and longer equilibration periods.
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Chapter 4. Spectroscopic, Computatiénal and Experimental
Study on the Phenolic Lipids: from Solution to the Air/Water

Interface

4.1. Introduction

In the monolayer study of the phenolic lipidé, we found aggregates when the
surface areas were far larger than the critical areas of the monolayers (see Figure 9 and
Figure 10 (b)). We suspect that the phenolic lipids have already formed intermolecular
hydrogen bonds in the spreading solution. In order to probe the hydrogen bonding in the

phenolic lipid solutions, studies were performed using IR and 'H NMR spectroscopies.

Every bond has a frequency of vibration, and IR is a sensitive method to measure
the vibration frequencies. A free O-H stretch usually appears at 3650-3600 cm™ as a
sharp, weak peak.”® Upon hydrogen bonding, the vibrational motion of hydrogen atoms is
more restrained'! and the O-H stretching band becomes a strong and broad peak between
3400 and 3300 cm™.”® Hydrogen bonds can be intermolecular or intramolecular, and
intermolecular hydrogen bonds are concentration dependent. ‘A very concentrated
solution may only show a broad peak from 3400 to 3300 cm’'. When alcohol or phenol
solutions are continuously diluted, the broad peak corresponding to intermolecular
hydrogen bonds will be decreased significantly, and a sharp peak will appear at 3600 cm”

! which corresponds to the “free” O-H stretch.”

As IR detects vibrations of bonds, NMR senses spin state changes. '"H NMR can

show chemical shifts for the protons in O-H groups with a broad range of absorption
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positions. Hydrogen bonds deshield a proton, which results in the chemical shift moving
downfield. Therefore, a high diluted solution may show hydroxyl protons between 0.5 to
1.0 ppm, while in a more concentrated solution, the absorption could occur between 4 to

5 ppm.70

The phenolic molecules at the air water interface have one more option. Besides
intermolecular hydrogen bonds and interactions with like molecules, they can also form
hydrogen bonds with subphase water molecules. To address this, the total and free
energies of the phenol-water complex and the phenol dimer have been calculated.
Differences in interaction can be judged from total and free energy differences when

compared to the monomeric systems.

In principle, the phenolic lipids could be hydrogen bonded to each other in the
spreading solution and hydrogen bonded to water molecules once spread. It seems
reasonable to assume that such a change in hydrogen bonding is not instantaneous, but
rather takes time. This was tested by allowing different equilibration periods for the
phenolic lipid monolayers. Isotherm and film morphology changes were recorded by

Langmuir film balance and BAM.

4.2. Results and Discussion

4.2.1. Monolayer Behavior of Phenolic Lipids upon Equilibration

Studies on monolayers usually allow an equilibration period of 10 to 30 minutes for
the evaporation of the spreading solvent and the equilibration of the amphiphiles. Some
special cases even allow 60 minutes of evaporation and equilibration.”" In order to verify

if different periods of equilibration have effects on the monolayer behavior of phenolic
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lipids, the isotherms and film morphologies of the phenolic lipid monolayers equilibrated

with different periods of time are compared.

Ten minutes of equilibration was allowed for all the phenol lipids during which
time there were no changes in the isotherms and surface morphologies of the phenolic
lipid monolayers. 30 minutes of equilibration was tested for racemic DPGG, and there
were no changes in the isotherms, nor in the surface morphologies. In order to give the
monolayer sufficient of time to equilibrate, racemic DPGG was allowed to equilibrate
overnight (16 hours). The level of the water subphase did change with time, but after
equilibration overnight, there was still enough water to keep the monolayer at the surface
between the two barriers. Water was added to the subphase (from behind the barriers) in
order to take the BAM images and collect the isotherm. Isotherms and BAM images for

racemic DPGG with 16 hours of equilibration are summarised in Figure 20.

The isotherms in Figure 20 show that the equilibrated DPGG monolayer is more
compressible than the non-equilibrated one. A plateau normally associated with the LE-
LC transition is observed on the isotherm for the racemic DPGG monolayer with 16
hours of equilibration. In addition, the surface pressure of the equilibrated DPGG
monolayer lifts-off at larger surface areas compared ;vith that of the DPGG monolayer

without any equilibration.
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Figure 20. m-A isotherms and BAM images of racemic DPGG monolayer with and
without 16 hours of equilibration. (left: without equilibration, 7 = 0 mN m’'; middle: 16

hours of equilibration, 7 = 0 mN m’; right: =15 mN m’)

The BAM images in Figure 20 show that after 1§ hours of equilibration, the DPGG
monolayer has large aggregates in addition to many small ones, which are not present
without any equilibration. The BAM image for the monolayer at the plateau (the right
image in Figure 20) shows the formation of white spots among the small aggregates,
which correspond to the formation of 3D solid phases. When the surface pressure reaches
20 mN m™! where the monolayer starts the condensed phase, the white spots are abundant
between the large aggregates (data not shown), which, was not observed with the DPGG

monolayers without any equilibration at the same surface pressure. The formation of 3D
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solid phases means less molecules remained at the air/water interface, which agrees well
with the isotherm that has a small molecular area for the condensed phase of the
monolayer. All this evidence indicates that the molecules rearrange at the air/water
interface with time. The rearrangement may be driver. by the balance of interactions of
the amphiphile with the subphase and with like molecules. It is likely that the lateral
hydrogen bonding between the headgroups is broken and is replaced with the hydrogen
bonding between the headgroup and the subphase water molecules. That the change of
the isotherms and the morphologies of the phenolic lipids only take place with long
periods of equilibration indicates that the rearrangement of the molecules at the air/water

interface to reach an equilibrium is a very slow process.

Figure 21. Typical BAM image of DP-3,4,5-MBG (6) after 16 hours of equilibration (7

=0 mN m™).

Since long equilibration is time consuming, racemic DPGG and DP-3,4,5-MBG
were selected as representatives with and without hydrogen bonds between the
headgroups; hence 16 hours of equilibration was also performed with DP-3,4,5-MBG.
Figure 21 shows a combination of small aggregates with a fan-shaped aggregate, with its
round edge split. The splits at the edge were not seen for the DP-3,4,5-MBG monolayers

without equilibration. In addition, different-sized fan-shaped aggregates were observed
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and some of them are much larger than the aggregates observed without any

equilibration.
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Figure 22. n-A isotherms and BAM images of DP-3,4,5-MBG monolayer with and

without 45 hours of equilibration.(left: without equilibration, @ =0 mN m™'; middle: 45

hours of equilibration, © = 0 mN m’; right: n=15mNm™.)

After 16 hours of equilibration, an even longer period of time (2 nights, 45 hours in
total) was allowed before compression in order to check if there are any difference in
surface morphology with 16 hours and 45 hours of equilibration. Water was added from
behind the barriers regularly in order to keep reasoﬁable water levels. Isotherms and

BAM images for DP-3,4,5-MBG with 45 hours of equilibration are summarised in Figure
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22. The surface morphology of DP-3,4,5-MBG did not show any pronounced difference

between 16 hours and 45 hours equilibration.

It is surprising to know that DP-3,4,5-MBG also showed changes in both its
isotherm and film morphology after a long period of equilibration because for this
molecule, no H-bonding between the headgroups are possible. However, the changes of
the DP-3,4,5-MBG film upon equilibration are not completely unexpected because DP-
3,4,5-MBG also formed aggregates at a surface pressure of 0 mN m™ due to van der
Waals interactions between the hydrocarbon side chains, possible weak C-H---O H-bonds
and m-stacking interactions. Comparing Figure 22 with Figure 21, BAM images show
that DPGG exhibits collapse material at the plateau, while DP-3,4,5-MBG does not, and
it shows coalescence to condensed phase. The changes in isotherms and BAM images for
DP-3,4,5-MBG are very similar to those for racemic DPGG: a more pronounced plateau
at higher surface pressures and coexistence of large and small domains, which suggests
that upon spreading, the molecules prefer interacting with the subphase water molecules
because the oxygen atoms on the headgroup can form hydrogen bonds with the subphase
water molecules, which drives the rearrangment of DP-3,4,5-MBG molecules at the

air/water interface.

4.2.2. IR Study

All phenolic lipid molecules except for DP-3,4,5-MBG possess hydroxyl group(s)
on the aromatic ring, therefore, we expect peaks in the IR spectrum in the O-H stretching
region (3650-3100 cm™). If the hydroxyl groups are hydrogen bonded, we can find broad

bands between 3400-3300 cm™’. If the hydroxyl groups are not hydrogen bonded, they
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will appear in the IR spectra as sharp bands around 3600 cm’. This spectroscopic
window is particularly attractive, because it is usually unobstructed by other vibrational
bands. Unfortunately, proper dilution studies could not be performed because the bands
for the saturate solution of the lipids in chloroform are already small. Subtle changes in
band shape upon dilution are not reliable when the bands are that small. In addition, due
to the sometimes fast evaporation of the chloroform from the cell, we cannot give

accurate concentrations.
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Figure 23. IR spectra of DP-3,5-HBG (3) (2 mM).

Except for DP-3,4,5-MBG with its methoxyl grohps, the IR spectra for all phenolic
lipids show bands for both hydrogen bonded and non-bonded OH groups. As expected,
besides unassociated hydroxyl groups, there is also association at these concentrations

(around 2 mM). For DPGG and DP-3,4-HBG, we cannot distinguish between inter- and
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intramolecular hydrogen bonding, but a prototypical spectrum is shown for DP-3,5-HBG
in Figure 23. The broad band at 3300cm™ has to be attributed to an intermolecular O-
H...O interaction, as the positions of the OH groups do not allow for an intramolecular

interaction.

4.2.3. NMR Study

Unlike the rather well-defined frequencies at which O-H stretching vibrations can
be found in the IR, hydroxyl protons in the 'H NMR spectrum show a wide range of
chemical shifts (0.5-5 ppm).70 In addition, signals arev often broad. This, combined with
the fact that one hydroxyl proton integrates for 1 whereas the one signal for most
methylene protons of the two chains integrates for 48, can make the detection of the OH
signal difficult or even impossible. However, as a technique that can potentially provide
us with useful information on hydrogen bonding, we collected 'H NMR spectra for all the

phenolic lipids.

As we have observed when we prepared IR samples, the limited solubility of the
racemic phenol lipids make the OH signal difficult to detect. However, the solubility of
the enantiomerically pure DPGG is much better than that of the racemic DPGG and the

concentration can reach up to 8 mM.

A typical NMR spectrum for enantiomerically pure DPGG (concentration is 8 mM)
is shown in Figure 24, and Figure 25 shows the 'H NMR spectrum of DPGG in a MeOD

and CDCl; mixture (MeOD:CDCI; was 10:1).
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Figure 24. "H NMR spectrum of DPGG (8 mM in CDCl3). (signal “*” is due to traces of

water.)
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Figure 25. "H NMR spectrum of DPGG. (8 mM in MeOD:CDCl;= 10:1.)
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In Figure 24, there are two signals with chemical shifts of 5.87 and 5.74 ppm and
an integration ratio of 1:2. These signals are not present in Figure 25 (see inset),
confirming that they arise from those hydroxyl protons, and that all three hydroxyl

hydrogens can be exchanged with deuterium.

Figure 26 shows the change in the OH signals upon dilution from 8 mM to 0.8 mM.
While the two OH singlets in spectrum (a) basically do not shift, their intensity decreases
in (b) and a new signal appears at higher field (5.55 ppm). This new singlet can be

attributed to free, i.e. non-hydrogen bonded, hydroxyl groups.
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Figure 26. 'H NMR spectrum of the OH signal of DPGG at different concentrations. (a. 8

mM; b. 0.8 mM.)

Since 0.8 mM is the concentration used in the monolayer studies, this study clearly
shows that DPGG molecules are indeed partly hydrogen bonded with each other already

in the spreading solution.
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Table 2. Chemical shifts & (ppm) and integration ratios for the hydroxyl protons in the

phenolic lipids at different concentrations in CDCls. (“b” indicates broad; “o” indicates

overlapped.)
# of OH signals ) Integral ratio

Enantiomerically pure 8 mM 2 5.87:5.73 1:2
DPGG

0.8 mM 3 5.88:5.70:5.55 0.3:1.0:1.6
Racemic DPGG 1 mM 1 5.71 (b) ---
DP-3,4-HBG 4 mM 2 6.25(b):5.93 0.7:1.0

2 mM 2 6.19 (b) : 5.85 0.7:1.1

0.8 mM 1 5.90 (b):5.84 Overlapping
DP-3,5-HBG 8 mM 1 5.91 (b) 2.1

4 mM 1 5.40 (o) 1.8
DP-4-HBG 4 mM 1 5.45 1.1

2 mM 1 5.45 1.0
DP-3-HBG 4 mM 1 5.30 (b) 0.8

Table 2 summarises the hydroxyl proton chemical shifts for DPGG and the other
phenolic lipids. As shown in this table, DP-3,4-HBG has two OH proton signals, while all
other racemic phenolic lipids have only one signal. Some of the peaks are broad; and
some are overlapped, which makes integration impossible. All OH proton signals shift to
higher field upon dilution. Racemic DPGG, in principle, should have the same number
of signals in the 'H NMR spectrum as enantiomerically pure DPGG when no optically
active solvent is used, but it showed a broad peak with an integral of 2.6 for the three OH

protons, which is not expected. While some studies report differences in solubility
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between the pure enantiomers and their racemate for strongly hydrogen bonded solids,

7 174

3 one report by Ushio et al.”* showed distinct differences in IR and NMR spectra as
well as X-ray diffraction patterns for racemic and enantiomerically pure suplatast tosilate,

a dimethylsulphonium compound with anti-asthma properties.

4.2.4. Preference of Aggregation

As shown in Chapter 3, aggregate formation bet\;veen phenolic lipids is observed at
very large molecular area (90 A? molecule™). IR and 'H NMR spectra also confirmed that
phenolic lipid molecules have already H-bonded with each other in the spreading
solution. In order to understand the preference of aggregation for the phenolic lipids, the
DPGG molecule is selected as a representative for a computational study. Its headgroup

interactions are studied by analysing its dimerisation and trimerisation energy.

Figure 27. Dimer and trimer configuration for 3,4,5-OH-Me most likely to occur at the

air water interface optimized with B3LYP/6-31G(d).

Dimer and trimer configurations for an abbreviated DPGG headgroup (termed
3,4,5-OH-Me) possible at the air/water interface and optimised with the B3LYP/6-31G(d)
model chemistry are shown in Figure 27. The dimer total energy is 6.6 kcal mol™ lower
than that of the sum of two monomers, while the trimer total energy is equally 6.1 kcal

mol™! lower than that of the sum of a dimer and a monomer, which indicates that the

%
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formation of aggregates between the headgroups is favorable, and binding energies seem

to be additive.

In order to know the effect of side chain length on the dimerisation and
trimerisation energy, 3,4,5-OH-Pr (with a 3-carbon side chain) and 3,4,5-OH-Hex (with a
6-carbon side chain) were studied. The dimerisation energy for 3,4,5-OH-Pr is 9.8 kcal
mol™!, and the addition of the third monomer is favo;able by 6.7 kcal mol™. For 3,4,5-
OH-Hex, the energies are 7.4 kcal mol™ and 9.8 kcal mol™ respectively. Although these
energies do not show the trend of an increase with increasing length of the side chains
(probably due to small changes of the configurations), in all cases, dimers and trimers are
favorable, which indicates the favorable formation of aggregates. This agrees well with
the experimental results of pre-aggregation in the s?reading solution and aggregation

formed at high molecular areas before equilibration.

4.2.5. Preference of Hydrogen Bonding to Like Molecules or Water

As shown by the above results, we can assume that phenolic lipids have formed
hydrogen bonds in the spreading solution. Now the question is, whether the headgroups
will form hydrogen bonds with water molecules instead when the solutions are spread at
the air/water interface. In order to answer this question, we chose two model systems for
the phenolic lipids: phenol and the p-hydroxyl benzoic acid hexyl ester. The two possible

interactions in the phenol case are shown in Figure 28.
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Figure 28. The choices for a phenol molecule to hydrogen bond with another phenol

molecule or with a water molecule.

Calculations with the B3LYP/6-31G(d) model chemistry show that (1) with the
phenol dimer plus water is 2.2 kcal mol™ higher in total energy, and 3.3 kcal mol™ higher

in free energy than (2) with the phenol-water complex plus phenol.

Figure 29. The choices for a p-hydroxy benzoic acid hexyl ester molecule to hydrogen

bond with another ester molecule or with a water molecule.

The hexyl ester with its interactions is shown in Figure 29. With +3.2 kcal mol™ for

total energy and +5.5 kcal mol”! for free energy, the ester interaction with water is even
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more favorable, indicating that the longer the side chains, the more favorable the
interaction with water will be. Assuming that these two small models represent DPGG
and the other phenolic lipids adequately, the phenolic lipids seem to favor hydrogen
bonds with water molecules instead with another lipid molecule after they are spread at
the air/water interface. This fits well with what was observed in the equilibration study of

the typical phenolic lipids.
4.3. Conclusions

The experimental study of a typical phenolic lipid monolayer showed that given
enough equilibration time, the phenolic lipids rearrange, which results in significant

changes in the shape of the isotherms and some changes in their BAM images.

Hydrogen bonds in dilute solutions are apparent from IR spectra, but in particular
'H NMR spectra showed that, upon dilution to the target concentration of 0.8 mM, the
hydroxyl signals shifted to a higher field with low field signal still present. All
observations indicate that there are hydrogen bonds between the phenolic lipid molecules

in the spreading solutions.

The computational study showed that dimerisation and trimerisation of the phenolic
lipid headgroups are energetically favorable and the binding energies seem to be additive.
In addition, although the lipids hydrogen bond with each other, after spreading at the
air/water interface, they rearrange to form hydrogen bonds with subphase water

molecules, thus confirming the hypothesis drawn from the equilibration times.
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Chapter 5. Computational Investigatioan of Small Assemblies of

Substituted Model Phenols

5.1. Introduction

Our experimental studies showed that phenolic lipids, with structures as shown in
Figure 5, behaved differently at the air/water interface, especially the phenolic lipid with
two meta hydroxyl groups (DP-3,5-HBG), whose isotherms shifted to a larger molecular
area, and Brewster angle microscopy images differ significantly from those of the other
phenolic lipids. Since all the phenolic lipids have exactly the same side chains, the only
possible reason causing these differences should be the interactions between the
headgroups. Two groups working on the bilayer and monolayer behavior of DPGG (1)
explained the unusual properties of this molecule. through H-bonding between its
headgroups." * It is possible that the difference in the monolayer behavior of the other
phenolic lipids is also caused by hydrogen bonding. In order to test this hypothesis, we
calculated interactions between the phenolic lipid molecules by allowing H-bonding
between the hydroxyl groups. Considering the computational capacity and cost, and the
fact that the differences in the monolayer behavior is solely due to the headgroup region,
we simplified the systems by only taking the aromatiic headgroup of the lipids with a

reasonable chain length.
5.2. Selection of Model Chemistry

Selection of the model chemistry, i.e. the method and the basis set, is based on both

the consideration of computational cost and quality of the results. The quality of the
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results is judged through comparison of calculated spectroscopic properties and
geometrical information with available experimental data from the literature, as well as
through verification of H-bonds in known systems. We are particularly interested in
whether the inexpensive semiempirical PM3 method shows an adequate performance, as

it would be the method of choice for larger assemblies of larger model systems later.

5.2.1. Comparison of Calculated Spectroscopic Properties and Geometry

Information with Available Experimental Data

Phenol, the phenol dimer and the phenol-water complex are used to benchmark the
model chemistries. Comparisons with experimental results are done for calculated
geometries and rotational constants of phenol and the phenol dimer and for phenol-water
complex geometries. The semiempirical PM3, ab iniiio HF and MP2, and the density-
functional theory functionals B3LYP and PBEO are tested. For B3LYP, the basis set size

is varied.

All the calculated and experimental values for geometries and rotational constants
can be found in Tables in Appendix B. Figure 30 shows the performance of the selected
model chemistries on the geometrical parameters of phenol. Raw data can be found in
Table B1 of the Appendix. Relative differences have/ been calculated using microwave
data as shown in Table B1 of the Appendix and have been plotted so that a positive value

indicates an overestimation by the model chemistry.

As expected, in general, errors are larger for the PM3 and HF methods, especially
for parameters that involve atoms of interest for H-bonding (O and H) of the hydroxyl

group. The performance is much improved for MP2 and density-functional theory
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methods. Again as expected, the basis set dependence of the relative differences for
B3LYP is not pronounced, but certain trends can be seen. For example, including
polarisation functions on hydrogen atoms (as in the 6-31G(d,p) basis set) decreases the
difference for the O-H distance, and therefore indicates a better description of the
hydroxyl group. In contrast, including diffuse functions on the heavy atoms (as for 6-
31+G(d, p)) leads to a larger difference in the C-O-H bond angle and is therefore

counterproductive.
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Figure 30. Relative differences between the calculated and experimental geometrical

parameters for phenol. (see Appendix B Table B1 for values.)

Figure 31 shows the performance of the same model chemistries for the three
rotational constants of phenol, with the raw data given in Table B2 of the Appendix. The
overall conclusions are similar to those above. The performance of the HF method is

worst. MP2 as the computationally most expensive method shows a very good
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performance, but eSpecially that of the relatively small B3LYP/6-31G(d) model

chemistry is noteworthy, probably due to a fortuitous cancellation of errors.
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Figure 31. Relative differences between the three calculated and experimental rotational
constants for phenol for various model chemistries. (WA, @B, 0C, see Appendix B Table

B2 for values.)

The hydrogen-bonded phenol dimer configuration from ref. 75 is shown in Figure
32. Figure 33 has the relative differences for its geometrical parameters (raw data in
Table B3 of the Appendix B) and Figure 34 has the relative differences for the rotational
constants (raw data in Table B4 of the Appendix B). For HF, MP2, B3LYP and PBEQ,
the conclusions are similar to those for Figures 30 and 31 above. In particular, B3LYP/6-
31G(d) performs no worse than the larger basis sets. PM3, on the other hand, determines
an O1-02-C7-C8 dihedral angle (Figure 33) that is too large (50° instead of the
experimental 15°). This torsion does not seem to lead to a dramatic change in terms of
rotational constants (Figure 34), though, because all model chemistries, including PM3,

show a similar performance, that for the expensive MP2 being best.
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Figure 32. Orientation of the two phenol monomers in the dimer from ref. 75. (from

microwave spectroscopy.)

B3LYP/5-316(d p)

B3LYP/&-31G(d)

MP2/6-31G(d)

HF/6-31G(d)

2.0 4
3.0

"dxx{dx3-oed)

Figure 33. Relative differences between the calculated and experimental geometrical

parameters of the phenol dimer. (see Appendix B Table B3 for values.)
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Figure 34. Relative differences between experimental and calculated rotational constants

for the phenol dimer. (see Appendix B Table B4 for values.)

Figure 35 shows the geometrical arrangement for the phenol-water complex. As
shown, ¢ is the angle between O(HO)-O(phenol) and H on the OH of phenol (the
deviation from linearity). B is the angle between O(H,O)-O(phenol) and the median of the
HOH angle (water). v is the angle between C-O(pher:ol) and O(H,0). Figure 36 has the
relative differences for the geometrical parameters and rotational constants (raw data in
Table B5 of the Appendix B). Figure 36 shows that all the selected model chemistries
perform well in the calculation of all geometrical parameters except ¢. BALYP/cc-pVDZ
gives a much smaller value of 1.1° compared to the microwave data of 5.0°, but both
values can still be considered small. B3LYP/6-31G(d) has the best results among the
selected model chemistries, while including diffuse functions improves the calculation of
B but worsens that for @. In terms of rotational constants, all model chemistries perform

well, including PM3.
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Figure 35. Relative orientation of phenol and water molecules in the complex from ref.

76.
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Figure 36. Relative differences between the calculated and experimental geometrical

parameters and three rotational constants for the phenol-water complex. (See Appendix

B Table BS5 for values.)

, it seems that B3LYP will be a good method to use for our

From the presented data

, also seems a good choice, even

in particular

>

intended studies. The 6-31G(d) basis set
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though, in principle, polarization functions on hydrogen atoms should be used when H-

bonding is studied. We will focus on this problem next.

5.2.2. Location of Intermolecular and Intramolecular Hydrogen Bonds

Intermolecular hydrogen bonding between phenol molecules is well accepted by all
chemists. Mikami et al. verified hydrogen bonding in phenol dimers and phenol trimers
in their IR and Raman spectroscopic studies.”’ Meanwhile, they stated the configuration

of the phenol trimer is cyclic as shown in Figure 37.

©9 “““'H‘o@
H
"I'd O'H

©

Figure 37. Proposed phenol trimer configuration by Mikami et al. from ref. 77.

An intramolecular hydrogen bond between the two hydroxyl groups in the catechol
(1,2-dihydroxylbenzene) molecule was suggested from microwave’> ”° and FT-IR
studies.’® ®! In a microwave study by Onda et al., rs coordinates of the hydrogen atoms in
the two hydroxyl groups were compared with those from three ab initio optimised
structures and coincided well with the structure that had an intramolecular hydrogen
bond.”® FT-IR studies by Foti et al. showed two sharp equal intensity bands in the O-H
stretching vibration region at 3615.0 cm’ and 3569.6 cm™, which correspond to the
“free” O-H and the intramolecularly H-bonded O-H, respectively. Upon addition of a
small amount of a hydrogen bond acceptor, e.g. DMSO, the “free” O-H band shifted 400

cm’ lower in frequency, but the intramolecularly H-bonded one did not.5 # The
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difference in the two O-H bands’ behaviors suggested an intramolecular H-bond in
catechol. The next check is, therefore, to see which basis set reproduces the
intermolecular H-bonding between two phenol molecules and the intramolecular H-bond

between the two hydroxyl groups in catechol.

We have used the quantum theory of Atoms in Molecules to locate all BCPs, which
is giving all interactions between atoms, and from this have constructed the molecular

graphs (the network of bonding interactions) for phenol, its dimer and catechol in Figure

38.

H12

Figure 38. The network of bonding interactions (molecular graph) for phenol, the phenol
dimer and catechol from B3LYP/6-31G(d). (Bond critical points are given as small red

spheres.)

As can be seen, for phenol the network of bonds is recovered, while for the phenol
dimer, in addition, weak bonding interactions are also uncovered. The dimer is stablised
by the expected hydrogen bond, but two additional C-H:--O interactions are also found.
Because they are expected to be energetically much less important than the O-H-O
interaction, they will not be studied further here. Catechol, as shown in Figure 38,

possesses an intramolecular H-bond.
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The bond critical point for the O-H--+O interaction in the phenol dimer is found with
all basis sets used, and Table 3 gives those basis sets with the electron density and

Laplacian values found at the BCP.

Table 3. Electron density p (au) and Laplacian Vp (au) at the bond critical point of the

O-H12---O interaction in the phenol dimer calculated with different model chemistries

4

p vp
B3LYP/6-31G(d) 0.0280  0.0224
B3LYP/6-31G(d,p) 0.0269  0.0199
B3LYP/6-311G(d,p) 0.0261  0.0251
B3LYP/6-31+G(d,p) 0.0260  0.0193
B3LYP/6-311+G(d,p) 0.0247  0.0238
B3LYP/6-311++G(d,p) 00249 00239
B3LYP/6-311+G(2d,p) 0.0280  0.0224
B3LYP/cc-pVDZ 0.0275  0.0251
PBE0/6-31G(d) 0.0290  0.0238
MP2/6-31G(d) 0.0269  0.0220

According to the experimental study performed by Ranganathan et al., typical O-
H--:O hydrogen bonds have their electron density at the bond critical point within 0.03-
0.39 eA™ (0.0044-0.0578 au).%? Table 3 shows that all model chemistries provide values
for the electron density within the typical O-H--O hydrogen bond range. Meanwhile, the
Laplacian values calculated by all model chemistries fall within Bader’s range for

hydrogen bonds from 0.015 to 0.15 au’® MP2/6-31G(d), as an expensive but more
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accurate method, is included in Table 3 for comparison. As shown in Table 3, B3LYP/6-
31G(d) provides results very close to MP2/6-31G(d). In general, adding polarisation to
hydrogen atoms decreases the electron density, but as expected, the overall changes are

not large.

Figure 39 shows the relative difference between phenol monomer and dimer atomic
properties calculated for H12 (Figure 38) with different model chemistries (raw data in
Table B6 of the Appendix B), and in accord with Table 3, there is not a large basis set

dependence in the data.
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Figure 39. Relative difference between phenol monomer and dimer atomic properties
(H12) calculated with different model chemistries. (N: atomic population; E: atomic
energy; ry: radius of hydrogen atom involved in hydrogen bond; ro: radius of oxygen

atom involved in hydrogen bond; M: dipolar polarisation; V: atomic volume.)
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In contrast, not all model chemistries used show the bond critical point for the O-
H-O interaction in catechol as given in Table 4. A larger basis set in terms of
polarisation functions, B3LYP/6—31+G(2df,pd), is included for comparison, but it does

not show a bond critical point for the O-H---O interaction either.

Table 4. Electron density p (au) and Laplacian Vp (au) at the bond critical point of the

intramolecular hydrogen bond in catechol calculated with different model chemistries

p . Vzp
B3LYP/6-31G(d) 0.0183 0.0201
B3LYP/6-31G(d,p) 0.0184 0.0201

B3LYP/6-311G(d,p)
B3LYP/6-31+G(d,p)
B3LYP/6-311+G(d,p)
B3LYP/6-311++G(d,p)

B3LYP/6-311+G(2d,p)

No bond critical point
0.0172 0.0199
No bond critical point
NoAbond critical point

No bond critical point

B3LYP/cc-pVDZ 0.0192 0.0208
PBE0/6-31G(d) 0.0192 0.0215

B3LYP/6-31+G(2df,pd) No bond critical point

As Table 4 shows, all selected model chemistfies give electron densities within
Ranganathan et al.’s typical O-H--O hydrogen bond fange (0.0044-0.0578 au)*? and the
Laplacian within Bader’s hydrogen bond range (0.015-0.15 au).’® As expected, the
electron density at the BCP of the intramolecular H-bond in catechol (Table 3) is lower

than that at the BCP of the intermolecular H-bond in the phenol dimer (Table 4), because
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the interaction is more strained in catechol. For many model chemistries, no BCP is
found due to the small increase in O-H:-O distance, which causes coalescence of the

BCP and the ring critical point (RCP) (compare their proximity in Figures 38 or 40 ).
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Figure 41. Relative difference between atomic properties of catechol and its isomer
calculated with different model chemistries. (N: atomic population; E: atomic energy; ry:
radius of hydrogen atom involved in the hydrogen bond; ro: radius of oxygen atom

involved in hydrogen bond; M: dipolar polarisation; V: atomic volume.)
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To evaluate the changes in the atomic properties upon intramolecular H-bonding,
the catechol rotamer from Figure 40 was chosen for the “non-interacting” hydrogen atom.
Figure 41 shows the relative difference between atomic properties of H12 in catechol and
its isomer calculated with different model chemistries (raw data in Table B7 of the
Appendix B). Similar to Figure 39, Figure 41 also shows that there are no significant
differences between the results obtained from different model chemistries, and as for the

electron densities in Tables 3 and 4, values in Figure 39 are larger than those in Figure 41.

Overall, B3LYP/6-31G(d) emerges as a viable model chemistry. Therefore, the
B3LYP/6-31G(d) model chemistry is used in this study to calculate small assemblies of

phenolic esters and entire lipid molecules.
5.3. Small Assemblies of Model Phenolic Esters

The purpose of simulating small assemblies of the phenol lipid headgroups is to
understand their gas phase interaction and to identify assemblies that are feasible at the

air/water interface. Results were obtained with B3LYP/6-31G(d).

The focus is on small phenol esters. First, thé conformations of the monomer
methy] esters are explored. Then dimers and trimers are constructed to evaluate possible
hydrogen bonding patterns. Propyl and hexyl esters are included to test for effects of the
growing chain length. Configurations of the dimers and trimers without any imaginary
frequencies are compared in terms of the free energy (AG) and zero point energy
corrected total energy (AE) (for trimers with six carbon atoms, only total energies are
compared because frequency calculations were computationally too demanding. Finally,

the results at the B3LYP/6-31G(d) level are compared to those obtained with PM3. This
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approach represents only the initial steps in a much larger computational study that
includes explicit water molecules as well as longer chains and even the dual chains of the

glycerol backbone. These issues will be addressed in Chapter 6.

In the following, a notation code is used for the model esters, in which the position
of a hydroxyl group is given by a number, followed by OH for hydroxyl, followed by Me,
Pr, or Hex for a methyl, propyl or hexyl ester, respectively. Thus, 3,4,5-OH-Me denotes
methyl 3,4,5-trihydroxybenzoate (gallic acid methyl ester), a methyl ester with three

hydroxyl groups in 3-, 4- and 5- position.

5.3.1. Headgroup Structure in Model Methyl Esters

Starting with the smallest headgroups, i.e. only the aromatic ring and hydroxyl
group(s), compounds with two or three hydroxyl groups have two conformations each,

shown in Figure 42.

B s Aan

AE 0 +4.1 0 +0.2 0 +4.2
AG 0 +4.2 0 +0.1 0 +4.1

Figure 42. Possible conformers for two—OH and three—-OH headgroup systems. Relative

energies in kcal mol™.

For catechol (1,2-dihydroxybenzene) and the molecule with three hydroxyl groups
(1,2,3-trihydroxybenzene), the free energy differences of 4.2 kcal mol™” and 4.1 kcal mol™

indicate the conformer with the lower energy has a population >99.99%. In contrast, for
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1,3-dihydroxybenzene, the small free energy difference of 0.1 kcal mol” indicates an
almost 1:1 distribution (55:45). Despite the small difference in energy, the conformer with

the higher population is selected to build the esters.

In order to construct methyl esters, a —=COOMe group needs to be added to the
headgroups. Two different configurations, cis and trans, are possible for an ester and
Figure 43 shows the energy difference between the cis and trans forms for 3,4,5-OH-Me.
In accord with data on other esters,83 the trans configuration is 11.9 kcal mol™! lower in
total energy and 11.8 kcal mol” lower in free energy, therefore, all esters will be

constructed with the frans configuration.

AE 0 +11.9
AG 0 +11.8
Figure 43. Energy differences for methy! ester conformations with the methyl group frans

(left) or cis (right) to the aromatic ring. Relative energies in kcal mol™.

Figure 44 shows that even for the methyl esters of the monohydroxybenzenes, there
is more than one conformer. For 3-OH-Me (methyl ester, OH in 3-position), the
conformers are 44%:26%:16%:14% populated while there is an almost equal population
for 4-OH-Me. The configurations with the largest population are selected to construct

dimers and trimers.

73



HAEE

+03 +0.6 +0.7 +0.1
AG 0 +03  +0.6  +0.7 0 +0.1

Figure 44. Methyl ester conformers for molecules with one OH group. Relative energies

in keal mol ™.

Figure 45 shows possible conformers for molecules with two OH groups. The
conformers for 3,4-OH-Me are 55%:28%:10%:7% populated. For 3,5-OH-Me, the

conformer with the lower free energy has a population of 66%.

AE 0 +04 +1.0 +12 0 +0.4
AG 0 +0.4 +1.0 +1.1 0 +0.4

Figure 45. Methyl ester conformers for molecules with two OH groups. Relative energies

in kcal mol™.

Similar to 3,5-OH-Me, for the molecule with, three OH groups, there are two
possible ester forms, which are shown in Figure 46. The free energy difference of 0.4
kcal mol™! between the two conformers indicates a population of 66% for the conformer

with the lower free energy, again similar to 3,5-OH-Me.
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AE 0 +0.5
AG 0 +0.4
Figure 46. Methyl ester conformers for the molecule with three OH groups. Relative

energies in kcal mol™.

For all methyl esters, AE values are very similar to AG values, indicating that
differences in entropy are negligible. Even though we have calculated equilibrium
compositions for the methyl esters, these should not be given too much importance as

they can change easily when water is involved (as it is in the experiments).

5.3.2. Dimers

The most stable methyl esters from 5.3.1 have been chosen to construct the dimers.
The potential energy surfaces for the dimers of the methyl esters have not been explored
fully or systematically. Rather, different plausible orientations were chosen and their
geometries fully optimised. Many “intuitive” orientations were in fact not minima.
Frequency calculations showed all assemblies to be minima, except where indicated
otherwise. The chains in the optimized methyl ester ditners were then extended for propyl
and hexyl esters. In the Figures, dashed lines correspond to H-bonds as plotted from

Molekel.
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5.3.2.1. Methyl Esters

Possible dimer configurations for 3-OH-Me and 4-OH-Me are shown in Figure 47.
It shows that for 4-OH-Me, the H-bonding pattern involving the carbonyl group
(configuration (a)) is 3.3 kcal mol™ lower in total energy and 3.2 kcal mol! lower in free
energy than the side-on configuration (configuration (b)), which gives a population of the
former of 99.6%. However, since the H-bonding pattern involving the carbonyl group
cannot occur at the air/water interface (the alkyl side chains would have to twist out of
the most favourable all-frans conformation; see Chapter 5.5.1), it is not the focus of this
study. Similar to 4-OH-Me, 3-OH-Me(a) has an even larger population (effectively 100%)
because its H-bonding pattern involves both carbonyl groups. For the same reason as

given above, this study will not focus on that kind of configuration.

For the phenolic lipids with more than one hydroxyl group on the aromatic ring,
there are obviously more possibilities to construct dimer. Figure 48 shows the dimer
configurations for phenolic lipids with more than one hydroxyl group on the aromatic

ring.

All configurations shown in Figure 48 are minima on the potential energy surface
as verified by frequency calculations, except for 3,4,5-OH-Me(a), which has an
imaginary frequency of -11 cm™ corresponding to the wobble of one monomer. But when
PBE0/6-31G(d) is used, no imaginary frequency is observed, and 3,4,5-OH-Pr with the
same configuration with B3LYP/6-31G(d) does not show an imaginary frequency, either.

We can therefore ignore the imaginary frequency.
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3-OH-Me

AE
AG
4-OH-Me

a b
AE 0 +3.3
AG 0 +3.3

Figure 47. Dimer configurations for 3-OH-Me and 4-OH-Me. Relative energies in kcal

mol™.

For 3,4-OH-Me, configuration (a) which involves the carbonyl group in H-bonding
again has the lowest energy. As mentioned above, | this kind of arrangement is not
possible to occur at the air/water interface, and is included, but not further explored. The
two configurations (b) and (¢) for 3,4-OH-Me have similar total energies, but as can be
seen, the entropy contributions are quite different. The configuration 3,4-OH-Me(c) with
the two aromatic rings parallel (but off-set) to each other and two intermolecular H-bonds
is similar to the packing pattern for catechol in crystals obtained by X-ray diffraction,®*
which shows that higher energy configurations can be important in condensed phases,

because of the ester group in 3,4-OH-Me, where the carbonyl oxygen atom can take part
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in the H-bonding network, this configuration is 11.1 kcal mol™ higher in energy than (a).
3,4-OH-Me(d) with its facing aromatic rings (possible m-stacking interactions) is even
higher in energy. Configurations for 3,5-OH-Me and 3,4,5-OH-Me do not offer much

more insight, with the possible exception of 3,5-OH-Me(b) and 3,4,5-OH-Me(c).

Figures 47 and 48 show that all phenolic lipids could adopt side-on arrangements,
as e.g. in 3,5-OH(c) and (d) at the air/water interface. When lipids take the side-on
arrangements, it is possible for the monomers to rotate around the H---O-H hydrogen
bond axis so that all the side chains are erect normal togthe air/water interface, resulting in
all the side chains orienting alike. In addition, though, 3,5-OH-Me(b) and 3,4,5-OH-Me(c)
are also possible at the air/water interface. For DP-3,5-HBG, an arrangement as in 3,5-
OH-Me(b) would lead to different orientations of the side chains, and such arrangements
would imply that the monomers occupy larger areas at the air/water interface, which
could explain why the DP-3,5-HBG isotherm is shifted to a much larger molecular area

compared to that of the other phenolic lipids.

These configurations involve the carbonyl group but could occur at the air/water
interface, which is especially interesting because 3,5-OH-Me(b) is a relatively low-
energy configuration. In contrast, 3,4,5-OH-Me(c) is not particularly low in energy
because the arrangement of the two monomers is significantly more “bent” (Figure 49)
due to the extra hydroxyl group, which is absent in 3,5-OH-Me. The X-ray diffraction
study on the crystal structure of 3,4,5-OH-Me (gallic acid methyl ester) by Sekine et al.
stated that one of the OH group was H-bonded with the carbonyl group of the other

monomer, with the O---O distance and O-H--O angle equal 2.671 A and 177°.% 0--0
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distance and O-H---O angle for 3,4,5-OH-Me(a) in Figure 48 are 2.80A and 178.3°,

which agree well with the experimental data.

3,4-OH-Me

c
AE +11.1 +11.8 +12.6 +13.0
AG 0 +8.9 +9.9 +13.2 +12.9
3,5-OH-Me
a b C

AE 0 +5.1 +9.4

AG 0 +3.2 +5.0
3,4,5-OH-Me

b c d
AE 0 +10.6 +10.7 +10.9
+8.7 +11.5 +9.5
AE +11.0 +11.6 +13.5 +14.3
AG +10.5 +10.3 +14.2 +14.4

Figure 48. Dimer configurations for 3,4-OH-Me, 3,5-OH-Me and 3,4,5-OH-Me. Relative

energies in kcal mol™” from B3LYP/6-31G(d).
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Figure 49. Dimer configurations for 3,4,5-OH-Me(c) (left) and 3,5-OH-Me(b) (right).

5.3.2.2. Propyl and Hexyl Esters

Dimers of propyl and hexyl esters were constructed from the methyl ester dimers
by extending the chains. The aim was to identify whether this would lead to differences
in relative energies, especially for those arrangements that could have chain interactions.
The full set of structures is given in Appendix D. A summary of relative energies within
each of the three series (methyl, propyl and hexyl) for 3,4,5-OH-alkyl is shown in Table5.
It shows that, in general, the configuration of the lowest energy structure does not change
with a chain length increase, and no clear energetic effect is observed with a change in

chain length.

5.3.3. Trimers

Trimers were constructed by adding one more monomer to the dimers shown in
5.3.2. As was done for the dimers, different plausible orientations were chosen and their
geometries fully optimised; the potential energy surfaces have not been explored fully.
Frequency calculations were used to confirm minima for methyl and propyl esters. For
the hexyl ester trimers, the computational cost was too high to compute frequencies. In

the figures, dashed lines correspond to H-bonds as plotted from Molekel.
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Table 5. Relative energies (kcal mol™) for chain lengths of increasing size for 3,4,5-OH-

alkyl dimers calculated with B3LYP/6-31G(d). (Relative free energies are shown in

parentheses.)

Me Pr Hex

0.0 0.0 0.0

(0.0) (0.0) (0.0)

1106 +109  +108

(+8.7)  (+8.5)  (+8.6)

+10.7 10.9 +10.8

(+11.5)  (+12.0)  (+10.9)

+10.9  +11.1 +11.0

(+9.5)  (+9.9)  (+10.1)

+11.0  +11.6 +11.5

(+10.5)  (+10.7)  (+10.0)

s 116 +119  +11.8

5:»%@ %d (+10.3)  (+10.8) (+10.2)

. +13.5  +13.8  +13.8

m%ﬁ (+14.2) (+14.8) (+15.0)
[ Wi & N

+14.6 +14.5

(+14.9)  (+14.6)

, +14.3
}% { (+14.4)
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5.3.3.1. Methyl Esters

Possible trimer configurations for 3-OH-Me and 4-OH-Me are as shown in Figure
50. Figure 51 shows possible trimer configurations for 3,4-OH-Me and 3,5-OH-Me, and

Figure 52 shows possible trimer configurations for 3,4,5-OH-Me.

3-OH-Me
) a b c
} AE 0 +6.9 +7.9
; AG 0 +4.6 +6.1
| 4-OH-Me |
| ; .
|
| e,
’ a b | c
| AE 0 +0.1 +4.1
| AG 0 +0.4 +2.8

Figure 50. Trimer configurations for 3-OH-Me and 4-OH-Me. Relative energies in kcal

| mol™ from B3LYP/6-31G(d).

Figure 50 shows that, as for the dimers, trimers with H-bonding patterns involving

a carbonyl group have lower energies. Cyclic arrangements as in 3-OH-Me(b) and 4-OH-
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Me(a) and (b) are lower in energy than the side-on arrangements even with the

corresponding loss in entropy.

As can be seen from Figure 51, 3,4-OH-Me favors the side-on over the cyclic
arrangement when the third monomer joins. 3,5-OH-Me and 3,4,5-OH-Me, on the other
hand, favor cyclic configurations when the third monomer is involved, because the
carbonyl oxygen atom can again be involved in the H-bonding network. But the entropy
cost for 3,4,5-OH-Me(a) is significant, as can be seen from the relative free energies

(Figure 52).

3,4-OH-Me

a b c d e
AE 0 +1.0 +2.6 +3.3 +4.0
AG +0.1 +1.2 0 +3.3 +5.9
3,5-OH-Me

b c
AE 0 +15.5 +16.1

AG 0 +7.0 +8.5

Figure 51. Trimer configurations for 3,4-OH-Me and 3,5-OH-Me. Relative energies in

keal mol™! from B3LYP/6-31G(d).
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a b ¢ d
AE 0 0.4 18 3.1
AG  +4.0 +2.7 +0.5 +6.7
\% e % f L‘% ? %’ h
AE +4.6 +6.1 +6.7 +7.9
AG 0 +0.6 417 +4.7

Figure 52. Trimer configurations for 3,4,5-OH-Me. Relative energies in kcal mol™! from

B3LYP/6-31G(d).

5.3.3.2. Propyl and Hexyl Esters

In general and similar to dimers, with extending of the side chains from one to six
carbon atoms, neither geometries nor relative energies of the trimer configurations
change dramatically. But, interestingly, 3,4-OH-Hex(c) shows a significantly lower
energy from both 3,4-OH-Hex(d) and 3,4-OH-Pr(d). This seems to be the consequence of
changing one chain conformation from the preferred all-trans (see arrow in Figure 53)

and thus achieving a better chain packing (Figure 53). .

84



3,4-OH-Pr(d) 3,4-OH-Hex(d) 3,4-OH-Hex(c)

AE +3.0 +2.9 +1.9

Figure 53. Chain length and conformation effect on the relative energy change of 3,4-OH
trimers. Relative energies in kcal mol™ given with respect to the corresponding global

minima.

Figure 54. Geometrical change in 3,4,5-OH-alkyl (a and b in Figure 52) with extending

of the side chain from one to six carbon atoms. Distances given in A.

Subtle geometrical changes as shown in Figure 54 take place when the 3,4,5-OH-

alkyl side chain is extended from one to six carbon atoms, but taking the ring carbon
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atom connected to the C=0 group as reference, the total distance of the triangle formed

by the three carbon atoms in 3,4,5-OH-Me(a) and (b) is the same.

One interesting observation for 3,4,5-OH-alkyl is that configuration (¢) in Figure 52
should not change in relative energy since the three side chains are far apart from each
other. If we take 3,4,5-OH-alkyl(c) as reference and set its relative energy to zero, then
with an increasing chain length, the change in relative energy of configuration (a) and
configuration (b) should be due to side chain interactions. As we can see from Figure 55,

both configurations are stabilised significantly as the chains get longer.

Me Pr Hex
0
Sl ¢
= b b
S 1 - ncma——
g —a
3
< a
g2
a
-3 -

Figure 55. Relative energy changes due to side chain length increase in 3,4,5-OH-alkyl(a)

and (b), when (c¢) is taken as relative zero.

Another interesting observation is that, in Figure 52, configuration (a) differs
from configuration (d) only by rotating the para-OH group in one of the three monomers

from the most preferred conformation. The total energy of (a) is 3.1 kcal mol™” lower than
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that of configuration (d). Figure 56 shows that the configuration changes from the
symmetric form of (d) to a form with one side longer than the other two, although the

perimeter of the triangle does not change.

Figure 56. Conformation change of one para-OH group in 3,4,5-OH-Me trimers (a) left

and (d) right. Distances given in A.

5.4. Comparison between the Configurations of Dimers and Trimers

Obtained from PM3 and B3LYP/6-31G(d)

Unfortunately, DFT methods are computationally rather expensive for the
simulation of large systems. The optimisation of a 3,4,5-OH-Hex takes about 2 to 4
weeks. Therefore, it is not practical to simulate dimers, trimers or even higher aggregates
of the phenolic lipids with two chains of sixteen carbon atoms each. Semiempirical
methods, on the other hand, are less expensive and may still provide reasonable quality.
Vysotsky et al. simulated the formation of 2D clusters of fatty alcohols® and n-
carboxylic acids® using PM3, and the obtained thermedynamic charateristics agreed well

with the experimental results.

In order to simulate monolayer fragments of phenolic lipids using semiempirical

methods in the future, it is important to test the method first. Calculated geometries and
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relative energies obtained from a typical semiempirical method, PM3, are therefore
compared with results from B3LYP/6-31G(d) in this section. We have performed the
analysis for the methyl ester dimers and trimers of the 3,4,5-OH headgroup. The results

are summarised in Tables 6-8.

Table 6. Relative energies (kcal mol™) for dimers of 3,4,5-OH-Me from B3LYP/6-

31G(d) and PM3. Relative free energies are shown in parentheses.

B3LYP/6-31G(d) PM3

Geometry Energy Geometry Energy
4 0.0 ' , 0.0
%« (0.0) X "% (0.0)

V& ¢ +1.0 TQ}W oy +2.4

(+1.6) (+5.6)
}R&g +2.9 @ﬁis y +2.5
’ % ) (+5.5) : 33% (+ 6.6)

: +3.7 | +3.0

% { (+5.7) )}i%j;(t (+6.0)

Table 6 shows that the dimer configurations obtained for B3LYP/6-31G(d) and

PM3 do not differ significantly, neither does the order in terms of relative energies as

expected from our study on the phenol dimer in Section 5.2.1. Table 7, on the other hand,
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shows that PM3 can be unreliable in the prediction.of relative energies where larger

arrangements (here trimers) of the methyl esters are concerned.

Table 7. Relative energies (kcal mol™) for trimers of 3,4,5-OH-Me from B3LYP/6-

31G(d) and PM3. Relative free energies are shown in parentheses.

B3LYP/6-31G(d) PM3

Geometry Energy Geometry Energy

o« %&‘ | 0 ﬁ‘g&} +5.9
%ﬁ‘) +2.7) W : (+12.5)

%‘ +0.8 %\ + 8.1

£ ifx (+24) - {x % (+10.5)
% . +2.6 DO +76
%‘ fw (+6.5) %g}k‘ (+10.5)

(+2.2)
r& % ‘&4 +6.3 ;% E {;}, 0.0
e (+1.3) Le adls (0.0)

Table 8 shows that the calculated configurations of larger systems from

B3LYP/6-31G(d) and PM3 differ even less than those of smaller systems. But the relative

energies obtained from PM3 are not reliable.
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Table 8.Relative energies (kcal mol™) for trimers of 3,4,5-OH-Hex from B3LYP/6-

31G(d) and PM3. Relative free energies are given in parentheses.

B3LYP/6-31G(d) PM3
Geometry Energy Geometry Energy
0.0 +12.1
+7.4 0.0
+9.2 +3.3

5.5. Simulation of the Entire DPGG Molecule

5.5.1. Construction of DPGG

The DPGG molecule can be considered as an assembly of two side chains and a
headgroup by taking the chiral carbon atom as a reference point. In order to build it, the
two side chains and the headgroup are optimised separately. Figure 57 shows parts of

Ed
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DPGG, where (b) and (c) were already built in Section 5.3.1 and the conformation with

the highest population was selected.
(@) z> (b) @ O°
0
HO HO /Q\OH HO OH
HO  OH OH H

Figure 57. Constituent parts of the DPGG molecule.

AE 0 +0.2
AG 0 +0.2

Figure 58. Relative energies (kcal mol™) for the 180° and 90° conformations of 3,4,5-

OH-Et from B3LYP/6-31G(d).

For (a) in Figure 57, the extra methyl group has two possibilities for orientation,

shown in Figure 58. With respect to our earlier dimer studies, it is interesting, but not
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surprising, to note that the 90° conformation is only 0.2 kcal mol™ higher in energy than
the preferred all-trans conformer. This implies that even the head-on dimers, such as 3-

OH-Me(a) (Figure 63) would be feasible at the air/water interface.

Obviously, there are many conformations that result from attaching the two side
chains (d) and (e) from Figure 57 to the headgroup (a). For our experimental studies, it is
of particular interest to determine the preferred relative orientation of the two chains
(aligned or not), and so we have performed a relaxed pf)tential energy scan (Figure 59) by
twisting the O1-C1-C2-02 (see Figure 60 for the numbering) dihedral through 360°. The
configuration at the global minimum (b) is shown in Figure 60. As can be seen from
Figures 59 and 60, the orientation of the two side chains apart from each other ((b) with a
01-C1-C2-02 dihedral angle of 300°) is preferred over the orientation with the two side
chains aligned ((a) with a O1-C1-C2-02 dihedral angle of 0°). The overall energy barrier
to align the side chains is about 5.5 kcal mol™, and the question is whether this is easily
achieved through compression of a monolayer. From the isotherm of DPGG in Figure 9,
the energy difference calculated (see Appendix F) between the critical point and the
collapse point is only about 0.7 kcal mol™. As this is an upper estimate, it indicates that,
if the DPGG molecules have their two side chains apart from each other upon spreading,
the alignment of the two chains will not occur by changing the O1-C1-C2-02 dihedral

angle, rather will by only rotating about one of the C-C bonds.
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Relative Energy (kcal/mol)
>~

b
30 60 90 120 150 180 210 240 270 300 330 360
Torsional Angle of O1-C1-C2-O2 (degree)

Figure 59. Potential energy profile for a twist of the O1-C1-C2-02 torsional angle in

DPGG from B3LYP/6-31G(d). The letters refer to the structures in Figure 60.

B3LYP/6-31G(d)

PM3

b

Figure 60. DPGG conformations from B3LYP/6-31G(d) and PM3.

Since DPGG is a large molecule, less expensive methods need to be used to

simulate small assemblies of DPGG or even a monolayer formed by DPGG. Therefore,
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here, configurations obtained from B3LYP/6-31G(d) and PM3 are compared in order to
verify the accuracy of the semiempirical PM3 method. Figure 60 shows the global
minimum configuration (b) from B3LYP/6-31G(d), and re-optimised from PM3. The two

structures are qualitatively comparable.

5.5.2. Verification of Stabilising Interactions

In our study of small assemblies (dimers and trimers), in Section 5.3.2, the
structures plotted from Molekel showed “H-bonding interactions” as dotted lines. In
order to have more insight into the attractive interactions, AIM theory is used here to
identify bonding interactions for a typical 3,4,5-OH-Me dimer configuration. Figure 61
shows the atoms and the critical points in the 3,4,5-OH-Me monomer and the 3,4,5-OH-
Me(b) dimer. It illustrates a point discussed already in Chapter 5.2.2 for catechol. There
seems to be no interaction between O10 and H18 in the monomer in Figure 61, but a
small change in geometrical parameters leads to the appearance of both the BCP (CP40)
and its associated ring critical point very close by (they are almost superimposed). The
dimer actually shows many interactions for the two m;)nomers, and they can be expected

to vary widely in strength.

Interactions between the two 3,4,5-OH-Me not only include the O-H---O hydrogen
bond identified by Molekel (CP29 in Figure 64), but also C-H.--H (“dihydrogen bond™’
(CP15) ) and C=0---H (CP23) interactions. Electron density and Laplacian values at the

BCPs are shown in Table 9 in order of decreasing interaction.
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Figure 61. Molecular graphs for the 3,4,5-OH-Me monomer and its dimer 3,4,5-OH-

Me(b).

Table 9.Electron density p(au) and Laplacian Vzp(au) at selected bond critical points for

the weak interactions in the 3,4,5-OH-Me dimer. See Figure 64 for numbering.

p V%p
CP29(H22-028) 0.0291 , 0.0322
CP19(H17-016) 0.0186 0.0197
CP40(H35-033) 0.0171 0.0198
CP23(H41-010) 0.0079 0.0073
CP15(H13-H25) 0.0053 0.0051

Table 9 shows that the electron density and Laplacian values of CP29 are higher
than those of the BCP in the phenol dimer whose p is 0.0280 au and Vzp is 0.0224 au,
which indicates the O-H:---O hydrogen bond between two 3,4,5-OH-Me molecules is

stronger than that between two phenols due to the contribution of the neighboring
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hydroxyl groups. Compared to the BCP in catechol with a p of 0.0183 au and V?p of
0.0201 au, CP19 shows almost the same electron density value but a slightly smaller
Laplacian while CP40 shows electron density and Laplacian both smaller than those of

the BCP in catechol. As expected, the electron density and Laplacian values for CP23 and
CP15 are much smaller than those for the BCP of the O-H:--O interactions, which

indicate that the interactions are much weaker.
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Figure 62. C-H---H and/or C=0---H interactions in a 3,4,5-OH-Pr dimer and a shortened

DPGG molecule. (some atoms are hidden.)

C-H:--H and C=0---H interactions are further explored for a dimer of 3,4,5-OH-Pr
with its longer chains and an abbreviated DPGG molecule (with 4 carbon atoms in each

chain) with the two side chains aligned with each other. Results of the interactions are
shown in Figure 62. The 3,4,5-OH-Pr dimer shows the same C-H:-H and C=0--H

interactions, as the 3,4,5-OH-Me dimer; there are no additional C-H---H interactions
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between the chains. In contrast, in the shortened DPGG molecule, there are C-H---H
interactions between the two side chains, possibly leading to a stabilisation of this
configuration. We expect that the full-length DPGG would show many more such

interactions between the aligned chains.
5.6. Conclusions

Semiempirical PM3, ab initio HF and MP2 and DFT functional B3LYP (with
varied basis sets) were tested to benchmark model chemistries. Comparison between the
calculated spectroscopic properties and geometrical information with available
experimental data from the literature for phenol, the phenol dimer and the phenol-water
complex showed that, in general, PM3 and HF provide larger errors; and MP2 as the
computationally most expensive method showed very good performances. B3LYP/6-
31G(d) performed well for the systems studies and it was selected as the model chemistry
to calculate small assemblies of phenolic esters and ;ntire lipid molecules based on the
consideration of both computational cost and quality of the results. A study on the
intermolecular H-bond between phenol molecules and the intramolecular H-bond in

catechol analysing atomic properties confirmed that B3LYP/6-31G(d) was a good choice.

The configuration of DPGG with the lowest total energy has its two side chains
apart from each other rather than aligned. This is probg,bly also true for the other phenolic
lipids. The compression process of the monolayer to align the side chains needs to
overcome an energy barrier of about 5.5 kcal mol”, which is higher than the energy of
about 0.7 kcal mol™ used to compress the monolayer from the gas phase to the condensed
phase. This indicates the alignment of the side chains only occur by rotating along the C-

C bonds.
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Based on the model 3,5-OH-alkyl assemblies, the DP-3,5-HBG headgroup shows a
different hydrogen bonding pattern compared to that 6f the other phenolic lipids, which
might result in a different monolayer behavior for this molecule. In general, PM3 can
provide reasonable quality geometries, but the relative energies calculated at this level are

not reliable.
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Chapter 6. Conclusions and Future W(;rk

6.1. Conclusions

At room temperature, all the phenolic lipids show direct transition from gaseous
phase to condensed phase upon compression. Replacing the H atom in the OH group with
the methyl group results in a LE-LC plateau on the isqtherm. This maybe resulted by the
disruption of the lateral H-bonding. The para OH group is critical to the monolayer
properties of the phenolic lipids. Removal of the para OH group may cause different
patterning of the lateral H-bonds and hence the different orientation of the phenolic lipids

at the air/water interface.

Isotherms of enantiomerically pure DPGG shifts to larger molecular area upon
equilibration. Its BAM images exhibit anisotropic aggregates whose formation is more

favored at lower temperatures and longer equilibration periods.

Given enough period of equilibration, the phenolic lipids rearranged, which
resulted in significant changes in the shape of the isotherms and some changes in their
BAM images. Computational study showed that the phenolic lipids tended to rearrange
by releasing their hydrogen bond partners (like molecules) formed in the spreading
solution upon spreading at the air/water interface and %orm H-bonds with subphase water

molecules.

Dimer and trimer simulation of the phenolic lipid headgroups show that the

aggregation between the phenolic lipid headgroups are energetically favorable.
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Moreover, extension of the side chains in the cyclic trimer configuration show that the

longer the side chain, the more favorable to for DPGG to form aggregates.

The configuration of the phenolic lipids with the lowest total energy has its two
side chains apart from each other. Compression process of the monolayer to convert the
side chains from the apart configuration to the relatively parallel to each other needs to

overcome an energy barrier of about 5.5 kcal mol™.
6.2. Future Work

This thesis has verified the H-bonding between the phenolic lipids in the spreading
solutions and at the air/water interface. But whether the H-bonds are formed between
molecules by two OH groups or between an OH group and a C=0 group is still not clear.
Studying the monolayer properties of molecules without the carboxylic group from the
phenolic lipid structure will be helpful in clarifying the above mentioned issue. IR and
'H NMR studies on the molecules without the carboxylic group and comparing to the
results of the phenolic lipids shown in this thesis will also be useful. Meanwhile, studies
on the interactions between the phenolic lipids and proteins or metal ions will also be
interesting to understand properties of the interactions between the phenolic lipid
headgroups in order to use them in the design of bioseasors and tether the phenolic lipids

onto different substrates to explore the potential uses of the phenolic lipids.

As mentioned in chapter 4, there is a competition of H-bonding between the
phenolic lipid molecules with subphase water molecules and with like molecules. The
interaction of the phenolic lipids with water molecules can be further studied

computationally by including water molecules in the dimer and/or trimer configurations
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obtained in this study. Total energies of the systems can be compared with those of the
dimers and/or trimers plus separate water molecules in order to justify which case is more
favorable. Molecular dynamics studies with water molecules surrounding the dimer
and/or trimer configurations are also interesting to verify if there is any change in
configuration upon interaction with water molecules.kThis kind of simulation will also
provide information on how much the phenolic lipids are submerged into the water
subphase. Moreover, as proposed by Pollastri et al.!, the interaction between the DPGG
headgroups may occur through water bridges, this can be further verified computationally
by inserting water molecules between two phenolic lipid molecules and compare total.
“Monolayers” of a few of the phenolic lipid molecules can be constructed by PM3 to
characterise the H-bonding network. Simulations with molecular mechanics for dimer
and/or trimer configurations with full side chains and different number and position of
OH groups on the aromatic headgroup may give us more ideas of the influence of the

headgroup on the monolayer behavior of the phenolic lipids.
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Table B1. Experimental and Calculated Bond Distances (A) and Angles (degrees) for

Phenol
C-Hyean C-Ciyean C-O O-H c-c-0° C-O-H

Experimentalb 1.083+0.004 1.393+0.005 1.375+0.005 0.957+0.006 122.1+0.3 108.8+0.4
Experimental® 1.399+0.003 1.381+0.004 0.95840.003 121.2+£1.2 106.4+3.7
PM3 1.095 1.394 1.369 0.948 121.2 106.4
HF/6-31G(d) 1.075 1.386 1.353 0.947 122.5 110.7
MP2/6-31G(d) 1.088 1.396 1.375 0.974 122.8 108.3
B3LYP/

6-31G(d) 1.087 1.397 1.369 0.969 122.6 108.9

6-31G(d,p) 1.086 1.396 1.368 0.966 122.6 109.0

6-311G(d,p) 1.084 1.394 1.366 0.963 122.7 109.0

6-31+G(d,p) 1.087 1.398 1.372 0.966 122.5 110.0

6-311+G(d,p) 1.084 1.394 1.370 0.962 122.5 109.8

6-311++G(d,p) 1.084 1.394 1.370 0.962 122.5 109.7

6-311+G(2d,p) 1.083 1.392 1.369 0.964 122.6 109.6

cc-pVDZ 1.093 1.399 1.367 0.969 122.7 108.6
PBE(/ 1.086 1.393 1.360 0.967 122.6 108.7

6-31G(d)

a. For the C-C bond syn to the O-H bond.

b. Microwave data from ref. 86

c. Electron diffraction data from ref. 87.
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Table B2. Experimental and Calculated Rotational Constants (MHz) A, B and C for

Phenol
A B C

Experimental” 5650.5+1.1 2619.210.5 1789.9+0.3
PM3 5606.2 2640.1 1794.9
HF/6-31G(d) 5606.2 2640.2 1794.9
MP2/6-31G(d) 5641.5 . 26117 1785.2
B3LYP/6-31G(d) 5646.7 2612.7 1786.2
B3LYP/6-31G(d,p) 5649.9 2614.1 1787.2
B3LYP/6-311G(d,p) 5672.8 2619.9 1792.2
B3LYP/6-31+G(d,p) 5637.8 2607.1 1782.7
B3LYP/6-311+G(d,p) 5667.0 ‘ 2617.9 1790.7
B3LYP/6-311++G(d,p) 5667.2 2618.0 1790.8
B3LYP/6-311+G(2d,p) 5688.8 2625.6 1796.5
B3LYP/cc-pVDZ 5631.2 2605.9 1781.5
PBE0/6-31G(d) 5677.5 2631.4 1798.1

a. Microwave data from ref. 86.
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Table B3. Experimental and Calculated Distances (7—\), Angles and Dihedral Angles

(degrees) for the Phenol Dimer

01-02 C8-H2 H8-H2 C1-01- 01-02- 01-02- C2-C1- C1-01-  01-02- CI-Ol1-

02 c7 H7 01-02  02-C7 C7-C8  O02-H7
Experimental® 300 292 275 1088 117.8 131.6 0.0 -59.2 -13.7 100.7
+0.2 +10 +20
PM3 274 276 171 1226 125.9 108.1 112 -68.2 -48.8 162.1
HF/ 296 411 372 1149 120.0 128.0 1.7 -107.9 -5.3 83.6
6-31G(d)
MP2/ 288 323 311 108.9 111.7 137.2 -7.8 -69.6 -12.3 93.1
6-31G(d)
B3LYP/
6-31G(d) 287 410 373 1132 115.7 133.6 -4.5 -110.6 -4.9 80.6
6-31G(d,p) 286 409 373 113.1 115.4 133.8 -4.6 -110.5 45 80.1
6-311G(d,p) 286 412 375 1134 117.4 131.2 2.4 -113.0 6.5 81.1
6-31+G(d,p) 288 385 327 1144 126.8 115.5 1.3 1057 -294 107.4
6-311+G(d,p) 280 394 348 1139 128.4 117.9 46 1077 -177 95.5
6-311++G(d,p) 289 441 406 1138 128.5 118.8 2.3 -124.6 14.0 75.6
6-311+G(2d,p) 290 401 348 1142 128.2 114.5 4.0 1137 286 99.5
cc-pVDZ 284 410 377 1126 115.7 134.1 -4.0 -111.9 3.5 76.4
PBE0/6-31G(d) 285 399 363 1127 115.8 133.6 3.8 -108.1 5.1 83.0

»

a. High-resolution rotational coherence spectroscopy from refs. 88 and 89.
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Table B4. Experimental and Calculated Rotational Constants (MHz) for the Phenol

Dimer
A B C B+C 2A-B-C B-C
Experimental” 1418.6+£5.7 313.5£14.0 285.5+14.0  599.0+3.0 2238.0+11.2 28.0+14.0
Experimentalb 1414.4+0.6 313.7£0.8 287.5+0.7 ) 610.2+0.6 26.2£1.0
PM3 1720.2 275.5 244.5 | 520.0 29204 31.0
HF/6-31G(d,p) 1846.5 240.8 237.0 477.8 3215.2 3.8
MP2/6-31G(d) 1366.0 325.6 305.5 631.1 2100.9 20.1
B3LYP/
6-31G(d) 1777.4 251.6 245.1 496.7 3058.1 6.5
6-31G(d,p) 1782.8 251.9 245.2 497.1 3068.5 6.7
6-311G(d,p) 1842.5 246.5 2401 486.6 3198.4 6.4
6-31+G(d,p) 1902.6 2354 230.2 465.6 3339.6 5.2
6-311+G(d,p) 1926.5 231.7 229.9 461.6 3391.4 1.8
6-311++G(d,p) 1932.9 231.1 229.4 460.5 34053 1.7
6-311+G(2d,p) 2031.2 224.5 2239 448.4 3614.0 0.6
cc-pvVDZ 1789.3 251.7 2443 496.0 3082.6 7.4
PBE0/6-31G(d) 1773.6 255.6 250.4 506.0 3041.2 52

a. High-resolution rotational coherence spectroscopy from ref. 75.

b. Time-resolved fluorescence depletion high-resolution rotational coherence

spectroscopy data from refs. 88 and 89.

119



Table BS. Selected Experimental And Calculated Bond Distances (A), Angles (degrees)
and Rotational Constants (MHz) A, B and C for the Phenol-Water Complex (Relative

differences in Figure 36 for all the properties are calculated using the microwave data).

@° R(O-O)a Ba ya Ab Bb Cb
Experimental’ 67 293102 1445 1155 © 429149  1092.14  873.73
Experimental® 5.0 2.88 139.0 1137 4291.50 1092 873.97
PM3 6.8 2.75 1232 115.2 441758 111757  895.05
HF/ 4.0 2.90 127.3 115.4 431844  1112.01 890.66
6-31G(d,p)
MP2/ 3.1 2.85 117.8 111.9 4257.16 111338 886.26
6-31G(d)
B3LYP/ _, .
6-31G(d) 46 2.81 112.4 114.4 434339 1103.08 88333
6-31G(d,p) 3.5 2.81 1152 1134 431675 111175  887.74
6-311G(d,p) 4.6 2.81 112.4 114.4 429034 112654  896.01
6-31+G(d,p) 37 2.84 129.4 114.6 431970  1089.19  873.48
6-3114G(dp) 32 2.85 134.3 113.9 430720  1096.89  877.87
6-311++G(d,p) 4.0 2.86 126.7 114.1 431421 109511  877.02
6-3114G(2d,p) 3.4 2.85 134.3 1146 - 4342.87  1090.74 87539
cc-pVDZ 1.1 2.79 122.4 110.4 422388 114160  902.50
PBE0/6-31G(d) 3.9 2.18 1144 113.5 4349.53 112325  896.46

a. Geometrical parameters from microwave spectroscopy from ref. 76, see Figure 35 for

symbols.

b. Rotational constants from high resolution UV spectroscopy from ref. 90.
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Table B6. Population N (au), Energy E (au), radii of hydrogen and oxygen atoms ry and
1o (A), dipolar polarization p (au) and volume V (A%) for H12 in the phenol monomer
and its dimer

N E ol 1o u Ve

B3LYP/ Monomer 0.440 -0.3723 2.20 3.30 0.170 17.10
6-31G(d) .

Dimer 0.402 -0.3511 1.30 2.29 0.138 13.37

6-31G(d,p) Monomer 0.418 -0.3679 2.25 3.39 0.165 16.61

Dimer 0.377 -0.3441 1.26 2.33 0.130 12.49

6-311G(d,p) Monomer 0.443 -0.3918 227 3.41 0.164 17.53

Dimer 0.398 -0.3658 1.25 2.34 0.127 13.05

6-31+G(d,p) Monomer 0.411 -0.3618 2.24 3.37 0.167 16.63

Dimer 0.375 -0.3421 1.27 2.34 0.129 13.01

6-311+G(d,p) Monomer 0.438 0.3870 - 228 3.43 0.167 17.67

Dimer 0.396 -0.3631 1.27 2.36 0.128 13.63

6-311++G(d,p) Monomer 0.438 -0.3869 2.28 3.43 0.167 17.65

Dimer 0.396 -0.3630 1.27 2.36 0.128 13.62

6-311+G(2d,p) Monomer 0.445 -0.3923 2.28 3.40 0.164 17.60

Dimer 0.402 -0.3511 1.30 2.28 0.138 13.37

cc-pVDZ Monomer 0.399 -0.3372 230 3.39 0.169 16.40

Dimer 0.362 -0.3161 < 1.24 231 0.132 12.09

PBE0/6-31G(d) Monomer 0.427 -0.3665 222 3.29 0.164 16.34

Dimer 0.391 -0.3447 1.28 2.28 0.135 12.70

MP2/6-31G(d) Monomer 0.426 -0.3579 2.21 3.35 0.166 16.58

Dimer 0.386 -0.3368 1.30 2.32 0.134 12.67

a. Radius was determined in the direction of the O-H:--O bond path.
b. The monomer (dimer) radius is the non-bonded (bonded) radius; the penetration
derived from these is shown in Figure 39 as the monomer-dimer difference.

c. Volume has been taken to the 0.001 au contour.
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Table B7. Population N (au), Energy E (au), radii of hydrogen and oxygen atoms ry and
ro (A), dipolar polarization p (au) and volume V (A®) for H12 in catechol

N E r° ro™° M A%

B3LYP/ In catechol isomer 0.440 -0.3726 224 3.23 0.170 17.11

6-31G(d) In catechol 0.416 0.3600  1.64 239 0.154 15.07

6-31G(d,p) In catechol isomer 0.418 -0.3683 227 323 0.164 16.60

In catechol 0.393 -0.3541 1.65 2.39 0.149 14.56

6-311G(d,p) In catechol isomer 0.443 -0.3918 227 3.33 0.164 17.54

In catechol 0.417 -0.3776 1.66 2.36 0.147 15.31

6-31+G(d,p) In catechol isomer 0.411 -0.3621 2.28 3.36 0.167 16.63

In catechol 0.386 -0.3481 1.71 241 0.149 14.67

6-311+G(d,p) In catechol isomer 0.438 -0.3867 231 3.29 0.168 17.67

In catechol 0.411 -0.3721 1.71 2.36 0.149 15.51

6-311++G(d,p) In catechol isomer 0.438 -0.3867 2.32 3.29 0.168 17.64

In catechol 0.411 -0.3720 1.70 2.36 0.149 15.39

6-311+G(2d,p) In catechol isomer 0.445 -0.3919 2.34 3.32 0.164 17.56

In catechol 0.419 -0.3780 1.68 2.36 0.147 15.64

cc-pVDZ In catechol isomer 0.400 -0.3376 229 3.24 0.168 16.44

In catechol 0.379 -0.3255 © 1.71 2.36 0.154 14.51

PBEO0/6-31G(d) In catechol isomer 0.428 -0.3667 225 3.31 0.164 16.34

In catechol 0.405 -0.3539 1.62 237 0.150 14.47

B3LYP/6- In catechol isomer 0.412 -0.3679 226 3.24 0.166 16.53
31+G(2df,pd)

In catechol 0.390 -0.3560 1.71 2.36 0.149 14.82

a. Radius of oxygen atom was determined in the direction of the extension of C-O bond; radius

of hydrogen atom was determined in the direction of the extension of O-H bond.

b. The monomer (dimer) radius is the non-bonded (bondzd) radius; the penetration derived from

these is shown in Figure 41 as the monomer-dimer difference.

Cc. Volume has been taken to the 0.001 au contour.



Appendix C. Internal Coordinates, Total Energies and Free
Energies for Benchmark Molecules. Total Energy are Zero-

Point Energy Corrected (Refer to the Attached CD)
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Appendix D. Total Energy, Free Energy and Configurations for

Model Ester Dimers and Trimers
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D1 Total Energy and Free Energy for (Poly)phenolic Lipid Dimers and Trimers

D1.1 Total Energy and Free Energy for (Poly)phenolic Lipid Dimers

Table D1. 1. 1 Total and Free Energies for Methyl Ester Dimers

Total energy (au) Free energy (au)
3-OH-Me -1070.397085 -1070.473620
-1070.383093 ~~1070.461719
-1070.381732 -1070.459043
4-OH-Me -1070.390778 -1070.469002
-1070.385539 -1070.463797
3,4-OH-Me -1220.829255 -1220.909631
-1220.811592 -1220.895433
-1220.810473 -1220.893907
-1220.809114 -1220.888571
-1220.808499 )-1220.889033
3,5-OH-Me -1220.819797 -1220.896846
-1220.811656 -1220.891814
-1220.804752 -1220.888854
-1220.804225 -1220.887242
3,4,5-OH-Me -1371.250546 -1371.336075

-1371.233612
-1371.233562
-1371.233121
-1371.233024
-1371.232055
-1371.228907
-1371.227767

-1371.322259

-1371.317786

-1371.320928
-1371.319394
-1371.319622
-1371.313399
-1371.313174
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Table D1. 1. 2 Total and Free Energies for Propyl Ester Dimers

Total energy (au)

Free energy (au)

3-OH-Pr

4-OH-Pr

3,4-OH-Pr

3,5-OH-Pr

3,4,5-OH-Pr

-1227.543266
-1227.528940
-1227.527629
-1227.536706
-1227.531283
-1377.975366
-1377.957380
-1377.956201
-1377.954852
-1377.954216
-1377.965162
-1377.957725
-1377.950599
-1377.950214
-1528.396809
-1528.379491
-1528.379478
-1528.379080
-1528.378711
-1528.377810
-1528.374799

-1528.373574

-1227.632759
-1227.621630
-1227.620193
-1227.630214
-1227.623488
-1378.069604
-1378.054831
-1378.052386
-1378.048229
.,-1378'049581
-1378.061310
-1378.052541
-1378.048425
-1378.047352
-1528.497198
-1528.478145
*-1528.483607
-1528.481446
-1528.479232
-1528.479959
-1528.473610

-1528.473455
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Table D1. 1. 3 Total and Free Energies for Hexyl Ester Dimers

Total energy (au)

Free energy (au)

3-OH-Hex

4-OH-Hex

3,4-OH-Hex

3,5-OH-Hex

3,4,5-OH-Hex

-1463.246642
-1463.231313
-1463.229426
-1463.239191
-1463.233766
-1613.677881
-1613.659807
-1613.658645
-1613.658256
-1613.656789
-1613.667578
-1613.660142
-1613.653125
-1613.652806
-1764.099175
-1764.081988

-1764.081937

-1764.081604

-1764.080891

-1764.080308

-1764.077208

-1764.076057

-1463.353629
-1463.344168
1-1463.342430
-1463.351931
-1463.347100
-1613.792769
-1613.778595
-1613.776073
-1613.769770
-1613.772911
-1613.783573
-1613.775568
-1613.772770
-1613.770587
-1764.219693
-1764.202315
w-1764.205916
-1764.203669
-1764.203740
-1764.203430
-1764.195738

-1764.196489

127



D1.2 Total Energy and Free Energy for (Poly)phenolic Lipid Trimers

Table D1. 2. 1 Total and Free Energies for Methyl Ester Trimers

Total energy (au)

Free energy (au)

3-OH-Me

4-OH-Me

3,4-OH-Me

3,5-OH-Me

3,4,5-OH-Me

-1605.596485
-1605.585490
-1605.583871
-1605.590754
-1605.590587
-1605.584249
-1831.227186
-1831.225612
-1831.222999
-1831.221924
-1831.220757
-1831.236577
-1831.211893
-1831.210987
-2056.866084
-2056.865428
-2056.863233
-2056.861196
-2056.858791
-2056.856320
-2056.855406

-2056.853563

-1605.701765
‘-1605.694413
-1605.691987
-1605.698908
-1605.698199
-1605.694410
-1831.341471
--1831.339490
-1831.341641
-1831.336322
-1831.332106
-1831.341692
-1831.330565
-1831.328079
12056.977046
-2056.979099
-2056.982653
-2056.972775
-2056.982416
-2056.983393
-2056.980742

-2056.975960
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Table D1. 2. 2 Total and Free Energies for Propyl Ester Trimers

Total energy (au)

Free energy (au)

3-OH-Pr

4-OH-Pr

3,4-OH-Pr

3,5-OH-Pr

3,4,5-OH-Pr

-1841.315486
-1841.304241
-1841.300375
-1841.309396
-1841.309215
-1841.303601
-2066.945276
-2066.944253
-2066.941743
-2066.940553
-2066.939459
-2066.956104
-2066.930649
-2066.929895
-2292.585306
-2292.584370
-2292.582665
-2292.580063
-2292.575063
-2292.574383

-2292.572221

-1841.442053
-1841.433951
-1841.431821
-1841.438386
-1841.438607
-1841.431695
-2067.080730

-2067.078244

-2067.081972

-2067.076351
-2067.072431
-2067.081797
-2067.071929
-2067.067837
-2292.717750
-2292.719755
-2292.720812
-2292.713052
-2292.723895
-2292.719341

-2292.716237
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Table D1. 2. 3 Total and Free Energies for Hexyl Ester Trimers

Total energy (au) (not zero-point energy corrected)

3-OH-Hex

4-OH-Hex

3,4-OH-Hex

3,5-OH-Hex

3,4,5-OH-Hex

-2195.799869
-2195.788060
-2195.783933
-2195.793648
-2195.793351
-2195.786426
-2421.445162
-2421.443740
-2421.442064
-2421.440480
-2421.456596
-2421.430011

-2421.429199

-2647.101794
-2647.100441
-2647.097292
-2647.093211
-2647.090073

-2647.087156
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D2 Dimers Configurations
D1.1 Methyl Esters

D1.1.1 Methyl Esters with One Hydroxyl Group

AE
AG

AE
AG

D1.1.2 Methyl Esters with Two Hydroxyl Groups

a b ¢ d e
AE 0 +11.1 +11.8 +12.6 +13.0
AG O +8.9 +9.9 T +13.2 +12.9
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AE 0? +5.1 +9.4
AG 0 +3.2 +5.0

a.Imaginary frequency -3 cm’, wagging of the whole dimer.

D1.1.3 Methyl Esters with Three Hydroxyl groups

bg %

AE 0 +10.6 +10.7 +10.9
+8.7 +11.5 +9.5
AE +11.0 +11.6 +13.5 +14.3
AG +10.5 +10.3 +14.2 +14.4
D1.2 Propyl Esters

D1.2.1 Propyl Esters with One Hydroxyl Group

AE 0 +9.0 +9.8
AG 0 +7.0 +7.9
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b
AE 0 +3.4
AG 0 +4.2

D1.2.2 Propyl Esters with Two Hydroxyl Groups

AE
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D1.2.3 Propyl Esters with Three Hydroxyl Groups

AE +11.6
AG +10.7
D1.3 Hexyl Esters

D1.3.1 Hexyl Esters with One Hydroxyl Group

AG 0 +5.9 +7.0

a. Imaginary frequency -4 cm’’, folding of the two monomers.

134



AE
AG

d e
| AE +12.3° +13.2
| AG +14.4 +12.5

a. Imaginary frequency -5 cm’" wobbling of the two monomers.

b. Imaginary frequency -2 cm™’, wobbling of the two monomers.
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AE 0 +4.7 +0.1 +9.3
AG 0 +5.0 +6.8 +8.1

D1.3.3 Hexyl Esters with Three Hydroxyl Groups

b c d
AE 0 +10.8 +10.8 +11.0
AG 0 +10.9 +8.6 +10.1

e f g h
AE +11.5 +11.8 +13.8 +14.5
AG +10.0 +10.2 +15.0 +14.6
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D2 Trimers

D2.1 Methyl Esters

D2.1.1 Methyl Esters with One Hydroxyl Group

a b C
AE 0 +6.9 +7.9
AG 0 +4.6 +6.1

AE
AG

D2.1.2 Methyl Esters with Two Hydroxyl Groups

7 f“"

¢

b c
AE 0 +1.0 +2.6
AG +0.1 +1.2 - 0
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h
AE  +4.6 +6.1 +6.7 +7.9
AG 0 +0.6 +1.7 +4.7
D2.2 Propyl Esters

D2.2.1 Propyl Esters with One Hydroxyl Group

a b ¢
, AE 0 +0.1 +3.6°
AG 401 0 +4.3

a. Imaginary frequency of -2 cm’, rotation of one monomer.
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D2.2.2 Propyl Esters with Two Hydroxyl Groups

AE
AG

AE
AG

AE
AG
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D2.2.3 Propyl Esters with Three Hydroxyl Groups

AE +6.4 +6.9 +8.2
AG 0 +2.9 +4.8
D2.3 Hexyl Esters

D2.3.1 Hexyl Esters with One Hydroxyl Group
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D2.3.2 Hexyl Esters with Two Hydroxyl Groups
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D2.3.3 Hexyl Esters with Three Hydroxyl Groups

AE

AE +5.4
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Appendix E. Z-Matrix Files for Dimers and Trimers for Model
Esters. All Total and Free Energies are in Kcal/mol (Refer to

the Attached CD)
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Appendix F. Sample Calculation of the Energy Cost to Erect

the Side Chains for the Phenolic Lipids
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Take the isotherm of DPGG in Figure 9 as an example, the isotherm started to lift-
off when the surface area was 50 A? per molecule, and the isotherm collapse when the
surface area is 38 A2 per molecule at surface pressure of 45 mN m™. According to the

energy calculation equation of monolayers:
E=nrxA
therefore,
AE = Ar x A4
= (45 mN m™-0 mN m™) x (50 A% per molecule - 38 A? per molecule)
x 6.02 x10* molecules mol™
=3250 N mol”

= 0.7 kcal mol™
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