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Abstract

Interactions between pesticides, surfactants and plant waxes

Nonionic surfactants are normally added into commercial pesticide formulation to help
enhance pesticide solubilisation, increase droplet coverage on plant surface and transport active
ingredients across plant “skin”, the wax film. Pesticide efficiency is dominated by the
interactions between pesticides, surfactants and waxes. However, our knowledge of these
interactions at the molecular level still remains very limited. In the work presented in this thesis,
key aspects from a typical agri-spray process were followed. The investigations focused on the
configurational alterations of surfactant micelles as the pesticide nanocarriers upon pesticide
and wax solubilisation, and the structural changes of the reconstituted wax films before and
after exposure to pesticides and surfactants.

The impact on the structural changes of surfactant micelles upon pesticide and wax
solubilisation was investigated by small angle neutron scattering (SANS), cryogenic
transmission electron microscopy (cryo-TEM) and nuclear magnetic resonance (NMR). By
taking advantages of isotopic contrast variations, the power of NMR to locate the exact amount
and positions of pesticide and wax molecules inside surfactant micelles, and the visual support
form cryo-TEM images, our studies have revealed that pesticide solubilisation clearly altered
micellar structures, by increasing the aggregation number and micellar length, whilst shrinking
and dehydrating their shells, leading to consequent decrease in the cloud points. When waxes
were further solubilised into the pesticide-loaded micelles, pesticides were partially released
from the micelles, resulting in the adjustment of micellar structures by shortening their length,
whilst expanding and rehydrating their shell. The thermodynamic equilibrium of pesticide and
wax solubilisation in surfactant micelles can also be altered by temperature change. Increasing
temperature can drive pesticides further into the micelles and solubilise more waxes. It can also
affect the micellar structures by elongation in the total length, shrinkage and dehydration in the
shells.

The adsorption dynamics of pesticides and surfactants onto model wax films was studied using
neutron reflection (NR) in combination with deuterium labelling to wax, surfactant and solvent.
The wax films were reconstituted onto hydrophilic and hydrophobic surfaces, respectively.
Though the wax films on both surfaces bear similar morphologies composed of top wax
crystals and underlying films, which is comparable to the natural wax morphology, the
structural configuration differs significantly. Compared to wax films on the hydrophilic surface,
the films formed onto the hydrophobic surface are packed more tightly within the substrate.
They are thus more stable and robust when exposed to pesticides and surfactants. Clearly, the
hydrophobicity of the substrates influences detailed film morphology and integrity. The more
stable wax films on the hydrophobic substrate enabled us to observe how surfactants adsorbed
onto and penetrated into the wax films and then altered local structures of the wax films. Similar
studies also enabled us to follow how pesticides diffused into the model plant waxy barrier.

This work altogether has provided a useful rationalisation of interplay between surfactant
structures, pesticide structures and environmental factors that affect pesticide loading and
release before and after exposure to wax films.
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1.1 Scientific background and motivation

The improvement of pesticide efficiency is an important area of investigation in modern
agroscience as it not only reduces costs but also mitigates damage to plants and environment
[1, 2]. There are two main ways to improve pesticide efficiency [3]. One is to make the pesticide
more effective against the targeted pest but less toxic to plants and the environment. The other
is to make pesticide formulation more efficient and enhance its uptake by plants. The design
of new pesticides usually has a tremendous cost attached to it and requires decades for
development and permission for use, therefore the latter improvement method is generally
more straightforward and economically viable.

Adjuvants, such as surfactants, are added to pesticide formulation to improve pesticide delivery.
Surfactants serve 4 major functions in pesticide delivery. Firstly, as a large proportion of
pesticide have very low water solubility, surfactants help solubilise and stabilise pesticides in
water [4]. Secondly, surfactants help decrease the surface tension of solution droplets resulting
in increased contact area between the pesticide formulation and the targeted sprayed surface
[5]. Thirdly, surfactants can adsorb onto and penetrate into the plant surface, thereby creating
a pathway for pesticides to diffuse into the plant outer barrier [6]. Finally, some surfactants can
increase the viscosity of the formulation and make the droplet more adhesive to the surface as

to reduce the losses caused by bouncing and rebouncing [7].

Though surfactants play an important role in pesticide uptake by plants, the interactions
between pesticides, surfactants and plant “skin”, waxes, still remain largely unexplored,
especially at the molecular level. A better understanding of the interaction mechanism at the
molecular level will not only benefit the future pesticide and adjuvant design but also provide

constructive suggestions on how to spray active ingredients more effectively.

Thus, this thesis project followed a typical agri-spray process. This process normally undergoes
3 major steps [8] as illustrated in Figure 1.1. Firstly, before spraying, surfactants, especially
nonionic surfactants, are added into the pesticide formulation to solubilise and stabilise the
pesticide. Then the formulations are sprayed onto plant surface, which is covered by a thin wax
layer with a thickness in a range of few nanometers to few micrometers with the exact thickness
depending on the species. Finally, with water evaporation, the dry surfactants and pesticide
remain on the leaf surfaces. As pesticide delivery and uptake by plant are dominated by the
first 2 steps [9, 10], this project investigated how the pesticide was formulated with nonionic
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surfactants and how pesticide and nonionic surfactants interacted with plant waxes in the

spraying droplets.

+ ‘ Pesticide Plant surface @!

Step 1: Formulation Step 2: Spraying Step 3: Water evaporation

Figure 1.1: 3 steps in a typical agri-spray process

The solubilisation of several commercially used pesticides in a model nonionic surfactant, alkyl
ethoxylate, was studied via small angle neutron scattering (SANS) along with nuclear magnetic
resonance (NMR) and transmission electron microscopy (TEM). The uptake of plant wax into
the pesticide formulation was then investigated using the same methods. The adsorption and
penetration of pesticide and nonionic surfactants into model wax films was studied at
solid/water interface by spectroscopic ellipsometry (SE) and neutron reflection (NR). The
interaction mechanisms were interpreted at the molecular level. Furthermore, this work has
demonstrated a way to study active ingredient behaviour in bulk solution and wax film during

agri-spray using a combined approach of SANS and NR.

1.2 Surfactants in agrochemicals

1.2.1 Definition and classification

Surfactants are a group of compounds which consist of two distinct molecular regions: one
hydrophobic region and one hydrophilic region. Thus, surfactants are amiphiphilic molecules.
The hydrophobic part, also known as tail group, usually is a hydrocarbon chain which can be
branched, linear, aromatic or unsaturated. The hydrocarbon chain is oil-soluble but not water-
soluble. The hydrophilic part, known as head group, is usually a polar group which can be a
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complex structure carrying different ion types. The balance between surfactant hydrophilic and
hydrophobic parts generally determines the surfactant hydrophobicity which extensively

influences its interfacial adsorption and aggregation in polar or non-polar solvents.

1
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Figure 1.2: a general classification of surfactants based on ion types that the head group carries

Based on the ion type that the surfactant head group carries, surfactants can be classified into
cationic, anionic, nonionic and zwitterionic surfactants, as illustrated in Figure 1.2. Cationic
surfactants carry a positively charged head while anionic surfactants carry a negatively charged
head. The nonionic surfactants do not have charged head groups. The zwitterionic surfactants

have both positive and negative charged groups within the head.

1.2.2 Micellisation

Due to the amphiphilic property, surfactants tend to adsorb at the water/air interface with a
certain orientation (hydrophobic part pointing to air and hydrophilic part immersed in water).
Once the interfacial adsorption is saturated at a certain concentration in water, the surfactant
tails are driven to stay together in the centre forming a hydrophobic core which is surrounded
by heads forming a hydrophilic shell. This self-assembled core-shell structure is a micelle and
this concentration is known as the critical micellar concentration (CMC). Figure 1.3 shows the

structure of a typical spherical micelle.
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Figure 1.3: the structure of a typical spherical micelle.

CMC is one of the most important parameters for surfactants. The CMC value is determined
by surfactant molecular structure and physico-chemical properties including the size and length
of the hydrocarbon chain and the size and charge of the head groups. Environmental factors
can strongly impact surfactant CMC as well. These factors include temperature, addition of
electrolytes, solvent properties and pH values.

The micellar shapes are rather diverse. Common micellar shapes include sphere, ellipsoid,
cylinder/rod, worm, vesicle, bilayer, multilayer and complex ones. The micellar formation is
governed by the intrinsic structure of surfactant molecule, the concentration of the surfactant
and ambient conditions mentioned above. The diverse micellar nanostructures provide great
advantages in a wide range of applications in hygiene, oil industry, food chemistry, chemical

engineering, agricultural pest management and many other industrial areas.

1.2.3 Alkyl ethoxylates

Surfactants have been widely used in pesticide formulations. Among them, nonionic
surfactants are most common [11]. Nonionic surfactants are considerably more efficient than
ionic ones for the solubilisation and delivery of hydrophobic and uncharged pesticides as they
are generally large in size and lack charge. Studies also show that non-ionic surfactants can
better influence the plant uptake of active ingredients into the site of action and greatly reduce

the droplet bouncing and rebouncing [7, 12].

Though nonionic surfactant molecular structures vary significantly among different species,
most nonionic surfactants used in agrichemisty contain ethoxylates in the head. Insights into
the relationship between ethoxylated nonionic surfactant molecular structure and pesticide

delivery efficiency have already been investigated in previous studies [12]. Among these
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nonionic surfactants, alkyl ethoxylates (ChEm) have proven to be ideal model nonionic
surfactants [13, 14]. This is because their lengths of the head and tail groups can be modified
independently so that their respective influences on micellar structure can be determined
separately. Thus, alkyl ethoxylates were used as model nonionic surfactants in this study.

1.3 Cuticular waxes

1.3.1 Introduction to plant cuticular waxes

The outer surface covering leave and stems of plants comprises of a protective cuticle layer.
The cuticle locates served as a barrier between plant epidermal cell walls and outer
environment. From the inner layer to outer environment, he cuticle layer consists of cutin,
intracuticular wax film, epicuticular wax film and top wax crystals [15]. Figure 1.4 shows a

side view of a typical plant cuticle layer.

Wax crystals

Plant cuticle __ Epicuticular wax film
"V N e—— Intracuticular wax film
N RGN
M\ N[ cutin
) -
- ™~ Cell wall

N Epidermal cell

Figure 1.4: a side view of a typical plant cuticle layer which consists of cutin, intracuticular
wax film, epicuticular wax film and top wax crystals.

The waxes which we normally talk about are epicuticular wax film and wax crystals, are the
outermost barrier for a plant. This waxy layer has a thickness in a range from 10 nm to 10 pum,
with the exact thickness depending on species and growing conditions [16]. The wax film is
crucial for plants to survive as it functions in vapour control, gas exchange, water permeability,

nutrient uptake, pest resistance and UV tolerance [17].
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Wax crystals are also essential for plant surviving. However, some species do not have wax
crystals, for example, sugar beet. The surface of these species is only covered by a smooth wax
layer. Our understanding on the importance for wax crystals in plant surviving and wax crystal
functions are still very limited. Studies revealed that wax crystals play an important role in anti-
bacteria, anti-fungi and UV resistance [18], with many other functions still remained unclear.
For those which have wax crystals, the crystals can vary significantly in size, shape, orientation
and composition among species and are classified by the patterns of the crystalloids. Common
patterns include platelet, rodlet, tubules, granules and threads [19]. Even the patterns for same
plant can be different at different organs and at different growing stages [20]. For instance,
young wheat leaf waxes present platelets on both adaxial and abaxial sides, however mature
wheat leaf waxes only present platelets on adaxial side but present tubules on abaxial side. A
possible reason is that the chemical compositions for abaxial waxes changed during the growth,
with the dominant group changed from alcohols to diketones. It is believed that the morphology
of the crystals is affected by both the chemical composition and environmental conditions but

how these 2 factors determine the crystal morphology still remains unknown.

1.3.2 Chemicakompositions of waxes

Generally, wax chemical compositions vary hugely among species. Studies on wax chemical
composition indicated that the waxes are mainly composed of aliphatic compounds including
alkyl alcohols, alkyl acids, alkanes, ketones and esters, with each compound comprising of a
series of chemical structures of differing chain length [21]. Normally, the functional groups are
located at one of the terminals of the aliphatic carbon chain. It is reported that the functional
groups could be also at the mid of the chain. Aromatic compounds are found in some species
as well but only make up a small fraction. Figure 1.5 lists the major compounds in wax

chemical compositions.
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Figure 1.5: A summary of major compounds in wax chemical compositions.

Apart from esters, alcohols, acids, alkanes and ketones are generally composed of an aliphatic
long chain n-acyl backbone (from Ci6-Css). Wax esters generally consist of even longer
aliphatic carbon backbones (from Ca0-Cs0). As wax’s physicochemical properties are
determined by its chemical compositions, its chemical composition could strongly affect the
interaction with pesticide formulation. An insightful examination of how different chemical
composition of wax affects the interaction with surfactants and pesticides will be quite
beneficial in maximising pesticide efficiency on different species.

1.4 Current study of agrichemical formulation

In modern agro-chemistry, depending on the purposes, pesticides can be classified as fungicide,
insecticide, herbicide and so on. Generally, the design of certain pesticide is to interfere one or
more metabolism inside the target. For examples, herbicides mainly inhibit weed
photosynthesis; fungicides mainly affect fungal spore production; insecticides can damage
insect nerve, digest and reproductive systems. Thus, the molecular structures of pesticides are
very unique, normally incorporating with aromatic groups, N, O and halogens. These
components with strong electronegativity make pesticides quite advantageous with regard to
membrane disruption and protein degradation. The adjuvants added into the formulations make
pesticide more effective, however, the pesticide co-assembly with adjuvants is little reported
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in open literature [22]. Surfactants, especially nonionic surfactants, make up the largest group
in agrichemical adjuvants, but the investigation of surfactant synthesis, mixing, solubilisation
and co-assembly with active ingredients are poorly characterised in agrichemical field. Such
work tends to be more widely done and published outside the field, with an emphasis on
surfactant physico-chemical properties but not on the agrichemical applications. Though the
general science is well shared, it is urgent to apply our knowledge on physical chemistry to
current agrichemical formulation studies. There are a few key issues that face the current

agrichemical formulation sector:

(1) As traditional investigations on agrichemical formulations rely on analytical chemical
methods, is it possible to apply new techniques to characterise the structural
configuration of nanoparticles of pesticide and surfactant inside the solvent or on the
plant surface?

(2) How do surfactants and pesticides interact with each other in the solvent and how do
they individually and together interact with plant wax films?

(3) With a tradition of reliance on nonionic surfactants, how can one take advantage of
ionic surfactants?

(4) How to design safer surfactants. How to evaluate the toxicities to plants and humans

from individual components and mixtures of surfactants?

This thesis work aims to address some of the technical issues underlined by the first 2
challenges and bridge our current understanding on surfactant physico-chemical behaviours
from colloid science side to agrichemical applications.

1.5 Outline of thesis plan

The scientific objectives in this work are to address the technical issues in current agrichemical
formulation studies with regards to new experimental setup and understand surfactant-
pesticide-wax interactions at molecular level. For better illustration, this thesis is submitted in
the journal format, of which Chapters 3-5 were written in the format of publications in peer-
reviewed journals. Introduction, methodology and conclusion and future perspective were
presented in Chapters 1, 2 and 6, respectively. Chapters 3-5 are self-contained papers; some

texts about scientific background and methods may be repeated. Some variables and
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abbreviations may have different names and symbols in different papers but they are easily

spotted.

Chapter 1 provides the scientific background throughout the thesis. This part also includes

basic concepts of surfactants and plant cuticular waxes, the main materials used in this study.

Chapter 2 offers a detailed discussion of the main experimental techniques used in this study,
including the theoretical background and operation of small angle neutron scattering (SANS)

and neutron reflection (NR).

Chapter 3 discusses the solubilisation of four commercially used pesticides including
Cyprodinil (CP), Diuron (DN), Difenoconazole (DF) and Azoxystrobin (AZ) in a model
nonionic surfactant micellar solution, Hexaethylene Glycol Monododecyl Ether (C12Es). The
discussion contains the solubility and location of pesticides in the micelles and micellar
structural changes due to pesticide solubilisation. This work was published in the Journal of

Colloid and Interface Science in April 2019.

Chapter 4 discusses the uptake of wax molecules into C12Es micelles which are pre-saturated
with CP. The discussion includes the pesticide release and micellar structural change due to
pesticide release and wax uptake. This work was published in the Journal of Colloid and

Interface Science in August 2019.

Chapter 5 presents the adsorption and penetration of CP and Ci2Es molecules into
reconstituted wax films formed on hydrophobic substrates at solid/water interface. The results
revealed the distribution of pesticide and surfactants in the wax film. This work was published
in the Journal of Colloid and Interface Science online in April 2020.

Chapter 6 makes a conclusion and offers future perspectives.

The candidate designed and performed experiments, analysed and interpreted data for the
papers in Chapter 3-5 as the first author. Co-authors have contributed by assisting with

experiments and providing advice.
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Chapter 2 Neutron scattering for studying matter

The aim of this chapter is to provide a detailed discussion of the main experimental
techniques used in this study and introduce how the meaningful neutron experimental
setups help investigate the agri-spray formulation and application. Other methods such as
NMR, light scattering or electron microscopy are also important to this thesis work and

they have been covered in the relevant chapters in the format of individual papers.

2.1 Introduction to neutron scattering
2.1.1 Introduction to neutron scattering
2.1.2 Neutron sources

2.1.3 Principles of neutron scattering

2.1.4 Scatter length and scatter length density
2.2 Small angle neutron scattering (SANS)

2.2.1 Theory for SANS

2.2.2 Polydispersity and orientational alignment

2.2.3 Data analysis

2.3 Neutron reflectivity
2.3.1 Theory for neutron reflectivity
2.3.2 Data analysis

2.3.3 Experiment methods for neutron reflectivity
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2.1 Introduction to neutron scattering

2.1.1Neutron scatterindor soft matter research

Neutron scattering has been well-developed as an efficient experimental method to characterise
various materials in a wide range of fields including physical chemistry, material science and
biochemistry. As neutron scattering is a non-destructive technique, neutron scattering
techniques including diffraction, reflection and small angle scattering are quite advantageous
in probing the structural information of soft matters dynamically. Specifically, neutron
techniques can be exploited to investigate the fundamental structures, aggregation, conjugation,
adsorption and intramolecular interactions of surfactants, colloids and biomaterials at various
interfaces and under varied conditions. Neutron scattering techniques provide the most obvious
methods for obtaining quantitative information on size, shape and structure of various

macromolecules.

In this thesis, small angle neutron scattering (SANS) is used to characterise the structure of
different surfactant micelles (an important characterisation method used in Chapter 3 and 4).
Neutron reflectivity (NR) is used to probe the representative models of the thin nanoscale wax
films reconstituted onto modified silicon oxide substrate before and after surfactant and

pesticide binding (Chapter 5).

2.1.2 Neutrorsources

Neutron beam can be produced by either a reactor or a spallation source. Large facilities are
normally required to carry out the research due to the high cost in maintenance. The
experiments described in this thesis were carried out using neutrons produced from a spallation
source at the I1SIS Neutron and Muon facility based at the ISIS Neutron and Muon Facility,
Rutherford Appleton Laboratories (RAL), Didcot, UK.

Neutron beams at ISIS are produced by a spallation source, in which high energy protons are
accelerated in the synchrotron by magnets and are collided with a tungsten target with sufficient
energy to ‘kick-out’ neutrons from target nuclei and create an intense neutron pulse. Neutrons
are then slowed down to speeds required for soft matter research via a series of hydrogenous

moderators before being directed to various neutron instruments for investigation and detection.
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In Europe, neutron based experiments can also be carried out at a reactor source at the Institut

Laue Langevin (ILL) facility in Grenoble, France. In the reactor source, neutrons are produced

via a controlled chain-reaction. Nuclear reactor sources produce neutrons with much higher
flux and energy from nuclear fission reactions compared to spallation sources, but spallation

sources are generally more financially favourable and safer.

2.1.3Principles of neutron scattering

An ideal neutron scattering event occurs when the incident neutrons are deflected by matter in
different directions with no energy transferred between particles. That is, neutron incident with
a wavenumber ki is scattered and the final wavenumber of the particle is ks, then |ki|=|kd=2U/\
due to elastic scattering. The associated momentum transfer of the scattered neutron, Q, is
defined by Q=k:-ki in a direction perpendicular to the scattering surface. The bold denotation

means that the variable is a vector.

Figure 2.1: the vector diagram for elstaic scattering where |Ki|=|ks| through an angle of 26.

From the simple geometry shown in Figure 2.1, the magnititude of the momentum transfer Q

is determined by the wavelength A and the scatterig angle 6, as expressed by Equation 2.01:

1 — (2.01).
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To describe neutron scattering from a fixed atom we can consider the incident and scattered
neutrons as waves which vary periodically in the direction of motion as illustrated by Figure
2.2, with wavefunctions, yi representing an incident plane wave and s, representing the
scattered circular wave, expressed by Equation 2.02 and 2.03.

ikix

Figure 2.2: A neutron scattered elastically by a fixed atom

¢ ¢ Ao (2.02),
¢ ¢ —A (2.03),

where r is the radial distance from the fixed atom, b is the intrinsic scattering length of the
nucleus, which governs the nucleus-neutron interaction strength. The minus sign before b is a

matter of convention to ensure that the values of b for the most elements are positive.

For an neutron scattering off multiple atomic nuclei, j, the wavefunction can be expressed by
Equation 2.04:

o)

B AAE (2.04).

where r is the three dimensional position vector representing the position of the scattered wave
and r is the distance between the sample and the detector. The sample size is significantly

smaller than the distance of the scattered wave from the origin, sor >>r.

2.1.4 Scatteringength andscattering length density
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The neutron scattering length, b, measured in A, describes the repulsive or attractive strength
of neutrons undergoing coherent scattering with nuclei. The scattering length parameter also
has an incoherent term. While the incoherent scatter of neutrons by nuclei can be observed, it
is independent of Q and merely forms background.

When modelling the nuclear interaction cross section of a sample, it is more intuitive to refer
to the neutron scattering density (SLD), ", of a collection of nuclei within the scattering sample
rather than considering the scattering length of each nucleon separately. The scattering length
density (A2) equals the sum of scattering lengths of all atoms in the molecule divided by the
molecular volume, V, as expressed by Equation 2.04:
< B
MmO — (2.04).

As SLDs can vary significantly between isotopes, the isotopic substitution of nuclei is often

used to change the scattering contribution, and the SLD profile of a measured material or

constituent, without altering its interfacial structure or chemical composition.

Contrast variation is often used in the measurement of samples in water. D,0 (6.35x10% A2),
as opposed to H,0 (-0.56x10 A?) is often used as a solvent in neutron scattering experiments
due to its high scattering contrast to many hydrocarbons whose SLDs are close to 0. Mixing
H20 and D20 in different volume ratios can be used to create a wide range of bulk solutions of
defined SLD. For example, water contrast matched to silicon (CMSIi) is often used in
solid/liquid neutron reflectometry studies to match the solvent to a silicon substrate and
highlight adsorbed material on the silicon surface. This is achieved by mixing 38 vol% DO
and 62 vol% H20 to give an overall SLD of 2.07x10°® A2, Taking advantage of isotopic
substitution to distinguish compounds from its surrounding is a major strategy in this thesis.

2.2 Small angle neutron scattering (SANS)

2.2.1Theory forSANS

Small angle neutron scattering is a diffraction technique which uses a collimated beam of

neutrons to describe the detailed spatial correlations and structural information of tumbling
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molecules in solution. For SANS, bulk properties at different length scales are investigated by
detecting the scattering intensity of elastically scattered neutrons as a function of Q. Scattered
neutrons of fixed wavelengths are detected for SANS using a 2D-area detector. The detector is
positioned at different distances from the sample, with the exact distance being determined by

the Q-range of scattered neutrons.

Neutrons propagate towards the sample as a pulse of known velocity. The Q-range of neutrons
measured at fixed detector distances are deduced by recording the positions and time taken for
neutrons of different energies to travel from the target to the detector. These detected properties
are converted into corresponding momentum and neutron energy values via the principle of

conservation of momentum.

For optimal Q-resolution, the neutron beam collimation length is matched to the sample to
detector distance. A 2D pattern of the scattered neutrons is obtained by the detector. This is
radially averaged to give an intensity profile as a function of Q, I1(Q), with incoherent

background being removed.

The intensity profile, 1(Q), can be analytically modelled to extract useful information regarding
the structural properties and spatial distribution of the scattering particles. Detector instrument
effects, incoherent background and transmission effects can all be reduced through the removal
and manipulation of the background signal. Thus, a mathematical fitting model can be applied
to the scattering profile to approximate the scattering length distribution of a scattering particle

based on the contrast factor and sample structures, as expressed by Equation 2.05:
Y1 . Ym6 0131 (2.05)

where, N, is the number density and Vp, is the volume of the scattering particles, p is the SLD
variation between peptide and solvent. Sample structure is separated into 2 Q-dependent

expressions: a form factor, P(Q), and a structure factor, S(Q).

The form factor, P(Q), represents the intra-particle interference of neutrons scattered by
different parts of the same scattering particle in the dispersed phase. The form factor contains
details regarding the shape, size, and structure of the individual scattering particle. The
structure factor, S(Q), represents inter-particle interactions, thus describing interference effects

between adjacent particles dispersed in a system. Various fitting parameters derived from
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analytical expressions for P(Q) and S(Q)can be iteratively adjusted using a least-squares fitting

process to model the scattering profile.

2.22 Polydispersity and orientational alignment

In real systems there exists a distribution of sizes of scattering objects. Polydispersity is
modelled by introducing an approximation distribution term such as a Gaussian decoupling
approximation distribution term or a Schulz distribution term. The introduction of
polydispersity generally makes the analytical model more complex as more fitting parameters
are involved, thus, its use is recommended to be avoided unless the sample size distribution is
confirmed by other techniques such as dynamic light scattering or image techniques.

Moreover, if the sample can be impacted by an applied electric or magnetic field, or if the
sample is affected by a shear force, the solute particles can have a certain orientation in the
solution. The scattering pattern becomes anisotropic once the solute particles are aligned. This

phenomenon can be easily observed on fibrous samples such as peptide self-assemblies.

2.23 Data analysis

Data analysis of scattering intensity profiles was carried out using the dedicated commercial
SANS analysis software, SasView, to describe the data using different fitting models. To
analyse the scattering profiles, data analysis was first carried out by adopting a basic model
based on known or predicted shape and structure of a sample. Several fitting parameters such
as solvent SLD and sample SLD could be fixed as an exact value, and other parameters such

as dimensions could be fitted in a certain range. This model is fitted to the data iteratively, by
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means of a least-squares regression analysis to determine the best-fitting parameters
(corresponding to the minimised the chi-squared value, ..2).

Once the best fitting parameters have been obtained from SANS fitting, associated secondary
parameters could be derived. In the case of surfactant, the secondary parameters include the
aggregation number (the number of surfactant molecules in one micelle) and head hydration

(the volume of water in the micellar shell).

2.3 Neutron reflectivity

2.3.1Theory for neutron reflectivity

Neutron reflectivity (NR) can probe the structural information of a complex thin film at
solid/liquid, solid/air and air-liquid interfaces at the molecular scale in terms of thickness,
compositions, and roughness.

The theory describing the specular reflection of neutrons (where incident and reflected angles,
0 are equal) from a surface is analogous to the optical specular reflection. An incoming neutron
beam with a known intensity and velocity perpendicular to the interface can be transmitted and
reflected off the sample surface at a fixed angle of incidence and into the detector. The detector
measures the reflected beam intensity which is compared to the incoming beam.

The geometrical setup for neutron specular reflection is shown in Figure 2.3. A beam of
neutrons with wavenumber k; parallel to the x-axis impinges at an incident angle of 6 and

reflected on a planar sample. The illuminated area is constrained by [x|<Lx and |y|<Ly.
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Figure 2.3: a schematic illustration of neutron beam reflected at angle of 0 from a planar sample.

Specular reflectivity, R, is defined as the ratio of reflected intensity over incident intensity. In
neutron reflectometry, the reflectivity is measured by the detector as a function of momentum
transfer, (Q, perpendicular to the reflecting surface), SLD of the reflecting material (p(z), a

function of depth), and the position inside the material (z). R(Q) can be expressed as:
21 —s MmUA Ay (2.06).

If we use the derivative of the depth profile instead of the depth profile, dp(z)/dz, finally, it

leads to the R(Q) formula for neutron reflection:
21 —s —A Ayp (2.07).

As the angle of incidence is increased, increasingly fewer neutrons are reflected from the
interface proportional to Q*. Therefore, modelling the experimental profile yields information
in terms of the thickness and density profiles of a substrate or thin films formed on a substrate.
For characterisation of a bare substrate, with a SLD of ps. For an ideal surface, the depth profile
is:

m AW n

mO e (2.08)

Hence, the reflectivity is determined by Q** and ps?:
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21 —— (2.09).

To characterise a uniform layer formed on the substrate, with a thickness of L and a SLD of py,

on the substrate. The ideal depth profile can be expressed as:

[ AW | h
ru ¢ A Q U m (2.10)
ATU0 mh
The reflectivity is evaluated as:
21 —7o1 1 7 ¢rr r Al 01 (211)

The cosine term implies that the R(Q) profile has a sinusoidal variation of a repeat Q-distance

of 2UJL.

2.32 Dataanalysis

In this study, neutron reflectometry data was evaluated using Motofit software. Motofit
employs an optical matrix formalism to fit the characteristic matrix model to the experimental
data, characterising the interfacial material as a series of homogeneous slabs, with each slab
being described by their SLD, thickness, and roughness. A SLD profile against depth of the
studied material is given from the fitted result, which can be used to determine its material
properties.

Knowing the constituent species’ SLDs (waxes, surfactant constitutions, pesticide, H.0O, and
D>20) allows us to model and determine the amount of material or solvent fraction present
within a particular layer, yielding information regarding a material’s structure, composition
and density. Background signal and limitations due to instrument resolution are also included
in the model. Akin to SANS modelling and fitting, a least-squares iterative fitting process is
applied to the experimental data to obtain the best fitting model and associated structural

parameters.
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Due to the repeating nature of the interference patterns and multiple reflections or transmissions
at a layer boundary, it is very likely that multiple solutions exist for a single reflectivity profile.
Deuterium substitution is often used to increase confidence in the fitting model. The structural
information obtained from isotropic contrasts for the same layer should be consistent. The only
variation should exist in SLD values. Therefore, confidence and accuracy in the fitted model
can be significantly improved if a single model can be observed to fit multiple contrasts of the

same sample.

2.3.3 Experimental methods forehtron reflectivity

For a solid/liquid interface, neutron reflection experiments were carried out upon a Si block
(50 mm x 80 mm x 10 mm) with a native SiO> substrate layer. The waxes were then spin-
coated onto a clean Si block surface. A purpose-built Perspex trough with inlet tubes for liquid
flow (3 ml volume) was clamped onto a silicon (Si) block of the same dimensions tighten by
steal holder and fixed by screws to form a NR cell. Specially made entry and exit tubes allowed
the trough to be carefully filled or emptied with the liquid bulk using a syringe. Liquid samples
such as water, surfactants, and a mixture of surfactants and pesticides were then injected into
the cell. The sample cell could be filled manually or be attached to a pump via inlet tubes to
allow for automatic solvent exchange between measurements.

Unlike SANS, the experimental method for NR is generally more complex as the neutron beam,
the sample, and the detector must be perfectly aligned at the reflected interface, in which the
reflectivity can be measured. Alignment of the sample followed a set procedure:

1. Broad translational and course height alignment check are carried out using laser guidance.
The illuminated area of neutron beam is usually defined as 3 cm x 4 cm so that the translational

position of the NR cells can be readily confirmed.
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2. The fine height alignment scanning is carried out by activating the neutron beam to find the
exact reflected surface.

3. The fine angle check is achieved by varying the angle of the sample stage relative to the
incoming beam. The fine angle is determined when maximum detection intensity of reflected
neutron beam is observed.

4. Iterative scan of height and angle is performed to maximise the reflectivity from the interface.

The NR measurements can only be carried out after perfect alignment.
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Abstract

Nonionic surfactants have been widely used in agri-sprays to enhance the solubility and
mobility of pesticides, but what happens when pesticides become solubilized into surfactant
micelles remains poorly characterized. To facilitate physical characterisations, we used the
nonionic surfactant hexaethylene glycol monododecyl ether (C12Es) as a model system to
solubilize 4 pesticides including Cyprodinil (CP), Diuron (DN), Azoxystrobin (AZ) and
Difenoconazole (DF). The investigation focused on the influence of solubilizate and
temperature in driving changes to the micellar nanostructures. Dynamic light scattering (DLS),
cryogenic transmission electron microscopy (Cryo-TEM) and small-angle neutron scattering
(SANS) measurements were used to reveal subtle changes to the micellar structure before and
after pesticide solubilisation. Nuclear magnetic resonance (NMR) was also applied to
investigate the solubility and location of each pesticide in the micelles. Pesticides clearly
altered the micellar structure, by increasing the aggregation number and micellar lengths,
whilst shrinking and dehydrating the shells, leading to a consequent decrease in the dispersion
cloud points. Increases in temperature affected micellar structures in a similar way. Thus,
temperature increases and the solubilisation of pesticides can both make the surfactant
effectively more hydrophobic, altering the micellar nanostructures and shifting the pesticide
location within the micelles. These changes subsequently implicate how pesticides are

delivered into plants through the natural wax films coated leaves.
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1. Introduction

In modern agriculture, the use of pesticides and agrochemicals is indispensable in ensuring
crop protection and production to meet the rapidly increasing food demand from the growing
population [1, 2]. It is estimated that over 2 million tonnes of pesticides are consumed annually
worldwide [3, 4], however, it has been shown that under certain circumstances significant
proportions can be lost through off-target spraying and poor foliar uptake [5]. This not only
raises the farming cost, but also causes environmental and ecological concerns [6-10]. It is
therefore ever pressing to improve pesticide efficiency by minimising the use of agri-sprays
whilst maximising their benefits for harvesting and improving crop yield [11].

One of the ways of minimising our use of pesticides is simply to make formulations more
effective at getting the active ingredient taken up by the plant. As most pesticides are
hydrophobic and therefore poorly water-soluble, surfactants are often used to help solubilize
them into micellar aggregates [12, 13]. Commercial pesticidal products are mostly supplied as
emulsifiable concentrates with different types of pesticides solubilised by polydisperse
nonionic surfactants. These dispersions are sufficiently stable for the designated storage
periods but can easily be redispersed and diluted upon spraying. The chemical nature and
amphiphilicity of surfactants affects pesticide solubilization, but the polydispersity of
commercial surfactants and the sheer variety of pesticides make it difficult to predict the right
surfactant for a given type of pesticides. Those matches that have succeeded have largely been
forged in an industrial formulation arena via a trial and error process. This situation has limited
our understanding of the relationship between surfactant structure, pesticide structure, micellar
nanostructure and solubility. A better understanding could help improve the design of

formulations and selection of suitable adjuvants.

In academic colloid research, a group of nonionic surfactants, the alkyl ethoxylates (ChEm), are
often exploited as model surfactants as their head and tail lengths can be modified
independently, and how the head and tail lengths impact micellar structure has been extensively
studied [14-19]. Recent studies have revealed that the location of fragrance compounds in
nonionic surfactant micelles is determined by their Log(Pow) values (Pow is the ratio of the
concentrations of a compound in octanol and water at equilibrium).[20, 21] However, the
interactions of pesticides with nonionic surfactants, including the dynamic solubilisation of

pesticides into surfactant micelles, remains largely unexplored [22, 23]. As pesticide uptake
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can be greatly enhanced by surfactant adjuvants [24], we wanted to investigate if a better
understanding of how pesticide-surfactant interactions affect pesticide efficiency can provide

constructive suggestions to further pesticide formulation.

In this work, we have established a novel model system formed from nonionic surfactant
micelles mixed with different pesticides in aqueous solution to mimic a chassis pesticide
formulation. This model system enabled us to investigate how the solubilisation of pesticides
affected micellar structures and pesticide loading. Hexaethylene glycol monododecyl ether
(C12Es) was used as model surfactant. 4 widely used pesticides were chosen: fungicide
Cyprodinil (CP, 4-cyclopropyl-6-methyl-N-phenylpyrimidin-2-amine) [25], herbicide Diuron
(DN, 3-(3,4-dichlorophenyl)-1,1-dimethylurea) [26], fungicide Azoxystrobin (AZ, methyl (E)-
2-[2-[6-(2-cyanophenoxy)pyrimidin-4-ylJoxyphenyl]-3-methoxyprop-2-enoate)  [27] and
fungicide Difenoconazole (DF, 1-[[2-[2-chloro-4-(4-chlorophenoxy)phenyl]-4-methyl-1,3-
dioxolan-2-ylJmethyl]-1,2,4-triazole) [9]. The structures of Ci2Es and the 4 pesticides are
shown in Figure 1, with different types of hydrogens marked with letters and numbers where
C denotes hydrogens on C12Es, P denotes hydrogens on CP, A denotes hydrogens on AZ, D
denotes hydrogens on DN and F denotes hydrogens on DF. Some of the physical properties of

the 4 pesticides and surfactants are shown in Table 1.
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Figure 1: The structures of C12Es and 4 pesticides with specific hydrogens marked to aid the
interpretation of the NMR spectra.

Compounds Molecular Molar Density Molar  Solubility  Log(Pow)
formula weight /g-cm®  volume (20°C) (20°C)
/g-mol? A3 /mg-L*
Cyprodinil C1sH1sN3 225.295 1.21 309 13 3.59
Diuron CoH1oCI2N2O  233.092 1.48 261 42 2.68
Azoxystrobin C22H17N30s 403.394 1.33 503 6 2.50
Difenoconazole  CigH17CI2N3Os  406.263 1.50 450 5 4.40
Alkyl chain -Ci2H2s 169.327 350
Ethylene head -(OC;Hs)sOH  281.323 380

Table 1: Physical properties of the 4 chosen pesticides and surfactant constituent parts.

Values cited for pesticides are from the National Center for Biotechnology Information
Compound Database [28] where the molar volume is calculated from the ratio of molar weight
over density and then converted into A3, Solubility refers to aqueous solutions. Values cited
for surfactant constituent parts are from [29].

Several techniques including dynamic light scattering (DLS), proton nuclear magnetic
resonance (*H-NMR), proton nuclear overhauser effect spectroscopy (NOESY), cryogenic
transmission electron microscopy (Cryo-TEM) and small angle neutron scattering (SANS)

were applied to examine the changes in Ci2Ee micellar structure before and after pesticide
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solubilisation over the temperature range from 10° to 30°C. Our investigations illustrated the
impacts on micellar structures by different pesticides which is very promising to provide better
understanding on pesticidal formulation in argi-chemistry, a sub-area that has not been

extensively studied in colloid science.

2. Experimental section

2.1Materials and pesticidal formulation

Protonated nonionic surfactant hexaethylene glycol monododecyl ether denoted as hC12hEs (99%
pure, Sigma Aldrich Co. Ltd) and D20 (99.9% atom D%, Sigma Aldrich Co. Ltd) were used
without any further purification. The deuterated alkyl and deuterated hexaethylene glycol
surfactant variants, denoted as dCi2hEe and hC12dEs respectively (both 98 atom %D), were
synthesised in the ISIS Deuteration Laboratory, Rutherford Appleton Laboratory, STFC.
Cyprodinil (CP) (>95%, Sigma Aldrich Co. Ltd), Diuron (DN) (>98%, Sigma Aldrich Co. Ltd),
Azoxystrobin (AZ) (>95%, Sigma Aldrich Co. Ltd) and Difenoconazole (DF) (>95%, Sigma
Aldrich Co. Ltd) were used without any further purification.

The nonionic surfactants were dissolved in D2O at a concentration of 100 times the critical
micelle concentration (CMC, 0.067mM) [19]. Excessive pesticides were added to separate
dispersions. These samples were mounted in a temperature-controlled water bath thermostatted
by a Julabo™ circulator and shaken by a magnetic agitator driven by a stir controller at the
maximum rotation for 5 days. The solution was then centrifuged at 4000 rpm for 10 min and
filtered (200nm syringe filter) to remove any unsolubilized pesticide. The surfactant

dispersions were thus saturated with pesticides at any given temperature.

2.2Measurenents

DLS: Pesticide dispersions were produced at 20 °C following the formulation procedure above.
The micellar hydrodynamic sizes [30] were measured on a Zetasizer (Nano ZS). 1 ml of sample
was deposited into a polystyrene vial (10x10x45 mm; path length: 10 mm). The light scattering

from the sample was then measured in 2 °C steps from 10 °C until the temperature at which
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the solution turned turbid (cloud point) with a 20 min thermal equilibration time at each

temperature.

NMR: Pesticide solutions were separately produced at 10°, 20° and 30 °C following the above
procedure. Spectra were recorded on a Bruker Avance Il B400 spectrometer (5 mm BBO
probe) operating at 400 MHz for *H-NMR at 10°, 20° and 30 °C. The solubility of the pesticides
in the micelles was then calculated as described in Section A of the Supporting Information.
2D NMR NOESY spectroscopy was used to locate the pesticide molecules in the micelles.
Here, pesticide dispersions formulated at 20 °C were measured on a Bruker Avance 11+ B500
spectrometer (5 mm BBO probe) operating at 500 MHz for *H NMR between 10° to 30 °C in
steps of 5 °C.

Cryo-TEM: An aliquot (5 uL) of pesticide dispersion (produced at 20°C) was deposited onto
a TEM copper grid coated with a Lacey support film, immediately followed by wicking the
solution away with filter paper on both sides of the grid for 3s. The thin film was quickly

plunged into a reservoir of liquid ethane at —165 °C pre-cooled by liquid nitrogen. The
cryogenic specimen was then transferred to a sample holder and imaged at —174 °C on a JEOL

JEM-1400 Transmission Electron Microscope at an accelerating voltage of 120 kV as

previously described [31].

SANS: Measurements were performed on the LOQ time-of-flight diffractometer at the I1SIS
Pulsed Neutron Source (STFC Rutherford Appleton Laboratory, Didcot, UK). This
simultaneously utilises a ‘white’ beam of neutrons with wavelengths (1) between 2 — 10 A to
provide a Q-range of 0.008 — 1.4 A (where Q = (4n/A) sin 6, and 26 is the scattering angle).[32]
This Q-range probes length scales (= 2r/Q) of 5 — 780 A. In SANS, H/D substitution can be
used to change the scattering length density (SLD) of the sample. This enables parallel
experiments to be performed at different isotopic contrasts in order to highlight different
regions of the sample. Each pesticide was therefore dissolved in aqueous dispersions of the
surfactants hC12hEs, dC12hEs and hC12dEs in D20, all prepared at 20 °C following the above
procedure. Samples were then mounted in 2 mm path-length quartz cells (Hellma GmbH, Type
120), placed on a thermostatted computer-controlled sample changer and illuminated with a 12
mm diameter neutron beam. Reference measurements were performed on D20 dispersions of
the same surfactants without pesticides at 10°, 20° and 30 °C and on pure D>0O. The raw SANS

data were reduced using the Mantid framework [33] and calibrated following standard
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procedures for the instrument, and subsequently analysed by least-squares fitting to a core-

shell cylinder model [34] using the SasView software.

3. Results

3.1.Solubilization boundaryith or without pesticides

DLS was first used to track the changes in the hydrodynamic sizes of C12Es micelles at various
temperatures with and without the 4 pesticides, with the resulting data being plotted in Figure
2. Clearly, the hydrodynamic sizes of all micelles increased with temperature. The dotted lines
indicate the critical temperatures at which the dispersions turned so visually turbid or
immiscible (cloud points) that the particle sizes could not be measured by DLS anymore. These
represent the phase boundaries above which the micelles become unstable. The cloud point for
C12Es alone at 100 CMC was found to be 47 °C, consistent with previous observation at this
concentration [35]. Significant reductions of the cloud points were observed when the micelles
were solubilised with pesticides. The cloud points were 31 °C for C12Es with CP, 34 °C for
Ci2Es with DN or DF, and 41 °C for Ci:Ee with AZ. Below their cloud points, the
hydrodynamic diameters of the micelles solubilised with CP, DN and DF at the same
temperature were higher than those of C12Es alone and C12E¢ with AZ. Additionally, the rates
of increase in the hydrodynamic diameter against temperature for micelles with CP, DN and
DF were clearly larger. It is clear that the pesticides were solubilised into the micelles and
affected the phase behaviour by depressing the cloud points. The distinct size and phase
behaviour changes caused by different pesticides must be linked to their different solubility

and distribution in the micelles.
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Figure 2: Hydrodynamic diameters from DLS and phase boundaries of Ci2Es with/without
solubilised pesticides against temperature. Dotted lines indicate the cloud points for pesticide-
C1oEe dispersions. Typical errors in the hydrodynamic diameters averaged at 5-8% were
observed for the data points. All the data were taken by increasing temperature from 10 °C with
a step of 2 °C.

3.2. Pesticide solubility and location in micelle

Pesticide solubility in the micellar solution of C12Es in the presence of excess pesticide was
investigated by *H-NMR, with the spectra and analysis being displayed in Figure S1 and Table
S1 and the actual pesticide solubility data being shown in Figure 3 (a). Solubility varies with
temperature and is also pesticide dependent. Solubility is 1.14 mM for CP (256 mg-L™?), 0.73
mM for DF (296 mg-Lt), 0.39 mM for DN (90 mg-L™?) and 0.10 mM for AZ (43 mg-L™?) at
20°C and 100 CMC. These pesticides were solubilised into C12Es micelles because their
solubility values in the micellar solution are significantly higher than in pure water (Table 1).
The solubility values of CP, DF and DN are higher than that of AZ and slightly increase with
temperature. With the solubility of AZ being the lowest, it is little affected by temperature

either.

The location of pesticide molecules in the micelles was studied by NOESY NMR, with the
NOESY spectrum for the C12Es interaction with CP at 20°C being presented in Figure 3 (b)
and the zoom-in spectra being shown in Figures 3 (c) and (d). The NOESY spectra for the DN-

C1oEs, AZ-C12Ee and DF-C12Es interactions are displayed in Figure S2 a-c. The hydrogens
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present on CP were assigned as P1: ~7.61 ppm; P2: ~7.05 ppm; P3: ~6.71 ppm; P4: ~6.39 ppm;
P5: ~1.67 ppm; P6: ~0.84 ppm; P7: ~2.14 ppm. The hydrogens on C12Es were assigned as C1
for hydrogens on ethylene head groups (3.45-3.63 ppm) and C2 for hydrogens on the y-
methylene groups on the tail (1.16-1.24 ppm). As the chemical shift of the P6 hydrogen was
too close to surfactant tail methylene groups, it is hard to distinguish the P6-C2 interaction
from the C2-C2 coupling. P1-4 interactions with C1 and C2 are shown in circles 1 and 3,
respectively; P5,7 interactions with C1 and C2 are shown in circles 2 and 4, respectively. The
signal intensities for P1-3 interactions with C2 were higher than their interactions with C1
whilst P4, P5 and P7 were on the contrary, indicating that the P1-3 hydrogens were more
lipophilic whilst P4, P5 and P7 were more hydrophilic. This suggests that the CP molecules in
the micelles at equilibrium formed a palisade layer at the boundary region between the
hydrophobic tail and hydrophilic head groups. In contrast, DF was mainly found to be in the
hydrophobic core. DN was mainly located at the palisade region whilst AZ was located at the
shell and outer surface of the micelles. Figure S3 schematically shows the different locations

for the 4 pesticides in the micelle.
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Figure 3: (a): Solubility of pesticides in nonionic C12Es surfactant micelles at 10, 20 and 30 °C;
(b) The NOESY spectrum of C12Es interacting with CP at 20 °C; (c) Zoom-in the NOESY
spectrum of C12Es interacting with P1-4 on CP at 20 °C; (d) Zoom-in the NOESY spectrum of
Cu12Es interacting with P5 and P7 on CP at 20 °C; (e): Signal intensity ratios of P3 and P4
hydrogens interacting with surfactant tails or surfactant heads at various temperatures.

The signal intensity ratios of P3-C2 interaction against the P3-C1 interaction and of the P4-C2
interaction against the P4-C1 interaction at 10-30 °C are shown in Figure 3 (e). Clearly, both
ratios increased with temperature, indicating that more hydrogens interacted with tail groups
as the temperature rose. As there was no excess pesticide in the dispersion, this phenomenon
could result from a change of location of the pesticide in the micelles, that is, a shift of the
pesticide molecules towards the micellar core with increasing temperature. The same trend was
found for DF as shown in Figure S2 d. However, no significant change for DN and AZ was
observed. These shifts of equilibrium location are likely to be caused by micellar structure

changes. However, it is difficult to gain confirmation about this merely from NMR.
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3.3. Micellar shape and structural changes upon solubilisation of pesticides

Changes in the size and shape of the micelles were first investigated by cryo-TEM, with
representative images being presented in Figures 4 (a) and (b). There is evidence in these
images that the shape of the C12Es micelles was likely to be round or spherical with a diameter
of roughly 8 nm as highlighted by dotted red circles in Figure 4 (a), consistent with a previous
report.[19] In contrast, more rod-like structures can be seen upon CP solubilisation, with a
length of roughly 35 nm and a diameter of 5 nm as marked by the solid red circles in Figure 4
(b). Similar rod-like shapes with similar sizes were also observed when the micelles were
loaded with DF and DN. However, the shape and size of the micelles loaded with AZ remained
roughly the same, with the TEM images being shown in Figure S4 a-c. Thus, apart from AZ,
cryo-TEM imaging suggests that pesticide solubilisation resulted in the lengthening of the

micellar aggregates and noticeable shrinking of the diameter in the case of CP.

More convincing evidence of these structural changes was found by SANS. The SANS
experiments were performed with 3 isotropic contrasts (hC12hEs, dC12hEs and hC12dEs fully
solubilised with pesticides in D20). These isotopic contrasts highlighted the whole micellar
structure, micellar shell and core regions accordingly. Although the shape of different micelles
varied, all the SANS data were fitted into a core-shell cylinder model for comparison, revealing
any changes in length and diameter. Full details of the SANS fitting method are described in
Section D of the Supporting Information, including a fitting model illustrated by Figure S5 and

listing of SLDs of all materials involved in this experiment in Table S2.

The SANS profiles for hC12hEg with the 4 solubilised pesticides are shown in Figure 4 (c) and
those for hC12hEs with CP at various temperatures are shown in Figure 4 (d), with the solid
lines denoting the best fits to the model. The optimized structural parameters from fitting the
different micelles are summarized in Table 2. The SANS profiles for hCi2hEs with DF, DN
and AZ at various temperatures, dC12hEs with the 4 solubilized pesticides, hC12dEs with the 4
solubilised pesticides, dC12hEs with CP, DF, DN and AZ at various temperatures and hC12dEs
with CP, DF, DN and AZ at various temperatures are shown in Figures S6-12. The best fitted

parameters for all SANS profiles are shown in Table S3.
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Figure 4: (a): Cryo-TEM image of Ci2Es micelles; (b): Cryo-TEM image of Ci2Ee micelles
fully solubilised with CP; (c): SANS profiles of hC12hEs with/without pesticides at 20°C with
the best fits (solid lines), (d): SANS profiles of hC12hEs with/without CP at 10, 20 and 30°C
with the best fits (solid lines). For better visualization, the data were shifted vertically by
multiplying factors: (c); 10000, 1000, 100, 10, 1, and in (d); 200, 100, 50, 2, 1, 0.5 (from top
to bottom).

The original C12Es micelles at 20°C from the SANS data analysis were found to be more
cylindrical than spherical, with a length of the cylinder of around 8 nm and a radius of roughly
2.7 nm. Incorporation of the contrasts from partially deuterated surfactants revealed that the
core was about 1.6 nm in radius and the shell was 1.1 nm in thickness. This suggests that at the
molecular level the surfactant tails were well packed inside while the head groups were slightly

folded. The results are broadly consistent with previous observations.[16, 19]

Solubilisation of pesticides led to a lengthening of the micellar nano-cylinders. SANS data
analysis revealed that at 20 °C solubilised CP, DF and DN extended the micellar length to 33-
37 nm with a small but measurable shrinkage of the shell thickness, indicating that more
surfactant molecules were self-assembled in a single micelle. Little changes in the core
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diameter suggest that the tail groups remained the major driving force for self-assembly during
the dynamic structural changes and that the growth or enlargement of the micelles occurred
only along the length of the micelle. The small but clear shrinkage of the ethoxylate shell
structures indicated a 30% dehydration upon solubilisation of CP, DF and DN. In comparison,
AZ was found to have little impact, consistent with our TEM imaging analysis (Figures 4 (a)
and (b)). The SANS results together with those from cryo-TEM revealed similar transitions of
the C12Es micellar nanostructures upon the dissolution of CP, DF and DN and the lack of such
a structural change from AZ arose from little pesticide solubilisation.

Similarly, temperature increase from 10 to 30 °C extended the micellar length, increased their
aggregation number, shrank and dehydrated the ethoxylate shells. As evident from Table 2, the
trend of shape changes in the presence of CP, DF and DN is broadly similar to that of the
surfactant micelles alone, but the solubilized pesticides caused ethoxylate shell to further shrink
while increasing the cylindrical axis of the micelle, consistent with the effectively increased
hydrophobicity of the surfactant-pesticide aggregates. Similar trends are seen in the DLS data
(Fig 2), though in the case of the more cylindrical micelles the DLS software reports the

hydrodynamic radius of a sphere of equivalent volume.

Temperature  Core Shell Micellar Aggregation Shell Pesticide
/°C Radius  thickness length /nm number hydration  :surfactant
/nm /nm 1% molar ratio
C12Es 10 1.25+0.05 7.0+05 96 +5 78+2
20 160+ 110+005 8.2%0.6 132+6 68 + 2
30 005 1.00+005 200%15 360 + 20 58+2
C12Es 10 1.0+0.1 170+£15 355+ 20 57+2  0.136+0.004
+CP 20 1.60 + 09+0.1 33.0+£20 735+ 40 38+2  0.169 £0.004
30 0.05 08+0.1 62.0+ 3.0 1300 + 60 24+2  0.181+0.005
C12Es 10 1.0+0.1 16.0+1.2 320+ 20 56+2  0.089 + 0.005
+DF 20 1.60 + 09+0.1 36.0+£20 750 £ 30 37+2  0.108 £ 0.005
30 0.05 08+0.1 57.0+£3.0 1270 + 50 24+2  0.125+0.007
C12Es 10 1.0+0.1 19.0+15 390 + 20 54+2  0.051+0.002
+ DN 20 1.60 £ 09+0.1 37.0+2.0 810 £+ 30 37+2  0.058+0.003
30 0.05 08+0.1 58.0+3.0 1280 + 30 25+2  0.068+0.004
C12Es 10 1.25+0.05 7.0+0.5 100+£5 78+2  0.014 £0.001
+AZ 20 160+ 110+0.05 8.0%06 135+ 6 68+2  0.016 +0.001
30 005 1.00+005 220%15 450 + 30 55+2  0.017 +£0.002

Table 2: Best-fit structural parameters for rod-like micelles from fitting the SANS at various
temperatures to the core-shell cylinder model.
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4, Discussion

Both DLS (Figure 2) and SANS results (Table 2) indicated that the size of bare C12Es micelles
increased steadily with rising temperature. Although the temperature effect on bare Ci2Es
micellar structure has been studied previously [14-19], our SANS studies provided a
quantitative determination of the micellar structure changes, that is, expansion in the micellar
length from 7 to 20 nm and reduction in shell hydration and shell thickness by roughly 20%,

with the effect schematically illustrated in Figure 5 (a).

Our SANS results (Table 2) and TEM images (Figures 4 (a) and (b), Figures S4 (a) and (b))
also revealed the main feature of elongation of the C12Es nanostructures when solubilized with
CP, DF and DN, with the detailed structural analysis to the SANS profiles revealing the precise
length extension, shell shrinkage and dehydration associated with the adjustment of molecular
assembly processes. In spite of these structural changes and increase in aggregation number,
however, the core radius remained the same, showing that whilst the hydrophobic interaction
was dominant and its strength of interaction was not compromised in the process of pesticide
solubilisation. In contrast, the lack of the structural change from the micelles upon dissolution
of AZ was consistent with its poor solubility in the micellar system under these conditions.

Figure 5 (b) illustrates the pesticide effect on micellar nano-structures.

A careful assessment of the data as shown in Table 2 reveals the different impacts of different
pesticides on the Ci12Ee micellar structures. These differences must arise from the different
molecular sizes and structures of the pesticides (Figure 1). Different molecular structures may
implicate not only different solubility but also different locations of the pesticides once

solubilized in the micelles.

AZ and DN are solids with significantly higher melting points (116 °C, 158 °C) than either DF
or CP (76 °C, 75.9 °C) and so it is perhaps not surprising that the solubilities of the first two
pesticides, in micelles, are lower than the second two. The solubility of the 4 pesticides in pure
hydrocarbon, such as hexane, is very low and so we would not have expected any of the
pesticides to exist completely in the micellar core [28]. Log(Pow) is a good predictor of the
position of each pesticide in the palisade layer, clearly DF with the highest log(Pow) is
positioned nearest the core and AZ with the lowest log(Pow) is nearest the ethylene oxide head

groups.
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A direct consequence caused by the mixing of these hydrophobic molecules into the micellar
cores or inner interfacial boundary regions is to alter micellar structure, from short cylinders to
longer and slightly thinner cylinders. Thus, the solubilized pesticides made the surfactant
effectively more hydrophobic.

The effect of temperature on the structures of pesticides solubilized micellar aggregates is also
studied. DLS results (Figure 2) depicted that the cloud points for all micelles loaded with
pesticides declined greatly and the extent of the drop varied across the pesticides. The
dehydration of oxyethylene head groups caused by pesticide solubilisation was directly
responsible for supressing the cloud points. The dehydration of nonionic surfactant head groups
at high temperature intensifies surfactant aggregation and phase separation, and nonionic
surfactant solution then becomes immiscible at the cloud point. Because solubilized pesticides
could effectively dehydrate EO head groups, the critical points for micelles solubilized with

pesticides to turn immiscible occurred at reduced temperatures.

Looking inside the finer structures within the pesticide-C12E¢ micelles, pesticide solubilisation
shifts the thermodynamic equilibrium and interactions within the cohabited micellar
nanostructures. NOESY studies (Figure 3 (e) and Figure S2 (d)) revealed that more CP and DF
interacted with the micellar core, especially with rising temperature. The insertion of these
hydrophobic pesticides into the hydrophobic core of the micelles clearly broke the equilibrium
condition, causing molecular repacking and micellar structure changes. These packing and re-
assembling processes must respond to temperature increase together with the dehydration of
the ethoxylate groups, making the surfactant molecules effectively more hydrophobic and
resulting in further increase in the length of the micelles. This trend was not clear for DN and
AZ due to their low solubility in the micelles. The change in micelle lipophilicity against
temperature was thus responsible for pesticide movement. As the micelles turned to be more
lipophilic at high temperature, the pesticides were driven more deeply into the core. Figure 5
(c) illustrated the impact of increasing temperature on the structures of C12Es micelles with

solubilized pesticides.
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Figure 5: (a) temperature effect on bare C12Es micellar structure: extended length, shrunk and
dehydrated shell; (b): impact of pesticide solubilisation on Ci2Ee micellar structure: length
expansion, shell shrinkage and dehydration, and cloud point decline; (c) impact of increasing
temperature on pesticide-Ci12E¢ micellar structure: length increase, reduction in shell thickness
and water content, and pesticide movement towards the micellar core.

5. Conclusion

It has been speculated for decades that pesticide solubilization may affect the nonionic
surfactant micelles greatly in size, shape, interior structure and phase boundary [11-13, 20-22,
36-38], but this has remained inconclusive as few direct experimental measurements have been
undertaken. In this work we have demonstrated that SANS in combination with deuterium
labelling offers the appropriate sensitivity and structural resolution to follow the structural
changes of surfactant micelles upon pesticide solubilisation. Although the impacts are different
amongst pesticides, generally, the most obvious structural change is to cause the micelles to
shift from nearly spherical to rod-like via elongation with slight but measurable reductions in
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their diameters. Reduction in shell thickness mainly arose from dehydration of the ethoxylate
shell when pesticides are dissolved, which is responsible for the significant cloud point decline.
The equilibrium of pesticide solubilisation in micelles can be broken with increasing
temperature; as the pesticide becomes further inserted into the micellar core and the shell
becomes more dehydrated the micelles were immiscible any longer. Future work will examine
how micelles solubilized with pesticides interact with waxes from different species to follow
up from our previous neutron reflection work [39]. As the chemical compositions of waxes
differ hugely among species, they would also play an important role in the controlled delivery
of agri-spraying.
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Section A: pesticide solubility in micelle measured by *H-NMR

!H-NMR was used to estimate the amount of pesticide solubilized in the micelles. The H-
NMR spectra from the surfactant C12Es micelles solubilized with CP, AZ, DN and DF at 20°C
are shown in Figure S1 a-d.

R I I )

H,O0 C1 C2 H,O C1 C2
Plp,
P4
A3-A10
] AIAZ AL /
| L | 1 | 1 |
7 5 3 1 7 5 3 1
Chemical shift/ppm Chemical shift/ppm
R I I || Il
H,O C1 C2 H,O C1 C2
D4
2 F7
F1 F4-6 Fi1
D2 nq
D U l I.I“. N -
| | | | 1 | | |
7 5 3 1 7 5 3 1
Chemical shift/ppm Chemical shift/ppm

Figure S1: (a): *H-NMR spectrum for the C12E¢ micelles solubilized with CP; (b): *H-NMR
spectrum for the Ci1,Es micelles solubilized with AZ; (c): *H-NMR spectrum for the C12Es
micelles solubilized with DN; (d): *H-NMR spectrum for the C12Es micelles solubilized with
DF.

The pesticide solubility was estimated based on the molar ratio between C12Es and pesticide

molecule, as shown in formula S1:

- 0 O S1
5%

where np is the number of moles of pesticide, ncizes is the number of moles of C12Es, Ip is the
integral of the specified hydrogens on the pesticide, which refers to the area under that
resonance, N is the number of those hydrogens in pesticide molecule, Ici2es is the integral of
the specified hydrogen on Ci12Es and Nci2es is the number of those hydrogens in surfactant
molecule. Practically, hydrogens P1 (hydrogen number: 2), Al (hydrogen number: 1), D3
(hydrogen number: 1), F1 (hydrogen number: 1) and C1 (hydrogen number: 26) were used.
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Integrations for C1 hydrogens, Ici2es, in micelles saturated with different pesticides were

calibrated to 26 and Table S1 shows the integrations I, for different pesticide hydrogens.

Hydrogens P1 Al D3 F1
Np 2 1 1 1
Ip 0.342 0.015 0.058 0.109

Table S1: Integrations for different pesticide hydrogens.

Thus, the solubility of pesticide in C12Es can be calculated using formula S2:

. £ 0@ 2
a R

where mp is the solubility of pesticide, mci2es is the mass of C12Ee, which is derived from the

its concentration (3.02g/L for C12Ee solution at 100CMC), MW, is the molar weight of the

pesticide molecule and MWc12gs is the molar weight of C12Es.
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Section B: pesticide location in micelles measured by NOESY

The NOESY spectra for DN-C12Es, AZ-C12E¢ and DF-C12Es interactions at 20°C are displayed
in Figure S2 a-c.
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Figure S2: (a): DN-C12Es NOESY spectrum; (b): AZ-C12Es NOESY spectrum; (c): DF-C12Es
NOESY spectrum; (d): Signal intensity ratios of F2, F4 and F7 hydrogens interacting with
surfactant tails or surfactant heads at various temperatures.
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Azoxystrobin (AZ)
Diuron (DN)
Difenoconazole (DF)
Cyprodinil (CP)

EO groups

{1 8Pdg

Carbon chains

Figure S3: Different locations for the four pesticides in the C12Es micelles, CP and DN locate

at the interface of the micelle; DF mainly aggregates in the core while AZ mainly stays in the
shell or outer surface.
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Section C: Cryo-TEM images of Ci2Es micelles fully solubilised with pesticides

Figure S4: (a): Cryo-TEM image of C12Es micelles fully solubilised with DF; (b): Cryo-TEM
image of C12Es micelles fully solubilised with DN; (c): Cryo-TEM image of C12E¢ micelles
fully solubilised with AZ. The red circles mark the micelles solubilised with pesticides.
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Section D: SANS investigation on Ci2Es micellar structures with/without solubilized
pesticides

SANS data were fitted to a core-shell cylinder model. The surfactant micelle was considered
as two parts: a core of aggregated hydrocarbon tails and a shell formed by the ethoxylate head
groups. Figure S4 illustrates the major parameters for this model including the core radius (R
core), core length (L core), core SLD, shell thickness (T shell), shell SLD, solvent SLD and
total micellar length (L total). Note that the model includes the extension of the shell over the
two ends of the cylinder. Polydispersities on the core radius, shell thickness and core length
were fixed as 0.1 based on DLS observations. Table S1 lists the SLDs for all the materials used

in this experiment.

SLD solvent

Tshel SLD shell

SLD core
Rco

[
>

L core

=
-

Ltotal = L core + 2 x T shell

Figure S 5: core-shell cylinder model with its fitting parameters.

Materials  dGo hG2 dEs hE D0 CP DF DN AZ
SLDx10® 6.89 -0.46 7.62 0.63 6.35 2.1 283 253 277
A2

Table S2: SLDs for all the materials used in this experiment.

As the micellar size change by pesticide solubilisation was quite significant, SANS was not
sensitive to the small SLD change caused by pesticide solubilisation and distribution. There
was no observable SLD change to consider all the pesticide molecules are in the core other
than consider they are in the palisade or shell. To simplify the SLD calculation and the fitting
process, all the pesticides were considered to be dissolved into the core so that SLDs for the
core were calculated based on the known pesticide volume in the core derived from its molar
ratio against the surfactant from formula S1, as described by formula S3:

e EDO s3
W ¢ bo
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where Vj is the volume of pesticide, Vcore is the volume of the Ci12Es core, MV, is the volume
of single pesticide molecule and MVcizes is the volume of single C12Es tail (MVcizes is 350A%)

(1, So the SLD for the C12Es core was calculated by formula S4:

, W' W sS4
0 ®

where peore is the core SLD, ppis the pesticide SLD and ptail is the surfactant tail SLD.
Also, surfactant aggregation number (agg) could be calculated by formula S5:

@ @
ool S5
W
The shell was composed of surfactant head groups and D20 so that the shell hydration, defined
as the volume fraction of water, could be derived from the shell SLD as described by formula

S6:

? p Q" Q S6

where pshen IS the shell SLD, h is the shell hydration, referring to water volume fraction in shell,
phead is the surfactant head SLD and pp2o is the SLD for D20.
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Figure S6: SANS profiles for hCi2hEe with AZ, DF and DN at 10, 20 and 30°C. For better
visualization, the data were shifted vertically by multiplying factors: 20000, 10000, 5000, 200,
100, 50, 2, 1 and 0.5 (from top to bottom).
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Figure S7 : SANS profiles for dCi2hEs with AZ, CP, DF and DN at 20°C. For better
visualization, the data were shifted vertically by multiplying factors: 10000, 1000, 100, 10 and

1 (from top to bottom).
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Figure S8: SANS profiles for dCi2hEe with/without CP at 10, 20 and 30°C. For better
visualization, the data were shifted vertically by multiplying factors: 200, 100, 50, 2, 1, 0.5

(from top to bottom).
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Figure S9: SANS profiles for dCi2hEs with AZ, DF and DN at 10, 20 and 30°C. For better
visualization, the data were shifted vertically by multiplying factors: 20000, 10000, 5000, 200,

100, 50, 2, 1 and 0.5 (from top to bottom).
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Figure S10: SANS profiles for hCi2dEs with AZ, CP, DF and DN at 20°C. For better
visualization, the data were shifted vertically by multiplying factors: 10000, 1000, 100, 10 and

1 (from top to bottom).
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Figure S11: SANS profiles for hCi2dEs with/without CP at 10, 20 and 30°C. For better
visualization, the data were shifted vertically by multiplying factors: 200, 100, 50, 2, 1, 0.5

(from top to bottom).
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100, 50, 2, 1 and 0.5 (from top to bottom).
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Micelles Temperature Core radius Core length Shell thickness  Core SLD /x10°  Shell SLD /x10°
°C (+0.05) /nm /nm /nm 8 A2 5 A2
10 45+04 125+ 005 0.4 5
hC.chEs 20 16 5805 11+ 005 04 45
30 180+12 10+ 0.05 0.4 4
10 42+04 13+ 0.05 6.89 5
dCuzhEs 20 16 6006 12+ 0,05 6.89 45
30 19.0+10 11+ 005 6.89 4
10 48+04 13+ 0.05 0.4 6.6
hCudBs 20 16 5705 115+ 005 04 6.75
30 170+11 10+ 005 -0.4 6.86
10 150+ 13 1.0+ 01 -0.14 39
NCihBer CP 20 1o 30.0% 2.0 09+ 01 -0.075 28
30 60.0+ 3.0 08+0.1 -0.075 2
10 165+ 12 11+01 6.38 39
0ChEs+ CP 20 1o 320 2.0 09+ 01 6.27 28
30 60.0% 3.0 08*01 6.27 2
10 135+ 15 1.0+ 01 -0.14 6.89
NCudEs+ CP 20 1o 30.0% 2.0 09+ 01 -0.075 7.14
30 60.0+ 3.0 08+0.1 -0.075 73
10 150+ 13 1.0+ 01 -0.05 38
NCihEs+ DF 20 1o 340+ 17 09+ 01 0 2.7
30 550% 2.5 08* 0.1 0 2
10 150+ 1.0 11+01 6.47 38
0CihEs+ DF 20 1o 34.0% 17 09+ 01 6.39 2.7
30 55.0 % 3.0 08*01 6.39 2
10 130+ 15 11+01 -0.05 6.91
hC1,dEs + DF 20 16 320+ 22 09+01 0 715
30 55.0 % 3.0 08*0.1 0 73
hCuhEst DN 10 6 170+ 15 1.0+ 01 -0.3 37
20 360+ 138 09+0.1 -0.28 27
30 56.0 + 3.0 08+0.1 -0.28 2
10 180+ 12 11+01 6.74 37
dCuhEe+ DN 20 Lo 360+ 138 09+ 0.1 671 27
30 56.0+ 25 08%0.1 6.71 2
10 160+ 15 1.0+ 01 -0.3 6.95
NCedEst DN 20 1o 350+ 25 09+ 0.1 -0.28 7.15
30 56.0 = 3.0 08+ 0.1 -0.28 73
hCuhEst AZ 10 6 46+05 1.25+ 0.05 -0.34 5
20 6.0+ 06 1.1+ 005 -0.34 4.5
30 210+ 15 1.0+ 0.05 -0.34 38
CuhEwt AZ 10 6 45+ 05 1.3%0.05 6.8 5
20 6.0+ 06 1.15+ 0.05 6.8 4.5
30 21015 11%0.05 6.8 38
10 45+ 05 12+ 005 -0.34 6.6
NCudBer A2 20 L6 60+ 06 11%0.05 -0.34 6.75
30 200+ 16 1.0+ 0.05 -0.34 6.92

Table S3: detailed fitting parameters for all the SANS profiles measured.
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Abstract

Hypothesis

Nonionic surfactants are used as adjuvants in agri-sprays to stabilise pesticides, but what
happens when pesticide-loaded micelles are brought into direct contact with plant leaves? As
pesticide solubilisation dehydrates the micellar shell and increases the effective hydrophobicity
of the surfactant, we hypothesise that these micelles would uptake plant waxes and alter the

amount of pesticide solubilized as a result of the re-equilibrating process.
Experiments

The solubility of the pesticide cyprodinil (CP) and its effect on the shape of hexaethylene glycol
monododecyl ether (Ci2Es) micelles were studied using changes in cloud point, nuclear
magnetic resonance (NMR), cryogenic transmission electron microscopy (Cryo-TEM) and
small-angle neutron scattering (SANS). Similarly, the solubility of wheat leaf waxes was
examined, as was the effect of adding leaf waxes to pre-dissolved cyprodinil in micellar C12Es.

Findings

Wax solubilisation caused pesticide release and shell hydration, and shortened the length of the
cylindrical micelles of the CP loaded C12Es. Temperature increase led to a significant rise in
the amount of the dissolved waxes, increased pesticide release, increased micellar length, and
caused shrinkage and dehydration of the shell. This study indicates that agrochemical sprays
are capable of dissolving leaf waxes, and may trigger pesticide release from surfactant micelles

upon contact with plant surfaces.

Keywords: Nonionic surfactants, pesticide, plant waxes, micellar structure, agri-spray,
nanostructure, drug delivery, pesticide delivery, SANS
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1. Introduction

Pesticide efficiency is an important area of investigation in the development of agri-sprays [1].
It not only reduces costs but also mitigates damage to plants, the ecology and the living
environment [2-6]. There are several ways to improve pesticide efficiency, but the most
economical one is to enhance pesticide uptake by plants [7, 8]. To maximise pesticide delivery
and uptake at targeted areas, agricultural adjuvants such as nonionic surfactants are commonly
added to pesticide formulations [9, 10]. Studies have revealed that nonionic surfactants serve
three main functions in agri-sprays [11, 12]. Firstly, surfactants help decrease the surface
tension of the droplets so that the contacting area is increased on the spraying surface [13].
Secondly, surfactants can adsorb onto and penetrate into the plant surface, thereby creating a
pathway for pesticides to diffuse into the plant outer barrier [14]. Finally, as a large proportion
of pesticides have extremely low water solubility, surfactants help solubilise the pesticides,
improving their mobility and stability [15]. Our previous studies [16, 17] have revealed that
pesticides tend to become well inserted into surfactant micelles and they prefer to stay at the
curved interfacial region due to their amphiphilic nature, with the extent of insertion into the
oil or water side of the interface dependent on their relative amphiphilicity and structural
configuration. Pesticide solubilisation can impact nonionic surfactant micelles greatly,
changing the phase boundary of the mixed systems, the size, shape and local structure of the
micelles and the effective hydrophobicity of the surfactant concerned. These changes in
physical behaviour are governed by both the amount and location of pesticides inserted inside
the micelles. Changes in the amount and location of interfacial insertion inside the micelles
directly impact micellar structural evolvement, and dissolution of pesticides often leads to the
decrease of the cloud point, elongation of micellar length, transition of micellar shape from
nearly spherical to rod-like and dehydration of surfactant head groups, increasing the effective
hydrophobicity of the surfactant.

Upon spraying, the micelles solubilised with pesticides first enter contact with the thin wax
layer on the outermost surface of a plant. As these waxes mainly consist of long chain alcohols
(C20-30) and esters (Cao-50) [18-21], they are predominantly hydrophobic but also bear a basic
feature of amphiphilicity as the presence of polar groups like —OH and —COO- offers weak
hydrophilicity. On the basis of their amphiphilic properties, we hypothesised that micelles
loaded with pesticides could further uptake wax molecules present on the leaf surface. However,

due to a lack of published studies in this area there is little common knowledge about the exact
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molecular processes involved, the amount of waxes that can be solubilised, and the subsequent
impact on the pesticides inside the micelles [21-23]. Thus, by measuring how waxes solubilise
into surfactant micelles preloaded with pesticides, we would be able to determine the amount
of waxes solubilised and more importantly, changes in the amount and location of the pesticides,
allowing for an estimate of the amount of pesticide that might be released upon contact with

plant surfaces.

Commercial agri-sprays undergo three main steps upon application, depending on water
evaporation and the macromorphologies of the pesticidal formulations on the leaf surfaces [24,
25]. Immediately after the delivery of the formulated product to the plant surface, pesticides
and surfactants in droplets attach to the plant wax films. Then, as water evaporates, pesticides,
surfactants and waxes form complex mixtures on the leaf surface. Finally, when water has
evaporated, the sprayed areas of the leaf wax films become compromised with dry pesticide
and surfactant molecules remaining on the surface. Studies have revealed that the penetration
of adjuvants and active ingredients into plants mostly happens in droplet form before water
evaporation [14, 26]. This study focuses on the first step immediately after spraying to
investigate how the pesticide loaded micelles re-equilibrate with plant waxes at the molecular

level assuming no water evaporation.

(a) ClgEG: C2
N N Ny Ov OH

(b) Wax: A{H;H W]z_l }_
H3C OH

Figure 1: Molecular structures of (a) C12Es, (b) the main components of wheat wax and (c)
CP with specific hydrogens denoted for the interpretation of the H-NMR spectra.

(c) Cyprodinil (CP):

Building up from our previous study [17] which characterised how different pesticides become
solubilised into a typical nonionic surfactant hexaethylene glycol monododecyl ether (C12Es),
this study examines how the same nonionic micelles at a fixed concentration, saturated with a
representative  fungicide cyprodinil (CP, 4-cyclopropyl-6-methyl-N-phenylpyrimidin-2-

amine), solubilise plant waxes once applied to the plant surface and how the micellar system
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re-equilibrates. Cyprodinil is a broad-spectrum fungicide that has approvals for agricultural use
in the EU and other continents. It has a low solubility in water and low or moderate irritancy
and toxicity to humans, birds, aquatic organisms, but non-toxic to honeybees. Wheat waxes,
mainly composed of primary long chain alcohols (C20-30) [27, 28], are chosen as the model wax
system. The structures of Ci2Eg, the representative wheat wax molecule and cyrpodinil are
shown in Figure 1, with hydrogen atoms marked separately with letters and numbers. C denotes
hydrogens on Ci2Es, W denotes hydrogens on the wheat wax molecule and P denotes

hydrogens on CP.

Several techniques including proton nuclear magnetic resonance (*H-NMR), cryogenic
transmission electron microscopy (Cryo-TEM) and small angle neutron scattering (SANS)
techniques were used to examine the changes in CP-saturated C12Es micellar structure, before
and after wax solubilisation and over a temperature range of 10° to 30 °C. Together these
measurements reveal the impact on the micellar structures of C12Es loaded with CP before and
after wax solubilisation, accompanied by changes in micellar composition, mimicking the
molecular events upon agri-spraying. This study thereby helps clarify our understanding of the
interaction between leaf waxes and pesticide solubilised surfactants which could benefit future
pesticide design and help develop new colloid science underlying the relevant molecular

interactions.

2. Experimental

2.1 Mateials and sample preparation

Protonated hexaethylene glycol monododecyl ether, denoted as hCi2hEs (purity 99%),
Cyprodinil (CP) (purity > 95%) and D20 (D level > 99.9%) were purchased from Sigma
Aldrich and used as supplied. The chain deuterated and head deuterated surfactant variants,
denoted as dC12hEg and hC12dEs, respectively (D level > 98 %), were synthesised in the ISIS
Deuteration Team, Rutherford Appleton Laboratory, STFC. All the samples were used without

further purification.

The nonionic surfactants C12Es was first dissolved in D20 at a concentration of 100 times the
critical micelle concentration (CMC at 20°C: 0.067mM) [16] and CP was then saturated into

the surfactants at 20°C using the method described previously [17].
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The Triticum aestivum(winter wheat) seeds were supplied by Syngenta, Jealott’s Hill
International Research Centre. The wheat was grown for three weeks under lab conditions
(temperature: 20°C; humidity: 30%). The three-week-old wheat leaves were collected and
submerged in chloroform (>99%, Sigma Aldrich Co. Ltd) for 10 min followed by filtration
before removing the solvent by rotary evaporator. The extracted wheat waxes were then re-

dissolved in chloroform at a concentration of 0.1% w/w.

2 g of the wax chloroform solution (containing 2 mg of waxes) was injected into a small vial
and the chloroform allowed to evaporate naturally in a fume hood, producing thin wax films.
2 ml of the C12Ee¢ dispersions with and without the solubilised CP (containing 6 mg of C12Es,
surfactant to wax ratio: 3:1 w/w) were then loaded into the small vial. These samples were
transferred into a water bath temperature-controlled by a Julabo™ circulator and then shaken
by a magnetic agitator at the maximum rotating speed at 10°, 20° and 30 °C for 15 mins. The
solution was then filtered through a 200 nm syringe filter. The surfactant dispersions were thus
equilibrated with pesticides and waxes at the temperatures under investigation. The sample

preparation process is schematically shown in Figure S1.

2.2 Measurements
Cloud point

The surfactant dispersion produced at 20 °C following the aforementioned procedure was
thermostatted by the Julabo™ circulator. Initially, the temperature was set to 20 °C. The
temperature was increased in 1 °C increments with a 30 min equilibrium time in between each
temperature step until the cloud point. The cloud point refers to the temperature above which
the solution turns turbid [29].

'H-NMR

2 mg of the extracted wheat wax sample was dissolved in 1 ml of d-Chloroform (99.96%,
Sigma Aldrich Co. Lt). Spectra were recorded on a Bruker AVANCE |11 B400 spectrometer
with a 5 mm BBO probe. The 'H-NMR Experiments were operated at 400 MHz to estimate
the average wax molecular formula, with details described in Section B of the Supporting

Information.

CP saturated dC12hEs dispersions were separately deposited onto the waxes at 10°, 20° and

30 °C. Spectra were measured on the same instrument performing at 400 MHz for *H-NMR
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under the same temperature conditions as the deposition. The NMR spectra were collected
using a 30° single pulse acquisition, with a pulse length of 12 ps and a delay time of 1 s. The
method to calculate the solubility of the pesticide and wax components in the micelles derived
from *H-NMR spectra is illustrated in Section B of the Supporting Information.

Cryo-TEM

5-6 pL of the agueous sample produced at 20°C was deposited onto a copper grid covered by
a Lacey support film. The solution was wicked away by filter papers before merging into a

reservoir filled with ethane pre-cooled to —165 ° C by liquid nitrogen. The frozen specimen

was then held in place by a sample holder. Images of the sample were recorded by a TEM
(JEOL JEM-1400) operating at an accelerating voltage of 120 kV [30].

SANS

The LOQ diffractometer (time-of-flight) with neutron wavelength (1) range between 2 — 10 A
translating to a Q-range of 0.008 — 1.4 A [31], located at the ISIS Pulsed Neutron Source
(STFC Rutherford Appleton Laboratory, Didcot, UK), was used to take SANS measurements.
The actual Q range over which the scattering signal was detected was determined by the sample
size and isotopic contrast adopted. In a typical SANS study, the sample scattering length
density (SLD) can be altered by H/D substitution to the sample itself and the solvent. Selective
deuterium labelling to different sample constitutions or solvents allows the experiments to be
performed at different isotopic contrasts to emphasise specific areas of interest within the
model structure of the micelle [32, 33]. In this work, CP was first solubilised in dispersions of
hC12hEs, dC12hEg and hC12dEs in D20, then mixed with waxes prepared at 10°, 20° or 30 °C.
Samples were injected into quartz cells (path-length: 2 mm, Type 120 Hellma GmbH), mounted
on a thermostatted auto sample changer and illuminated with a neutron beam (diameter: 12
mm). Reference measurements were performed on pure D20 and D20 dispersions of the same
surfactants with waxes at same temperature range. Each raw scattering data set was corrected
for the detector efficiencies, sample transmission, background and incoherent scattering and
converted to the scattering cross-section data (0X/0Q vs Q) using the instrument-specific
software, the Mantid framework [34]. These data were placed on an absolute scale (cm™) using
the scattering from a standard sample (a solid blend of hydrogenous and perdeuterated
polystyrene) in accordance with the established procedures [35]. The SANS data were fitted to
a core-shell model (cylinder or ellipsoid) [36] using SasView software (version 4.1.2) asssuing
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that micellar structural change did not affect the homogeneity of the core or the shell. It was
further assumed that deuterium labelling did not affect the size, shape and composition of the
micelles. The consistent fits to the scattering intensity profiles measured under parallel
contrasts will help justify these assumptions.

3. Results

3.1 Micellar phase boundaries with QRaxesanda mixture of CP and waxes

The cloud points measured from different micelles containing CP, wax and a mixture of both
are shown in Table 1. The cloud points for the Ci2Es micelles and Ci2Es micelles fully
solubilised with CP were 47 °C and 31 °C respectively, consistent with our previous
observations [17]. Upon exposure to the waxes and after equilibration, the cloud point of the
micelles was shifted to 39 °C, indicating that the waxes became solubilised into the micelles.
When the CP-saturated Ci12Es micelles were mixed and equilibrated with the waxes, a small
but clear increase in the cloud point, from 31 °C to 32 °C, was observed. This change in cloud
point signifies the shift in the micellar phase boundary, indicating that the waxes were dissolved
into the CP-saturated C12Es micelles. As the cloud point for the CP-wax mixture (32 °C) is
between the value for Ci2Ee with CP (31 °C) and that for Ci2Es with wax (39 °C), the

observation indicates the re-equilibration of CP upon mixing with the waxes in the micelles.

Micelles C12Es CuEs+ CP Cu2Es + wax CrEs+ CP + wax

Cloud Point /°C 47 31 39 32

Table 1: Cloud points for C12Es micelles and those fully solubilised with CP, wax and a mixture
of both in D20O. Typical errors in the cloud point measurements were +0.2 °C.

3.2 Effects of temperature oraw/CP solubility inC;,Es micelles

Wheat waxes are composed of several acyl/alkyl components with different carbon chain
lengths. 'H-NMR was used to estimate the average molecular formula. The main components

are single long chain primary alcohols with varying numbers of methyl, y methylene,

84



methylene and o methylene groups (See Figure 1 for the average wax molecular structure and
hydrogen types labelled as W1, W2, W3 and W4). Figure S2 shows the *H-NMR spectrum
from wheat wax molecules. In an average wax molecule, there should be 1 methyl group, 17.5
methylene units (y), 5.1 methylene units (f) and 0.4 o methylene group, as shown in Table S1.
This general formula predicts the average molecular structure of octacosanol (C2s) mixing with
various long chain alcohols (C2o-26) and esters (Cao-48), consistent with the observations reported

previously [27].

'H-NMR was then used to investigate the CP solubility in micelles before and after wax
solubilisation, and the wax solubility in CP-solubilised micelles compared with its solubility in
C12Es micelles at 10°, 20° and 30°C, with the results shown in Figure 2. Details of *H-NMR
spectral analysis are described in Figure S3 and Tables S2 and S3 in Section B of the
Supporting Information. As wheat waxes are mainly composed of primary alcohols with long
alkyl chains, they are extremely hydrophobic and are insoluble in water (<1 mg/L) [37]. Our
results clearly indicated that these waxes were solubilised into micelles, with the solubility well
above 1 mg/L. As already explained, the solubility of CP in water is also low, and the surfactant
micelles enhanced its solubility substantially. NMR analysis indicated that the amount of CP
in the C12E¢ micelles was higher but upon further mixing with the waxes its content declined
significantly. The change in the content of CP indicated that some CP was released from the
micelles when the waxes were solubilised. Interestingly, wax solubility in the micellar mixture
containing CP was slightly higher than its solubility in the C12Es micelles, confirming that the

CP-saturated micelles are more favourable for incorporation of the waxes.
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Figure 2: The solubility of wheat waxes and CP in native C12.E¢ micelles and in CP pre-saturated
C12Es micelles (mixture of CP, waxes and Ci2Es). The solubility of CP in Ci12Es micelles is
essentially the same at 10°, 20° and 30°C [17], but decreases on wax solubilisation.

The *H-NMR measurements revealed how Ci.Eg-wax-CP interactions were influenced by
temperature. Wax solubility in both the C12Es micelles and the CP-solubilised micelles rises
steadily with temperature, with direct impact on pesticide release. At 10° and 20°C, roughly
half of the pesticide was released after wax solubilisation, whilst at 30°C, most of the pesticide
was released. The *H-NMR measurements provided detailed observations about the molecular
events associated with the dissolution of cuticular waxes when the CP-loaded micelles were
brought into contact with the waxes and the simultaneous release of CP. These interactive
processes were strongly affected by temperature. As both wax solubility and pesticide release
increased with rising temperature, changes in the relative composition of waxes and CP in the

micelles may have implication for the micellar size and shape.
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3.3Changes in ricellar size andhape upon solubilisation of pesticialed waxes

Figure 3: Cryo-TEM images of (a) native Ci12Es micelles; (b) C12Es micelles fully solubilised
with CP; (c) C12Ee micelles solubilised with waxes; (d) C12Ee micelles equilibrated with CP
and waxes. The contrasts and brightness of images were adjusted to highlight various micelles.

Cryo-TEM was used to examine changes in micellar size and shape, with representative images
shown in Figures 3. Consistent with our previous investigations [17], the native C12E¢ micelles
were predominantly spherical with a diameter of roughly 8 nm marked by the dotted red circles
as shown in Figure 3 (a). Whereas, upon CP solubilisation, the micelles turned into rod-like
structures, with a length of roughly 35 nm and a diameter of 5 nm, as shown in the solid red
circles in Figure 3 (b). In contrast, solubilisation of the waxes into C12E¢ micelles did not cause
any obvious shape change; the micelles remained spherical, but their diameter increased to
roughly 10 nm, as emphasised by the dotted red circles in Figure 3 (c). The size increase is
consistent with solubilisation of the waxes into the micelles given the wax solubility in the
micelles was relatively low. When the waxes became solubilised into the micelles pre-saturated
with pesticide CP, however, the micelles transformed from long rods into ellipsoids with a
major axis of roughly 20 nm and the minor axis of 8 nm, as highlighted by the solid red circles

in Figure 3 (d). This micellar state is intermediate between the long rods formed by the micelles
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fully solubilised with CP (Figure 3 b) and the spheres formed by the micelles solubilised with
waxes (Figure 3 c¢), consistent with a re-equilibration of the final micelles associated with the

release of CP upon wax intake.

SANS is capable of providing detailed structural changes in aqueous solution. The
measurements were performed in 3 contrasts: hCi2hEe, dC12hEs and hCi2dEs in D20, each
measured with and without solubilised pesticide and waxes. These isotopic contrasts helped
determine the whole micellar structure, micellar shell and core region, respectively. Despite
the different micellar morphologies, all the SANS data were fitted into a core-shell cylinder
model for easy comparison in accordance with the practice adopted in the previous work [17],
with further details of the SANS fitting model, method and material SLDs being described by
Figure S4 and Table S4 in the Section C of Supporting Information. Noticeably, based on Cryo-
TEM observation, the shapes for Ci2Es, C12Es With wax and Ci2Es with both pesticides and
wax micelles are much closer to ellipsoid. The SANS data could be also fitted into a core shell
ellipsoid model. For axial ratios close to one, the scattering form factors for core-shell cylinders
and core-shell ellipsoids of the same radius and length are very similar, as shown in Figure S5
and Table S5.

The SANS data for hC12hEs with/without solubilised pesticide and waxes in DO at 20 °C are
shown in Figure 4 (a). The data for hCi2hEe with wax and both wax and CP at various
temperatures are shown in Figure 4 (b). The solid lines denote the best fits to the SANS data,
with the best fit structural parameters for the different micelles listed in Table 2. The SANS
data for hC12dEs with/without CP and waxes at 20 °C, hC12dEg with waxes only and with both
waxes and CP at various temperatures, dCi2hEe with/without CP and waxes at 20 °C, and
dCi2hEs with waxes and both of waxes and CP at the different temperatures are shown in
Figures S6-9. The best fit parameters for all the SANS data are shown in Table S6.

Our SANS data analysis indicated that the C12E¢ micelles at 20°C were short cylinders with a
length of 8.0 nm and a radius of roughly 2.7 nm (the core was about 1.6 nm in radius and the
shell was 1.1 nm in thickness), consistent with previous investigations [17]. Solubilisation of
CP at 20 °C led to the lengthening of the micellar nano-cylinders to 37 nm with a small decrease
in the shell thickness, but an increase in the number of surfactant molecules self-assembled in
one single micelle. Pesticide solubilisation also resulted in shell dehydration. Increasing

temperature had a similar effect on the micellar structure, elongating the micelle and
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dehydrating the shell. The extent of water hydration in the shell was calculated from Formula

S8 by assuming complete homogeneity across the shell irrespective of micellar shape change.
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Figure 4: SANS data (symbols) and best model fits (solid lines) from: (a) hC12hEs with and
without CP and waxes in D20 at 20°C; (b) hC12hEe with waxes and with both waxes and CP in
D>0 at 10, 20 and 30°C. For better visualization, the data have been shifted vertically by the
multiplying factors (from top to bottom): (a); 1000, 100, 10, 1, and (b); 200, 100, 50, 2, 1, 0.5.
Error bars are shown but are within the symbols.

The SANS data analysis also showed that the micelles formed short cylinders when the
surfactant solubilised the waxes. At 20 °C there is a slight increase in the micellar length to 9.8
nm, a clear increase compared to that of the native C12E¢ micelles. Incorporation of the contrasts
from the tail and head deuterated surfactants revealed that there were no observable changes in
the core radius and the shell thickness (core radius: 1.6 nm and shell thickness: 1.1 nm). These
micellar size dimensions are broadly consistent with our cryo-TEM observations, and also
consistent with the small elongation of a spherical shape to a short cylindrical shape. A slight
dehydration in the shell was observed and more surfactant molecules were self-assembled in

each micelle.

Solubilisation of waxes shortened the micellar length of the CP saturated C12.Es micelles from
37 nm to 16 nm. In contrast, the core radius remained unchanged whilst the shell thickness
increased by about 10%. This is consistent with the increase of the shell hydration level and
decrease in the aggregation number. The C12Es micelles equilibrated with both CP and waxes
can be found in an intermediate state between Ci12Es micelles merely solubilised with CP and
C12Es micelles only solubilised with waxes, consistent with the decrease in the amount of

pesticide in the micelles upon wax solubilisation.
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Increasing temperature led to the elongation of the micelles, and shell dehydration and
shrinkage. The effects of increased temperature on the structure of C12.Ee micelles solubilised

with waxes and C12Es micelles solubilised with both CP and waxes corroborated our previous

observations [17].

Tempe  Core Shell Micellar  Aggregation Shell Pesticide: Wax:
rature Radius thickness length /nm number hydration surfactant surfactant
/°C /nm /nm 1% molar ratio molar ratio
C12Es 10 1.25 +0.05 7.0£05 96 +5 78 £2
20 160+ 1.10+0.05 8.2+0.6 1326 68 * 2
30 0.05 1.00£0.05 200x15 360 + 20 58 £2
Cu2Es + 10 1.0+£0.1 17.0+£15 355+ 20 57+2 0.136 + 0.004
CP 20 1.60 + 09+0.1 33.0+2.0 735+ 40 38+2 0.169 + 0.004
30 0.05 0.8+£0.1 62.0 +3.0 1300 + 60 24 £2 0.181 £ 0.005
CioEs+ 10 1.2+0.05 7.4 +£0.05 115+5 732 0.010 = 0.001
wax 20 160+ 11+0.05 9.8+0.06 185+ 15 64 +2 0.019 + 0.001
30 0.05 1.0£0.05 24015 520+ 20 52+2 0.036 + 0.003
CuEs + 10 1.1+0.1 8.7 £0.05 150 + 10 63+2 0.087+£0.004 0.010 +0.001
CP + wax 20 1.60 £ 1.0+£0.1 16.0+1.0 320 + 25 47 £2 0.081+0.004  0.029 +0.002
30 0.05 09+0.1 39.0+2.0 860 * 50 33+2 0.020 £0.002  0.046 + 0.003

Table 2: Best fitting parameters for cylindrical micelles at different temperatures. Results for
Cu2Es and C12Es with CP are consistent with the values reported previously [17].

4, Discussion

4.1 Wax solubilisation in nativ€;,Es micelles

Changes in cloud point (Table 1) before and after exposure of the surfactant solution to waxes
helps reveal the extent of solubilisation of wax molecules into Ci2Es micelles. Wax
solubilisation affected the micellar phase boundary, reducing the cloud point from 47 °C to
39 °C. In native C12E¢ micelles at 20 °C, wax solubility was relatively low with an estimated
value of roughly 40 mg/L and a converted molar ratio of waxes against surfactant of 0.019, as
seen in Table 2. This is broadly consistent with previous reports [14, 26, 38] that plant waxes
can be dissolved into nonionic surfactant micelles but the dissolved amount is relatively low.
But this low level also means that plants are still able to survive after exposure to agri-adjuvants

and active ingredients.

The low solubilisation of waxes into the native micelles does mean it has been difficult to
pinpoint the location of the wax in the micelles. However, wax distribution within the micelle
can be predicted by the log(Pow) value, where Pow is an octanol/water partition coefficient (the

ratio of the equilibrium concentrations of a compound in octanol and in water) [39, 40]. And
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we have shown that solubilate locations in nonionic surfactant micelles are related to their
log(Pow) values [17]. Compounds with higher log(Pow) values (greater than 4) are located closer
to the micellar core regions. As waxes are mainly comprised of alcohols with long chain
hydrocarbons with relatively high Log(Pow) values (usually larger than 10), it is predicted that
the waxes would completely reside in the micellar core. When combined with their low
solubility, it is perhaps not surprising that only relatively small micellar structural changes are

observed upon wax solubilisation.

Cryo-TEM images (Figures 3 a and c) and SANS data analysis (Table 2) revealed structural
changes such as micellar length extension, shell shrinkage and shell dehydration. Figure 5
shows schematically how wax solubilisation affects the micellar nanostructures of native C12Es

micelles

4.2 Wax solubilisation irpesticidesaturatedCiEs micelles

'H-NMR results (Figure 2) indicate that waxes could be solubilised into CP-saturated C12Es
micelles. The wax solubility in CP-saturated C12E¢ micelles was slightly higher than in native
C12Ee micelles. This confirms our hypothesis that C12Es micelles solubilised with CP show
increased hydrophobicity and thus interact more favourably with hydrophobic waxes. Upon
wax solubilisation, CP was partially released from the micelles. This suggests that when the
agri-spray droplets contact plant leaves, some plant waxes dissolve into the nonionic surfactant
micelles and some pesticide is released. Although our current technigques are not capable of
tracking these released pesticide molecules, studies have shown that agri-adjuvants can create
pathways for active ingredients to diffuse into waxes [14, 22, 26]. This study only focused on
the moment that the pesticides and surfactants came in to contact with the plant waxes.

Equilibrium occurred between CP and leaf wax in the micelles within 2-5 minutes (Figure S9).

The water evaporation step, leading to a change in concentrations, was not considered in this
study, but this process could alter the phase behaviour of surfactant and the capacity of the
micelles to solubilise both waxes and pesticide [24]. In the context of work reported here, the
phase boundary change upon wax solubilisation was associated with a transition between
micellar nanostructures. Data from cryo-TEM imaging and SANS show that the micellar length

decreased to nearly half of its original length whilst the shell hydration increased by about 25%
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and the shell thickness expanded about 10%. Figure 5 depicts schematically how wax

solubilisation causes pesticide release and affects CP-saturated C12E¢ micellar nanostructures.
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Figure 5: Summary of the effects of wax and pesticide solubilisation and temperature increase
on Ci2Es micellar nanostructures. In native micelles, wax solubilisation: slightly extends
micellar length, shrinks and dehydrates the shell; pesticide solubilisation: significantly extends
micellar length, shrinks and dehydrates the shell. In pesticide-saturated micelles, wax
solubilisation releases pesticide, shortens micellar length, swells and hydrates the shell. In
micelles with solubilised wax, increasing temperature: significantly extends micellar length,
shrinks and dehydrates the shell, increases the amount of wax dissolved. In micelles with
solubilised wax and pesticide, increasing temperature: significantly extends micellar length,
shrinks and dehydrates the shell, and increases the amount of pesticide released.

The thermal dynamics of waxes and both waxes and pesticide in micelles can be also altered
by temperature change. Figure 2 and Table 2 show that wax solubility in both native and CP-
saturated C12Es micelles increase steadily with temperature, with more pesticide being released
upon wax solubilisation at high temperature. This implies that agri-spray efficiency can be
strongly affected by temperature. As the temperature goes up, more pesticide is released from
micelles and then able to adsorb onto the plant outer surfaces. The effect of temperature on
micellar nanostructures was similar to previous observations [17, 41-43]; an increase in the
micellar length, but dehydration and shrinking of the shell. Figure 5 schematic depicts the two
different wax solubilisation pathways. In the event of pre-solubilisation of CP, the impact of
solubilisation and temperature on CP release are also highlighted.
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5. Conclusion

The effects of plant waxes on pesticide uptake have been speculated on for decades, with
attention being focused on the sorption of nonionic surfactants and diffusion into plant cuticles
[13, 14, 44-46]. As the nanostructure and the effective amphiphilicity of nonionic surfactants
change dramatically upon pesticide solubilisation [17], the interactions of the pesticide-loaded
micelles with plant waxes may be different from the micelles alone. In this work we have
illustrated that *H-NMR and SANS can provide good structural resolution to trace the solute
quantity and the structural alterations of pesticide saturated surfactant micelles upon wax
solubilisation. This study revealed that when the nonionic surfactant micelles pre-solubilised
with pesticide CP interacted with wheat waxes, waxes were solubilised into the micelles and
the pesticide CP was partially released. The amount of the wax dissolved in the pesticide-
solubilised micelles was higher than in native nonionic surfactant micelles, confirming that the
interaction of the pesticide-loaded micelles with plant waxes was enhanced due to a micellar
hydrophobicity change. The micellar nanostructures were heavily influenced by wax
solubilisation and pesticide release; changes included length contraction, shell expansion and
shell hydration. Furthermore, temperature affected pesticide and wax solubility in the micelles,
and the micellar nanostructures themselves. As the temperature increased, wax solubility and
pesticide release increased, whilst micellar nanostructures elongated, accompanied by shell
shrinkage and shell dehydration. The fate of the released pesticide remains unexplored. Future
work will seek to trace the pesticide and adjuvant molecule distribution across the outer wax-
cuticular interface based on a previously developed reconstituted wax model [14, 28].
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Section A: Experimental method for pesticide and wax solubilisation in nonionic
surfactants

Figure S1 shows the experimental process for sample preparation. Cyprodinil (CP) was first
saturated into C12Es surfactant micelles (6.7 mM in D20, 100xCMC) following the previously
reported method [1]. 2 g of the wax chloroform solution (0.1% w/w, containing 2 mg of wax)
was injected into a small vial and the chloroform then allowed to evaporate, producing wax
films. 2 ml of the C12E¢ dispersions with and without the solubilised CP (containing 6 mg of
C12Es) was then added into small vials. These samples were mixed by a magnetic agitator
driven by a stir controller at the maximum rotation at 10°, 20° or 30 °C for 15 min. The
solutions were then filtered (200 nm syringe filter) to remove any non-solubilised pesticide and

waxes, ready for further NMR or SANS experiments.

Julabo water bath
Temperature controller

Pesticides in Cy;E¢

IO

2ml dispersion U

Wheat waxes 2mg

Magnetic follower

Stuart stir controller

Pesticide dissolved in C,E; at 20°C

-—_'-__-__-__
Filtered

NMR and SANS measurements _ -
at 10, 20 and 30°C accordingly Magnetic f°"°“’er; - 7

Stuart stir controller

I

Stirred for 15 mins at 10, 20 and 30°C separately

Figure S1: The experimental process for pesticide and wax solubilisation in nonionic
surfactants, and wax solubilisation in pesticide loaded surfactants
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Section B: Wax/pesticide solubility in micelles measured by H-NMR

!H-NMR was first used to estimate the chemical formula for a representative wheat wax
molecule. The molecule was simplified as single long chain primary alcohol with varying
numbers of methyl, y methylene, B methylene and o methylene groups as shown in Figure 1.
The hydrogens on each group, marked as W4, W1, W2 and W3, are: 3, 2, 2 and 2, respectively,
and chemical shifts around 0.8, 1.2, 1.5 and 3.6 ppm, respectively. Figure S2 shows the H-
NMR spectrum for the extracted wheat wax in d-chloroform. The integral for hydrogens on
methyl group (W4) was calibrated as 3. The functional group number, nsg, was then calculated
by its integral, l¢g, divided by the hydrogen number of that functional group, Nrg, as described
in Equation S1:

o Equation S1
z

The average values found for the group numbers were; 1 for methyl, 17.5 for y methylene, 5.1

for B methylene and 0.4 for a methylene groups as shown in Table S1.

, W1
w2
w4
|

w3
N .
.3.5I 3 I2.5I 2 Il.SI 1 Il].S

Chemical shift/ppm

Figure S2: *H-NMR spectrum of wheat wax in d-chloroform.

Function groups Methyl vy methylene B methylene o methylene
Integrals 3 35.0 10.2 0.8
Hydrogen numbers 3 2 2 2
for single group
Group numbers 1 17.5 5.1 0.4

Table S1: The hydrogen integrals, hydrogen numbers per unit and group numbers for different
functional groups.
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'H-NMR was also used to investigate the CP solubility in micelles before and after wax
solubilisation, and the wax solubility in CP loaded micelles compared with its solubility in
C12E¢ micelles at 10°, 20° or 30°C. The *H-NMR spectra from the chain deuterated surfactant
C12Ee micelles and micelles solubilised with CP, wax and a mixture of CP and wax at 20°C are

shown in Figure S3 a-d.

(a) I || (b)
( 2 Pip; P 4
] P5
| | | 1
7 5 3 1
Chemical shift/ppm Chemical shift/ppm
o 1 @
C2,W1 ‘
P1P2 2
P4
1 | |
7 5 3 1 7 5 3 1
Chemical shift/ppm Chemical shift/ppm

Figure S3 : 'H-NMR spectra (performed and measured at 20°C) for: (a) dC12hEs micelles; (b)
dC12hEe micelles solubilised with CP; (c) dC12hEe micelles solubilised with wax (d) dCi2hEs
micelles solubilised with a mixture of CP and wax.

As shown in Figure S3 a, there are still residual signals for hydrogens on the surfactant chain,
illustrating that dC12hEs was not entirely deuterated. The hydrogen numbers for C1 and C2 are
24 and 18, respectively. The integral for C1 was calibrated as 24 so that the integral for C2 was
then calculated as 0.4, illustrating that 0.4 out of the 18 hydrogens on chain is still protonated.

Thus 17.6 out of the 18 hydrogens are replaced by deuterium, giving 98% deuteration level.

The pesticide solubilities in C12E¢ micelles and the micelles re-equilibrated with waxes, with
spectra shown in Figures S3 b and d, respectively, were estimated based on the molar ratio of
Ci2Es against CP, as shown in Equation S2:

‘0 © Equation S2
:

dt}_

e 2
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where nep is the molar concentration of CP, nci12es is the molar concentration of C12E¢ (6.7 mM),
Ip1 is the integral of the P1 hydrogens on CP, Np1 is the number of P1 hydrogens in CP molecule
(2), lca is the integral of the C1 hydrogen on Ci2Es (calibrated as 24) and Nc is the number of
C1 hydrogens in surfactant molecule (24).

The wax solubilities in C12E¢ micelles and the micelles pre-saturated with CP, see spectra in
Figures S3 ¢ and d, respectively, were estimated based on the molar ratio of C12Es against
waxes. As the chemical shift for W1 hydrogens on the waxes (1.2 ppm) is overlapped with the
hydrogens (C2) on dC12hEg chain (1.2 ppm), the integral for C2 hydrogens must be subtracted,
as shown in Equation S3:

‘ : ©c 00 Equation S3

e ® 5% !
where nwax is the molar concentration of waxes, lwi is the integral of the W1 hydrogens on the
y methylene groups on the wax molecule, Ic2 is the integral of the remaining hydrogens on the
surfactant chain (the integral is 0.4 when Ic1is calibrated as 24) and Nwz is the number of W1
hydrogens (17.5). As wax molecules are aggregated inside the micelles, assumption has been

made that the shielding effect is not significant enough to impact wax molecule resonance.

The numerical values for Ip1in spectra 3b and d, and Iwz in spectra 3c and d are shown in Table
S2.

Ip1in spectrum b lwiin spectrumc  lprin spectrumd lwzin spectrum d
Integrals 0.342 1.228 0.175 1.657
Np1wi 2 17.5 2 17.5

Table S2: The integrals and hydrogen numbers for Ip1 in spectra b and d, and Iwz in spectra ¢
and d.

Thus, the solubility of pesticide or wax in C12E¢ can be calculated using Equation S4:

. . Ey Doy Equation S4
ar @ Do |
where mpwax IS the solubility of pesticide or waxes, mci2es is the mass of C12Es, which is derived
from its concentration (3.02g/L for C12Es solution at 6.7mM), MWpwax is the molar weight of
the pesticide or wax molecule and MWc12es is the molar weight of C12Ee. Table S3 lists some
of the physical properties of the pesticide, waxes and surfactant constituents used in these

calculations.
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CP Wax CioHos- -(OC:H4)sOH
Molar weight /g-mol* 225 312 169 281

Molar volume /A3 309 600 350 380

Table S3: Molar weights and volumes for cyprodinil, wax and surfactant constituents used in
the calculation.

103



Section C: SANS investigation on Ci2Es micellar structures with/without solubilised
pesticides and waxes

SANS data were fitted to a core-shell cylinder model over a Q range of 0.008-0.15 A™. The
micelle was considered as two parts: a core of alkyl tails and a shell of ethoxylate groups with
water. Figure S4 illustrates the major parameters for this model including the core radius, core
length, shell thickness, and the locations of the regions of different SLD. Note that the model
includes the extension of the shell over the two ends of the cylinder. Thus, the total micellar
length equals the core length plus two times the shell thickness. Polydispersities (Gaussian
distribution) on the core radius, shell thickness and core length were fixed as 0.1 based on

previous observations [1]. Table S4 lists the SLDs for all the materials used in this experiment.

Solvent SLD

() ‘ ‘ S\hell thickness, SLD ‘

?I ‘ (;or‘e radius, SLD |

)

Core length

Micellar length = 2 x Shell thickness + core length

Figure S4: Core-shell cylinder model with its fitting parameters

Materials dG2 hGa2 o] =3 hEs D0 CP Wax
SLDx10° A2 6.89 -0.46 7.62 0.63 6.35 2.1 -0.29
Table S4: SLDs for all the materials used in this experiment.

Our previous observation [1] indicated that CP generally locates at the palisade, however, as
the micellar dimension change caused by pesticide solubilisation was great, SANS was not
sensitive to the small SLD change by pesticide solubilisation and distribution. There was no
observable SLD change to consider all the pesticide molecules located in the core other than
consider that they are in the palisade or shell. Also, assumption needs to be made that the SLDs
are homogenous across the core and shell regions. Thus, to simplify the SLD calculation and
the fitting process, all the pesticide was considered to be dissolved into the core along with all
the wax molecules and the SLDs for core and shell are homogenous. The SLDs for the core
were calculated from the known pesticide and wax volume in the core derived from their molar

ratio against the surfactant from Equations S2 and S3, according to Equation S5:
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: : Ey 0wy Equation S5
@1 @ E 06 !
where Vpwax IS the volume of pesticide or wax, Veore is the volume of the C12Es core, MVpaax

is the volume of single pesticide or wax molecule and MV4ii is the volume of single C12Es tail
[2].

The SLD for the C12E¢ core was then calculated from Equation Sé:

w w

w Equation S6

where peore is the core SLD, ppis the pesticide SLD, ptil is the surfactant tail SLD and pwax IS
the wax SLD.

With a knowledge of the partial volumes the surfactant aggregation number (agg) can then be
calculated from Equation S7:

@ W W Equation S7

®QQ ,
w

As the shell was composed of D>O and surfactant head groups, the shell hydration level,
defined as the volume fraction of water in shell, could be derived from the shell SLD as
described by Equation S8:

p Q" Q Equation S8

where pshell IS the shell SLD, h is the shell hydration level, pread iS the dry surfactant head SLD
and pp2o is the D.O SLD.
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Based on Cryo-TEM observation, the shape for C12Es micelles, C12E¢ micelles with waxes and
C12Es micelles with both pesticides and waxes is ellipsoid. The SANS data for these micelles
can also be fitted into core-shell ellipsoid model. Figure S5 illustrates the major parameters for
this model including the core minor radius, core major radius, core SLD, shell thickness, shell
SLD and solvent SLD. Thus micellar major length equals 2 times core major radius plus 2
times shell thickness. The best fitting structural parameters are shown in Table S5. The fitting
structural parameters are broadly consistent with results fitted by the core shell cylinder model
listed in Table 2.

h

| Core major radius |

\

\ | Shell thickness, SLD ‘

Core minor radius, SLD

Solvent SLD

Figure S5: Core-shell ellipsoid model with its fitting parameters.

Tempe Core Core Shell Micellar Shell Pesticide: Wax:
rature  minor major thickness length/nm  hydration surfactant surfactant
/°C Radius Radius /nm 1% molar ratio molar ratio
/nm /nm
Ci12Es 10 23+0.2 1.25+0.05 7.1+0.3 78+2
20 160+ 3.0+0.3 1.10 £ 0.05 82+04 68 £ 2
30 0.05 9.0+0.8 1.00 £0.05 20.0+1.0 58+2
CiEe + 10 25+0.2 1.2+£0.05 74+03 73+2 0.010 + 0.001
wax 20 160+ 3.8+03 1.1£0.05 9.8+04 64 +2 0.019 + 0.001
30 0.05 106+1.0 1.0+0.05 232+1.2 52+2 0.036 + 0.003
Ci2Ee + 10 3.3+0.3 11+0.1 8.8+04 63+2 0.087+0.004  0.010 +0.001
CP + wax 20 160+ 7.0+0.6 1.0+£0.1 16.0+£0.8 47+2 0.081+0.004  0.029 +0.002
30 0.05 184+15 09+0.1 386+1.8 33+2 0.020 £0.002  0.046 + 0.003

Table S5: Best-fit structural parameters for ellipsoid micelles from fitting the SANS profiles at
various temperatures to the core-shell ellipsoid model

106



Intensity (cm™)
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¢ hCRAEg+ wax A hCpdEg+ CP

Figure S6: SANS data of hC12dEg with and without CP and waxes in D20 at 20°C together with
the best fits (solid lines). The data have been shifted vertically by multiplying factors: 1000,
100, 10 and 1(from top to bottom).
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Figure S7: SANS data of hC1.dEs with waxes and both of waxes and CP in D20 at 10, 20 and
30°C together with the best fits (solid lines). The data have been shifted vertically by
multiplying factors: 200, 100, 50, 2, 1, 0.5 (from top to bottom).
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Figure S8: SANS data of dC12hEg with and without CP and waxes in D20 at 20°C together with
the best fits (solid lines). The data have been shifted vertically by multiplying factors: 1000,

100, 10 and 1 (from top to bottom).

Intensity (cm™)

102!

0.01 0.03 0.05 0.1
Momentum transfer Q (A™%)
¢ dCphEg+ wax 10°C @ dCphEg+ CP + wax 10°C

<> dCphEg+ wax 20°C dCy;hEg + CP + wax 20°C
1 dCphEg+ wax 30°C ¥  dCphEg + CP + wax 30°C

Figure S9: SANS data of dC12hEg with waxes and both of waxes and CP in DO at 10, 20 and
30°C together with the best fits (solid lines). The data have been shifted vertically by

multiplying factors: 200, 100, 50, 2, 1, 0.5 (from top to bottom).
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Micelles Temperature Core radius Core length Shell thickness Core SLD Shell SLD

/°C (£0.05) /nm /nm /nm (10.03&).2/><10'6 (10.0’28?_2/><10'6
10 45404 1.25 % 0.05 -0.4 5
hCzhEe o 16 5805 11+ 005 04 45
30 180+12 10+ 0.05 -0.4 4
10 42+04 13+ 005 6.89 5
dCuzEe o 16 6006 12+ 0,05 6.89 45
3 19.0£1.0 11+ 005 6.89 4
10 48+04 13+ 005 -0.4 6.6
hCzdEe o 16 5705 115+ 0.05 04 675
3 17.0+11 10+ 0.05 -0.4 6.86
10 150+ 1.3 1.0+ 0.1 -0.14 3.9
NCuhEsrCP T Lo 30.0% 20 09%01 -0.075 28
30 60.0 % 3.0 08+ 0.1 -0.075 2
10 165+ 12 11+o01 6.38 39
dCehEs+ CP 20 Lo 320+ 20 09+ 0.1 6.27 28
30 60.0% 3.0 08%01 6.27 2
10 135+ 15 1.0+ 01 -0.14 6.89
NCuudEs + CP 20 Lo 300+ 20 09+ 0.1 -0.075 7.14
30 60.0+ 3.0 08+0.1 -0.075 73
10 50+ 03 12+01 -0.39 4.8
NCihEs+ wax 20 Lo 70%07 11+ 0.1 -0.39 43
30 22525 1.0%01 -0.39 36
10 50+ 03 12+01 6.76 4.8
0CinEs + wax 20 Lo 78+ 05 11+ 0.1 6.64 43
30 23.0% 20 1.0+ 01 6.45 36
10 50+ 03 12+01 -0.39 6.69
hCi,dEg + wax T B 1.6 0+ 05 L1+01 2039 681
30 21.0% 20 1.0+ 01 -0.39 6.96
10 65+ 05 11+01 -0.21 4.2
NCihEs+CPwax 20 Lo 150+ 1.2 10+ 01 -0.22 33
30 39.0% 3.0 09%01 -0.35 25
10 65+ 05 11+01 6.40 4.2
0CuhBer CPawax 20 Lo 150+ 1.3 10+ 01 6.19 33
30 380+% 35 09+01 6.26 25
10 65+ 05 11+01 -0.20 6.82
hC1,dE¢+CP+wax T S 16 140+ 12 L0+ 01 021 702
30 37.0% 3.0 09*01 -0.34 72

Table S6: Detailed fitting parameters for all the SANS data measured.
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Section D: Equilibration time for wax solubilisation in nonionic surfactant micelles and
pesticide solubilised micelles

Wax solubilisation in C12E¢ and CP loaded Ci2E¢ micelles equilibrates very quickly. Figure
S10 indicates that the equilibration time for wax solubilisation in C12Ee and CP loaded C12Es

micelles is normally between 2 and 5 min.

60 | 4%
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Figure S10: Equilibration time for wax solubilisation in C12Es and CP loaded C12Es.
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Abstract
Hypothesis

Surfactants are widely used in agri-sprays to improve pesticide efficiency, but the mechanism
underlying their interactions with the surface wax film on plants remains poorly understood.
To facilitate physical characterisations, we have reconstituted wheat cuticular wax films onto
an optically flat silicon substrate with and without octadecyltrimethoxysilane modification to

control surface hydrophobicity.
Experiments

Imaging techniques including scanning electron microscopy (SEM) unravelled morphological
features of the reconstituted wax films similar to those on leaves, showing little impact from
the different substrates used. Neutron reflection (NR) established that reconstituted wax films
were comprised of an underlying wax film decorated with top surface wax protrusions, a
common feature irrespective of substrate hydrophobicity and highly consistent with what was
observed from natural wax films. NR measurements, with the help of isotopic H/D substitutions
to modify the scattering contributions of the wax and solvent, revealed different wax regimes
within the wax films, illustrating the impact of surface hydrophilicity on the nanostructures

within the wax films.
Findings

It was observed from both spectroscopic ellipsometry and NR measurements that wax films
formed on the hydrophobic substrate were more robust and durable against attack by nonionic
surfactant C12Ee solubilised with pesticide Cyprodinil (CP) than films coated on the bare
hydrophilic silica. Thus, the former could be a more feasible model for studying the wax-

surfactant-pesticide interactions.
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1. Introduction
Pesticides are essential in modern agriculture for protecting crops from various pest infestations

and ensuring high yields and high quality of the harvests [1, 2]. Commercial pesticide
formulations normally rely on adjuvants such as nonionic surfactants [3, 4] to improve
pesticide solubilisation [5], mobility [6], bouncing reduction [7, 8] and surface coverage [9].
Upon spraying, the mixture of adjuvants and pesticides first contacts the plant outer surface
which is fully covered by a wax film [10]. The spray forms a thin watery film of the formulation
or an array of its droplets on the wax film surface. As water evaporates, the concentrations
increase, driving adjuvants and pesticides into the leaves and stems. [11, 12] It is crucial to
examine the interactions between wax film, surfactant and pesticide on the plant surface, as
this process is vital to understanding how to protect crops more effectively whilst minimising

the use of pesticides and adjuvants.

Surfactants readily adsorb at different interfaces and their interaction with wax film underlines
the uptake of pesticide molecules into leaves. At the same time, surfactants form micellar
aggregate in the aqueous solution above their critical aggregation concentrations (CACSs). It is
well expected that surfactant micellar properties affect pesticide loading and subsequent wax
solubilisation. Although agrichemical industry has decades of practices in the field little has
been reported in the open literature describing these interactions. Because most pesticides are
rather hydrophobic with different molecular structures, the exact amount and location of a
pesticide into the micelles of a nonionic surfactant are affected by not only their own molecular
structures but also environment conditions. As a result, pesticide solubilisation generally alters
micellar phase boundaries by decreasing the cloud point and changes in micellar shape. Our
recent study has revealed the structural changes of the non-ionic surfactant micelles including
elongation of the overall shape and shrinkage and dehydration of the shell, resulting in
increased micellar hydrophobicity [13]. Dissolution of wheat waxes into the pesticide saturated
micelles can trigger the release of the pesticides from the micelles due to the re-equilibration
of the micellar system [14]. These recent studies have thus laid a useful basis for us to further
explore how surfactants and pesticides interact with wax films. These studies together will
provide us a picture of molecular processes underlying the transport of pesticides across the

waxy interface, loss of wax molecules from plant surface and the role of nonionic surfactants.

Despite extensive in vivo studies involving real plants [10, 15-20], the molecular processes
underlying these interactions remain largely unexplored as most surface techniques cannot be

directly applied to the leaf surface. To overcome this limitation, a novel strategy using
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reconstituted wax films was employed to study wax behaviour when exposed to pesticides and
adjuvants [21]. We have demonstrated a reconstituting method by first extracting waxes from
wheat leaves and then forming wax films onto silicon oxide surface by spin coating. The
reconstituted wheat wax films share similar structural features with natural wheat waxes [22].
When employing neutron reflection (NR) combined with deuterium labelling to either
surfactant or water, we have shown that nonionic surfactants can adsorb onto and penetrate into
the reconstituted wax film. It was also observed that above the CAC of the surfactant, a certain
amount of wax can be removed by the micelles. However, as the coated wax film to hydrophilic
silicon oxide surface was not stable, it was largely disrupted by the nonionic surfactant at high
concentrations [23]. This inhibits the further investigation on tracing the surfactant and
pesticide from the binary model formulation mimicking the formulated commercial products
containing pesticides. Thus, a stronger adhesion between the wax film and the substrate must

be developed.

In this work wax films were spin-coated onto a hydrophobic self-assembled monolayer (SAM)
composed of octadecyltrimethoxysilane (OTS) on an optically flat silicon oxide surface. It was
hoped the OTS modified substrate surface would offer strong adhesion to the wax film and better
stability. To enhance interfacial structural resolution, deuterated wax film was used. In NR
experiments, H/D substitution changes the scattering length density (SLD) of the interface
which enables measurements to be performed in different contrasts [24]. To enhance the
structural sensitivity of NR and trace the surfactant and pesticide molecule, it is beneficial to
deuterate surfactants and vary the isotopic contrasts of the solvent in addition to the
introduction of the deuterated waxes. Building from our previous studies [13, 14, 22, 23], we
again selected Cyprodinil (CP, 4-cyclopropyl-6-methyl-N-phenylpyrimidin-2-amine) as a
model fungicide and saturated it into the micelles of nonionic surfactant hexaethylene glycol
monododecyl ether (C12Es). Wheat waxes were chosen as their average molecular structure has
been well characterised [14]. Deuterated waxes were extracted from wheat leaves grown in
D20. The structures of Cyprodinil, C12Es, and the representative wheat wax molecule are

shown in Figure 1.

The structural features of wax films formed on both silica and OTS treated surface have been
characterised to investigate the influences of substrate surface hydrophilicity on the structures
of the reconstituted wax films, followed by a further study into their interaction with C12Es and
CP.
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Figure 1: Molecular structures of (a) CP, (b) C12Es and (c) wheat wax with a, f and y
methylene groups marked for further interpretation

In addition to NR, proton nuclear magnetic resonance (*H-NMR) was applied to examining the
extent of deuteration on deuterated wax molecules. Scanning electron microscopy (SEM) and
NR were used to characterise the reconstituted wax film morphologies and structures.
Spectroscopic ellipsometry (SE) and NR were employed to study how nonionic surfactant and
pesticide molecules interacted with the wax films. This study thereby not only helps understand
the interactions between waxes, pesticides and surfactants at plant surface but also establish
the basis of future pesticide formulation with smart pesticide release, which is an important

application of colloid and interface science.

2. Experimental methods

2.1 Materialsand Hd-wax preparations

The Triticum aestivumL. (winter wheat) seeds were supplied by Syngenta Jealott’s Hill
International Research Centre. DO (99.9% atom D%, Sigma Aldrich Co. Ltd),
octadecyltrimethoxysilane denoted as OTS (90%, Sigma Aldrich Co. Ltd), hexaethylene glycol
monododecyl ether denoted as hCi2hEs (99%, Sigma Aldrich Co. Ltd) and Cyprodinil (CP)
(>95%, Sigma Aldrich Co. Ltd) were used without any further purification. The tail deuterated
surfactant denoted as dCi2hEs (deuteration: 98%) was synthesised by the ISIS Deuteration

Laboratory, Rutherford Appleton Laboratory, STFC.

Nonionic surfactants were dissolved in D-O or mixture of D>O and H2O at a concentration of
10 times its critical micellar concentration (CMC) (0.067mM) [25] and CP was then solubilised

into the surfactants at 20°C using our previous method [13].
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The wheat seeds were planted in pots (diameter: 10 cm; depth: 9 cm) (20 seeds per pot) and
fed with water for 3 days at 20 °C until the wheat was about 1 cm high. Half of the pots were
transferred into a mini greenhouse. The mini green house was pre-saturated with D>O by
mounting a beaker of 200 ml of D.O inside overnight. The wheats in the greenhouse were
watered with a mixture of 50% D,O for 3 days and then watered with DO for the remaining

fortnight whilst the other half remained in H>O feeding. The volume of watering was 50 ml/day.

The three-weeks-old wheat leaves were collected and submerged in chloroform for 10 min
followed by filtration. After filtration the solvent was completely evaporated using a rotary
evaporator. The extracted deuterated and protonated waxes, denoted as d-wax and h-wax,
respectively, were re-dissolved in chloroform at a concentration of 0.05% w/w for storage and

reconstituted wax film fabrication.

The extent of deuteration for the d-wax was measured by *H-NMR (B400 Bruker Avance I
400 MHz). The dry h/d-waxes were dissolved in d-chloroform (99.9% atom D%, Sigma
Aldrich Co. Ltd) at a concentration of 0.1% w/w and benzyl chloride (>99%, Sigma Aldrich
Co. Ltd) was added as an internal reference at a concentration of 0.16% w/w. The extent of
deuteration of the individual functional groups in the wax and the method to determine said
deuteration levels are given in the Supporting Information.

2.2 Surface treatment andlaxfilm coating

The surface treatment was improved from our previous methods [26, 27]. Before treatment, the
silicon wafers/blocks were immersed in a preheated piranha solution (H2SO4:H20; ratio of 9:1
at 90 °C for 1 min), rinsed repeatedly with plenty of de-ionised water (resistivity at 18 MQ cm,
Purelab UHQ, Vivendi Water Systems Ltd.) and dried with nitrogen gas. The wafers/blocks
were then immersed in OTS at a concentration of 100 mM in chloroform overnight. The
wafers/blocks were then rinsed with ethanol and annealed in vacuum at 150 °C for 8 hr.

The 0.05% w/w wax chloroform solution was deposited onto wafers/blocks (Silicon oxide or
OTS surfaces) and spin-coated (Laurell Technologies, MODEL WS-650MZ-23NPP, pre-
horizontalised) at 2000 RPM for 10s immediately after deposition.

For SEM and spectroscopic ellipsometry (SE) studies, the wafers utilised were cut in a size of
1.2 cm x 1.2 cm and 50 pl wax solution was deposited on the surface. For neutron reflectivity
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(NR) measurements, the blocks with dimensions of 8 cm (length) x 5 cm (width) x 1 cm (height)
were used and 1.5 ml solution was deposited on the large polished surface for the spin-coating

procedure to commence.

2.3.SEM

The SEM studies were carried out on a Hitachi SU8220. The excised leaf pieces were mounted
on a specimen stub and the temperature was maintained at -60 °C. The sample was scanned at

a voltage of 2.0 kV and the working distance was maintained as 7-8.2 mm.

2.4 Spectroscopic ellipsomet($E)

SE measurements were performed in a specific liquid cell with a fixed incident angle at 70° at
the solid/liquid interface using a Woollam spectroscopic ellipsometer (J.A. Woollam Co. Inc).
The dynamic changes of reconstituted wax films exposed to C12Es and CP were measured to
characterise the extent of surfactant and pesticide adsorption and wax removal. The
reconstituted wax films coated on OTS treated wafers were set in the liquid cell and fixed in
place by a sample holder. Prior to C12E¢ and CP injections, the films were rinsed with plenty
of de-ionised water until stabilization. Then the films were exposed to Ci2Es at 0.3, 1, 10 and
20 CMC, C12Es solubilised with CP at 10 CMC and Ci12Esat 10 CMC for 10 min each. Between
each exposure ample amounts of de-ionised water were washed over the surface to remove any
residue. The principle of the ellipsometric technique in measuring the mass change of the film

is described in the section A of the Supporting Information.

2.5Neutron reflectivityNR)

NR studies were performed on SURF in TS1 and OFFSPEC in TS2 at the ISIS Neutron Faculty,
Rutherford Appleton Laboratory. The Q-range was set from 0.012 to 0.4 A and the neutron
beam illuminating region was about 3-4 cm? defined by the slits setting. Each reflectivity
profile consisted of measurements at 3 incident angles of 0.35°, 0.7° and 1.5°. A list of all
sample SLDs involved is given in Table 1. Characterisation of the native silicon oxide film and
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the self-assembled OTS surface layer was carried out at the very beginning of the experiments.

The wax films were then spin coated onto the SiO, and OTS treated blocks.

Materials h-wax d-wax dCiz hEs hCu CP OTS DO H0 Si SiO2
SLD/x10°  -0.29 2.2 6.80 063 -046 21 -015 635 -056 207 347
A-Z
Table 1: The SLD values for all the samples used in this experiment. The SLD values, except
d-wax, were taken from previous studies [13, 14, 22, 23].

Characterisations of wax films on silica and OTS surface were carried out in 4 contrasts: h-
wax in D20; h-wax in contrast matching to d-wax (CMd-wax, SLD = 2.2x10A?); d-wax in
D,0 and d-wax in contrast matching to h-wax (CMh-wax, SLD = -0.29x10%A?). Similar to
SE measurements, the wax films were first rinsed with C12E¢ and then C12Es solubilised with
CP at 10 CMC with plenty of de-ionised water repeatedly rinsed in between sample injections.
The measurements of wax-C12Eg interactions were performed on wax films coated on the OTS
surface in 5 contrasts: h-wax with hC12hEs in D20, h-wax with dC12hEs in D20, h-wax with
dC12hEe in CMh-wax, d-wax with hCi2hEg in D2O and d-wax with hCi2hEe in CMd-wax. As
the SLD for d-wax is close to the SLD of CP, the measurements on wax-Ci12Ee-CP interactions
were performed only on h-wax films in 4 contrasts: h-wax with hC12hEg and CP in D20, h-wax
with dCi2hEgand CP in D20, h-wax with dCi2hEgand CP in CMh-wax and h-wax with hC12hEs
and CP in CMh-wax.

The reflectivity data were analysed using Motofit software [28] and a 4-layer model for wax
characterisation and a 7-layer model for wax-surfactant and wax-surfactant-CP interactions
were established with the detailed NR principles and fitting model included in Section B of the
Supporting Information.

3. Results and Discussion

3.1 Wax deuteration

At the early stage of this work it was found that the wheat seeds failed to germinate from direct

D20 watering. We then started watering with H20 for the first 3 days. After germination and
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when the plants were strong enough to tolerate D20, they were exposed to the gradual increase
of the concentration of D,O by watering with 50% D0 for the second 3 days and then pure
D20 in the remaining time. After 3 weeks of watering, waxes were harvested and the extent of
deuteration was measured by H-NMR. As explained previously, the main wax components
were primary alcohols with the average molecular structure already characterised in our
previous work [14]. It was however found that the level of deuterium was not evenly distributed
over different functional groups: 35.8% for the methyl group, 37.8% for the a-methylene group,
47.9% for the y-methylene group and only 7.8% for the 3-methylene group as presented in
Figure 1c. The total deuteration level as estimated by *H-NMR was 38.2%. Consequently, the
estimated SLD of the d-wax sample is 2.2x10® A2, The detailed estimation method and

analysis were illustrated in Figure S1 and Table S1.

3.2Morphologies of natural wax and reconstituted wax films

SEM imaging was first carried out from the natural wax morphology present on the adaxial
surface of a 3-weeks-old wheat leaf as well as the reconstituted wax films on OTS and Si
substrate surfaces, with representative images shown in Figure 2 a, b and Figure S2,
respectively. Both natural and reconstituted wax films consist of 2 distinct layers: an underlying
wax layer and an outer layer of wax protrusions, consistent with our previous observations [22].
Whilst the protrusions present on the reconstituted wax films on Si and OTS surfaces have
similar size and density, the distribution of the wax protrusions on the natural leaf surface
appears denser. In addition, the sizes of surface protrusions on both natural and reconstituted
wax films appear uniform across the scanned sites, though the protrusions on the reconstituted
wax films are wider. These observations indicate that the chemical nature and hydrophobicity
of the substrates do not have a significant impact on the basic morphological features of the
wax films. Thus, the broad similarity to the natural leaf wax films makes the reconstituted ones

suitable models for further investigations.
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Figure 2: SEM images for the natural wax on the adaxial surface of a 3-weeks-old wheat leaf
(a) and from the reconstituted wax film on OTS surface (b); Off-specular and specular neutron
reflection measured for the h-wax film on OTS surface in DO (c), off-specular neutron
reflection marked by the red rectangular box confirms the presence of surface protrusions; (d)
the specular NR profiles measured from wax films reconstituted on the OTS surface, the
reflectivity of wax film in D20 was rescaled to 1 using the critical egde and the reflectivity for
other contrasts was rescaled by multiplying the same factor; (e): corresponding wax film SLDs
against film thickness on the OTS surface, 1-4 denotes the four layers fitted; (f): the wax
volume fraction profiles against wax film thickness for wax films on SiO2 and OTS surfaces.

3.3 Structures of reconstited wax films on OTS and SiO

NR was first used to characterise the structure of the native silicon oxide layer. The measured
reflectivity profile could be fitted to a uniform layer with a thickness of 15 + 2 A and an SLD
of 3.4 x 10 A2 indicating no defects or voids present. The variation of + 2 A in this case

indicated the range of thickness found from different silicon block surfaces.

After surface coating of the OTS monolayer onto silicon block, NR measurements were
undertaken at the solid/D»0O interface to characterise its structure. A uniform layer was found
to be adequate to fit the NR profile, with the structure of the SiO layer being taken to be the

same as before the OTS layer coating. The thickness of the OTS layer was found to be 23 £+ 2
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A with an SLD corresponding to the 80% OTS coverage. This indicates that the alkyl chains
were nearly perpendicular to the surface and that the OTS layer was rather well packed. Further

information on the OTS characterisation is given in Figure S3 and Table S2.

Both d-wax and h-wax films reconstituted on the OTS surface were characterised by NR at the
solid/liquid interface by simultaneously fitting the reflectivity profiles measured in 4 different
contrasts: h-wax in D20, h-wax under CMd-wax, d-wax in D20 and d-wax under CMh-wax.
As shown in Figure 2D, the reconstituted wax films are quite rough due to the appearance of
outer protrusions, resulting in strong off-specular reflection. Figure 2c shows both off-specular
and specular reflection signals from the reconstituted h-wax film on OTS surface in D20 at an
incident angle of 0.7°, with off-specular signal highlighted by the red rectangular box.

The measured specular NR profiles (rescaled) with the best fits are shown in Figure 2(d). A 4-
layer wax model with each layer containing wax and water in different ratios was found to
model the wax films well. This was the minimal number of layers that could simultaneously fit
the measured NR profiles in the 4 contrasts. The corresponding SLD profiles for the averaged
wax film against film thickness are shown in Figure 2(e). The large variations in SLD indicate

the changes in H/D substitution in wax and solvent.

Wax films were also coated onto the bare SiO2 surface and measured by NR under the same
film coating and isotopic contrasts. Fitting to the NR profiles measured at the hydrophilic
silicon oxide/water interface was also done in the procedure similar to that described earlier
and the detailed fitting parameters for wax films on both SiO2 and OTS surfaces are compared
in Figure S4 and Tables S3 and S4.

As the neutron reflectivity shown in Figure 2(e) is from specular reflection, it only reveals the
structural information of the underlying wax film and the bulk of the protrusions in the direction
perpendicular to the surface. No clear boundary exists between the underlying wax layer and
the outer protrusions region, but the SEM imaging indicates that the inner layer is rather
uniform and dense whilst the outer protrusions are comprised of large wax crystals and are

thick but low in volume fraction.

The distribution profiles obtained from fitting to the reflectivity profiles measured from the
reconstituted wax films on both SiO and OTS substrates are shown in Figure 2(f) in the form
of volume fraction plotted against thickness, with the actual values obtained from the best 4-

layer model fits listed in Table 2. Although these wax films show similar surface coverage (the
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amount of waxes in a given surface area), their structural distributions differ quite obviously.
For wax films reconstituted on silica, there is a thin transitional layer between the silicon oxide
layer and the dense wax layer with a thickness of 10 A and a wax volume fraction of 0.15 (layer
1). The low density transition layer must arise from the very different amphiphilic nature
between waxes and the SiO, surface. The main wax layer is roughly 90 A with a volume
fraction of 0.67 (layer 2). The outer region of the protrusions is about 60 A (layer 3 and 4) and
was fitted into 2 further layers to account for changing wax volume fraction. This indicates that
the volume fraction of the protrusions decreases with increasing film thickness.

For wax films reconstituted on the OTS layer surface, however, no transition layer was detected.
Instead, there was just a dense wax layer with a thickness of roughly 25 A on the OTS layer
and a wax volume fraction of 0.90 (layer 1), followed by the second wax layer of similar
thickness but with a lower wax volume fraction of 0.70 (layer 2). Subsequent layers followed
similar thicknesses but with decreasing wax volume fraction, indicating increasing defects in
the wax film away from the substrate surface, as evident from SEM measurements. The bulk
part of the protrusions is also 60-70 A and can again be divided into 2 further wax crystal layers

(layer 3 and 4) to account for decreasing volume fraction.

The entire wax films on the OTS surface are thinner than those coated on the SiO> surface but
clearly denser. The distributions for protrusions on both types of wax films are however similar.
This confirms that the substrate hydrophobicity plays an important role in determining the inner
wax film structure but has less significant impact on its outer morphological features. The
surface hydrophobicity clearly attracts the assembly of the hydrocarbon tails of the long chain
alcohols, resulting in the densest molecular packing in the inner wax layer, with subsequent
self-assembly of the long chain alcohol layers retaining similar thickness but with increasing
defects. In contrast, the hydrophilic silica surface prefers the direct contacts with the hydroxyl
groups on the wax molecules, but because the hydroxyl groups are small their alignment to the
silica surface is weak against the strong hydrophobic interaction between the long alkyl chains,
resulting in the strongly hydrated inner layer of 10 A. This was followed by the dominant
hydrophobic interaction in the self-assembly of the long alcohols forming a rather uniform wax
region of some 80 A, but its intermediate volume fraction of 0.64 indicates the existence of
defects associated with hydration.

These observations suggest that the long chain alcohols might initiate the self-assembly by

forming a molecular monolayer with their initial orientation manifested by the substrate surface,
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that is, the alkyl chains facing the OTS surface versus the hydroxyl groups facing the silica
surface [29]. Because of the opposite orientation of the initiating monolayer, the subsequent
templating of the self-assembled structures follows different orders, resulting in different
alignment of the bilayers. On the OTS surface, the inner monolayer induces the self-assembly
of independent bilayers whilst on the silica surface the inner monolayer initiates a
complementary outer monolayer and the process then replicates itself. In all cases, however,
the amphiphilicity of the long chain alcohol molecules provides the overall driving force in
which the hydrophobic interactions amongst the alkyl chains are dominant and the hydrophilic
effects amongst the hydroxyl groups are weak. The imbalance causes the propagation of the
defects and limits the number of bilayer formed. On the OTS surface, the NR data led to the
resolution of about 4 self-assembled wax monolayers. On the basis of the overall dimension
for the main wax film region formed on the silica surface, there could be 2 bilayers aligned on
top of each other with some inter-mixing between the alkyl chains. Again, the formation of
outer waxy pillars is consistent with the declining packing density inherent of the imbalanced

amphiphilic nature of the long chain alcohols.

Layer 1 Layer 2 Layer 3 Layer 4
Surfaces Thickness Wax Thickness Wax Thickness Wax Thickness Wax
1A fraction 1A fraction 1A fraction 1A fraction
SiO2 10+1 0.15+0.01 82+3 0.67+0.03 32+3 0.30+0.03 38+4 0.10+0.02
OTS 27+3 0.90+0.02 26+3 0.70+0.04 30+2 0.45+0.03 33+3 0.14+0.02

Table 2: The best-fitted parameters for wax films reconstituted on silica and the OTS surface.
It was found that the 4-layer model was about the smallest number of layers required to prodcue
the best fits.

Although the main features of the wax films reconstituted onto hydrophilic silica (the
underlying wax film and outer wax crystals) remain the same as in our previous study [23], the
detailed structure may differ due to the use of different data analysis approaches. In our
previous NR analysis [22], the Hughes model, consisting of an underlying layer and an outer
decaying function, was adopted to treat the wax films. Whilst the Hughes model was merited
with few parameters in model fitting it was incapable of predicting the more detailed structural
features such as the low density inner layer and the more precise outer layer distribution.
Furthermore, the multilayer model adopted here avoids the use of roughness as necessitated in
the Hughes model due to the huge difference in volume fraction between the 2 regions [30].
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3.4Interactions of wax films, surfactants and pesticides

3.4.1 SE measurements of binding of C12Es and CP to the reconstituted wax films

The dynamic change of the wax film when exposed to surfactant and CP was first studied at
the solid/liquid interface by SE. Initial measurements were made on wax films coated on the
hydrophilic silica. It was observed that the coated wax film was very stable under water and
that addition of C12Ee led to the increase in the total surface materials, indicating the adsorption
of C12Es onto the coated wax film. As the concentration of C12Es went above the CMC, a high
proportion of the wax film was removed. The instability of the wax films coated on the
hydrophilic SiO2 surface was consistent with what was observed previously [23]. The data
shown in Figure 3 describes the interactions between wax films coated on the OTS surface and
C12E6/CP at the solid/water interface. It was found that below the CMC and to the CMC the
surfactant also adsorbed onto the wax film as in the case of the adsorption onto wax films
coated on the SiO> surface. Thus, the data shown in Figure 3 focuses on assessing stability
above the CMC.

To reflect the main structural feature of the coated wax film in the SE data analysis, a 3-layer
model, consisting of silicon oxide layer, the OTS layer and the wax Cauchy layer (A: 1.45, B:
0.01), was used to account for the material changes from the substrate to the solid/liquid
interface. Because SE has little structural sensitivity to the exact distribution of the wax
nanofilm, it can hardly detect structural difference between the inner underlying layer and the
outer crystal layer. Thus, the single wax layer is sufficient to represent the entire wax film.
However, SE is highly sensitive to mass changes and the model can help determine the net
mass changes of the interfacial film before, during and after its interaction with surfactant and
pesticide. Lack of structural sensitivity also means that SE could not distinguish between wax
and the bound surfactant, but the 3-layer model helped to derive the amount of C12Es and CP
binding from changes in the total mass of the wax film during and after the interactions. Figure
3 depicts the typical mass changes associated with the binding of C12E¢ and CP onto wax films
reconstituted onto the OTS surface, with the measurement starting in pure water defining the
stability of the wax film itself and its amount quantified in ng/mm?. The initial mass of the wax

film was 3.8 ng/mm?,

A common feature of all the measurements shown in Figure 3 is the fast adsorption and
desorption under different conditions, similar to the behaviour as observed below the CMC on
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wax films coated on both model substrates. At 0.3CMC and 1CMC, the total amount of surface
mass increased to 4.05 ng/mm? and 4.3 ng/mm?, respectively, indicating C12Es adsorption of
0.25 ng/mm? and 0.5 ng/mm?. Water rinsing did not lead to any mass reduction, indicating the
wax film was rather stable when exposed to surfactants well below and close to CMC. At
10CMC, the total amount of the surface mass increased to 4.4 ng/mm?. Water rinsing led to the
lowering of the total mass to even below the mass of the wax film, 3.6 ng/mm?. This confirmed
partial wax removal and indicated that C1,Es adsorption amount was 0.8 ng/mm?. In fact, the
baseline as shown in Figure 3 shows a steady decrease over the course of the experiments,
signifying the progressive removal of some of the wax films deposited. Increase in surfactant
concentration to 20CMC led to almost the same amount of surfactant adsorption. Dissolution
of CP into C12Es micelles allowed the measurement of the co-adsorption achieving the highest
adsorbed amount of 0.9 ng/mm?. The difference of 0.10-0.15 ng/mm? indicates the contribution
from CP under these conditions, but rinsing helps remove them completely. In spite of the large
errors, the mass ratio of CP to C12E¢ as observed here is close to the ratio of 1.8 as observed in
the bulk solution. These experiments show high stability of the wax films coated on OTS

surface, in spite of small but noticeable removal of the waxes as experiments progressed.
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Figure 3: Mass changes from the wax films reconstituted onto the OTS surface when exposed
to C12Es at 10 CMC, 20 CMC, with CP at 0.3 CMC, 1 CMC, 10 CMC and 10 CMC marked by
1-6, with pure water rinses following each measurement.
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3.4.2 NR measurements of interaction between wax film on the OTS surface
with C2Esand CP

Following the SE measurements as shown in Figure 3, the NR measurements was first

undertaken at 10 CMC under 5 isotopic contrasts: h-wax with hCi2hEs in D20, h-wax with

dC12hEg in D20, h-wax with dC12hEs in CMh-wax, d-wax with hC12hEg in D2O and d-wax with

hC12hEs in CMd-wax, with NR profiles shown in Figure 4a and the best fitted parameters in

Table S5.

Comparing Figure 4a with Figure 2d, the NR profiles for h/d-waxes in DO changed with the
presence of surfactants. The remaining contrasts highlight the distribution of the C12 tail within
the wax film (h-wax with dC12hEs in CMh-wax) as well as the whole surfactant distribution
(d-wax with hC12hEg in CMd-wax). As these 2 contrasts have a nonlinear region in reflectivity
profiles presented on a logarithmic reflectivity scale against LogQ shown in Figure 4a, their
combined fittings could lead to the determination of the amount of surfactant molecules across
the wax films. The minimum SLD difference that can be effectively determined in the data

analysis is £0.1x10® A2, equivalent to about 2% of the surfactant in the film [31, 32].

As SE measurements have revealed that the wax film was stable when exposed to surfactants,
the film thickness was considered unchangeable. As explained previously, the structures of the
silicon oxide and OTS layers were fixed at 15 A and 23 A in NR data analysis. It was necessary
to divide the base wax film into 3 layers to account for structural inhomogeneity arising from
surfactant penetration. The thickness for each layer (from the wax/OTS interface to the
dense/sparse wax interface) was 12 A, 13 A and 25 A, respectively. The division of these layers
helped take into account of the volume of the head group of C12Es which is slightly larger than
that of its tail (volume ratio:1.08:1) [13]. In comparison, the wax protrusion layer was almost
evenly divided into 4 layers to handle changes in wax volume fraction. The thickness for each

layer was 15 A.

The reflectivity profiles were fitted to a 7-layer wax model. The SLD profiles generated are
shown in Figure 4b. The volume fractions for the wax film and surfactant constituents are
shown against distance from the OTS surface in Figure 4c. Comparing Figure 4c to Figure 2f,
the wax volume fractions decrease slightly due to their mild interaction with the surfactant, but
the main feature remains the same. The surfactant chains aggregate within the wax film at
distances of 0-12 A and 50-115 A from the OTS surface. As the ethoxylate heads bind to the

alkyl tails, the heads must be distributed in the same or adjacent layer. Taking into account of
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the contributions from the other contrasts, we found that the head groups mainly distributed in
the regions of 12-25 A and 50-115 A. The base layer of the dense wax is 50 A and the
surfactants have either penetrated to the wax surface closest to the OTS layer or adsorb to the
wax protrusion or the surface of the dense wax layer. There is a gap with a negligible amount
of surfactant in the wax film at 25-50 A. Whilst the reason for this is unclear, a possible
explanation is the different molecular packing between inner and outer wax layers. The inner
layer of the wax film is comprised of a 2-dimenisonal layers as in the case of a Langmuir-
Blodgett film [29] while the outer protrusions contain the three dimensional crystals. The gap
is a transition between the underlying wax film and the top protrusions where the chemical

composition and physical morphology are unfavourable for surfactants to bind.

The alignment of wax molecules in the inner layer is confirmed by the orientation of surfactants.
In analysing the surfactant distribution within the inner denser region, there was clear
indication that surfactant tails were oriented towards the OTS surface with their heads pointed
towards the wax film; the tail layer was 12 A thick and the head layer was 13 A thick, providing
athickness of 25 A for the total layer. In the outer region of 50-115 A, the surfactant distribution
did not bear any orientation due to the larger space span, but the total volume ratio in this area
for the heads and tails was fixed at 1.08. This suggested that the surfactants form surface
micellar aggregates on the wax film surface and protrusions, consistent with our previous

observations [23].
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Figure 4: (a): the specular NR profiles for wax films on the OTS surface interacting with C12Es
at 10 CMC in 5 isotopic contrasts; the reflectivity for DO runs was rescaled to 1 and the
reflectivity for other contrasts was rescaled by multiplying the same factor; (b) SLD profiles
against wax film thickness for wax films on the OTS surface interacting with C12E¢at 10 CMC
in 5 isotropic contrasts; (¢) volume fraction profiles for wax, surfactant tail and head, and water
against distance from the OTS surface for wax films on the OTS surface interacting with C12Es
at 10 CMC.

To locate pesticide in the wax film, the measurements on wax-C12Es-CP interactions were then
performed in 4 contrasts: h-wax with hCi2hEg and CP in D20, h-wax with dC12hEg and CP in
D-0, h-wax with dC12hEg and CP in CMh-wax and h-wax with hCi2hEsand CP in CMH-wax,
with the NR profiles shown in Figure 5 and the best fitting parameters in Table S6. Among
these 4 contrasts, the h-wax with hCi2hEe and CP in CMh-wax was used to highlight the
distribution of CP. As reflectivity (presented on a logarithmic scale) is almost linearly
proportional to LogQ, there is no local accumulation of CP in specific layers across the whole
wax film with volume fraction over 10% because this would be resolved from the SLD
distribution with confidence. Also, comparing Figure 5 with Figure 4a, there is little observable
difference in the other 3 contrasts, indicating that the solubilised pesticide has insignificant

impact on nonionic surfactant behaviour in the wax films.
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Figure 5: Specular NR profiles from the wax films coated on the OTS surface interacting with
C12Es solubilised with CP at 10 CMC in 4 contrasts; the reflectivity profiles in D2O were
rescaled to 1 and the reflectivity profiles in other contrasts were rescaled by multiplying the
same factor.

Neutron reflection thus revealed that CP was distributed across the entire wax film, as it neither
gathered in a specific layer nor affected the nonionic surfactant distribution in any particular
manner. Given the limited resolution in the interfacial wax films from NR, it is difficult to
extrapolate how CP molecules were incorporated into wax films, but it is likely that they were
facilitated by surfactant micelles that become adopted into the wax film environment. It should
be noted from previous surfactant solution studies that although CP solubilisation dehydrates
the micellar shell and increases the micellar hydrophobicity [13], further wax solubilisation
into the micelles re-equilibrates the system, releases some CP and decreases the micellar
hydrophobicity [14]. Therefore, it is unsurprising to see that the adsorption of nonionic
surfactant molecules has not altered significantly in the presence of CP, i.e., the nonionic
surfactant molecules still form surface micelles in similar sizes on the wax film with CP pre-
solubilisation. In addition to the penetration into the wax film, some pesticides should also stay
with the surfactants in the protrusion layer as surfactants are also adsorbed on the wax

protrusions.

Figure 6 offers schematic depiction of how C12E¢ and CP molecules interact with the wax film
reconstituted on the OTS surface. Both surfactant and pesticide molecules adsorb onto the wax
protrusions and can also penetrate into the underlying wax film. Surfactant micelles can remove
solubilised wax molecules from the film, a removal process that agrees well with previous
observations [12, 23].
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Figure 6: Schematic sketches of the wax-C12Es-CP interaction process leading to dissolution
and removal of waxes by surfactant micelles at the molecular level and association of surfactant
and CP molecules into the inner interfacial region of the wax film and onto the wax protrusions.

4, Conclusions

This work has shown that wheat wax films reconstituted on both hydrophilic silica and
hydrophobic OTS surfaces bear similar morphological features, that is, the underlying wax film
and outer wax protrusions. The 2-layer characteristics also bear close resemblance to the
morphological features from the native wheat wax films [21, 22, 33-35]. The outer wax surface
crystals exhibit similar features when reconstituted on both hydrophilic and hydrophobic
surfaces but the actual thickness and volume fraction distribution across each type of wax films
are different. This results in very different wax film stability when treated with the nonionic
surfactant C12Es, suggesting that the hydrophilicity of the substrate has a significant impact on
the wax film stability. The wax films reconstituted onto the hydrophobic surface are more
stable and robust when exposed to C12Es. The OTS layer has a higher binding affinity with the

wax films, resulting in a denser base layer and more robust wax films.

The impact of exposure of the wax films reconstituted onto the OTS surface to C12E¢ and CP
was studied by SE and NR above the CMC to mimic the practical scenario of agri-sprays in
which nonionic surfactant concentrations are usually well above their CMCs. The overall

structure of the wax film remained stable under C12E¢ exposure even at 20 CMC. The results
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indicated that the surfactant molecules are not only able to adsorb onto outer wax protrusions
but also penetrate into the underlying wax film. The pesticide molecules are able to adsorb onto
wax films when delivered by nonionic surfactant micelles. The penetration of surfactant
molecules then gives clear pathways for pesticides to diffuse into wax films. As different plant
species have distinct wax film morphologies, future work will examine how pesticide and

surfactant interact with differed wax films reconstituted from various plant species.
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A. Spectroscopic ellipsometry and data analysis

SE is a sensitive optical technique which measures changes in amplitude and phase upon
reflection from an interface, from which the refractive index and the thickness of the thin nano-

film concerned could be inferred from model fitting [1].

The data analysis and model fitting followed De Feijter’s and our previous method [2, 3]. From
an ellipsometric measurement, the layer mass, m, is determined by the layer refractive index,

nL, and thickness, t, given in formula below:

a "t e & ]E & (1)

where } g is the density of bulk material which refers to bulk wax density (0.934 g/mm?), ng is

the refractive index for waxes (1.478) and nsis the refractive index for the solvent (water: 1.33)
[3].

As layer refractive index and thickness are coupled, ellipsometry is incapable of separating the
two for a given nanofilm incorporated with a lot of solvent, but it is highly sensitive to the layer
mass change. For simplicity, the wax film in water was treated as a uniform layer characterised
by a Cauchy model with constant A fixed at 1.45 (equivalent to 20% water) and constant B
fixed at 0.01. Thus, the layer mass change is proportional to the layer thickness shift, which

indicates surfactant adsorption and wax loss arising from surfactant rinsing [3].
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B. Neutron reflectivity and data analysis

In specular neutron reflection, the neutron beam is elastically reflected off an interface into a
detector and the reflectivity (R) is dependent on the neutron momentum transfer (Q) and the
specimen scattering length density (SLD). The momentum transfer is given below, where A is
the wavelength and 0 is the incident angle of the neutron beam [4],
TO0FI1 (1)
]
The SLD is determined by the sum of coherent scattering length of each atom in the molecule

divided by its volume. The neutron scattering length of an atom is not proportional to the size
of its nucleus. For example, hydrogen has a relatively low scattering length (-0.374x107*2 cm)
while its isotope deuterium has a quite different scattering length (0.667x107*? cm) [5]. By
substituting hydrogen with deuterium in a molecule, its SLD could be modified. Incorporation
of deuterium not only enables NR experiments to be performed in various contrasts but also

has the ability to enhance a certain component signal in an interfacial system.

Neutron reflectivity R is usually measured as a function of Q. The sample thickness and SLD
for each layer can be fitted from the R-Q profile using the fitting algorithm based on the optical
matrix formula. When experiments in multiple contrasts are performed, the structural
parameters are derived from simultaneous fitting to a given model taking into account of the
isotopic contrast variations, resulting in the increased reliability. This technique has been
applied to various interfacial studies including solid-liquid, oil-liquid and air-liquid interfaces

in the past two decades [6-11].

The reflectivity data were analysed using Motofit software [12] and the algorithm was based
on the optical matrix formula as described by Born and Wolf [13]. The fitting process started
with a calculation of reflectivity for a designed model comprised of several slabs with different
thickness and SLD. The calculated reflectivity was then compared to the measured profile and
¥? values were used to describe the fitting quality. The process was iterated until the best fit
(the lowest %2 values) was obtained [11]. Some slabs were divided into several sub-slabs to
allow structural changes and better fit. For fitting the wax NR profiles, the wax film was
initially fitted from single and bilayers. The minimum number of layers was used to produce a
visually acceptable fit to the measured data. In the end, a 4-layer model for wax film

characterization and a 7-layer model for wax-surfactant interactions were generated.
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Each sublayer may contain various components, and the volume fraction for each component

can be calculated from the layer SLD:

” %0 ” %0 ” é %0 ” (2)

where J is the SLD of the layer, }i is the SLD of the component and Ui is the component’s
volume fraction. As this formula must be valid in every contrast the volume fraction for each
component in each layer can be solved. The final NR results divide the system into several
layers with each layer presenting its thickness and volume fractions of different components.
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C. Wax deuteration estimation

The average wax molecular structure and benzyl chloride structure are shown with a-d denoting
hydrogens on waxes while e-h denoting hydrogens on benzyl chloride. The deuteration was
measured based on the integrations of hydrogen peaks for h-wax and d-wax. The integrations
for e hydrogens were calibrated as 2 as the concentrations of benzyl chloride were the same in
both h/d-wax solutions. For the hydrogen at the same position on the wax molecule, the

deuteration can be calculated:

0 O 3)
0 pnimp

where, 1) is the deuteration, Iy refers to the integration in the h-wax H-NMR spectrum and Ip

refers to the integration in the d-wax H-NMR spectrum.

b Wax molecule;
c
— —
o [Ha] [Ha] [H2
a HyC—rC —C —C —OCH
- T il o
w J Benzyl chloride:
Cl
. b N e
— CH2
f
a v
J < h =
— —— h-wax
3 2 1 —  d-wax

Figure S1: H-NMR spectra for h-wax and d-wax with benzyl chloride used as the internal
reference

Positions H-wax D-wax Deuteration
integration integration

a (methyl group) 0.8189 0.5258 35.8%

b (y methylene group) 9.5060 4.9568 47.9%

¢ (B methylene group) 2.8995 2.6892 7.8%

d (0. methylene group) 0.2220 0.1381 37.8%

Total deuteration 38.2%

Table S1: The extent of deuteration for different hydrogens on the model wax molecule. A
standard of 2% error was estimated for deuteration levels.
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D. The SEM image from the reconstituted wax film on Si

2kV 8.2mm 700x

Figure S2: An SEM scan of the reconstituted wax film on silica surface. The protrusions present
on the reconstituted wax films on silica and OTS surfaces have similar size and density.
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OTS and reconstituted wax films on silica and OTS characterisations by neutron
reflection
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Figure S3: The NR profile for OTS characterisation in D20 at the solid/liquid interface. Solid
red line represents the best fit. The data were fitted into a model (OTS single layer) [14] as
described in Tables S2 below, with the best fitted parameters also shown.

Layer Thickness/+2A SLD/10A2

Si 2.07
SiO2 14 3.47
OTS 23 1.15
D20

6.35
Table S2: The best-fitted parameters for the OTS characterisation. The thicknesses are in the
unit of A. The SLDs are in the unit of x10°A2,

142



100 o T T T T L | T
o ¢ d-wax D,O
10tk @ d-wax CMh-wax |
d-wax CMd-wax
: ™ ¢  h-waxD,O
£ 107 oy A h-wax CMd-wax -
z By
E 3 i * 6
= 10° 8 - L ID—
) T o S5F
& w51
107 { %
7 af
. o 82—
10°}+ At ¢ '-.ﬂ:‘l‘.i;: 2 4[| I—]—'_
— —_
1 1 1 1 DIiIlIllIJIIJIlIiJIlIilILII)II‘IlIL
0.01 0.02 0.04 0.1 0.2 0 25 50 75 100 125 150 175
Momentum transfer Q (A7) Wax film thickness (4)

Figure S4: left: the NR profiles for wax films coated on Si and their best fits in 5 contrasts: d-
wax in D20, d-wax in CMh-wax, d-wax in CMd-wax, h-wax in D20 and h-wax in CMd-wax;
right: the relative SLD profiles. The data were fitted into a model (4-layer wax film) as
described in Tables S3, with the best fitted parameters also shown.

Contrast d-wax in D,O d-wax in CMh-wax  d-wax in CMd-wax h-wax in D,O h-wax in CMd-wax
Layer Thickness SLD Thickness SLD Thickness SLD Thickness SLD Thickness SLD
Si 2.07 2.07 2.07 2.07 2.07

SiO; 15+2 3.47 152 3.47 15+2 3.47 152 3.47 15+2 3.47
Wax_1 10+1 5.53 101 0.31 10+1 2.09 101 5.25 10£1 1.70
Wax_2 8213 3.21 82+3 151 82+3 2.17 82+3 2.32 8213 0.58
Wax_3 33+3 4.67 333 0.66 33+3 2.11 333 421 3313 1.28
Wax 4 42+4 5.59 42+4 0.29 42+4 2.18 42+4 5.50 42+4 1.88
Solvent 6.35 -0.3 2.20 6.35 2.20

Table S3: Best fitted parameters for wax films coated on the bare silica substrate. The
thicknesses are in the unit of A. The SLDs are in the unit of x10A2,

Contrast d-wax in D20 d-wax in CMh-wax h-wax in D20 h-wax in CMd-wax
Layer Thickness SLD Thickness SLD Thickness SLD Thickness SLD
Si 2.07 2.07 2.07 2.07
SiO2 15+2 3.47 15+2 3.47 15+2 3.47 15+2 3.47
OTS 23+2 1.15 2312 -0.19 23+2 1.15 2312 0.30

Wax_1 27+3 2.36 27+3 1.87 29+3 -0.03 29+3 -0.19

Wax_2 26+3 3.49 26+3 1.55 25+3 2.60 25+3 0.89

Wax_3 28+2 4.18 28+2 0.89 28+2 3.46 2812 1.23

Wax_4 33+3 5.75 3313 0.27 33+3 5.33 32+3 1.83

Solvent 6.35 -0.29 6.35 2.20
Table S4: The best fitted parameters for wax films coated on the OTS surface. The thicknesses
are in the unit of A. The SLDs are in the unit of x10°A~2,
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F. Interaction of Ci2Ee and CP with reconstituted wax films on the OTS surface
characterised by neutron reflection

Layer Thickness SLDs
+2 d-wax d-wax h-wax h-wax h-wax
D.O CMd-wax D.O D.O CMh-wax
hC12hEs hC12hEs hC12hEs dC12hEs dC12hEs
Si 2.07
SiO2 15 3.47
oTS 23 1.15 0.30 1.15 1.15 -0.19
Wax_ 1 12 2.21 1.78 0.93 2.25 0.83
Wax_2 13 2.88 1.82 1.08 0.87 -0.05
Wax_3 25 451 2.08 3.42 3.43 -0.19
Wax_4 15 491 1.98 451 4.63 0.25
Wax_5 15 421 1.84 4,32 457 0.31
Wax_6 15 5.14 1.92 5.43 5.60 0.38
Wax_7 15 5.64 2.07 5.81 5.56 -0.03
Solvent 6.35 2.2 6.35 6.35 -0.29

Table S5: Best fitted parameters for wax films coated on the OTS surface interacting with 10
CMC Ci2Es. The thicknesses are in the unit of A. The SLDs are in the unit of x10A2,
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Layer Thickness SLDs

12 h-wax CP h-wax CP h-wax CP h-wax CP
D20 CMh-wax D20 CMh-wax
hC12hEs hC12hEs dCi2hEs dCi2hEs
Si 2.07
SiO2 15 3.47
OTS 23 1.15 -0.19 1.15 -0.19
Wax_1 12 0.93 -0.29 2.25 0.83
Wax_2 13 1.08 -0.29 0.87 -0.05
Wax_3 25 3.42 -0.29 3.43 -0.19
Wax_4 15 451 -0.29 4.63 0.25
Wax 5 15 4.32 -0.29 457 0.31
Wax_6 15 5.43 -0.29 5.60 0.38
Wax_7 15 5.81 -0.29 5.56 -0.03
Solvent 6.35 -0.29 6.35 -0.29

Table S6: Best fitted parameters for wax films coated on the OTS surface interacting with 10
CMC Ci2Esand CP. The thicknesses are in the unit of A. The SLDs are in the unit of x108A
2
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6.1 Conclusions

The output from this work could impact agri-science research and development in the following

aspects:
Experimental design

Nonionic surfactants are largely used in pesticide formulation, but their interactions with plant
waxes at the molecular level still remain largely unexplored. As the understanding of the
interactions at the molecular level is highly related to the promotion of pesticide efficiency, we
followed a typical agri-spray process. A tangential benefit of this process was to figure out how
to undertake meaningful experiments that underline the important aspects of agri-spray
formulation and application.

Selection of experimental techniques

In this project we have demonstrated that SANS and NR in combination with deuterium
labelling can offer the appropriate sensitivity and resolution to follow the configurational
alterations of surfactant micelles upon pesticide and wax solubilisation and structural changes
of the reconstituted wax film before and after Al binding. We used three continuous studies to
look inside the molecular dynamic process in a typical agri-spray procedure from pesticide

formulation to spray onto plant surfaces.

Appropriate model systems and experimental setup were designed and tested to ensure
subsequent measurements were relevant, meaningful and easy to analyse and interpret. In the
case of NR, we worked out how to extract representative plant waxes and reconstitute them as
model wax films with main structural features mimicking real wheat wax films. The model
wax was used to assess the stability of reconstituted wheat wax films and then studied at solid-
liquid interfaces for structural characterisations under different water contrasts, with and
without surfactants. These studies undertaken under different isotopic contrasts, e.g.,
deuterated and hydrogenated waxes, deuterated and hydrogenated surfactants and different
ratios of H,O and D20, hugely improved structural sensitivity and resolution of NR and
substantially enhanced the certainty of the final interfacial structures of the wax films, water

and surfactant distributions.

Samples for SANS measurements were prepared by pre-coating pesticide or wax onto the test

tube surface before exposure of the sample films to surfactant solutions for equilibration. These
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samples helped us to understand how surfactant micelles dissolve pre-coated pesticide films to
change the structures of the micelles and how subsequent dissolution of waxes affect micellar

structure changes associated with pesticide release.

Likewise, samples for NMR studies were also carefully considered. *H-NMR was used to
determine the amount of each pesticide solubilised. *H-NMR and NOESY together were used
to help determine the location of solubilised pesticide.

Scientific outcome

Pesticide solubilisation differ hugely in their molecular structures and their solubility in a given
surfactant micelle varies as well. Their extent of solubilisation in nonionic surfactant micelles
causes the micelles to shift from nearly spherical to rod-like via elongation with slight reduction
in their diameters. Reduction in shell thickness results from dehydration of the ethoxylate shell,
which leads to the significant cloud point decline. Change in ambient conditions can break the
equilibrium of pesticide solubilisation in micelles. Our study showed that increasing

temperature drives the pesticide further into the micellar core and greatly dehydrates the shell.

Interactions of the pesticide-loaded micelles with plant waxes are rather different from the
micelles alone as the nanostructure and the effective amphiphilicity of nonionic surfactants
change dramatically upon pesticide solubilisation. It is evident in our study that waxes can be
solubilised into pesticide-loaded micelles whilst the pesticide is partially released. Wax
solubilisation and pesticide release greatly affect the micellar nanostructures via length

contraction, shell expansion and rehydration.

The modes of action of pesticide and nonionic surfactants upon exposure to a model wax film
are also investigated at the wax-water interface. We extended our previous reconstituted wax
model [1, 2] by reconstituting wheat wax films on both hydrophilic silica and hydrophobic
surfaces. This capability enabled us to compare the impact of the different substrates on film
structure and stability. Though both films bear broadly similar morphological features
characterised by the underlying wax film and outer wax protrusions, the detailed structural
features differ significantly. The outer wax outer protrusions exhibit similar features for films
on both hydrophilic and hydrophobic surfaces but the actual thickness and volume fraction
distribution across each type of wax films are different. This results in very different wax film

stability when exposed to the nonionic surfactant. The wax films reconstituted onto the
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hydrophobic surface are more stable and robust. This suggests that the hydrophilicity of the

substrate has a significant impact on the wax film stability.

The three individual papers overall reveal what happens at molecular level in a typical agri-
spray process from Al and adjuvant mixing to the affected plant interface. This thesis work
created a new path that for agrichemistry problems to be studied from the colloid science side.
Our knowledge in colloid science such as development in techniques and understanding in
physical chemistry can be applied to agrichemical applications. As the efficiency of
agrichemicals is highly related to their interactions with adjuvants and plant waxes, studies in
this field at molecular level are of key importance in maximising pesticide efficiency whilst

minimising their toxicity to plants and environments.

6.2 Future perspectives

This project has focused on assessing the impact of single component surfactant system on wax
film and has so far relied on a model nonionic surfactant C12Es only. Different lines of work
can be planned in the future to improve our understanding of pesticide-surfactant-wax

interactions.

First of all, commercial agrichemical products are predominantly supplied as emulsifiable
concentrates in which several different types of pesticides are stablised by polydisperse
nonionic surfactants. The nonionic surfactant tail length and head length can be easily modified
independtly for CnEm surfactants [3]. The tail and head length effects on pesticide solubilisation
and future wax uptake can be investigated. Further studies can also look at different nonionic
surfactant structural configurations including branched tail and head or double bonds on the
hydrocarbon chain. Classic non-ionic surfactants often contain one or more aromatic segments
in their alkyl chain. This has been thought to be vital in enhancing pesticide solubility and
system stability. But actual scientific research behind these thoughts or beliefs is very limited.
There is also some limited evidence to link aromatic hydrocarbon to toxicity. This could be an
important focal point for future research to enhance this area of fundamental understanding and

explore new insights for structural design of new surfactants.

lonic surfactants offer many molecular features that are highly complementary to nonionic

surfactants. It is hence beneficial to study pesticide formulation incorporating ionic surfactants.
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Though ionic surfactants are believed to be more toxic than nonionic surfactants, the
modification on its molecular structural configuration can significantly reduce the toxicity [4].
An obvious advantage for the application of ionic surfactants is stimuli responsiveness.
Because the physicochemical properties of ionic surfactants can be mediated by adding ionic
materials such as salts or polymers, newly designed formulations with these considerations

could benefit pesticide controlled loading and release.

A more practical case is to look at mixed systems, i.e., pesticide and wax solubilisation in the
mixed surfactant micelles composed of those with different functional groups or different tail
and head length or different structural configurations. Our knowledge in this area still remains
sparse but some evidence implicates that mixing surfactant systems have rather different

physicochemical properties from single component systems [5, 6].

A more challenging task is to look at the pesticide co-formulation with polymers. Studies show
that some polymers have been used or have the potential to be used as useful ingredients in
agrochemical formulations [7, 8]. Polymers have great advantages in stimuli responsiveness
and could also mitigate the cost significantly, however, their self-assembly with pesticide,
surfactant and wax could result in very complex and diversified nanostructures which require

careful characterisations for future exploitation.

Simulations could be a strong support to experimental studies. Molecular dynamics simulations
on surfactant self-assembly have been going on for decades but simulation explorations on
drug delivery using surfactants, especially pesticide delivery, still remain sparse. As structural
configurations of pesticides differ significantly among species, the difficulty is how to
effectively model the pesticides by not only more accurately representing pesticide

physicochemical properties but also saving the computational efforts.
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