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Abstract
This study looked at the functionalisation of Mg using aryldiazonium chemistry to

decrease the corrosion properties of the metal and successfully modified the surface. Ni-
trophenyl (NP) films were successfully grafted from water and acetonitrile (ACN) with
analysis using water contact angles, infrared spectroscopy, and X-ray photoelectron spec-
troscopy confirming this. Both water and ACN are suitable media for the reaction of
4-nitrobenzenediazonium and Mg to form NP films. However, water forms an unsuitably
thick layer when using 4-ethynylbenzenediazonium. A concentration of 25 mM and reac-
tion time of 4 h are sufficient for multilayer film growth. These thin films do not provide
any corrosion protection, indicating an additional bioactive layer will need to protect the
metal.
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Glossary
ACN acetonitrile
ABD 4-aminobenzenediazonium
CB carbonate buffer
EBD 4-ethynylbenzenediazonium
EP ethynylphenyl
GC glassy carbon
HA hydroxyapatite
HEPES 2-(4-(2-hydroxyethyl)piperazin-1-yl)ethane-1-sulfonic acid
LSV linear sweep voltammetry
NBD 4-nitrobenzenediazonium
NP 4-nitrophenyl
PB phosphate buffer
PCL poly(ε-caprolactone)
PCS photocurrent spectroscopy
PLLA poly(L-lactic acid)
PLGA poly(lactic-co-glycolic acid)
PT pretreatment
SiC silicon-carbide
WCA water contact angle
XPS X-ray photoelectron spectroscopy
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1 Introduction
1.1 Limitations of Non-Degradable Implants

Orthopaedics relies on the use of permanent and temporary implants to replace miss-
ing joints or bones or to support damaged tissue when trauma has occurred to the mus-
culoskeletal system.1,2 Due to the composition of the human body, implants are required
to withstand a complex environment, while also promoting the regrowth and repair of
the body. Implants are constructed from materials which are selected for their high me-
chanical strength and fracture resistance and are constructed from metals, ceramics, or
plastics.1–4 Common metallic orthopaedic materials include stainless steel, titanium, and
cobalt-chromium-based alloys; these are standard due to their high corrosion resistance.

One significant limitation of these materials is the release of toxic corrosion products
when degradation eventually occurs.2,5,6 Whether through mechanical wear or chemical
attack, ions and particles can hinder development and growth of the surrounding tissue
and cause additional trauma.5

Another disadvantage is the mechanical properties exhibited by metals are not well
matched with those of natural bone and can result in stress shielding effects.7,8 Accord-
ing to Wolff’s Law, the strength of a bone is proportional to the loads it is placed under,
therefore, if a bone is supported by a mechanically stable implant, the bone will become
less dense, and weaker.9 Reduced stimulation for bone regrowth retards the healing pro-
cess and may prevent a complete recovery.2,7,9,10

Additionally, implants are often removed, either after the healing process is complete,
or due to complications. Bostman et al. reported that 15 % of all operations (23 % of elec-
tive surgeries) within the Helsinki University Hospital orthopaedic and trauma unit was
for the removal of implants.11 Removal leads to repeat operations that increase health-
care costs and unwanted complications and trauma (including further fractures) for the
patient.12 These limitations have resulted in the investigation of biodegradable implants
as an alternative biomaterial for some applications.

1.2 Biodegradable Implants

Zheng et al. 13 define biodegradable materials as materials expected to corrode grad-
ually in vivo, with an appropriate host response elicited by released corrosion products,
and then dissolve entirely upon fulfilling the mission to assist with tissue healing. The
general biological, chemical, physical, and mechanical characteristic of all biodegradable
materials are set out in Table 1.

Figure 1 depicts the relationship between the strength of healing bone and permanent
and degradable implants. The implant is required to maintain physical and mechanical
integrity up until the bone begins to form stronger lamellar bone, requiring pressure to
form correctly.9 When this occurs, a biodegradable implant should degrade within a rea-
sonable period of time which can be sped up by making the implant porous.13 Permanent
implants are not designed to do this and thus induce stress shielding beyond the mechan-
ically sensitive range7 and require a secondary removal operation.10
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Table 1: Comparison between permanent and biodegradable materials in biomedical applica-

tions.13

Items Permanent materials Biodegradable materials

Mechanical property Stable Degrade with time and should match recovery
process (Figure 1)

Corrosion product release Unwanted The release of ions/particles should be acceptable
by the host locally and all over the body

Interaction with surrounding tissue Bio-inert Bio-active

Application fields Ubiquitous Specialised

Time

S
tr

e
n

g
th

consolidation

healing

bone

solid

degradable

implant

permanent implant

mechanical sensitive 

period of bone healing

100 %

0 %

porous

degradable

implant

Figure 1. The mechanical strength of bone, permanent implants, and solid and porous degradable

implants as the bone heals. Consolidation is the point at which the stronger lamellar bone forms,

requiring pressure to form correctly. Modified from reference 13.

Biodegradable materials can be generalised into three categories: polymers, ceram-
ics, and metals, however, composites are also being thoroughly investigated. Polymeric
implants were first reported by Kulkarni et al. 14 and are already successful materials
for osteosynthesis, where low or mild load bearing applications are required,13 such as
interfacial screws and suture anchors.15 Polymers provide excellent degradation rate ver-
satility, ranging from 1–2 months to longer than 2 years, with even more variability when
copolymers are employed.16 Ceramics have remarkable biocompatibility, resorbability
and bioactivity and furthermore promote bone growth on their surface. Their high me-
chanical strength and rigidity2 facilitates their use as a bioactive scaffold which the body
uses as a template for tissue repair.

Metallic biomaterials are pure, alloy or composite materials which are non-toxic to
the body. Whereas traditional metals (stainless steel, titanium and cobalt-chromium al-
loys) have high corrosion resistance in the body, biodegradable metals are selected for
their ability to degrade within the body controllably. Their pathophysiological and toxi-
cological features as well as their physical and mechanical properties, make them highly
desirable as an emerging alternative for specialist applications. Magnesium is of great
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interest as the primary base metal in many biomaterials, due to its extreme lightness, high
fracture toughness, bone-like elastic modulus and compressive yield strength (Table 2).
Further, it has a high no-observed-adverse-effect level when compared to other biodegrad-
able metals (6.7 mgkg−1

BW d−1 for Mg and 0.28 mgkg−1
BW d−1 for Fe, another possible base

metal17). Because of this, Mg is at the forefront of biodegradable metal design and is the
focus of this project.

Table 2: Comparison of different biomaterials and their physical and mechanical properties. Com-

piled from references 2,15,16,18

Properties Natural bone Magnesium Ti Alloy Co-Cr alloy Stainless Steel HAa Bioglass PLLAb

Density (gcm−3) 1.8–2.1 1.74–2.0 4.4–4.5 8.3–9.2 7.9–8.1 3.1 2.5 1.21–1.43

Elastic modulus (GPa) 3–20 41–45 110–117 230 189–205 73–117 75 2.7

Compressive yield
strength (MPa)

130–180 65–100 758–1117 450–1000 170–310 600 1000 -

Fracture toughness
(MPam1/2)

3–6 15–40 55–115 - 50–200 <1 0.7 -

a hydroxyapatite, b poly(L-lactic acid)

1.3 Chemical and Physical Characteristics of Magnesium

Magnesium is classified as an alkaline earth metal and is found in Group 2 of the
periodic table (Table 3). The potential advantages of the material outlined above are
counteracted by the poor corrosion and softness of the surface of Mg and its alloys.

Table 3: Atomic and physical properties of Mg. Compiled from references 18 and 19

Property Mg

Atomic number 12
Electronic configuration [Ne]3s2

Atomic mass 24.3050 gmol−1

Naturally occurring isotopes 24Mg (78.99 %)
25Mg (10.0 %)
26Mg (11.01 %)

Density (20 ◦C) 1.738 gcm−3

Electrical resistivity (20 ◦C) 4.46 µΩcm

1.3.1 In Vivo Corrosion Characteristics

Magnesium has the lowest reduction potential of all engineerable metals, with E−◦(Mg2+/Mg)=

−2.37V vs. standard hydrogen electrode.20

Anodic reaction:

Mg−−⇀↽−−Mg2++2e− (1.1)

Cathodic reaction:

2H2O+2e− −−⇀↽−− H2 +2OH− (1.2)
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In aqueous environments, Equation 1.1 and Equation 1.2 occur producing the overall
corrosion process

Mg(s)+2H2O(`) −−→Mg(OH)2(s)+H2(g) (1.3)

Pourbaix diagrams provide an important graphical representation of the possible equilib-
rium phases of an aqueous redox system. The data is produced using thermodynamic
calculations and experimentally observed behaviour. The 3-D Pourbaix diagram in Fig-
ure 2 shows that by limiting the thermodynamic activity of the surface, the equilibrium
potential for the oxidation of Mg shifts positive, thus making it less thermodynamically
favourable.

8.0 8.2 8.4 8.6 8.8 9.0
-2.40

-2.35

-2.30

-2.25

-2.20

E
 /
 V

pH

Mg2+
(aq)

Mg(OH)
2(s)

Mg
(s)

a
Mg (s)

 = 1
a

Mg (s)
 = 0.5

a
Mg (s)

 = 0.1
a

Mg (s)
 = 0.05

a
Mg (s)

 = 0.01

Figure 2. E-pH Pourbaix diagram for the Mg-H2O system. The lack of MgO is due to 1.5.

Reproduced from reference 21

One significant problem observed with Mg oxidation in vivo is the accompanying
reduction of H2O to form H2 and OH– (Equation 1.2). Zheng et al. 13 evaluated recent
in vivo animal studies using Mg-based implants and reported that in approximately 70 %
of cases, subcutaneous gas cavities produced by the accumulation of H2 were observed.
Due to the different H2 solubility and diffusion coefficients in different tissues, the rate
of cavity formation and hence the rate of Mg corrosion is dependent on the location of
the implant,22 with Remennik et al. 23 ranking Mg degradation in the following order:
subcutaneous > muscle > bone. The local pH change may cause unexpected problems in
vivo, however, further research on this is required.4

Erwin Payr is one of the most significant pioneers of the use of Mg as a biodegradable
material and was able to propose that tissue O2 and H2O content, CO2, the dissolved
salts in blood and the chemical processes within cells were mainly responsible for the
corrosion of Mg within the body.4 Cl– ions significantly increase the degradation rate due
to the conversion of sparingly soluble Mg(OH)2 to the highly soluble MgCl2 (Equation
1.4).24 Significant corrosion is typically observed when Cl– concentrations are greater
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than 30 mM and severe pitting corrosion can be observed on Mg in vivo,17,24,25 where the
concentration is about 100 mM.26

Mg(OH)2(s)+2Cl−(aq) −−→MgCl2(s)+2OH−(aq) (1.4)

In vitro and in vivo corrosion studies are complicated by the contribution of many
factors, including: ions (mainly Ca2+, PO4

3 – , and CO3
2 – ); biomolecules (proteins, amino

acids, lipids, hormones, etc.); cell adhesion, tissue formation; and the resorption and
dissolution of the implant itself. The anatomical environment also plays a significant role
in controlling corrosion rates, with blood flow, pH, CO2 and H2 diffusion and mechanical
stress being the main factors.13 The precise corrosion morphology of Mg and its alloys
depends on the chemical, physical, mechanical and environmental conditions.

1.3.2 Lowering the Corrosion Rate for In Vivo Use

Bare, pure Mg experiences a corrosion behaviour which is typically too fast for many
applications and results in the formation of gas cavities and, therefore, requires modifica-
tion whether by alloying or through the use of coatings.

Alloying can result in the improvement of strength and creep resistance, but the patho-
physiology and toxicology of degradation products have to be taken into account.2,13 Not
only must the alloying material slow the corrosion rate, but it must remain biocompat-
ible within the vicinity of implantation. The alloys of most interest include elements
which are essential in the body ( >50 mgkg−1

BW: Fe, Ca, Zn, and Mn), potentially essen-
tial (<50 mgkg−1

BW: Sr, Si, and Sn), or have proven characteristics which may be advan-
tageous for alloying (Li, Al, Zr, Bi, and Y and lanthanides).2 Alloys have to be carefully
designed such that the phase boundaries of individual grains do not form anodic and ca-
thodic regions which can result in accelerated degradation due to galvanic corrosion.2

Further, the release of alloying metal ions will have a direct effect on the viability of cells
and tissues in the area surrounding the implant. Significant research is still required on
the in vivo corrosion characteristics of these metals and into the potential toxic effects of
alloy corrosion products due to their high local concentrations.2

Surface modification has been shown to decrease the rate of Mg corrosion to some
extent. The decrease has been reported to range from close to 20 % to over 90 % after sur-
face modification.13 However, obtaining uniform corrosion and coating stability remain
significant problems. Microcrack and defect formation in the surface coating can result
in the acceleration of local degradation.12,13,27 Many different surface protection meth-
ods have been reported in the literature, including chemical methods such as fluoride28

and alkali treatment,29 electrochemical treatment,30 bone-like mineral deposition,31 sol-
gel treatment,32 and organic polymers coatings (polydopamine,33 chitosan,34 cellulose,35

collagen,36 gelatin,37 poly(L-lactic acid) (PLLA),38 poly(ε-caprolactone) (PCL),39 and
poly(lactic-co-glycolic acid) (PLGA)40). Mechanical techniques have also been em-
ployed, such as high-speed dry milling, ball burnishing, laser shock peening and cryo-
genic machining.13 Zheng et al. 13 summarise several of these techniques, and Heise
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et al.12 give an in-depth discussion of natural polymeric coatings in vitro and in vivo.
Further development of surface coatings and investigations into their biocompatibility and
clinical applications will result in the design of better and more sophisticated implants.
It is paramount that the surface chemistry of Mg is understood before any modification
occurs.

1.3.3 Surface Structure

In air, Mg naturally forms a passivated surface layer consisting of mainly Mg(OH)2

and MgO; alloying elements also form hydrated oxide components if present. MgO has
a NaCl-like structure, is an excellent thermal conductor, and is a good electrical insula-
tor. MgO is a simple basic oxide and reacts with H2O to form a hydroxide layer (Equa-
tion 1.5). This hydroxide layer is partially soluble but can protect the surface in dry air.

MgO+H2O−−→Mg(OH)2 (1.5)

The Pilling-Bedworth ratio (see Appendix 6.1) of Mg(OH)2 to Mg (0.8141), shows
that the hydroxide layer is porous and inadequately covers the underlying metal. Addi-
tionally, there is a mismatch between the hexagonal close-packed structure of the bulk
Mg and cubic and hexagonal structures of MgO and Mg(OH)2 respectively. There is a
high degree of compressive strain on the passivated surface,18 which can quickly lead
to cracking which exposes the base metal to potentially corrosive substances resulting in
corrosion. Commercial surface treatment of Mg often requires the use of an additional
sealant.

Extensive studies by Nordlien et al. 42 , Santamaria et al. 43 , and Yao et al. 44 have
investigated the formation of oxide films on the surface of pure Mg in dry, humid and
aqueous environments using a range of analytical techniques, including X-ray photoelec-
tron spectroscopy (XPS) and photocurrent spectroscopy (PCS). The thickness of the oxide
film ranges from 20–50 nm, with a median of 25 nm42 with an underlying MgO film 5–
6 nm thick44 and is independent of differences in grain orientations and variations in the
time between cutting and observations. With exposure to H2O, Mg(OH)2 forms prefer-
entially on the outermost layer forming a platelet structure (Figure 3a) and then grows in
thickness with exposure time (Figure 3b).

The variable and poorly passivated surface is chemically and physically detrimental
for the development of Mg-based materials unless significant modifications to the surface
occurs. Optimal surface protection can be achieved with attention to the principles set out
by Kurze:18

• Any errors during the processing or manufacturing will propagate, and not even the
best surface protection can compensate for imperfections.
• High-purity Mg should always be used. Heavy metal impurities result in galvanic

corrosion under protective coatings, forming H2 and causing the protective coating
to lift and the exposure of the base Mg to the environment.
• The porosity of the Mg should be limited as high porosity can trap electrolyte and
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(a) (b)

Figure 3. Film morphology of oxide layer of Mg after exposure to H2O. (a) Schematic drawing

of Mg surface after exposure to aqueous solution. Reproduced from reference 42. (b) XPS scan

of the Mg 2p region showing the disappearance of the metallic Mg peak with immersion in pure

water for 15–300 s. MTE is mechanically treated electrodes. Reproduced from reference 43.

increase corrosion and release of H2 and destroy of protective coatings.

1.4 Surface Modification via Reduction of Aryldiazonium Salts

Increasing the corrosion resistance of Mg is the primary challenge inhibiting adoption
of the material in more widespread applications. Although surface modification of Mg has
been achieved using a variety of techniques,18 many surface treatments are incompatible
with a biomedical application and give coatings that suffer from poor adhesion to the
metal surface. It is almost impossible to get a complete compact coating by wet chemical
methods because of the hydrogen bubbles generated during coating.13

In the application of surface science, the interest in aryldiazonium salts has undergone
a quantum leap. Pinson and co-workers45 first described the use of 4-nitrobenzenediazonium
(NBD) ion as a surface modifier on a glassy carbon (GC) electrode, and in the 25 years
since, it has become possible to graft aryldiazonium salts onto a variety of substrates, in-
cluding carbons, metals, semiconductors and polymers.46,47 The major pathway for graft-
ing via aryldiazonium salts in acidic and non-aqueous media involves the reduction of the
diazonium ion, followed by homolytic cleavage of the C – N bond to form an aryl radi-
cal which subsequently reacts with the substrate to form a covalent bond (Scheme 1.1a).
Multilayers form via continued grafting through previous aryl groups (Scheme 1.1b).

The reduction of aryldiazonium salts can be achieved using a variety of techniques
and conditions including electrochemically, by spontaneous reduction by the substrate,
photochemically, and by the addition of a reducing agent.47 Therefore, functionalisation
can be tuned to the appropriate conditions suitable for the substrate. Alternatively, if the
salt is not isolable, as is the case with 4-aminobenzenediazonium (ABD), in situ gener-
ation of the diazonium from the aromatic amine with sodium nitrite (in acidic solutions)
or with tert-butyl nitrite or isoamyl nitrite (in acetonitrile solutions) allows for grafting of
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Scheme 1.1. Proposed mechanism for (a) reduction of an aryldiazonium ion lead to the formation

of the aryl radical and subsequent reaction with a substrate; (b) formation of multilayers including

the formation of azo linkages.

aryl groups with a broader range of functionality.

Diazonium salts are stable in aqueous acidic solution and acetonitrile, but the stabil-
ity in other aprotic medium has not been systematically investigated.46 As pH increases
above pH 2-3 the stability of the ion decreases and there is rapid conversion to the di-
azohydroxide (Ar – N –– N – OH) and diazoate (Ar – N –– N – O– ) at neutral and basic pH
(Scheme 1.2). However, these species are also able to form covalently grafted films on
metallic surfaces.48

Tetrafluoroborate salts of diazonium ions are particularly advisable compared to other
counter ions, such as Cl– , as they are stable at room temperature and undergo the Balz-
Schiemann reaction (Scheme A.1) upon heating.46

1.5 Aims

1.5.1 Overarching Goal

The overarching goal of research in this area is to develop a procedure for the chemical
grafting of bioactive layers onto a Mg substrate with the aim to reduce the corrosion
properties of the metal. Corrosion protection may be achieved by using a covalently
attached adhesion layer which is then covalently bonded to a bioactive layer.

1.5.2 Specific Goal

The specific goal of the project is to develop and investigate the feasibility of grafting
nanoscale organics layers to Mg from aryldiazonium ion solutions. The ease of prepa-
ration and a strong aryl-surface covalent bond seen on other materials suggest that the
use of aryldiazonium ion grafting might be a convenient approach to give adhesion lay-
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Scheme 1.2. Possible aryl radical formation mechanism in aqueous solution at pH ≥ 7.48–51

(a) Formation of the diazohydroxide and diazoate in an alkali solution, followed by subsequent

decomposition to form the aryl radical. (b) Formation of the oxybis(diazene) and decomposition

resulting in aryl radical formation.

ers on Mg. The functionalisation of the diazonium ion will allow for several methods of
coupling a second corrosion protection layer.This will be achieved by examining the re-
action of 4-nitrobenzenediazonium and 4-ethynylbenzenediazonium with Mg in various
media. For the most promising conditions, the procedure for obtaining strong coherent
thin films will be optimised. The corrosion protection properties of the film will also be
investigated.

2 Experimental Methods
2.1 General Synthesis and Reagents

2.1.1 Reagents and Solvents

All solvents and reagents were obtained from commercial sources and used as re-
ceived. Non-aqueous solutions were prepared in HPLC grade solvents, and aqueous so-
lutions were prepared in Milli-Q water (resistivity > 18MΩcm).

2.1.2 Aryldiazonium Salts

Unless stated otherwise, all aryldiazonium salts used in this project have been previ-
ously reported and were prepared according to a literature method.52 Briefly, the aromatic
amine derivative (5 mmol) was dissolved by the slow addition of 25 % hydrofluoroboric
acid (HBF4, 5 mL) while stirring in an ice bath. A cold solution of sodium nitrite (5 mmol)
dissolved in minimal water (1 mL) was added drop-wise while stirring for 20 min. The
crude product was filtered under suction. The product was dissolved in a minimal amount
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of acetonitrile (ACN) in an ice bath and gradual addition of diethyl ether re-precipitated
the purified product which was filtered and washed with cold diethyl ether. The product
was dried under vacuum and stored in the freezer in the dark.

R

NH2

R

N2
+ BF4

-

NaNO2

HBF4

Scheme 2.1. Synthesis of an aryldiazonium salt from an aryl amine in aqueous solution.

2.1.3 Buffer Solutions

Buffers were prepared using the Henderson-Hasselbalch equation to estimate the amount
of each reagent (Equation 2.1), where pKa corresponds to the − log10 Ka where Ka is the
acid dissociation constant, [HA] is the concentration of the acidic component and [A−] is
the concentration of the conjugate base.

A 0.1 M phosphate buffer (PB) was used for solutions with pH = 8, with NaH2PO4 as
the source of acidic H2PO4

– (pKa = 6.86) and Na2HPO4 as the source of basic HPO4
2 –

and NaOH added to give the desired pH.
A 0.1 M carbonate buffer (CB) was used for solutions with pH = 10. NaOH was added

to NaHCO3 (HCO3
– , pKa = 10.33) to prepare the buffer.

pH = pKa + log10

(
[A−]
[HA]

)
(2.1)

2.1.4 Solution for Corrosion Testing

The corrosion testing medium was prepared using 0.1 mM NaCl and 0.1 mM 2-(4-
(2-hydroxyethyl)piperazin-1-yl)ethane-1-sulfonic acid (HEPES) and adjusted to pH 7.4
using NaOH.

2.2 Surface Preparation and Modification

2.2.1 Preparation of Mg Surfaces

Mg surfaces were polished successively with 400 (P800, 22 µm), 600 (P1200, 15 µm),
and finally 1200 grit (P2500, 8 µm) silicon-carbide (SiC) polishing discs (Buehler Car-
biMet), followed (if required) by polishing using oil-based diamond suspensions, with
particle sizes of 9 µm and 3 µm (Buehler MetaDi Supreme Suspension). Samples were
ultrasonicated in ethanol for 10 min, twice, before drying under a stream of N2 and stored
in a vacuum desiccator. NaOH pretreatment (PT) consists of soaking substrate in 2 M
NaOH bath for 30 min at 80 ◦C.

2.2.2 Spontaneous Grafting of Aryldiazonium Salts

Spontaneous grafting of surface coatings was achieved by placing the polished Mg
surface into a beaker with the addition 10 mL of the required aryldiazonium salt solution
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(concentration and solvent as specified in the text). The beakers were then placed on
an orbital shaker for the desired amount of time (1–24 h). This procedure was carried
out in darkness to avoid photochemical reduction of the diazonium ion. After grafting,
substrates were ultrasonicated in the same solvent that they were grafted in, minus the
diazonium salt, for 5 min, followed by ethanol and Milli-Q water if required. Samples
were dried under N2 and stored in a vacuum desiccator. Control samples were prepared
by following the same procedures as above, but with the immersion of Mg samples in
solutions absent of diazonium salts.

2.3 Instrumental Methods

2.3.1 X-ray Photoelectron Spectroscopy

XPS data were obtained using a Kratos Axis Ultra DLD spectrometer equipped with
a monochromatic Al Kα source operating at 100–150 W. Survey scans were recorded
with a step size of 1 eV and pass energy of 160 eV; for narrow scans, the corresponding
parameters were 0.1 eV and 20 eV, respectively. Peak fitting procedures and data analysis
were conducted using CasaXPS software.

2.3.2 pH Meter

pH values were measured using an EDT Instruments GP 353 ATC pH meter.

2.3.3 Fourier Transform-Infrared Spectroscopy

FT-IR spectra were recorded using a Bruker Vertex 70 spectrometer operating OPUS
software using a Bruker PLATINUM diamond ATR accessory. Mid-IR spectra were
recorded using 64 scans at 4 cm−1 resolution from 600–6000 cm−1 with a liquid N2

cooled HgCdTe detector.

2.3.4 Water Contact Angles

Water contact angles (WCAs) were measured using drops of 1 µL Milli-Q water. At
least 5 separate spots were measured for each sample. Images were analysed using the
low-bond axisymmetric drop shape analysis (LBADSA) method of Stalder et al. 53

2.3.5 Electrochemistry

For all electrochemical methods, the Mg substrate was the working electrode. A cop-
per plate pushed into the non-polished surface was used as the electrical contact for the
electrode. The exposed area of the surface was 1.1 cm2. A Ag/AgCl/3.0 M KCl refer-
ence electrode was used for electrochemical measurements; all potentials in this report
are quoted against this reference. The counter electrode used in this report was a Pt mesh
sealed in glass.

Electrochemical measurements were performed using an Eco Chemie Autolab PG-
STAT302 or PGSTAT302N potentiostat running Autolab NOVA versions 1.11. All elec-
trochemistry was obtained in non-deoxygenated solutions. For electrochemical corrosion
testing, linear sweep voltammetry (LSV, either 10 mVs−1 or 1 mVs−1) were measured
in a three-electrode setup over the range from −3 V to −1 V vs. Ag/AgCl. A solution
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volume of ∼ 50mL was used and was replaced after every sample. Tafel plots (plots of
log |current density| vs. potential) were generated by the potentiostat software.

3 Results and Discussion
There have been no published reports of covalent grafting of aryl groups to Mg. How-

ever, aryldiazonium salt chemistry has been applied to a wide range of surface types.46,47

Previous work in this group by summer student Craig Melton suggested that aryldiazo-
nium grafting to Mg deserved further investigation.54

Two different diazonium ions were investigated during this work: 4-nitrobenzenediazonium
(NBD) and 4-ethynylbenzenediazonium (EBD). NBD is the benchmark for work involv-
ing diazonium ions due to its well behaved and well-documented grafting procedures and
its high stability when compared to other diazonium ions. The – NO2 tag is detectable
by many spectroscopic techniques including XPS and IR spectroscopy. The – NO2 group
can undergo reduction group to an amine by several methods, allowing for further mod-
ification of the surface to occur. Another critical feature for the use of NBD is its ease
of reduction to the aryl radical which occurs in a variety of media and can occur sponta-
neously, electrochemically, or photochemically. EBD is also easily reduced. Furthermore,
the presence of the presence of the – C ––– C – H function group expands the possible routes
for additional layer functionalisation using click chemistry.

The spontaneous formation of the aryl radical and simultaneous grafting to a surface
is typically achieved in ACN or acidic aqueous solution (pH ≤ 3), however grafting in
neutral or basic conditions can also result in film formation (Scheme 1.2). The pH of
the medium for spontaneous grafting to Mg requires consideration, as Mg will undergo
corrosion at a pH below 8.4 (Figure 2). In this work, grafting was initially done in pH 8
and 10 aqueous PB and CB respectively, and subsequently in unbuffered Milli-Q water
and ACN. Although it would be expected that Mg will corrode in the pH 8 solution,
previous work by Melton et al. 54 appeared to show grafting at this pH.

3.1 Buffered Aqueous Solutions

3.1.1 Phosphate Buffer Solution

Table 4 details the experimental procedures and observations for the grafting of NBD
and EBD and controls in PB. Photographs of surfaces are shown in the Appendix Fig-
ure A.1 to Figure A.3. With the control samples (samples ‘reacted’ in the absence of
diazonium salt), crystals form on the surface of Mg. The insoluble Mg phosphate salts
(Mg(H2PO4)2, MgHPO4, and Mg3(PO4)2) are the probable cause for these crystallites.
Localised degradation on the surface produces Mg2+ which then precipitates as the phos-
phate salt.55 Sonication does not remove the crystals indicating that they are held tightly
by the Mg(OH)2 layer.13 Deposition of phosphates and calcium salts is also observed
when pure Mg is exposed to in vivo environments.56 Substrates modified for 24 h, with or
without NaOH pretreatment, show high concentrations of crystal growth. When exposed
to PB for a shorter period of time (1 h) the rate of degradation at high pH is slow enough
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that significant crystal growth cannot occur.
Samples modified with NBD show a range of surface morphologies, but all suffer

from uncontrollable film growth. Samples modified for a significant amount of time have
a thick layer after removal from the modification medium, which undergoes complete or
partial destruction upon sonication. The surface morphology of samples exposed for a
shorter period or use of NaOH pretreatment are more controllable, although the surface
layers are incomplete. Bubble formation and corrosion caused by the solution during
modification are assumed to block the grafting of the aryl radical to the surface.

Grafting of EBD is significantly more reproducible when compared to NBD but still
suffers from problems. Modification using EBD results in a film which provides a uniform
coating, albeit with small perforations due to the presence of bubbles on the surface.
However, compared to NBD modification the surface coating is attached solidly to Mg,
with destruction not occurring upon sonication.

-2.5 -2 -1.5 -1 -0.

Potential / V vs. Ag/AgCl

10
-10

10
-8

10
-6

10
-4

10
-2

10
0

10
2

C
u

rr
e

n
t 
d

e
n

s
it
y
 /
 m

A
 c

m
-1

Polished Mg PB control NBD 50 mM, 24 h, pH 8 EBD 50 mM, 24 h, pH 8

EBD 50 mM, 24 h, pH 7.4 EBD 50 mM, 4 h, pH 7.4 EBD 50 mM, 1 h, pH 7.4 EBD 10 mM, 1 h, pH 8

05

Figure 4. Tafel plots of polarisation curves of substrates modified in PB. LSV scanned at a rate of
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Table 4: Overview of the experimental procedures and the observations of the solution and the substrate after reaction of Mg with NBD and EBD, and for control

samples.

Diazonium Conditionsa Solution Appearance Sample Appearance Comments Fig.b

None (con-
trol)

pH 8, 24 h Bubbles form on the surface, no visual
change to the solution.

Crystallisation has occurred on the surface. Mg phosphate salts are the probable cause for these
crystallites. Gas bubbles also present on surface

A.1a

pH 8, 1 h As above Beginning of crystallisation of the surface, although the polish of the surface is still visible A.1b
NaOH PT, pH 8, 24 h As above Significant crystallisation observed on surface A.1c
NaOH PT, pH 8, 1 h As above The surface appears duller, although not consistent over the entire surface. Small crystals form.

No visible polished metal underneath.
A.1d

NBD pH 8, 50 mM, 24 h Forms a thick brown precipitate which has
trapped bubbles. Solution colour on it own
is brown/orange

Before sonication there is a thick brown layer on the surface, however, after sonication, this layer
breaks down leaving the bare Mg.

Films were patchy, and reproducibility was
poor.

A.2a

pH 8, 50 mM, 1 h A brown precipitate formed as above, but the
layer was thinner.

After sonication surfaces were uniformly covered in a thick (visible) orange-brown colour layer For this time, samples seemed to be better
controlled and reproducible. Sonication did
not remove the layer.

A.2b

NaOH PT, pH 8, 50 mM, 24 h Brown precipitate formed as above and solu-
tion discolouration

Thick brown layer coats the centre and becomes thinner towards the edges. Irregularities in the
coatings in certain places are likely due to bubble formation

Not very consistent between samples. A.2c

NaOH PT, pH 8, 1 mM, 24 h A brown precipitate formed as above, thin-
ner than above

Orange-brown coating dotted with the locations where bubbles had formed in solution A.2d

EBD pH 8, 50 mM, 24 h A thick brown solution formed, precipitate
floated about in slightly orange coloured so-
lution

Very thick brown layer, small holes due to gas bubbles. Cracks appear on the surface after corrosion
testing but remains attached to surface.

A.3a

pH 7.4, 50 mM, 24 h as above Thick brown surface, with darker marks near edges of surface Surfaces on two samples peeled off after son-
ication (Figure A.3c), but one had the same
appearance as above.

A.3b

pH 7.4, 50 mM, 4 h As above Film completely covers surface and edges of substrate, albeit with holes Very reproducible method. A.3d
pH 7.4, 50 mM, 1 h As above Thinner than above layer, but still uniformly distributed across substrate and with small holes

which appeared after sonication
A.3e

pH 8, 10 mM, 1 h Solution was orange coloured and becoming
more opaque bubbles had formed around the
edges of the sample and at the top of the so-
lution

Visually thinner surfaces than above and the coating is cracked at the edges of the surface but
otherwise uniform coating.

A.3f

a NaOH pretreatment (PT, if used), solution pH, concentration of diazonium salt if present, immersion time of the sample in solution.
b Photographs of surfaces are shown in the Appendix Figure A.1 to Figure A.3.
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3.1.2 Corrosion Testing of Phosphate Buffer Substrates

The corrosion resistance of the newly grafted aryl layers was investigated using polar-
isation curves and visualised as Tafel plots (Figure 4). In Tafel plots, the potential of the
minimum current corresponds to the corrosion potential (Ecorr) and the current density ( j)
over the higher potential range indicates the rate of Mg oxidation, while over the lower
potential range indicates the rate of H2 generation by H+ reduction. Extrapolation of the
two arms using the Tafel equation yields the exchange current density ( j0). Comparing
the Tafel plot for a polished-only Mg substrate (black line) with a PB control (blue line)
and NBD modified sample (orange line), we see there is no significant improvement in
the corrosion resistance with any treatment ( j0 are very similar), indicating that neither
the crystals on the control nor the nitrophenyl film provide protection to the surface. This
was also seen in repeat experiments, indicating that the use of NBD does not provide cor-
rosion protection and would require the use of a second coupled layer for this purpose.
Contrarily, EBD shows a large positive shift in Ecorr of about 1.5 V and j0 decreases by
a factor of up to 106 times. Longer reaction times were observed to produce the most
corrosion resistant surfaces, coming from samples which had a visibly thicker coating.
Shorter grafting times still decrease the current significantly presumably due to a thinner
film.

Although the surfaces modified with EBD show excellent corrosion resistance, the
poor stability of the coating on all the substrates measured resulted in the coating cracking
and in some cases completely detaching from the surface after electrochemical testing
(Figure 5).

(a) (b) (c)

Figure 5. Cracking and dissociation of EBD film after electrochemical corrosion testing. Sample

modification follows: (a) 25 mM in pH 8 PB; (b) and (c) 10 mM in pH 7.4.

One possible reason for the destruction of the coating is that, due to the formation
of microcracks and imperfections during the reaction stage, during corrosion testing the
corrosion medium can dissolve the underlying metal Mg. This is a common corrosion
failure mechanism of coated Mg-based materials.12

3.1.3 Carbonate Buffer Solution

At the pH of PB solution (pH 8), corrosion of Mg will occur in solution, however, a
coating on Mg using EBD was able to form from this solution. To investigate whether
pH had any impact on the surface, a pH 10 CB was used as the modifying medium. A
coating on Mg using EBD was successfully achieved in PB but disintegrated after testing
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electrochemically, so the use of a higher pH solution would hopefully inhibit corrosion of
Mg during the grafting stage, allowing for a stronger film to form.

(a) (b) (c)

Figure 6. Mg substrates after exposure to CB for 24 h. (a) control before sonication; (b) control

after sonication; (c) after reaction in 50 mM EBD solution and sonication.

In CB, the surface of the Mg control develops a dark matte coating due to the in-
solubility of MgCO3 (Figure 6a). However, unlike the crystallisation formed in PB, this
coating disappeared after sonication, revealing corrosion had occurred (Figure 6b). EBD
modification on Mg resulted in a thick brown surface, not unlike the surfaces developed
using PB, however, upon sonication in CB the film completely disintegrated and even-
tually resulted in the surface seen in Figure 6c. Large pores and discolouration to the
surface are seen.

3.1.4 Corrosion Testing of Samples Prepared in Carbonate Buffer
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Corrosion testing of the EBD modified surface reveals a small negative shift in Ecorr.
This shift is within the range of sample to sample variability. Evidently, there are no sig-
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nificant changes to the corrosion properties of the substrate when compared to a polished
Mg surface.

3.1.5 Buffer Solution Summary

The use of a buffered solution as the medium for reduction of the aryldiazonium ion
to the aryl radical and spontaneous grafting to Mg was to limit simultaneous corrosion of
the surface. EBD was able to reproducibly form thick, macro-scale films that significantly
improved the corrosion resistance of Mg. Additionally, EBD film thickness was depen-
dent on modification time and the concentration of the diazonium salt, possibly allowing
for future controllability and tunability with EBD-based films. A significant problem
was film stability: electrochemical measurements resulted in the formation of cracks and
even the complete detachment of the film, something which would undoubtedly require
improving if further research is to be done using EBD.

Although NBD is the benchmark for aryldiazonium ion chemistry, significant prob-
lems were observed with its grafting to Mg. Although coatings formed on Mg, sonication
was able to partially remove the aryl layer exposing the bare metal underneath. This
would indicate that NBD does not thoroughly coat the underlying Mg and could not be
an effective adhesion layer.

Even though EBD grafting was able to give a corrosion protecting layer on Mg, the
aim for the aryl layer was to enable further coupling of a bioactive layer such as chitosan
or cellulose. The physical thickness of the coating is a concern when biodegradability
is taken into account. Any coating on Mg will be required to completely break down
within the body, but such a thick coating may not be able to do this, potentially leading to
severe complications in vivo. Additionally, phenylacetylene, the product of substitution
of the – N2

+ with hydrogen, is a suspected carcinogen57 and it would be expected that
a thick film of this and related compounds would have carcinogenic properties. Limit-
ing the thickness of this film to the minimum required to enable grafting of a bioactive
layer would reduce the possibilities of further unwanted complications. Because of these
limitations, further work looks at the development of aryl layers which are thin.

3.2 Thin Layers

A new approach was required to investigate the growth of thin films. The presence of
phosphate and carbonate ions in buffer solution was detrimental to the development of aryl
layers to the Mg surface. In aqueous solutions, local galvanic corrosion can occur, and the
resulting Mg2+ ions precipitate back as a salt. Ultra-pure Milli-Q water and ACN were
used as the grafting media instead of buffered solutions. Table 5 overviews the reactions
investigated throughout this section and photographs of the Mg surfaces can be found in
Appendix Figure A.4 to Figure A.6. Milli-Q water has a pH of approximately 6.4 which
indicates that corrosion can occur in the medium as is seen in Appendix Figure A.4a,
however, due to the lack of added salts, no crystallisation on the surface is observed. By
limiting the reaction time, corrosion is not significant compared to that in the previously
used buffer media.
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ACN is a commonly used medium for diazonium salt chemistry as diazonium ions are
stable in it, meaning grafting occurs via the pathway shown in Scheme 1.1. Furthermore,
Mg does not corrode in ACN, meaning simultaneous redox reactions are not a concern
while grafting. Finally, a greater range of diazonium salts can dissolve in ACN compared
to H2O.

With two exception, use of both water and ACN and NBD for grafting result in no
visual changes to the surfaces when reacted for 4 h. The first exception is the substrate
modified using 1 mM NBD in H2O which gained an orange coating (Appendix Figure
A.6a). For reactions in water, in contrast to the control samples, no corrosion is observed
on diazonium ion surfaces after 4 h, indicating that there is some corrosion protection
resulting from the presence of the diazonium ion. This tells us that the diazonium ion is
at least physisorbed to the surface and blocks the solution corrosion. However, what is
very interesting is the discolouration which occurs using a low (1 mM) but not high (10–
25 mM) concentration of NBD to modify Mg. The lower concentration appears to give the
formation of a layer not unlike that formed when using a buffered solution. One possible
reason for this is that, in the higher concentration solution, the diazonium ion grafting
blocks the surface and prevents corrosion, while the 1 mM solution leads to too little
grafting to adequately protect the surface, allowing a small amount of corrosion to occur.
Nordlien et al. 42 , Santamaria et al. 43 , and Yao et al. 44 all report that the thickness of the
surface Mg(OH)2 layer increases when exposed to H2O. In the 1 mM NBD solution, as
the Mg(OH2) layer thickness increases, the rate of electron transfer from the metal to the
diazonium ion in solution decreases, decreasing the rate of formation of the aryl radical.
With electron transfer from the surface blocked, the diazonium ions react with each other,
radicals (formed from thermal decomposition), or other decomposition products in situ
before precipitating onto the Mg surface. The colour of the surface likely comes from the
azo products which usually highly coloured. The different outcomes described here of
reactions of 1–25 mM in water were reproducible.

The second exception is the substrate modified using EBD (at 10 mM and 25 mM) in
water. Both samples react immediately upon the addition of the diazonium ion solution,
forming a orange coating on the Mg surface. Formation of bubbles was also observed
rapidly, but had subsided after 4 h. The sample modified with concentration of 25 mM
lost the coating during sonication.

The reactivity of the diazonium ion in solution may result in these ions coupling in the
bulk solution before precipitating from solution onto the surface. The rapid reaction rate
indicates that the presence of Mg promotes this reaction, meaning electron transfer from
the surface likely occurs before a thick hydroxide coating inhibits this. The blocking
of electron transfer is also seen with 1 mM NBD solution reacting with water, so it is
reasonable that this could also occur here. Since these coatings are not on the nanoscale,
they were not analysed further, but investigations into the formation of these films is
undoubtedly required.
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Table 5: Overview of the experimental procedures and the observations of the solution and substrate after reaction of Mg with NBD and EBD and for control samples

in Milli-Q water and ACN.

Diazonium Solvent Concentration (mM) Solution observations Surface observations Comments Fig.a

None (control) H2O Bubbles form in solution and around the Mg sub-
strate, otherwise no visible changes to solution

Sample loses mirror polish, forming matte corro-
sion product layer

A.4a

ACN No visible changes to solution No visible changes to surface A.4b

NBD H2O 1 Solution changes from a weakly orange solution
to a dark brown solution.

Surface forms evenly dispersed brown coating
which does not sonicate off

A.5a

10 Solution appears to become a slightly deeper
shade of yellow/orange

Visually there is no change to the surface A.5b

25 Solution appears to become a slightly deeper
shade of yellow/orange

No visible change to the surface Polished to a finer standard. Samples prepared
for XPS were sonicated in H2O to remove excess
carbon-based solvents

A.5c

ACN 25 Solution appears to become a slightly deeper
shade of yellow/orange

No visible change to the surface Samples prepared for XPS were sonicated in H2O
to remove excess carbon-based solvents

EBD H2O 10 Fine bubbles are produced from surface initially
but subside by the end of the 4 h. Solution turns a
deeper shade of yellow-orange

Surface forms a brown coating, although not as
thick nor as quickly as the 25 mM sample. Coat-
ing remains intact after sonication.

A.6a

25 Bubbles form almost instantly, and solution dark-
ens to a yellow-orange colour

The surface on Mg discolours instantly forming
a thick brown coating. Sonication removes this
layer revealing the underlying metal

A.6b

ACN 10 Solution turns a darker yellow No visible differences A.6c
25 Solution turns a darker yellow No visible differences A.6d

a Photographs of surfaces are shown in the Appendix Figure A.5 to Figure A.6.
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3.2.1 Water Contact Angles (WCA) of 4-Nitrophenyl Grafted Surfaces

With the exception of the sample prepared in an aqueous solution of 1 mM, none of
the samples prepared in water of showed visually detectable surface layers, Further inves-
tigations were undertaken to examine whether grafting had indeed taken place. A change
in the surface free energy of a solid can have a fundamental impact on the measured
contact angles. WCAs were measured on control and ‘modified’ samples and the results
are shown in Table 6 and Figure 8. The WCA on a clean freshly-polished Mg plate is
57±2◦, indicating that the surface is hydrophilic.58 Exposure to H2O produces a super-
hydrophilic surface with the droplet spreading to give a near-zero contact angle. This is
likely due to a change in the topography of the surface with increasing roughness and the
increase in thickness of the hydrophilic Mg(OH)2 layer.43 When reacted with NBD, all
samples show a significant increase in WCA compared with the control sample. A WCA
of close to 60–80◦ is often reported for 4-nitrophenyl (NP) films grafted to other surfaces
and is consistent with the chemical nature of NP groups.59 However, when compared to
the freshly polished surface, the 1 mM sample becomes more hydrophilic, 10 mM shows
no change and 25 mM increases in hydrophobicity. The above description concerning the
development of the coloured film for the 1 mM modified surface agrees which the results
seen here, as a thicker Mg(OH)2 layer would also increase the wettability of the surface
as seen with the control. For the sample reacted in 10 mM NBD solution, the concentra-
tion of NP on the surface may have a surface free energy approximately equal to that of
bare Mg resulting in little change to the WCA, however, it is clear that the presence of
the diazonium protects the surface from corrosion while grafting occurs as no corrosion
is visible. An increase in the WCA for the substrate modified with 25 mM NBD sample
indicates that modification of the surface free energy of the Mg substrate has occurred,
and the presence of a NP film on the surface.

The transition from a hydrophilic metallic surface to a more hydrophobic character
upon aryl grafting is a general trend observed on many materials and is not unexpected
on Mg.60 WCA shows that the grafting of NP group to Mg has likely occurred. Deter-
mination of surface properties such as roughness, heterogeneous composition and charge
will require further investigation and calculations of surface energies and contact angle
hysteresis.

Table 6: WCA measurements for polished Mg, a Mg control sample and substrates reacted with

NBD in water at various concentrations for 4 h.

Sample Contact angle (◦) ±σ (◦) Fig.

Polished Mg 57 3
Control 10 1
1 mM 49 3 8a
10 mM 56 3 8b
25 mM 69 5 8c
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(a) (b) (c)

Figure 8. WCA pictures for Mg substrates modified with NBD for 4 h. Samples modified in

solutions with NBD concentrations of (a) 1 mM; (b) 10 mM; and (c) 25 mM.

3.2.2 Infrared Spectroscopy of 4-Nitrophenyl Grafted Surfaces

The IR spectra of modified Mg surfaces provides complementary information to the
XPS and WCA results and is a powerful tool for film analysis. Figure 9 shows the spectra
for Mg substrates reacted with NBD, and Table 7 contains assignments of peaks. The
symmetric and asymmetric NO2 vibrations in the NBD spectrum are intense peaks at
1317 cm−1 and 1540 cm−1 respectively (Figure 9 (A)). These vibrations are shifted to
1350 cm−1 and 1524 cm−1 respectively upon grafting. Nitro vibrations are sensitive to
aryl substitutions, such that this shift could indicate the formation of a film. It is clear that
the reaction with NBD gives a significant amount of NP film at the interface including
prepared in 1 mM NBD solution.
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Figure 9. IR spectra of (A) NBDBF4, scaled by 0.05; (B-D) Mg reacted in water with NBD

with concentration: (B) 25 mM, (C) 10 mM, (D) 1 mM; (E) Mg reacted with 25 mM NBD ACN

solution; (F) water control. All samples modified for 4 h. Spectra were collected in ATR mode

and are offset for clarity.

However, the sample reacted with 1 mM in water (D) and the sample reacted with
25 mM in ACN (E), show the emergence of a broad peak at approximately 1410 cm−1,
indicative of the formation of corrosion products also visible in sample (F), the water
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control. As explained above the presence of corrosion products in sample (D) is not a
surprise. After the reaction in 25 mM ACN solution, sample (E) was sonication for a
third time in H2O to remove any excess organic solvent which possibly caused corrosion
to occur simultaneously. Possible solutions to this may involve sonicating for a shorter
amount of time or only washing the surface and drying immediately afterwards.

No peak in the N2
+ vibrational region (2250–2350 cm−1) was observed for modified

surfaces (Appendix Figure A.7), indicating unreacted diazonium groups are absent, as
well as indicating the major pathway for grafting occurs via the nitrophenyl radical. Azo
linkages are only weakly IR active and were not observed in the spectra.

Summarising the spectroscopic data, there is clear evidence of NP film formation
on the surface of Mg. By altering the concentration of diazonium salt in the grafting
solution, the intensity of the NO2 peaks increases with concentration and at a too low of
a concentration corrosion on the surface occurs.

Table 7: Assignments of infrared vibrations appearing in Figure 9. Tabulated from refer-

ences.61–64

NBD NP-Mg Assignment

2306 s – N ––– N+

1614 m, 1573 m 1598 m ν (C –– C)
1540 vs 1524 νa (NO2)
1467 w Ring def + C – H wag
1421, 1409 w ring def modes
1357 vs 1350 νs (NO2)
1317 vs νa (NO2) + ring mode

1264 m
1120 m, sh 1110 ν (C – NO2) + C – H wag
1037 vs BF4

–

1006 m, sh CH in-plane bend
867 s, 757 m, 742 s 867 CH out-of-plane bend
858 m, sh C – NO2

3.2.3 X-ray Photoelectron Spectroscopy of NBD Modified Surfaces

XPS data in an invaluable technique to investigate the surface characteristics of sub-
strates and the results reported above show the formation of nanoscale films onto the
surface. XPS characterised the surface chemical composition of modified and unmodified
Mg substrates. All spectra were calibrated by assigning the binding energy of the aliphatic
carbon (C – C and C – H) to 284.8 eV. Samples were neutralised to account for charge ac-
cumulation on the surface. From the survey spectra (Figure 10) we can determine the
atomic ratio of elements on the surface (Table 8).

All samples have a significant amount of C, including the polished Mg and control
samples. Adventitious carbon is always present as a contaminant in XPS measurements,
and it is clear that the polished sample is partially contaminated. This sample will not be
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Figure 10. XPS survey spectra of along with peak assignment.58 (a) polished Mg, (b) Mg modi-

fied with NBD in ACN. All samples modified for 4 h and NBD concentration of 25 mM. Survey

scans for other samples can be found in Appendix Figure A.8.

discussed further.

Comparing the two modified samples with their respective controls, there is a higher
percentage of C on the modified samples, and the O:C ratios are smaller for the modified
samples indicating that less oxide film forms on the modified samples. This ratio is lowest
for the sample modified in ACN, consistent with minimal corrosion in this medium. The
controls and modified samples all have N present, but there is significantly more on the
modified samples consistent with the expected NP film. N on the controls is attributed to
adventitious contamination. Similarly, there is a small amount of F arriving from adven-
titious contamination, except for the sample modified in ACN where the relatively large
amount may suggest some BF4

– (the counter ion in the diazonium salt) or F– is present.

Table 8: Atomic composition of Mg surface for polished Mg; H2O control; Mg modified in water

with 25 mM NBD; ACN control; Mg modified in ACN with 25 mM. All samples modified for 4 h.

Sample
Atomic %

Mg C N O F

Polished Mg 19.4 26.8 - 53.3 0.5
H2O control 29.3 14.1 0.9 55.6 0.2
H2O modified 26.9 21.5 2.6 48.7 0.4
ACN control 27.3 17.7 0.3 54.5 0.2
ACN modified 20.2 34.4 3.4 38.1 4.0

The ratio of Mg and O for all samples is approximately 2 (Appendix Table A.1),
indicative of the Mg:O ratio in Mg(OH)2.

It is also clear that both modified samples have significantly greater amounts of nitro-
gen and carbon with respect to the other elements. Although present in the survey scans,
peaks in the N 1s region narrow scans are only visible for samples modified with NBD
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(Figure 11). The three peaks located at 400.0 eV, 402.8 eV, and 405.6 eV corresponds
to a reduced N species ( – NH2 or – N –– N – ), a protonated imine (R –– N(H+) – R),65 a
protonated azo group (R – N –– N(H+) – R)65–67 or diazonium ion ( – N2

+),65,68 and – NO2

functionality, respectively.60 Reduction of – NO2 may yield NH2 while azo groups are
included into the film as it grows (Scheme 1.1b). For the samples reacted with NBD, the
reaction medium results in different ratios of nitro:amine/azo, with water the ratio is 1.1
and ACN it is 1.7. While there have been some reports that NO2 groups can be reduced to
NH2 during XPS measurements,60,69 this is less likely to occur with the laboratory-based
XPS instrument used here than with synchrotron measurements. It is most reasonable to
assume that the reduced N originates in azo linkages and it is clear that in water the film
growth mechanism is more shifted towards azo than in ACN (Scheme 1.1b). A larger for-
mation of azo linkages in H2O agree with the assessment of 1 mM NBD solution resulting
in a coloured film on Mg. Interestingly, reduction to the amine would allow for additional
diazotisation and grafting of a bioactive layer, instead of in situ grafting of ABD which
cannot be isolated as a salt.70 The lack of any peak in the N 1s region in the unmodified
samples indicates the presence of a nitro and azo functional groups on the surface.

The peak at 402.8 eV is interesting as it could represent a positively charged imine
species or to a diazonium residual.65–67 If it corresponds to the diazonium group, it shows
that diazonium ions are trapped within the film or adsorbed to the surface. However, di-
azonium ions have two peaks of equal intensity around 403.8 eV and 405.1 eV,71 which
are not visible in either of the modified samples’ spectra. Also, IR showed no peak cor-
responding to the diazonium ion, indicating that this XPS peak is probably the result of
something else. If it is the imine species, it probably represents a protonated azo group
(diazenium-like, Figure 12). It would be interesting to see how this forms and how it
relates to the formation of multilayer films.72 Further investigation into the formation of
this peak is undoubtedly required.
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Figure 11. N 1s XPS spectra for (A) Mg reacted with 25 mM NBD in water; (B) ACN control;

(C) Mg reacted with 25 mM NBD in water; (D) water control. Scale bar is equal to 50 CPS.
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Figure 13 compares the narrow scan C 1s spectra of modified and unmodified sam-
ples within the same grafting medium. Four peaks can be found within this region at
284.8, 286.0, 289.2, 290.5 eV and correspond to aliphatic carbon (C – C, C – H), alcohols
and ethers (C – O – H, C – O – C), carbonyl groups (COOH, – C( –– O) – R), and carbonates
(CO3

2 – ). Adventitious carbon is present on all samples, but for both the sample reacted
with NBD, the ratio and intensity of the aliphatic and C – O chemical environments in-
crease compared to carbonyl and carbonate peaks increases.

Table 9 shows that after modification there is a greater amount of C – C and C – H, and
C – O on the surface. More C – C may indicate the presence of the aromatic ring and the
more C – O could results from the presence of C – N bonds which has a binding energy
similar to C – O, however, it could also be caused if grafting occurs via a Mg – O – Ar
linkage directly on the surface.
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Figure 13. C 1s XPS spectra for (A) Mg reacted with 25 mM NBD in water; (B) ACN control;

(C) Mg reacted with 25 mM NBD in water; (D) water control. Scale bar is equal to 500 CPS.

In the survey scan of the samples modified with NBD in water and ACN, there is a
peak at 685 eV. This peak may correspond to MgF2 which has this binding energy.73

The binding energy of fluorine from the BF4
– ion is 687 eV74 which does not correlate to

this peak. The decomposition of the BF4
– ion would have to occur if F is on the surface

and would explain the lack of a peak in the B 1s region at 195 eV.75 A similar increase
in the F 1s peak was observed by Berisha et al. 76 upon modification of Al in aqueous
acid solution (0.01 M H2SO4) using NBDBF4 (10 mM), they too were unsure how the
phenomenon occurred. Further investigation into whether the BF4

– ion interacts with Mg
should be done to determine the cause of this peak, including higher resolution narrow
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Table 9: Ratio of the peak area corresponding to aliphatic carbon (peak 1) to the remaining three

C 1s peaks found on Mg. Peak 2 is C – O peak, Peak 3 is the carbonyl peak, and Peak 4 are

carbonates. Samples are: H2O control; Mg modified in water with 25 mM NBD; ACN control;

Mg modified in ACN with 25 mM

Sample
Ratio to peak 1

Peak 2 Peak 3 Peak 4

H2O control 7.76 4.96 4.07
H2O modified 1.18 10.57 13.36
ACN control 2.03 4.24 4.84
ACN modified 2.28 9.65 18.73

scan measurements of the F 1s and B 1s regions.

In summary, XPS confirms the presence of nitro groups on the surface and the forma-
tion of multilayer films due to the presence of azo groups. The presence of NP films also
indicates that sonication cannot remove this coating from the surface demonstrating that
the coating is covalently coupled to the surface. The increase in C – O peak at 286 eV may
reveal the grafting mechanism through the surface oxygen as opposed to with the metal.

3.2.4 Infrared Spectroscopy of EBD Modified Surfaces

To investigate the prospects of grafting thin ethynylphenyl (EP) films to Mg, a similar
study to the NP grafted films above was conducted. Using Milli-Q water and ACN as the
grafting media, it was expected that similar results to NBD would be observed.

The substrates modified in H2O reacted almost immediately in solution, discolouring
the surface within a minute and forming a thick film after 4 h. The sample modified using
EBD with a concentration of 25 mM lost this layer due to sonication. Since these films
have been described above (Section 3.2), they will not be discussed further.

The samples modified in ACN showed no visual change to the surface, indicating that
if modification has occurred, the resulting layer must be very thin. To investigate this, IR
spectra were collected (Figure 14).

Compared to the NP grafted film, the spectra for EP are not as well defined. Peaks
associated with ring-breathing modes are not seen in the modified samples, but it does
appear that the presence of diazonium, once again, reduces any corrosion. The broad peak
at 1410 cm−1 of the ACN control sample indicates the presence of corrosion products and
is smaller with the modified samples. The lack of features could indicate that EBD is only
physisorbed to the Mg surface and is removed via sonication. Further investigation into
the grafting of EBD is required as an EP film would be very useful for click chemistry to
attach a second bioactive polymer layer.

3.2.5 Corrosion Testing of 4-Nitrophenyl Thin Films

To test whether the thin NP films grafted from H2O and ACN provided corrosion
protection, LSV polarisation curves were conducted.

It is clear in the Tafel plots of Figure 15 that there is no change in the corrosion
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Figure 14. IR spectra of (A) EBDBF4, scaled by 0.05; (B-C) Mg reacted in ACN with NBD with
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properties of any of the substrates, indicating that the thin films provide no corrosion
protection. Compared with the thicker films above (Section 3.1.2), this makes sense as
only the thickest EP films provided corrosion protection. Considering these films are on
the nano-scale, it is unlikely they can protect the surface without the addition a corrosion
protection layer.

4 Conclusion
This study looked at the functionalisation of Mg using aryldiazonium chemistry to

decrease the corrosion properties of the metal and successfully modified the surface with
NP films.

NP and EP films were initially investigated using a buffered phosphate or carbonate
aqueous solution as the grafting medium. It was found that the buffer solution caused
corrosion on the Mg surface, resulting in the formation of a thick layer. This layer is
probably caused by the precipitation of diazonium ions coupling in the bulk solution,
with little reacting with the surface. Although films grafted from EBD showed substantial
improvements to the corrosion properties, shifting Ecorr positively by approximately 1.5 V
and decreasing j0 by six orders of magnitude, they would not be suitable for medical
applications due to potentially carcinogenic properties and lack of biodegradability.

Preparation of nanoscale thick NP films was achieved in ACN and Milli-Q water.
WCA, IR, and XPS confirm this. A decrease in the hydrophilicity of the surface was the
initial indication that modification had occurred, and subsequent investigation using IR
showed the characteristic symmetric and asymmetric NO2 peaks on the surface. The lack
of a peak within the N2

+ vibrational region suggested that the aryl radical had formed
and subsequently grafted to the surface. XPS confirmed this due to the presence of a
nitro peak within the N 1s region. The simultaneous increase of the aliphatic carbon peak
compared to carbon peaks associated with adventitious carbon also indicates the presence
of the aromatic ring on the surface. Additionally, XPS may show that attachment of the
NP layer occurs a surface oxygen, not through the Mg atom. The presence of fluorine on
the surface requires further investigation with XPS.

Grafting of EBD in H2O resulted in the formation of thick films, no matter the pH of
solution tested. In ACN, IR results were inconclusive as to the presence of the film, and
further work will be required as the ethynyl functionality is a very useful one for further
on-surface chemistry. XPS analysis of EP films will provide additional information on
the nature of the film. Importantly, the presence of an azo N would indicate the presence
of a multilayer film.

Both water and ACN are suitable media for the reaction of NBD and Mg, but only
ACN does not form a thick layer when using EBD. A concentration of 25 mM also appears
to be optimal to obtain a suitable coating.

Coupling of a second layer which provides superior corrosion protection and simul-
taneously provides a bioactive surface to promote cell and bone adhesion is the next ma-
jor step in this research. Depending on the functional group of the aryl layer, different
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synthetic approaches will be required to prepare a suitable coating, such as cellulose or
chitosan.
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6 Appendix
6.1 Pilling-Bedworth ratio

RPB =
Voxide

Vmetal
=

Moxide ·ρmetal

n ·Mmetal ·ρoxide
(6.1)

• RRB < 1: the oxide coating layer is too thin, likely broken and provides no protec-
tive effect
• 1 < RRB < 2: the oxide coating passivates and provides a protecting effect against

further surface oxidation (e.g. Al)
• RRB > 2: the oxide coating chips off and provides no protective effect (e.g. Fe)

6.2 Balz-Schiemann reaction

The formation of aryl fluorides via the diazotisation of aryl amines and subsequent
thermal or photochemical decomposition of the tetrafluoroborate salt.

NH2 N2
+ F

-
BF4

HNO2

HBF4

Δ

HBF4

Scheme A.1. Balz-Schiemann reaction

6.3 Magnesium Substrate Photographs

(a) (b) (c) (d)

Figure A.1. Mg substrate after exposure to PB for certain time (Table 4).

(a) (b) (c) (d)

Figure A.2. Mg substrate after exposure to PB and NBD under certain conditions as shown in

Table 4.
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(a) (b) (c)

(d) (e) (f)

Figure A.3. Mg substrate after exposure to PB and EBD for certain time (Table 4).

(a) (b)

Figure A.4. Photograph of surfaces of (a) H2O control and (b) ACN control. Reacted for 4 h.

6.4 IR Spectra Assignments

text
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(a) (b) (c)

Figure A.5. Photograph of Mg surface after reaction in: (a) 1 mM NBD; (b) 10 mM NBD; and

(c) 25 mM NBD aqueous solutions. Reacted for 4 h. Conditions referred to in Table 5.

(a) 10 mM, H2O (b) (c) (d)

Figure A.6. Photograph of Mg surface after reaction in: (a) 10 mM EBD in water; (b) 25 mM

EBD in water; (c) 10 mM EBD in ACN; (d) 25 mM EBD in ACN solutions. Reacted for 4 h.

Conditions referred to in Table 5.
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Figure A.7. R spectra of (A) NBDBF4, scaled by 0.01; (B-D) Mg reacted in water with NBD

with concentration: (B) 25 mM, (C) 10 mM, (D) 1 mM; (E) Mg reacted with 25 mM NBD ACN

solution; (F) water control. All samples modified for 4 h. Spectra were collected in ATR mode

and are offset for clarity.

6.5 XPS Spectra
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(c) XPS spectra of ACN control Mg.

Figure A.8. Survey spectra of remaining Mg samples from Figure 10. (a) H2O control Mg; (b)
Mg reacted with 25 mM NBD in water; (c) ACN control. Reacted for 4 h.
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Figure A.9. O 1s XPS spectra for: A) Mg reacted with 25 mM NBD in water; B) ACN control;

C) Mg reacted with 25 mM NBD in water; D) water control. Scale bar is equal to (a) 2000 CPS

and (b) 5000 CPS.
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Table A.1: Ratio between elemental percentage from XPS data (Table 8). (a) with respect to Mg

1s; (b) with respect to C 1s; (c) with respect to N 1s; (d) with respect to O 1s. X is polished Mg; A
is the H2O control, B reacted with 25 mM NBD in water, C ACN control; D reacted with 25 mM

NBD in ACN.

(a)

Mg 1s X A B C D

Mg 1s 1.0 1.0 1.0 1.0 1.0
C 1s 1.4 0.5 0.8 0.6 1.7
N 1s 0.0 0.0 0.1 0.0 0.2
O 1s 2.7 1.9 1.8 2.0 1.9
F 1s 0.0 0.0 0.0 0.0 0.2

(b)

C 1s X A B C D

Mg 1s 0.7 2.1 1.3 1.5 0.6
C 1s 1.0 1.0 1.0 1.0 1.0
N 1s 0.0 0.1 0.1 0.0 0.1
O 1s 2.0 4.0 2.3 3.1 1.1
F 1s 0.0 0.0 0.0 0.0 0.1

(c)

N 1s X A B C D

Mg 1s - 31.1 10.5 94.1 6.0
C 1s - 15.0 8.4 61.1 10.2
N 1s - 1.0 1.0 1.0 1.0
O 1s - 59.1 19.1 187.8 11.3
F 1s - 0.2 0.2 0.8 1.2

(d)

O 1s X A B C D

Mg 1s 0.4 0.5 0.6 0.5 0.5
C 1s 0.5 0.3 0.4 0.3 0.9
N 1s 0.0 0.0 0.1 0.0 0.1
O 1s 1.0 1.0 1.0 1.0 1.0
F 1s 0.0 0.0 0.0 0.0 0.1
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