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Abstract 

Marine archaeological wood often suffers from acidification processes that lead to the 

degradation of the fibres, threatening the integrity of archaeological artefacts. Iron ions 

originating from corroded fixtures, nails, or other objects diffuse into the structure of 

waterlogged wooden artefacts over time, playing a key role in their degradation. The 

presence of iron ions and oxidised sulfur species in marine archaeological wood has been 

linked to the formation of sulfur-based acids and to the oxidative degradation of cellulose 

and hemicellulose.1,2 These processes have deleterious effects on the structural integrity of 

wooden artefacts and pose a major challenge in the long-term conservation of marine 

archaeological wood.3 This thesis describes the design, synthesis, characterisation, and 

preliminary tests of a series of conservation treatments aiming for the sequestration and 

complete removal of harmful iron species present in waterlogged wood, thus preventing the 

formation of acidic species. These treatments consist of magnetic nanocomposites which 

contain iron chelating agents and are encapsulated in a polyethylene glycol-based, 

thermoresponsive polymer for a safe and controlled application. The iron sequestering 

capability of the nanocomposites range between 39 and 80 % when tested in aqueous 

solution. Far IR spectroscopy studies on preliminary treatments on artificial archaeological 

oak and Mary Rose wood samples indicate that iron ions are successfully removed from the 

wood by the nanocomposite-laden polymer. 

These conservation treatments are capable of removing harmful iron ions from marine 

archaeological wood, and a number of parameters in their preparation can be adjusted to 

meet the requirements of different artefacts to be treated. The combined magnetic and 

thermoresponsive properties of these materials allow for a safe and controlled application 

of the treatments and opens new possibilities in the design of novel non-invasive 

conservation strategies. While previous conservation treatments aimed to remove the iron 

ions or to neutralise the acidic species present in the wood, the approach presented here 

manages to physically remove iron ions from not only the surface, but also from the wood 

structure. Due to the high tunability of the systems developed, these can be applied for the 

conservation of many other materials such as stone, paintings, fabric, or leather. 

 

 

1 G. Almkvist and I. Persson, Holzforschung, 2008, 62, 694–703. 

2 K. M. Wetherall, R. M. Moss, A. M. Jones, A. D. Smith, T. Skinner, D. M. Pickup, S. W. 

Goatham, A. V. Chadwick and R. J. Newport, J. Archaeol. Sci., 2008, 35, 1317–1328. 

3 M. Sandström, F. Jalilehvand, I. Persson, U. Gelius, P. Frank and I. Hall-Roth, Nature, 2002, 

415, 893–897. 
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3.9 Preparation of the APTES-PEG 200 moiety via a two-step process under 

inert atmosphere. First, PEG 200 is reacted with succinic anhydride to 

form PEG 200-acid in alkaline medium. Then, an amide coupling 

between the primary amine in APTES and one of the carboxyl groups in 

PEG 200-acid yields APTES-PEG 200. 

79 
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3.10 FTIR spectra of APTES–PEG 200 and a PEG 200 standard. The signals at 

1070, 1200, and 1730 cm-1 can be attributed to the O-C-C stretch, the 

C-C-O stretch and the C=O stretch from the ester group. The band at 

2800 cm-1 corresponds to aliphatic C-H stretches. The bands at 1544 

and 1649 cm-1 are the amide I and amide II bands from the amide bond 

between APTES and PEG 200. The expected peak from Si-O in APTES is 

likely to be overlapped by the O-C-C and C-O stretches around 

1070 cm-1. 

80 

3.11 1H NMR spectrum from the synthesised APTES–PEG 200 obtained in 

CDCl3. The signals c is characteristic from –[O-CH2-CH2]- protons in the 

polyethylene glycol structure. Signals b and d correspond to 

contributions from the protons in in –COO-CH2- and -CH2-COOH, 

respectively. The peak a is attributed to the protons in –SiOCH2CH3, 

characteristic of APTES. The signals e and f result from the contribution 

of the –NHCO-CH2- and –CH2-NHCO- protons, respectively, and indicate 

the presence of an amide bond between APTES and PEG 200. 

82 

3.12 Coating of magnetite nanoparticles with APTES-PPIX and APTES-PEG 

200, synthesised previously. Magnetite nanoparticles were dispersed in 

ethanol with the help of ultrasounds. Solutions of APTES–PPIX and 

APTES–PEG 200 were added to the nanoparticles dispersion, and 

reacted in the dark and at room temperature for 48 hours. 

83 

3.13 FTIR spectra of bare Fe3O4 nanoparticles (red) and iron Fe3O4 

nanoparticles coated with APTES–PEG 200 and APTES–PPIX (blue). The 

intense stretch at 550 cm-1 is due to the Fe-O bond, and the broad band 

at 1070 cm-1 is associated to the Si-O bond in APTES. The bands at 1389 

and 1730 cm-1 correspond to the C-O stretch from the ester in PEG 200, 

and the C=O stretch associated with PPIX and PEG 200. The stretches 

at 1545 and 1630 cm-1 are the amide I (C=O) and amide II (C-N) bands 

from the amide in the APTES–PPIX and APTES–PEG 200 moieties. 

84 

3.14 Absorbance and emission spectra of a colloidal suspension of PPIX- 

coated magnetite nanoparticles (0.33 mg/mL in ethanol) and a PPIX 

standard. The absorbance band at 404 nm confirms the presence of 

PPIX attached onto the iron oxide nanoparticles. The emission band at 
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632 nm (exc = 404 nm) also indicates that optical properties of the PPIX 

contained in the nanocomposite have been preserved, and its 

fluorescence has not been quenched.  

3.15 TGA curves of the bare iron oxide nanoparticles and the nanoparticles 

coated with APTES-PPIX and APTES–PEG 200. The marked mass loss of 

the nanocomposite of about 30 % confirms the presence of an organic 

coating attached to the magnetic cores. 

86 

3.16 Powder XRD patterns of bare magnetite and magnetite coated with 

APTES–PPIX and APTES–PEG 200. Red: Fe3O4 functionalised with APTES–

PPIX and APTES–PEG 200; Blue: bare Fe3O4 synthesised by MW co-

precipitation; Black: ICSD standard of Fe3O4 (cubic inverse spinel, space 

group: 𝐹𝑑3̅𝑚) 

87 

3.17 UV-vis spectroscopic studies of an ethanolic solution of FeCl3·6H2O 

(0.2 mM) treated with the nanocomposite (0.6 mg/mL, additions of 

20 L) to assess the chelation properties of the later. (A) Absorption 

spectra from an Fe (III) solution treated with the nanocomposite were 

recorded showing a progressive decrease in absorbance upon increase 

of nanocomposite concentration. (B) Absorption intensity of an 

ethanolic solution of Fe(III) recorded at 246 nm. The decrease of 

intensity upon addition of the nanocomposite indicates a decrease in 

the concentration of free Fe(III) due to the formation of the complex 

Fe-PPIX. 

89 

3.18 Variation of free Fe(II) in aqueous solution with time upon treatment 

with the magnetic nanocomposite, measured with atomic absorption 

spectroscopy. The treatment with the nanocomposite bearing PPIX was 

able to chelate up to 85 % of free iron from a solution in 6-7 hours. 

90 

4.1 X-ray absorption tomography data for (A) fresh oak, cut across the grain 

of the wood; Mary Rose wood (B) 6 mm into the keelson plan and (C) 2 

mm into the keelson wood (data collected by collaborator Prof. Kirsten 

M. Ø. Jensen). Image (A) displays large vessels separated by walls, and 

a denser area with smaller vessels. Images of degraded wood from the 

Mary Rose (B) and (C) show an increased amount of voids caused by the 

collapse of vessel walls. 
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4.2 Backscattered SEM images of the cross-section of four fresh oak samples 

treated with 1 mL of an aqueous suspension of (A and B) bare Fe3O4 

nanoparticles and (B and C) PPIX/PEG 200–functionalised nanoparticles 

(0.6 mg/mL). The diffusion of bare and functionalised Fe3O4 within the 

wood structure was studied (A and C) in the absence and (B and D) in 

the presence of a 1.3 Tesla magnetic field. The bright areas indicate 

the depth reached by the nanoparticles under different conditions. 
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4.3 Preparation of the thermoresponsive polymer gel p(DEGMA45-co-MMA5) 

by RAFT polymerisation. Monomers DEGMA and MMA (45:5 molar ratio) 

were dissolved in 1,4-dioxane under inert atmosphere. AIBN and the 

CTA were added to the solution, and this was degassed by 4 freeze-

thaw cycles. The mixture was stirred at 65 C for 8 hours. The reaction 

was stopped by rapid cooling, the product was dialysed against 

deionised water for 5 days, and finally freeze dried for 24 hours to 

eliminate the residual water. 

99 

4.4 1H NMR spectrum of p(DEGMA45-co-MMA5) obtained in CDCl3. The bands 

labelled a (0.88-1.42 ppm) and b (1.81 ppm) correspond to the –CH3 

and -CH2- protons on the backbone of the polymer. The bands e 

(3.56-3.68 ppm) and d (3.40 ppm) are attributed to the –OCH3 and –

OCH2- protons in DEGMA and MMA monomers. The triplets at 7.36, 7.52 

and 7.87 ppm correspond to the o-, p- and m- =CH- protons, 

respectively, in the dithiobenzene end-group. 

101 

4.5 Variable-temperature UV-visible spectroscopy of p(DEGMA45-co-MMA5), 

showing its thermoresponsive behaviour. The abrupt transition in 

optical transmittance observed indicates that the valued of the LCST is 

26 oC. Below this temperature the polymer chains are hydrated and 

form a clear solution. Above the LCST the polymer chains expel the 

water molecules as they become gradually more hydrophobic, turning 

the solution opaque. 
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4.6 Images of (A) artificial archaeological wood and (B) fresh oak being 

treated with the polymer-mixed-nanocomposite placed onto a 1.3 Tesla 

permanent magnet. Image (C) shows a plastic spatula containing 

polymer-mixed-nanocomposite removed after the treatment. 
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4.7 Far IR spectroscopy of polymer-mixed-nanocomposite after treating (B) 

artificial archaeological oak and (C) fresh oak. Also included are the 

spectra of (A) the thermoresponsive polymer and (D) the PPIX/PEG 200 

functionalised nanoparticles. The bands observed at 548 and 438 cm-1 

are attributed to the stretches of Fe-O bonds in magnetite and to the 

rotation of the pyrrole rings in the porphyrin, respectively. The band 

at 363 cm-1 can be assigned to the oop bending of C=O bonds in the 

thermoresponsive polymer. Finally, the weak peak at 318 cm-1 in the 

polymer-mixed-nanocomposite applied on artificial archaeological oak 

could be assigned to the stretching of Fe-N bonds in the porphyrin 

moiety. 
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4.8 Schematic of Fe3O4-VTES-p(DEGMA45-co-MMA5)-porphyrin 

nanocomposite. Here, the role of p(DEGMA45-co-MMA5) is two-fold: 

linking the porphyrin-amine to the magnetic nanoparticle, and 

providing means for electrostatic interactions with the 

thermoresponsive polymer. Iron oxide nanoparticles are coated with 

VTES in order to anchor p(DEGMA45-co-MMA5)-porphyrin via a thiol-ene 

reaction. 
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4.9 Schematic of the preparation of the multifunctional nanocomposite 

Fe3O4-VTES-p(DEGMA45-co-MMA5)-porphyrin. (A) Fe3O4 nanoparticles 

were synthesised by MW assisted co-precipitation, as described in 

Section 3.2.1, and further functionalised with vinyltriethoxysilane 

(VTES). (B)(i) Porphyrin-amine is anchored to the carboxylic group of 

p(DEGMA45-co-MMA5) via a conventional amide coupling. (ii) The 

porphyrin-polymerdithioester is reduced to porphyrin-polymerthiol, 

and (iii) this is anchored onto the VTES coated Fe3O4 nanoparticles via 

thiol-ene click chemistry. 
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4.10 1H NMR spectra of porphyrin-p(DEGMA45-co-MMA5) obtained in DMSO-d6. 

The signals a, b, d, e and f are contributions from the thermoresponsive 

polymer backbone. The signals h and k correspond to the –CH= protons 

in the pyrrole rings and the –CH= protons in amino phenyl groups in the 

porphyrin rings, respectively. The singlets g and i can be attributed to 

the –NH2 protons in the aminophenyl groups, and the –NH- protons in 
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the pyrrole rings of in the porphyrin, respectively. Finally, the singlet 

at 8.45 ppm (labelled as j) can be attributed to the -CONH- proton in 

the amide group, and the two triplets at 7.48 and 7.64 ppm (labelled 

as c) correspond to the –CH= protons in the dithiobenzene end of the 

polymer. 

4.11 1H NMR spectrum of porphyrin-polymerthiol. The peaks labelled a, b, 

d, e and f are attributed to the –CH3, -CH2-, -OCH3, -OCH2- and –

COOCH2- protons, respectively, present in the backbone of 

p(DEGMA45-co-MMA5). The signals g, h, i, and k are the fingerprint of 

the porphyrin-amine, and correspond to the –NH2, -CH= (pyrrole ring), 

-NH- and –CH= (aminophenyl group), respectively. The singlet j 

(8.50 ppm) is attributed to the –CONH- proton in the amide bond. The 

signal c* could be attributed to the –SH proton. The absence of the 

doublets characteristic of –CH= protons in the dithiobenzene end group 

(7.4-7.6 ppm) suggests the reduction of this to a thiol. 

112 

4.12 Powder XRD patterns from dry precipitates of Fe3O4 (blue), Fe3O4-VTES 

(red) and Fe3O4-VTES-polymer-porphyrin (orange). The three patterns 

are in excellent agreement with the standard of cubic inverse spinel 

magnetite (Fe3O4, JCPDS index card no. 19-629), showing that the 

morphology of the magnetite nanoparticles does not change through 

the successive functionalisation steps. The broad diffraction peaks 

observed are typical from nanostructures, and the average crystallite 

size obtained with the Scherrer equation is in the order of 14 nm. 

114 

4.13 TGA curves of Fe3O4, VTES functionalised Fe3O4 and Fe3O4-VTES-

polymer-porphyrin. While the mass loss of the bare Fe3O4 is 0.5 %, the 

mass loss of the particles coated with VTES and with VTES-polymer-

porphyrin 16.3 % and 20.6 %, respectively. This confirms the presence 

of organic compounds successively grafted onto the Fe3O4 

nanoparticles. 
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4.14 FTIR spectra of Fe3O4, Fe3O4-VTES and Fe3O4-VTES-polymer-porphyrin. 

The intense stretch at 540 cm-1 is due to the Fe-O bond, the broad 

bands at 754, 1005 and 1099 cm-1 are attributed to the vibrations of the 

Si-O bond, and the band at 959 cm-1 is due to the Si-O-Fe stretches. 
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Also, the bands at 1406 and 1597 cm-1 correspond to the =CH2 and C=C 

stretches, respectively in VTES. This confirms the successful binding of 

VTES onto the magnetite. The bands at 1450 and 1720 cm-1 correspond 

to the stretches of the C=O bond in the amide and the C=O bond from 

the ester groups in the porphyrin-polymer, respectively, confirming its 

presence onto the Fe3O4 nanoparticles. 

4.15 Absorbance and emission spectra of porphyrin-polymerdithioester, 

porphyrin-polymerthiol and Fe3O4-VTES-polymer-porphyrin obtained in 

ethanol. The absorbance band at 425 nm, corresponding to the 

porphyrin moiety can be observed in the three stages of the synthesis. 

The intense background and incline in the Fe3O4-VTES-polymer-

porphyrin spectrum is due to the scattering of the light by the magnetic 

nanoparticles. The emission bands, obtained at exc = 425 nm, also 

confirm the presence of the fluorophore onto the Fe3O4 nanoparticles. 

118 

4.16 Variable-temperature UV-visible spectroscopy of porphyrin-

polymerdithioester showing its thermoresponsive behaviour. The LCST 

observed (23 oC) is lower than the one obtained for the 

thermoresponsive polymer. This change in the LCST can be explained 

by the hydrophobic nature of the porphyrin moiety added. 

119 

4.17 (A) Temperature-dependent dynamic light scattering of Fe3O4-VTES-

polymer-porphyrin obtained in aqueous suspension between 20 and 

40 C. The average hydrodynamic diameter of the multifunctional 

nanocomposite decreases from 220 nm to 180 nm when the 

temperature is raised above 23 C. (B) Representation of the disposition 

of the polymer chains in Fe3O4-VTES-polymer-porphyrin in aqueous 

suspension. Low temperatures favour the adsorption of water 

molecules and the unfurling of the polymer chains, while high 

temperatures lead to the cleavage of hydrogen bonds favouring a 

hydrophobic behaviour and the collapse of the polymer chains. 

120 

4.18 Performance tests on chelation of free iron ions solution. (A) UV-Visible 

absorption spectra of an ethanolic solution of Fe2(SO4)37H2O (0.2 mM) 

treated with consecutive additions of a suspension of Fe3O4-VTES-

polymer-porphyrin in ethanol (0.25 mg/mL, additions of 20 L). A 
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decrease in the intensity of the absorbance band is observed upon 

addition of porphyrin functionalised nanoparticles. (B) Absorption 

intensity of an ethanolic solution of Fe2(SO4)37H2O treated with 

functionalised nanoparticles recorded at 283 nm. Successive additions 

of functionalised nanoparticles lead to a decrease of the absorption 

intensity of Fe(III). 

4.19 The concentration of Fe(III) in an aqueous solution of Fe2(SO4)37H2O 

was monitored by AAS during the treatment with Fe3O4-VTES-polymer-

porphyrin. The multifunctional nanocomposite was able to chelate 39 % 

of the free Fe(III) form solution after 5-6 hours. 

123 

4.20 Stages of the preparation of the nanocomposite-laden polymer. The 

Fe3O4-VTES-polymer-porphyrin (A) is added to an ethanolic solution of 

thermoresponsive polymer, yielding a dark gel (D). The 

thermoresponsive polymer gel is shown at temperatures (B) below and 

(C) above the LCST. 

124 

4.21 Multifunctional nanocomposite-laden polymer was applied on (A) Blank 

wood and (B) artificial archaeological wood, and incubated for 4 weeks 

at 5 C atop a 1.3 Tesla neodymium magnet. After the incubation 

period the wood samples were wrapped in transparent film (C and D), 

and the magnetic field was applied in the opposite direction. (E) After 

one week the nanocomposite-laden polymer was peeled off the wood 

surface. 

125 

4.22 (A) Image of a core sample obtained from the keel of the Mary Rose. 

The more degraded, darker region corresponds to the section of the 

core close to the surface of the wood (B) SEM-EDS micrograph showing 

sulfur and iron present in the core, and (C) core sample being treated 

with a patch of polymer gel loaded with Fe3O4-VTES-polymer-porphyrin. 
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4.23 Far IR spectroscopy of nanocomposite-laden polymer after treating (C) 

Mary Rose wood, (D) artificial archaeological oak and (E) fresh oak. For 

comparison, the spectra of (A) thermoresponsive polymer, (B) 

porphyrin-amine and (F) multifunctional nanocomposite are included. 

The bands observed at 552 and 440 cm-1 correspond to the Fe-O 

stretches in magnetite, and the rotation of the pyrrole rings in the 

127 



Multifunctional nanocomposites for the conservation of marine archaeological wood 
 

XXXIV 
 

porphyrin moiety, respectively. The characteristic band at 362 cm-1 can 

be associated to the oop angle bends of the C=O bonds in the 

thermoresponsive polymer. The band at 393 cm-1 can be assigned to Fe-

N in plane core vibrations, while the band at 316 cm-1 can be attributed 

to the stretching of Fe-N in the porphyrin moiety. 

5.1 Schematic of the DTPA functionalised nanoparticles. APTES is used to 

attach the chelating agent DTPA to the surface of the magnetic 

nanoparticles. These DTPA functionalised nanoparticles have been 

devised to chelate iron ions by means of the DTPA moieties and to be 

manipulated with external magnetic fields. It can also be encapsulated 

in a thermoresponsive polymer for a magnetically and temperature 

controlled application. 

135 

5.2 Schematic of the one-pot synthesis of DTPA functionalised 

nanoparticles (Fe3O4-APTES-DTPA). (i) Highly crystalline iron oxide 

nanoparticles were prepared by microwave-assisted co-precipitation in 

aqueous media. (ii) The iron oxide nanoparticles were coated with 

(3-aminopropyl) triethoxysilane (APTES), which provided a convenient 

coating with amine groups. (iii) DTPA-da was finally anchored to the 

amino-coated nanoparticles via an amide bond between the amide and 

anhydride group. 

138 

5.3 Powder XRD patterns obtained from Fe3O4 (blue), Fe3O4-APTES (red) 

and Fe3O4-APTES-DTPA (orange). The three patterns are in good 

agreement with the standard of inverse spinel magnetite (Fe3O4, JCPDS 

index card no.19-629), plotted in black. This indicates that the 

morphology of the magnetite nanoparticles was not affected by the 

functionalisation with APTES and DTPA. The broad diffraction peaks 

observed are characteristic of nanostructured materials. The average 

crystallite size calculated with the Scherrer equation is 14 nm. 
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5.4 FTIR spectra of Fe3O4, Fe3O4-APTES and Fe3O4-APTES-DTPA. The intense 

band at 539 cm-1 corresponds to the stretches of the Fe-O bond. The 

broad band at 991 cm-1 is due to the stretches of the Si-O-Fe bond. The 

intense band at 1632 cm-1 is attributed to the vibrations of the C=O 

bonds present in the DTPA moiety. Finally, the weak band at 1389 cm-1 
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can be assigned to the amide II band. These signals confirm the 

successful attachment of APTES and DTPA onto the iron oxide 

nanoparticles. 

5.5 TGA curves of from Fe3O4 (blue), Fe3O4-APTES (red) and 

Fe3O4-APTES-DTPA (orange) obtained between 25 and 700 C in N2 

atmosphere. The mass loss of 1.5 % in Fe3O4 can be explained by the 

loss of water molecules physisorbed and. Fe3O4-APTES and 

Fe3O4-APTES-DTPA show a mass loss of 4 % and 10 % at 550 C, 

respectively, which indicates the attachment of the organic layers onto 

the magnetic nanoparticles. The slight gain in mass of Fe3O4-APTES 

after this temperature can be explained by the oxidation of the 

degraded silane. 

142 

5.6 Evaluation of chelation of free iron in solution with UV-visible 

spectroscopy. (A) UV-visible absorption spectra of an ethanolic solution 

of Fe2(SO4)37H2O (0.2 mM) treated with a suspension of 

Fe3O4-APTES-DTPA in ethanol (0.6 mg/mL, additions of 20 L). The 

absorbance at 284 nm decreases upon addition of DTPA functionalised 

nanoparticles. (B) Absorbance of an ethanolic solution of 

Fe2(SO4)37H2O, obtained at a fixed excitation wavelength 

(exc = 284 nm). The absorbance decreases upon addition of DTPA 

functionalised nanoparticles. 
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5.7 Atomic absorption spectroscopy was used to monitor the concentration 

of Fe(II) of an aqueous solution being treated with DTPA-functionalised 

nanoparticles. Results show that Fe3O4-APTES-DTPA was able to reduce 

the initial concentration of free Fe(II) (4.84 mg/mL) by 50 % within 30 

minutes. 
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5.8 Polymer-mixed DTPA-nanocomposite was applied onto (A) fresh oak 

and (B) artificial archaeological oak. These samples were placed atop 

a 1.3 Tesla permanent magnet, and incubated for 4 weeks at 5 C. After 

the incubation period, the treated wood samples (C and D) were 

protected by transparent film and placed upside down onto the 

permanent magnet for one week at 5 C. Finally, the samples were 
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brought to room temperature and the polymer mixed DTPA-

nanocomposite was peeled off the surface of the oak samples. 

5.9 Far IR spectroscopy of polymer-mixed-DTPA nanocomposite after 

treating (B) artificial archaeological and (C) fresh oak. The spectrum of 

(A) the thermoresponsive polymer is also included for comparison. The 

broad band at 560 cm-1 is attributed to the stretches of the Fe-O bonds 

in the iron oxide nanoparticles, and the band at 362 cm-1 can be 

assigned to the C=O bonds in the thermoresponsive polymer. Bands at 

393 and 317 cm-1 have been previously related to the stretching and 

out-of-plane vibrations of Fe-N bonds. In this case, however, the 

intensity of those signals is not significantly different between the 

blank sample and the artificial archaeological wood. Bands around 316-

320 cm-1 could be related to the three Fe-N bonds in DTPA-Fe. 
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A3.1 1H NMR spectrum of APTES obtained in DMSO-d6 155 

A3.2 1H NMR spectrum of PPIX obtained in DMSO-d6  155 

A3.3 1H NMR spectrum of PEG obtained in CDCl3 156 

A4.1 Temperature variable 1H NMR spectra of p(DEGMA45-co-MMA5) obtained 

between 20 and 40 oC. The figure on the bottom-right corner shows the 

variation of relative intensity with temperature, measured for the –

OCH2- proton. 

157 

A4.2 Raman spectrum obtained from magnetite nanoparticles. The peak at 

670 cm-1 is characteristic of magnetite. No evidence of other phases 

such as maghemite (-Fe2O3) or haematite (-Fe2O3) is observed. 
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Chapter 1 - Introduction 

1.1 The Mary Rose 

The Mary Rose was the flagship of King Henry VIII of England’s naval fleet. It was a 

grand warship constructed with four masts, two gun decks and two high castles, and was 

built between 1509 and 1511 together with her smaller sister vessel the Peter 

Pomegranate. Despite the popular belief that the Mary Rose was named after Mary Tudor, 

Henry VIII’s sister, there is no evidence for this. Instead, it is more likely she was named 

after the Virgin Mary, also known at the time as ‘The Mystic Rose’.1 Among other historical 

events, she led the English fleet during the three French wars (1512-1514, 1525-1542 and 

1543-1546). It has been found that during the second French war, the Mary Rose was kept 

in reserve and underwent refitting and, although the exact nature of the work performed 

on her is unclear, it is believed that these modifications included the addition of extra 

bracing to the structure of the ship and the opening of extra gunports. On the 19th July of 

1545, during the Battle of the Solent, the Mary Rose sank, taking the lives of hundreds of 

men aboard and leaving approximately 34 survivors. The reasons for her sinking have been 

long studied and debated and still remain uncertain. Although the French claimed they 

holed the hull of the Mary Rose during action, it is believed there were political 

motivations for these asseverations. Alternatively, contemporary observers reported that 

a sudden gust of wind caught the sails of the vessel while making a turn. This caused the 

ship to keel over, water entered through the open lower gunports, and led to a rapid 

capsizing.2,3 

The Mary Rose lay on the sea bed for nearly 450 years, during which time a number 

of attempts to salvage the ship were made. Initial resurfacing efforts were done in the 

weeks after the sinking, but failed, seemingly due to the limited technical resources at 

the time. The vessel quickly became covered in the upper sediments of the seabed, 

leaving the port side exposed to erosion from marine currents. Over the centuries the 

wreck site was fully covered in hard clay, sealing the ship off from further erosion, albeit 

making its future relocation difficult. Figure 1.1 shows a model of the erosion and 

sedimentation of the shipwreck in a sequence of three images depicting the stages of 

erosion and burial of the hull.  

In 1836 John and Charles Deane, pioneer divers and inventors, were hired along with 

William Edwards to help remove fisherman nets caught on protruding woods on the 

seabed. These timbers happened to be the Mary Rose wreck site and, after the 

controversial use of explosives in the excavation, several cannons, guns and other objects 

were recovered.4 It was not until 1971 when the Mary Rose wreck site was rediscovered 
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by Alexander McKee and the British Sub-Aqua Club after a search initiated in 1964. Modern 

excavations during the 1970s led to the recovery of more than 19000 artefacts of diverse 

nature. Ultimately, the hull of the Mary Rose was finally raised on the 11th October 1982 

following a complex operation that was carried out over several months.5  

 

 

Figure 1.1. Schematic showing a sequence model of erosion and 
sedimentation at the Mary Rose wreck site. (a) The port side 
remained exposed to currents and consequently was quickly 
eroded. (b) The wreck was then covered by silt and eelgrass, and 
(c) over the years further layers of sediments were deposited.6  

 

Further archaeological works were performed between 2003 and 2005 on the wreck 

site, during which more artefacts and parts of the ship structure were discovered. An 

anchor and the stem of the ship were then recovered. Other sections, like the forecastle, 

were not excavated or were reburied and still remain at the original wreck site protected 

under the sea floor. Since then, the salvaged hull and artefacts have been kept in the 

purpose-built, state-of-the-art Mary Rose Museum at the Portsmouth Historic Dockyard, 

where conservation works take place and are exhibited to the public. The nature of the 

findings and their degradation state were so varied that a range of new conservation 

methods and treatments had to be devised and tested. Figure 1.2 shows (a) a painting of 

the Mary Rose, (b) the hull being recovered in 1982 and (c) the hull in its current location 
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at the Mary Rose Museum, (d) the Mary Rose Museum, at the Historic Dockyards in 

Portsmouth. 

 

 

Figure 1.2. (a) Painting of the Mary Rose donated to the Mary Rose Trust by Geoff Hunt. 
(b) The hull of the Mary Rose being risen from the seabed on 11th October 1982. (c) The 
hull in its current state at the Mary Rose Museum. (d) The Mary Rose museum, built 
around the Mary Rose in a dry dock at the Historic Dockyards in Portsmouth, UK. (Images 
obtained from https://maryrose.org) 

 

1.2 Conservation needs and challenges 

From the moment the recovered timbers of the Mary Rose and artefacts were 

surfaced, a number of cleaning and storage strategies were meticulously studied, 

developed and applied.5 Soon after the recovered timbers were surfaced, they were 

transferred to a large pond of fresh water for periods ranging from 12 to 24 months. Initial 

conservation steps consisted of immersing recovered artefacts in tanks of fresh water, 

which was normally enough to remove the remaining marine sediments and desalinate. 

However, gentle brushing, water streams, and even warm water (up to 30 ºC) or ultrasonic 

baths were occasionally needed to remove the most resistant deposits. For practical 

reasons the hull and other large structures were washed by hand, using water hoses. A 

common occurrence in the recovered timbers of the Mary Rose was the appearance of a 

series of iron compounds on the surface. About half of the wooden objects recovered 
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showed rusty orange and red-brown deposits. To remove these iron deposits, the artefacts 

were soaked in a 5 % (m/v) solution of the disodium salt of ethylenediaminetetraacetic 

acid (EDTA) in water for periods ranging from one day to three months allowing for the 

dissolution of the majority of iron deposits. The most resistant deposits were removed in 

short immersion periods of 24-36 hours in a 5 % (m/v) solution of oxalic acid in water. To 

complement these treatments, timbers were also temporally stored in polyethylene 

sealed bags in anaerobic conditions. This anaerobic storage is known to be of much help 

for the further removal of iron compounds, since it prevents the formation of highly 

insoluble iron hydroxides and oxides. Water-based treatments and storage not only 

allowed wood to be cleaned from sediments, but also prevented the wood from drying 

out. Waterlogged archaeological wood can be severely and irreversibly damaged if 

allowed to dry in uncontrolled conditions, including warping, shrinking, distortion, or 

collapse caused by the shrinkage of wood cells.7 

The difference in size between the artefacts recovered and the hull itself required 

careful approaches for treatment and passive storage. The hull was sprayed with cold 

fresh water between 2 and 5 ºC and placed in a building made of a double layer of PVC, 

a so-called ‘hotbox’, which provided conveniently controlled thermal and vapour 

insulation and allowed for public display. Recycled, refrigerated, filtered fresh water was 

constantly sprayed on the hull for 12 years, and biocide treatments were applied to 

control localised growth of microbial slimes and fungi colonies. Alternatively, artefacts 

and individual timbers were submerged in purpose-built polypropylene or polyethylene 

tanks containing fresh water, which was renewed periodically. These objects were kept 

in the dark, but it was not possible to maintain a controlled temperature. The use of 

chilled fresh water (either spraying or immersion) was safe, non-toxic, economical, and 

compatible with future conservation treatment processes. 

Later, during passive storage, some artefacts and individual timbers were also treated 

with gamma radiation to control bacteria, fungi and insects. This technique, widely used 

for sterilisation in biomedical applications during the 1980s and 1990s, yielded 

satisfactory results in preliminary studies.8 Therefore, since 1998 a range of doses from 

20 to 100 KGy, considered safe for the wood, were used depending on the thickness and 

the degradation state of the objects under treatment.9,10 The hull, however, could not be 

treated due to logistical limitations in transportation. Gamma irradiation proved to be a 

preferable alternative to cold and wet storage strategies as it was more economical and 

did not pose any toxicological threat to conservators, as opposed to biocides. 

While the passive storage was taking place, the team of conservators at the Mary 

Rose Museum investigated strategies to dry the hull and wooden artefacts whilst avoiding 
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damage to the wood structure. Among others, specialists and conservators from the 17th 

century Swedish ship Vasa (recovered two decades earlier from the bottom of the 

Stockholm harbour) were consulted.11 The conservation programme had a number of clear 

objectives. First, bulking treatments were needed to permanently replace water within 

the wood structure. This would prevent wood cell walls from drying and shrinking, 

ultimately leading to structural collapse. Bulking chemicals were chosen whereby 

hydrogen bonds are formed with the cellulose in the wood cells and, in theory, can 

therefore be easily removed from the wood structure. Secondly, filling voids, lumen and 

intercellular spaces was also necessary to improve the mechanical properties of the 

recovered timbers. For this, aqueous solutions of polymers are generally employed. 

Finally, recovered timbers must be coated to preserve their surface quality and improve 

mechanical properties. Polyethylene glycol (PEG) was found to be the most suitable 

polymer for void filling and surface coating.  

Polyethylene glycols were the selected candidates as they are safe, non-toxic, 

relatively inexpensive and highly soluble in water (100 mg/mL and 55 mg/mL for PEG 200 

and PEG 4000, respectively). PEGs with low molecular weight are clear, viscous liquids 

100 % soluble in water. Higher molecular weight PEGs are white waxy solids also soluble 

in water to concentrations of 50-55 % (w/v). These characteristics make PEG one of the 

most commonly used materials for waterlogged wood conservation, in spite of the long 

treatment times needed and the increasing hygroscopicity of PEG with decreasing 

molecular weight. PEG was considered a standard method ever since it was used by 

conservators on the Vasa in the 1960s.12 Indeed, in the 1970s and 1980s, polyethylene 

glycols with molecular weights around 1500 g/mol were used to treat ancient wood, and 

PEG 4000 was regularly used as consolidant to preserve highly degraded marine 

archaeological wood.13,14,15,16 In addition to its use in wood conservation, PEG was also 

used in the 1990s for the consolidation of the polychromy of the 2200-years-old Terracotta 

warriors. A treatment based on PEG was successfully used to prevent the flaking and 

detachment of the lacquered paint from the statues by partially replacing water from the 

qi-lacquer structure.17 

A two-step PEG treatment was developed by conservators in the Mary Rose trust to 

stabilise the size and shape of the ship’s hull after several years of research with samples 

and actual hull timbers. In 1994 the first step of the active conservation programme 

started with the application of low molecular weight PEG. For over a decade, the hull of 

the Mary Rose was sprayed with low concentration aqueous solutions of PEG 200. Due to 

its low molecular weight this polymer could enter the cell walls, replacing water and 

stabilising the cell walls by means of hydrogen bonds with the cellulose. This kept the cell 
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walls saturated, preventing shrinkage and subsequent collapse. The second phase started 

in 2006 when the spray was changed to a higher molecular weight PEG. Aqueous solutions 

of PEG 2000 were sprayed onto the surface of the hull, which helped to fill in the 

permanent voids on the outer timber surface and sealed in the low grade PEG. The surface 

of more degraded timbers was finally treated with PEG 4000. The use of high grade PEGs 

was key in the preservation of the rigidity of the timbers and surface features. In contrast 

with the hull, the wooden artefacts and smaller timbers were submerged in aqueous 

solutions of PEG. This approach and the smaller size of the objects allowed for a faster 

diffusion of the polymer through the wood structure, therefore requiring shorter 

treatment times. Before being treated, the timbers were analysed microscopically to 

determine the degradation state of the wood. Each timber was then categorised in three 

classes, so specially designed treatments could be used according to the type of wood, 

size, and degradation state.18,19,20 Figure 1.3 shows timbers and metal artefacts being 

treated with a solution of sodium sesquicarbonate to remove concretions. 

 

 

Figure 1.3. Small sized metal and wooden objects under 

treatment with a solution of sodium sesquicarbonate to 

remove concretions during the active conservation stage. 

(Images obtained from https://maryrose.org) 
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After the artefacts, timbers and hull were treated with PEG they all underwent a 

drying stage. The majority of the objects were freeze dried for periods of weeks to 

months, depending on size and amount of water, while a few were instead slowly air 

dried. A final surface treatment with PEG 6000 was applied to some objects. The sprayers 

installed over the hull of the Mary Rose were finally switched off on 29th April 2013, 

bringing the PEG treatment stage to an end. The drying phase began while the hull was 

kept under tightly controlled temperature (18-20 oC) and humidity (50-58 % RH) 

conditions. In July 2016, after nearly three years, the ship was sufficiently dry, which 

allowed the removal of the wall and windows separating her and the visitors of the 

museum. Figure 1.4 shows the Mary Rose hull and wooden artefacts during the PEG 

treatment stage and during the drying stage. 

 

 

Figure 1.4. (a) The Mary Rose hull during the early spraying stages inside the sealed 

‘hotbox’, and (b) during the temperature and humidity controlled drying stage, 

surrounded by ventilation ducts. (c) Wooden artefacts being immersed in an aqueous 

solution of PEG, and (d) next to the six metres long freeze dryer used at the Mary Rose 

Museum facilities. (Images obtained from https://maryrose.org) 

 

1.2.1 Acidification of marine archaeological wood: the sulfur and iron problem 

During the conservation of the Vasa, researchers observed degradation processes in 

which wood polymers, cellulose and hemicellulose, as well as the PEG used in the 

conservation, were broken down into lower molecular weight organic acids. This 
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occurrence appeared to be connected to higher concentrations of iron and low 

concentrations of sulfur in the wood. These findings were also correlated with a pH 

gradient in the wood: lower values were recorded in areas of higher degradation of 

polymers and higher concentration of iron. The conservators elaborated a hypothesis 

where the degradation processes have an oxidative nature and have been initiated by iron 

compounds in Fenton-type reactions. Additionally, reduced organic sulfur compounds may 

have a role in quenching these reactions.21,22 Similarly, sulfur and iron deposits were found 

in the timbers and wooden artefacts from the Mary Rose, showing that she was also 

exposed to similar iron-catalysed degradation processes.23,24 While sulfur compounds 

occur naturally in sea water in different oxidation states (H2S, FeS2, SO4
2-, SO2 or S), it is 

believed that iron diffused into the wood structure from corroded fixtures, nails and other 

iron objects during the time on the seabed.  

In Fenton reactions, iron ions can be combined with hydrogen peroxide to form 

hydroxyl radicals, which can react with organic matter, leading to its degradation via 

oxidation processes. In the case of archaeological wood, iron ions lodged in the wood 

structure pose no harm to its integrity in anaerobic conditions (i.e. submerged in water). 

However, when the wood is exposed to the atmosphere, iron can react with molecular 

oxygen, yielding hydrogen peroxide, therefore triggering a Fenton-type reaction 

described above. This sequence of reactions is described in Scheme 1.5. 

 

 
 

Scheme 1.5. Fenton-type reaction where iron (II) and iron (III) 

catalyse the formation of hydroxyl radicals that cause the 

degradation of organic matter. 

 

In anaerobic conditions, the more common forms of sulfur in marine archaeological 

wood are elemental sulfur, hydrogen sulphide and, when iron is present, iron sulphide. 

When exposed to atmospheric oxygen, iron sulphide can be oxidised in the presence of 

water, to form iron sulfate and sulfuric acid.25 Scheme 1.6 shows a simplified overall 

reaction for this process. This suggests that the oxidation of sulfur, catalysed by iron, is 
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one of the causes of the acidification and subsequent long term threat of degradation to 

marine archaeological wood.  

 

Scheme 1.6.  Oxidation reaction of iron sulphide into iron sulfate 

in the presence of molecular oxygen and water. Sulfuric acid is 

generated as a side product. 

 

The formation of highly oxidant substances, such as hydroxyl radicals, and sulfur-

based acids has a deleterious effect on the structural integrity of marine archaeological 

wood. These substances cause the degradation of the cellulose and hemicellulose in the 

wood, as well as the breakdown of the PEG used in the conservation stages. These 

acidification processes pose a long-term threat to the conservation of the artefacts and 

have been the object of significant research in relation to the conservation of the Vasa 

and the Mary Rose.21,23,24,26 

 

1.2.2 Conservation strategies to date 

There have been a number of conservation strategies and treatments developed over 

the years to address the acidification and the degradation problem of marine 

archaeological wood, mainly focusing on the neutralisation of the sulfur and iron present 

in the artefacts. In the mid 2000’s, Giorgi, Chelazzi, and Baglioni explored the use of 

alkaline earth hydroxides for the de-acidification of the Vasa. Suspensions of Mg(OH)2 and 

Ca(OH)2 nanoparticles in 2-propanol were used to treat wood samples. These treatments 

were successful in de-acidifying the wood, and also had the advantage over other methods 

of facile diffusion into the artefacts due to their small size.27,28,29 

More recently, Schofield, Chadwick and co-workers developed a series of methods to 

neutralise the free acid and the sulfur species present in the wood in order to stop the 

identified degradation processes. These treatments were based on SrCO3 nanoparticles, 

which were applied to wood samples in the form of a suspension in 2-propanol and water. 

SrCO3 was chosen as a weak base and because Sr2+ has a large affinity for sulfate ions. 

SrCO3 nanoparticles were found to diffuse more effectively into wood samples when they 

had not previously been treated with PEG. Also, aqueous suspensions of these particles 

provided deeper penetration into wood than those in 2-propanol. Analyses with X-ray 

absorption spectroscopy (XAS) showed that SrCO3 nanoparticles were effective in reacting 

with the iron sulfate present. This resulted in the stabilisation of iron and sulfur in the 
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form of siderite (FeCO3), goethite (FeO(OH)) and other insoluble, benign compounds, 

preventing further oxidation into sulfuric acid.30,31,32,33 Other alkaline earth carbonates, 

such as BaCO3 and CaCO3, were later investigated. Fine aqueous dispersions of these 

compounds were applied to dried and PEG treated wooden artefacts from the Mary Rose. 

These studies showed that the carbonate reagents successfully dissociated and 

neutralised acid, and accelerated the oxidation of pyrite (FeS2) into neutral, insoluble 

sulfate salts. Particularly, CaCO3 seemed to be a more sensible option for further scale 

up, since it is less toxic and more environmentally friendly than its strontium and barium 

based counterparts.34 

Berko et al.35 took a different approach to tackle the acidification problem. Their 

efforts were focused exclusively on neutralising the iron ions responsible for the formation 

of sulfur-based acids within the wood structure. Aqueous solutions of several chelating 

agents, namely calcium phytate, EDTA, diethylenetriaminepentaacetic acid (DTPA) and 

citric acid, were applied as treatments for wood samples from the Mary Rose. The effects 

of these treatments were studied with XAS. The results obtained revealed varying degrees 

of success in removing Fe(II) and Fe(III). Treatments with DTPA were able to remove 

between 50 and 90 % of the iron present in the samples, depending on the initial 

concentration of the iron contamination.  

In 2014, Walsh et al.36 designed a supramolecular polymer network based on host-

guest interactions. This network contained different ratios of catechol and naphthol 

functionalities, able to form metal-ligand complexes with iron. Small angle X-ray 

scattering (SAXS), IR imaging, and rheological analyses performed on samples of 

archaeological wood treated with this functional polymer showed a significant decrease 

in iron content on their surface. A 1:1 ratio (catechol:naphthol) was found to be more 

effective in the removal of iron from the surface of the wooden samples, as opposed to 

polymer networks functionalised with only one of the ligands. 

 

1.3 Nanoparticles as conservation agents 

1.3.1 Properties of nanoparticles 

The use of nanostructured materials has rapidly increased in recent years as a result 

of extensive research in a variety of fields such as solid state chemistry, colloids and 

surface chemistry, and polymer synthesis. The advances in synthetic methods and 

characterisation techniques have made possible the detailed study of matter on the 

nanometre scale and an increase in the understanding of the physical, chemical and 

optical properties of nanostructures. Nowadays nanomaterials have been at the heart of 

advances in biomedicine, energy storage and conversion, food technology and 
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electronics.37,38,39,40,41,42,43,44 Nanosized materials can often take on unique properties 

compared to their bulk counterparts, owing to their high surface areas and small sizes. 

Nanoporous materials, for example, can be used for molecular separation, water 

purification, or gas adsorption or separation thanks to their large surface-area-to-volume 

ratios and the possibility to control the pore size and geometry.45,46,47 Quantum dots, for 

example, are a class of materials where precise modification of the size of the 

nanomaterials results in a tuneable variation in the colour through quantum confinement 

effects.48 Another example of a set of materials where changes in size can drive large 

changes in functional properties are magnetic materials, which may represent an 

excellent platform for the design of targeted conservation treatments. 

 

1.3.1.1 Magnetic materials and magnetic nanoparticles 

Magnetic materials may be characterised by their response to an external magnetic 

field. Depending on the observed behaviour, they can be classified as paramagnetic, 

diamagnetic, ferromagnetic, or ferrimagnetic. In paramagnetic materials for example, 

atoms contain unpaired electrons whose spin magnetic moments define the overall 

magnetic moment. In the presence of an external magnetic field, these spins can align 

parallel to the applied field leading to a net attraction. In the case of diamagnetic 

materials, the electron spins are all paired resulting in an overall zero magnetic moment. 

When an external magnetic field is applied, a weak magnetic dipole is induced in the 

opposite direction to the field. As a consequence, diamagnets are, therefore, slightly 

repelled from a magnetic field.49 

Materials may also exhibit spontaneous magnetisation in the absence of an applied 

field. Under certain conditions unpaired electrons from partially filled 3d orbitals may be 

coupled via an exchange interaction which tends to align them, reaching a more stable 

state. This exchange interaction can also occur between neighbouring atoms in some 

materials, giving rise to long-range magnetic ordering of the unpaired electrons leading 

to an overall net magnetic moment. Materials exhibiting this type of magnetisation are 

called ferromagnets. Above a certain temperature, called the Curie temperature (TC), 

thermal energy outweighs the tendency of spins to stay aligned, meaning ferromagnetic 

materials can no longer maintain spontaneous magnetisation and instead exhibit 

paramagnetic behaviour. In other cases, the exchange interaction may lead adjacent spins 

to align antiparallel to each other. In this instance, the identical magnetic moments 

cancel each other out and as a result there is no net spontaneous magnetisation. These 

materials are called antiferromagnets and exhibit such behaviour below a characteristic 
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temperature known as the Néel temperature (TN). If moments are aligned in an 

antiparallel manner, but the magnetisation of one sublattice is greater than that of the 

other sublattice, then the spins are only partially cancelled and there remains an overall 

spontaneous magnetisation. These are called ferrimagnetic materials and, similar to 

ferromagnets, only show such behaviour below the Curie temperature.50,51 Figure 1.7(a) 

shows how spin moments arrange in different materials with spontaneous magnetisation. 

Figure 1.7(b) shows how magnetic susceptibility of ferromagnets and antiferromagnets 

varies with temperature. 

 

 

Figure 1.7. (a) Representation of the alignment of spins in paramagnets (non-aligned), 

ferromagnets (parallel), antiferromagnets (antiparallel) and ferrimagnets (antiparallel 

spins in different sublattices). (b) Schematic of the variation of magnetic susceptibility 

with temperature. Above the Curie point, ferro- and ferrimagnetic materials can no 

longer maintain spin alignment and exhibit a paramagnetic behaviour; thermal motion 

also competes with spin alignment in antiferromagnets and causes them to become 

paramagnetic above the Néel point. 

 

The microstructure of magnetic materials is divided into small domains where spins 

can be aligned in the same direction. Magnetic domains are distributed within the 

structure so that their spins may be aligned in different directions to those of other 

domains. Upon application of an external magnetic field (H), magnetic domains tend to 

align parallel to the field showing an induced magnetisation (M). At sufficiently intense 

magnetic fields, the material reaches a point of saturation magnetisation.49 Figure 1.8(a) 

shows the characteristic sigmoidal M-H curve of a magnetic material, which for ferro- and 

ferrimagnets usually features a hysteresis loop. When a non-magnetised bulk material (0) 

is subjected to an external magnetic field, its magnetisation increases following the 

dashed line until it reaches a saturation magnetisation point (1). If the magnetic field is 
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subsequently removed, there will remain a residual magnetisation within the substance 

(2). This remnant magnetisation can be cancelled by applying a reverse magnetic field of 

a specific strength, called coercive force (3). If the magnetic field is reversed enough the 

material can be magnetised in the opposite direction (4). 

Sufficiently small particles can be single-domain as their magnetisation does not vary 

across the particle (i.e. all spins are aligned in the same direction and no domain walls 

are observed). Also, under certain size and temperature conditions, single-domain ferro- 

and ferrimagnets can exhibit a property called superparamagnetism.52 In sufficiently small 

single-domain particles (typical sizes between 5  and 150 nm, although this is dependent 

on the material and temperature), the magnetic anisotropic energy barrier between the 

two antiparallel orientations of the spins can be overcome by thermal energy, causing the 

spins to rotate coherently from one direction to the other.53,54,55 When the temperature 

increases above a certain value (blocking temperature, TB) the magnetisation is reversed 

spontaneously and the relaxation times between the different directions of magnetisation 

shorten. Such magnetic fluctuations result in an observed net magnetic moment of zero 

for each individual particle, and this behaviour is known as superparamagnetism. Figure 

1.8(b) shows how particles that transition from a blocked state (ferro- or ferrimagnetic) 

to a superparamagnetic state show no remanence (Mr) or coercivity (Hc). They do not 

exhibit any hysteresis in their M-H curve, but maintain high saturation magnetisation.56 

 

 

Figure 1.8. (a) Hysteresis cycle of a ferromagnetic material showing the multi-domain 

microstructure under zero field ⓪, spins are aligned at points of saturation 

magnetisation ① and ④, value of remnant magnetisation (Mr) ② and value of the 

coercive field (Hc) ③. (b) Schematic representation of M-H curves for i) paramagnets, 

ii) ferromagnets, iii) superparamagnets and iv) diamagnetic materials. 
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An example of a ferrimagnetic material is magnetite (Fe3O4), whose magnetic 

properties have seen it find applications across biomedicine, drug delivery, sensing 

technology, catalysis, magnetic recording and wastewater treatment.53,57,58,59,60,61 

Magnetite has an inverse spinel structure, crystallising in the 𝐹𝑑3̅𝑚 space group. Its 

chemical composition may be thought of as Fe2+Fe2
3+O4

2-, where the O2- ions form a face-

centered cubic lattice with half of the Fe3+ ions occupying tetrahedral sites and octahedral 

sites are occupied by Fe2+ ions and the other half of the Fe3+ ions. Magnetite may show 

superparamagnetic behaviour when the particle size is below 20 nm (critical diameter, 

DP), displaying values for Mr and HC of zero.62,61,63 The saturation magnetisation  (Ms) value 

for bulk magnetite is 90 emu/g, while single crystal magnetite nanoparticles generally 

show values 10 to 30 % lower.64,65,48 Superparamagnetism, therefore, is observed when the 

size of the nanoparticles is below the critical diameter (DP) and the temperature is above 

the blocking temperature (TB). Figure 1.9(a) shows the magnetic behaviour of magnetite 

particles in relation to particle size.  Figure 1.9(b) displays the crystal structure of 

magnetite (Fe3O4). 

 

 

Figure 1.9. (a) Schematic showing the coercivity (Hc) behaviour of a magnetic particle 

as a function of its diameter. As particle size decreases the domain walls disappear, 

resulting in an increase in Hc until the particle size reaches DS (transition from multi 

domain to single domain). When the particle size further decreases, the thermal 

agitation energy overcomes magnetic anisotropy energy and, as a result, the particle 

enters the superparamagnetic regime, DP, where the coercivity exhibited is zero.66 (b) 

Magnetite crystallises in an inverse spinel structure (AB2O4). Here O2- ions (red) are 

arranged in a face-centred cubic system. Fe2+ ions (gold) sit in octahedral sites while 

one half of Fe3+ ions (brown) occupy octahedral sites and the other half occupy 

tetrahedral sites. Magnetite can be represented as: (Fetet
3+)(Feoct

2+)(Feoct
3+)O4. 
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1.3.2 Previous strategies for nanoparticle-based conservation treatments 

Despite the long history of advances in the development and application of 

nanostructured materials, the use of nanotechnology in the conservation of cultural 

heritage has only been approached relatively recently for less than two decades. Amongst 

the earliest records of the use of technology in conservation of cultural heritage there 

are patented treatments in the early 20th century in which ‘silicic ether’ was used as a 

consolidant for stone, although they were dismissed soon after due to poor efficacy.67,68 

Later, a combination of biocides with ‘silicic acid ester’ was designed for masonry 

preservation.69 After half a century of slow but steady progress, the 1980s and 1990s saw 

a blossoming of techniques for stone conservation, most of them based in the use of sol-

gel chemistry and alkoxysilanes as consolidants.70 However, the first use of nanoscience 

in the conservation of art and artefacts dates back to the 1980s during the restoration of 

Renaissance paintings in the Brancacci Chapel in Florence.71 Wax, originating from 

candles, that had deposited on the wall paintings over the centuries, was successfully 

removed using microemulsions of SDS/dodecane/n-butanol/H2O. Polymers and resins, 

widely used to consolidate wall paintings in the past, often degrade over time and exhibit 

poor treatment reversibility.72,73  

The use of nanoparticles in conservation has gradually increased over the last 

decades. For example, Giorgi et al.74 successfully used suspensions of calcium and barium 

hydroxide nanoparticles to consolidate Mesoamerican wall paintings. More recently, 

Munafò et al.75 used the photocatalytic properties of TiO2 nanoparticles in the 

conservation of stone which had been exposed to volatile organics, microorganisms or 

other contaminants in urban environments. Travertine stone samples were spray-coated 

with colloidal suspensions of TiO2 nanoparticles, and indoor laboratory tests showed 

promising self-cleaning properties from this treatment. Nanoparticles have also been used 

for the protection and conservation of wood. Mahltig et al.76 improved the mechanical 

properties of various types of wood and endowed it with fire retardant, water repellent 

and antimicrobial properties upon application of modified silica nanosols in aqueous 

solution. In the 2000’s, alkaline earth hydroxide [Mg(OH)2 and Ca(OH)2] and carbonate 

[SrCO3, BaCO3 and CaCO3] nanoparticles were introduced for the deacidification of 

decaying paper, canvas and wood.27,29,30,77 Although submicron sized particles had been 

used previously in paper conservation, these more recent approaches have pioneered the 

use of nanoparticles to preserve paper, canvas and wood since they used non-aqueous 

dispersions. This was a significant improvement since aqueous dispersions, used for 

example in the Bookkeepers method, contribute to the degradation of cellulose in the 

long term.78  



Chapter 1 – Introduction 
 

16 
 

1.3.3 Specific conservation approaches using magnetic nanoparticles 

The majority of materials utilised for the preparation of nanoparticles for 

conservation treatments are alkaline earth hydroxides and alkaline earth carbonates, as 

mentioned previously. However, Bonini et al.79 designed a so-called ‘nanomagnetic 

sponge’ aimed at removing resins from the surface of wall paintings. Such sponges were 

comprised of cobalt-ferrite nanoparticles cross-linked through a polymer network based 

on PEG and acrylamide. The sponges could be loaded with solvents, microemulsions or 

micellar systems and applied on the surface to be treated. The magnetic responsiveness 

of the sponge facilitated its removal from the surface of the artwork with a permanent 

magnet. The magnetism of the sponges not only helped to preserve the integrity of the 

surfaces treated by minimising the use of tools on it but also allowed for the manipulation 

of the sponge to load and unload solvents. To date, there have not been attempts to apply 

magnetic nanoparticle based treatments to waterlogged wooden artefacts. 

 

1.4 Synthetic approaches to magnetic nanoparticles 

The variety of the existing synthetic methods allows for the preparation of magnetic 

particles of different sizes, shapes, size distributions, and crystallinities. Magnetite 

nanoparticles may be coated during their synthesis for an improved physical or chemical 

stability, as preparation for further functionalisation or to gain control over the growth 

of the nanoparticles. Thus, while some methods offer high control over size and shape 

with low yields, other strategies are inexpensive, easily scalable and yield particles with 

wider size distributions. Popular synthetic pathways for the preparation of magnetic 

nanoparticles, including co-precipitation, thermal decomposition, hydrothermal 

synthesis, and microemulsions are discussed below. 

 

1.4.1 Co-precipitation 

Co-precipitation is a facile and convenient method to synthesise iron oxide 

nanoparticles as it is easy to scale-up, can be carried out at relatively low temperatures, 

and particles are precipitated from aqueous solutions, avoiding the use of large amounts 

of organic solvents. However, this method tends to yield particles with a broad size 

distribution which can lead to non-ideal magnetic behaviour. In co-precipitation the 

stages of nucleation, growth, and aggregation occur quasi-simultaneously. Briefly, 

nucleation occurs when the concentration of the precursors reaches the maximum critical 

concentration, or supersaturation, and nuclei start to form. In order to obtain highly 
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monodisperse nanoparticles, a short burst of nucleation should cause a decrease in 

concentration and the rapid interruption of nuclei formation. This would be followed by 

a longer period of growth of the nuclei in which solutes diffuse from the solution and 

incorporate onto the particle surface. In non-ideal conditions, nucleation and growth 

stages overlap, causing new nuclei to form while those already formed continue growing. 

Inevitably, this gives the particles a wider size distribution.80,81 Figure 1.10 shows a La 

Mer diagram describing the fundamental stages of particle formation in colloidal solution. 

 

 

Figure 1.10. The La Mer model is generally accepted to describe particle formation 

mechanisms in colloidal solutions. The concentration of monomers (or ions) in 

solution is increased beyond a critical supersaturation level (Cmin). Nuclei start to 

form rapidly (burst nucleation) which causes the concentration of monomers in 

solution to drop below the self-nucleation level, marking the end of the nucleation 

stage. Growth then occurs due to the diffusion of remaining monomers in solution 

to the already formed particles surfaces. A rapid nucleation and a slow growth are 

ideal for obtaining a narrow size distribution; if nucleation lasts too long, then 

heterogeneous nucleation/growth will take place yielding polydisperse particles.82,83 

 

Nonetheless, a certain degree of monodispersity can still be achieved as smaller, 

newly formed nuclei may adhere to larger particles reaching a more thermodynamically 

stable state where the surface area to volume ratio is minimised. This phenomenon is 

known as Ostwald ripening and causes the size distribution of the nanoparticles to 

narrow.84 René Massart first developed a method for the preparation of aqueous magnetic 

liquids, and reported the preparation of monodisperse magnetic nanoparticles.85,86 

Variations of this method exist nowadays, including ultrasonic- and microwave-assisted 

procedures, which allow for shorter reaction times, lower temperatures, more 
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homogeneous heating, and better monodispersity and crystallinity of the material 

synthesised.87,88 

 

1.4.2 Thermal decomposition 

Highly monodisperse magnetite nanoparticles can be prepared by thermal 

decomposition of organometallic precursors in high-boiling organic solvents and in the 

presence of stabilising surfactants. The organometallic compounds generally used include 

iron acetylacetonate [Fe(acac)3], iron carbonyl [Fe(CO)5], or iron oleate. Common 

surfactants employed are oleylamine, hexadecylamine, or fatty acids such as oleic acid. 

In this method the ratios of the starting compounds, surfactants, and solvents used are 

crucial parameters for the control over the size and shape of the nanoparticles. The 

reaction time and temperature must also be controlled to achieve nanoparticles of a 

desired morphology and size. Lee et al.89 have prepared Fe3O4 nanoparticles of various 

sizes, from 4 to 160 nm. They found that the boiling point of the solvent chosen had an 

impact on the resulting particle size. For example, [Fe(acac)3] was used to obtain 4 nm 

magnetite particles in diphenyl ether (bp 265 oC), in the presence of oleic acid. Similarly, 

6 nm particles were obtained in benzyl ether (bp 300 oC), in the presence of oleylamine. 

Furthermore, Fe3O4 particles of 4 nm could be used subsequently as seeds to obtain larger 

nanoparticles, up to 20 nm. The single crystalline particles were found to be ferrimagnetic 

at 10 K and superparamagnetic at room temperature. Finally, Fe3O4 particles of 16 nm 

produced through thermal decomposition had a saturation magnetisation (Ms) of 83 emu/g 

Fe3O4, very close to that of bulk magnetite (90 emu/g Fe3O4). Figure 1.11 shows (a) the 

schematic of the preparation of oleate stabilised magnetite nanoparticles, and (b and c) 

electronic microscopy images of the as synthesised nanoparticles. 

 

 

Figure 1.11. (a) Schematic illustration of the synthesis of iron oxide nanocrystals (NCs) 

through the decomposition of Fe(acac)3 in the presence of oleic acid, oleylamine and 

akanediol; (b) typical TEM image of the as synthesised nanoparticles; (c) HR TEM image 

of the 16 nm Fe3O4 nanocrystals.89 
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Thermal decomposition allows for the preparation of highly crystalline nanoparticles 

of a wide range of sizes and with various surfactant coatings. However, there are some 

disadvantages: high temperatures are required, as well as long reaction times and the use 

of organic solvents, which make it difficult to scale up the synthetic processes.81,90 

 

1.4.3 Hydrothermal Synthesis 

Magnetite nanoparticles may be grown from aqueous solutions of Fe(II) and Fe(III) 

salts at high temperatures and high vapour pressures in Teflon-lined stainless steel 

autoclaves. Daou et al.91 reported the synthesis of monodisperse, highly crystalline Fe3O4 

nanoparticles with an average size of 12 ± 2 nm, by means of co-precipitation of ferrous 

and ferric ions. Interestingly, subsequent hydrothermal treatment of these particles 

(250 C, 24 hours) yielded monodisperse, highly crystalline Fe3O4 nanoparticles of 

39 ± 5 nm in diameter, with saturation magnetisation of 82.5 emu/g, close to that of bulk 

magnetite. Dhage et al.92 explored the use of a microwave treatment to assist the 

hydrothermal stage in the preparation of magnetite nanoparticles. Using identical 

conditions to the conventional hydrothermal method (190 oC, 154 psi) the reaction times 

were shortened to 30 min. Although the microwave-assisted hydrothermal method 

resulted in much shorter reaction times, the particles prepared often ranged 100 to 

500 nm in size. This resulted in polydisperse samples.  

 

1.4.4 Microemulsion approach 

Micelles are spherical supramolecular assemblies formed in aqueous media consisting 

of surfactant molecules aggregated with their hydrophilic end in contact with the solvent 

and the hydrophobic tail towards the centre. In organic solvents, the orientation of the 

surfactant molecules is inverted, forming reverse micelles. Here, the polar heads are 

oriented towards the inside of the sphere, and the hydrophobic tails are in contact with 

the solvent. When oil is mixed with water in the presence of surfactants, micelles or 

reverse micelles may be formed giving rise to a stable system called an emulsion. Reverse 

micelles are often used as micro reactors to grow nanoparticles inside them. For this, a 

small amount of water containing the precursors for the reaction is dispersed in a non-

polar continuous phase in the presence of a surfactant. A microemulsion is formed, 

containing nanometre-sized water droplets. Typically, the nucleation stage occurs within 

certain micelles, followed by growth via the exchange of nuclei during micellar collisions 

upon stirring.93 In many procedures the inverse micelle size varies linearly with the water 
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to surfactant ratio (o). This parameter is also associated with the remarkable control of 

particle size control in the microemulsion method. The choice of surfactant, cosurfactant, 

and nature of continuous phase can influence the interchange dynamics of the micelle by 

modifying the rigidity of the aqueous-oil interface. These conditions can be adjusted to 

control the particle growth towards a certain shape or crystalline phase.94 Pileni et al.95,96 

first introduced the use of colloidal self-assemblies for the synthesis of a variety of ferrites 

and cobalt metal nanocrystals, for which both regular and reverse micelles were used. 

The main limitations of the microemulsion approach are the large amount of solvent 

needed and the low yields obtained. 

 

1.4.5 Sol-gel method 

In sol-gel synthesis the starting point is an aqueous solution (sol) of the precursors, 

typically metal alkoxides or metal chlorides. These precursors generally undergo a series 

of hydrolytic and polycondensation processes to form a suspension of nanoparticles. The 

sol evolves in an inorganic network within a liquid phase, the gel phase, and the liquid 

phase is then removed via a drying process. The sol-gel method is inexpensive and yields 

highly crystalline and monodisperse nanoparticles. The main drawback of this method is 

the need for a purification treatment after the synthesis, since the presence of reaction 

by-products is common and must be removed to avoid contamination.97 However, there 

are opportunities for tuning the sol-gel approach. For example, Biddlecombe et al.98 

prepared iron oxide nanoparticles from a metallorganic iron (II) alkoxide precursor 

[Fe(OBut)2(THF)2] using an ultrasound-assisted thermal treatment in THF. Depending on 

the reaction conditions used, the nanoparticles obtained were identified as 

superparamagnetic -maghemite (9 nm) or magnetite (19 nm), and were found to 

aggregate in needle-like and plate-like assemblies, respectively. In 2012, Lemine et al.99 

prepared highly crystalline magnetite using a sol-gel method in supercritical conditions. 

The 8 nm nanoparticles were obtained by bringing an ethanolic solution of iron (III) 

acetylacetonate to supercritical conditions in an autoclave. Sol-gel methods require low 

reaction temperatures to yield products of high purity. However, the reaction times 

needed are often long and the precursors used are relatively expensive. 
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1.4.6 Microwave synthesis of nanoparticles 

Microwave-assisted synthetic methods employ microwave radiation to induce an 

intrinsic heating of the precursors. The use of microwaves for the synthesis of 

nanomaterials has several advantages over conventional heating methods, namely 

reduction of reaction time, improved reproducibility, reduction of side reactions, and a 

significant improvement in the control over reaction conditions. This results in an 

improved control of the morphology, phase, particle size and particle size distribution of 

the nanomaterials, and therefore greater control of their intrinsic properties.100,101 For 

example, ZnSe alloyed quantum dots (QDs) can be prepared via a microwave-assisted 

aqueous synthesis.102 Precise control over the reaction time and temperature is key to 

obtain QDs that exhibit improved photoluminiscent high quantum yields up to 17 % 

compared with organometallic methods or hydrothermal synthesis. Microwave radiation 

has also been used for the preparation of cathode materials for lithium batteries. For 

instance, Yang et al. synthesised LiV3O8 via a microwave solid-state route.103 This material 

showed enhanced ionic conductivity, discharge capacity and cycle performance due to 

the creation of two-dimensional Li+ diffusion channels created between the nanosheet-

shaped structures obtained with this synthetic route. Microwaves have been recently 

incorporated and further developed by the Corr group by introducing a microwave-

assisted growth stage into co-precipitation and hydrothermal routes, or inducing heating 

stages in solid state routes with microwave furnaces.104,105 Particularly, for iron oxide 

nanoparticles, the use of microwaves has been found to substantially decrease the 

reaction times and ageing periods of Fe3O4 nanocrystals preparation.87 It also provides 

precise control over the growth of highly crystalline and monodisperse nanoparticles in 

solution due to the homogeneity of the microwave heating.106 This resulted in 

superparamagnetic Fe3O4 nanoparticles with a saturation magnetisation of 67.6 emug-1. 

Additionally, this method is robust, very reproducible and easily scalable. 

 

1.5 Functionalisation strategies for multifunctional nanoparticles 

Bare magnetite nanoparticles, as with the majority of other uncoated nanoparticles, 

when dispersed in a solvent tend to agglomerate and form precipitates, mainly through 

dipolar interactions with each other. This is, generally, an undesirable effect, but can be 

addressed by providing the nanoparticles with a stabilising coating. Coatings can have 

favourable wetting properties with the solvent medium to improve the particle solubility 

and the volume of the protective coating also provides steric hindrance between 

particles. Also the coatings can be tailored to provide functional groups containing, for 
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example, a charged species, therefore enabling electrostatic repulsion to avoid particle 

agglomeration or aggregation. The types of coatings can be classified into organic and 

inorganic shells. 

Organic coatings often consist of surfactants or polymers. These are used to passivate 

the surface of the particles, during or after their synthesis, to avoid aggregation and 

favour colloidal stability. This is particularly important in ferrofluids, in which the surface 

properties of the magnetic particles determine their colloidal stability.107,108 For example, 

species containing phosphates, sulfates, amines or carboxyl groups can be used to coat 

the surface of iron oxide nanoparticles, which can enable electrostatic interactions. 

Polyanilines, polyesters, polyethylene glycols, dextran, chitosan, oleic acid or citrate are 

common species used as stabilisers during or after the preparation of the iron oxide 

nanoparticles. Organic coatings generally offer good biocompatibility, which is key in the 

synthesis of magnetic nanoparticles, but often can be unstable at high 

temperatures.109,110,111,112 

Iron oxide nanoparticles can also be coated with a variety of inorganic compounds. 

Silica shells are a common way to protect the cores and to provide a priming for further 

attachment of additional layers. Silica coatings are easily tuneable, can increase stability 

in aqueous conditions and facilitate further surface functionalisation.113 Other inorganic 

coatings include precious metals such as Au and Ag. These coatings can protect the 

magnetic cores against oxidation, enhance colloidal stability and enhance 

biocompatibility, but are commonly used for more specific purposes, like providing 

electrical conductivity or specific optical properties.114,115 Both organic and inorganic 

coatings have effects on the resulting magnetism of nanoparticles. The addition of non-

magnetic components can result in a significant decrease in saturation magnetisation.81 

Molecules bearing silane, hydroxyl and carboxyl groups are the main species used to 

bind to the surface of the magnetic nanoparticles.116,117,118 Silica coatings on iron oxide 

nanoparticles can be used to facilitate further functionalisation, whereby covalent links 

of the incoming moiety to the silica shell can be formed. These groups can easily react 

with the –OH groups present on the surface of bare iron oxide nanoparticles via direct 

condensation to form strong covalent bonds Fe-O-Si (Figure 1.12).119,120,121 The 

advantages of this approach include scalability, control over silica shell thickness and a 

choice of terminating functional groups. 
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Figure 1.12. Schematic of attachment of alkoxysilane molecules 

onto a metal oxide nanoparticle. The covalent bonds Si-O-Fe are 

formed by the condensation between the hydroxyl groups, naturally 

present on metal oxide surfaces, and the alkoxide moieties. 

 

Alkoxysilanes are widely used as linkers or spacers in the functionalisation of surfaces 

with substances such as dyes or ligands. They can form covalent bonds with the surface 

of iron oxide nanoparticles through condensation and can be synthesised with a variety of 

functional groups on the opposite end of the carbon chain to the silane groups. This 

enables the choice of a specific linker with a desired functional end group, depending on 

the nature of the substance to be attached. With the application of magnetic 

nanoparticles comes the additional consideration how proximity of a chemical species to 

the particle surface may have undesirable effects on the resulting physicochemical 

properties. Optically active molecules, for instance, need to be separated from the 

magnetic nanoparticle, since a direct attachment to the surface often results in quenched 

luminescence due to interactions with the unpaired electrons that give rise to the 

magnetism of the core particle.122 The affinity in biospecific interactions, like in the 

system biotin-streptavidin, can be affected by the stearic hindrance when one of the 

components is immobilised on a surface. Among other parameters, the length of the 

spacer arm can determine the grade of valency of the system and, therefore, the affinity 

between protein and ligand.123,124 The application of silica spacers with tail functional 

groups allows for the design of more complex nanocomposites, for example the inclusion 

of polymer networks or sequestering molecules for artefact application and treatment, 

respectively. 

 

1.6 Polymer synthesis protocols 

Polymers are large molecules that are made of repeating, smaller units called 

monomers. The type, nature, number and variety of the monomers are responsible for 

the physicochemical properties of the polymer. Because of the enormous variety of 

monomers, polymeric materials can be designed with specific properties in mind.125,126,127 
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Existing polymerisation methods can be classified as step-reaction polymerisation 

(generally condensation polymerisation processes) or chain-reaction polymerisation 

(normally addition polymerisations). In step-reaction polymerisation methods, the 

monomers react with each other through typical organic reactions such as esterification 

or acylation. The chain growth is initiated by one of these reactions, and repeated until 

all the monomers have formed low molecular weight species called oligomers. These 

oligomers then further react to form longer chains of moderate molecular weight. Step-

reaction polymerisations have high activation energies and therefore require long reaction 

times and high temperatures. Chain-reaction polymerisations are free-radical reactions, 

whose mechanism consists of three distinct steps: initiation, propagation and termination. 

This type of polymerisation is significantly faster than step-reaction polymerisation and 

generally does not require high reaction temperatures. Two or more monomers can be 

employed in this process, yielding a so called copolymer with substantially different 

properties. The chains obtained can be linear, branched or cross-linked systems, generally 

reaching high molecular weights.128 Step-reaction polymerisation is useful when 

synthesising controlled, low molecular weight structures, as the molecular weight 

increases slowly at the beginning of the reaction. Chain-reaction polymerisation is 

favourable for high molecular weight structures or denser, branched or cross-linked 

structures and yields chains of narrower size distribution. 

 

1.6.1 RAFT polymerisation 

Reversible addition-fragmentation chain-transfer (RAFT) polymerisation is a type of 

chain-reaction polymerisation, which utilises a conventional free radical initiator, and 

whose mechanism is mediated by a chain-transfer agent (CTA) or RAFT agent. After the 

initiation and propagation stages, the RAFT agent generates an equilibrium between all 

of the growing chains, giving them equal growth opportunities. The RAFT agent provides 

a narrow molecular weight distribution and determines the molar mass of the final 

product. RAFT mediated polymerisation is known for its simplicity to implement, its 

compatibility with a wide range of monomers, and its control over molecular weight 

distribution.129,130,131 Depending on the design of the polymer monomers, it is possible to 

introduce specific physicochemical properties in the final polymer product. One such 

example is the response of the polymer to external temperature fluctuations. 
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1.6.2 Thermoresponsive polymers 

Thermoresponsive polymers show swift changes in their physical properties upon 

variations in temperature. According to their response to temperature, thermoresponsive 

polymers can be classified into two main categories: LCST- and UCST-type polymers. Some 

polymers become insoluble upon heating, undergoing a sharp and reversible phase 

transition. They present a so-called lower critical solution temperature (LCST) point, 

below which they are miscible with the solvent. Other polymers show the opposite 

behaviour and instead become soluble when heated. These are less common in aqueous 

media, and present an upper critical solution temperature (UCST) point. Above the UCST, 

the polymer is miscible with the solvent phase. Phase changes in UCST-type polymers are 

not as sharp as for LCST-type thermoresponsive polymers. In compounds exhibiting LCST-

type behaviour, phase separation is more stable at higher temperatures, since it is an 

entropically driven effect. Temperatures below the LCST favour the adsorption of water 

molecules and the dissolution of the polymer. Figure 1.13 provides generic examples of 

the phase transition for a binary solution of an LCST- or UCST-type polymer. An increase 

in temperature leads to the cleavage of hydrogen bonds between hydrophobic segments 

in the polymer and the water molecules. This increases the overall hydrophobic behaviour 

of the polymer, turning a clear solution into a cloudy one. This behaviour can be fine-

tuned by adjusting the hydrophilic-to-hydrophobic ratio of the sections of the polymer. A 

UCST-type phase transition, however, is an enthalpically driven effect, hence phase 

separation is more stable when the temperature is lowered. These species are generally 

markedly hydrophilic and, upon cooling, become insoluble due to strong hydrophobic 

interchain (polymer-polymer) attractions.132,133 Since the temperature is an external 

stimulus which can be easily applied, the use of thermoresponsive polymers is growing in 

areas of biotechnology such as drug and gene delivery or tissue engineering.134,135,136 
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Figure 1.13. Phase diagrams of a polymer-solvent system, representing 

temperature (T) vs. polymer volume fraction (ϕ). These diagrams show 

(a) lower critical solution temperature (LCST)-type behaviour, and (b) 

upper critical solution temperature (UCST)-type behaviour.136 

 

1.7 Chelating agents 

The word ‘chelate’ comes from Modern Latin chela (‘claw’ of a crab or a lobster) and 

is used in zoology to define specimens ‘having pincer-like claws’. In chemistry, a chelating 

agent is defined as a compound able to coordinate with a metal ion forming two or more 

bonds, resulting in a stable complex. From the point of view of coordination chemistry, 

chelating agents are multidentate ligands, and can bind metal cations via specific atoms 

with lone pairs of electrons. These electron donor atoms are, generally, nitrogen and 

oxygen present in functionalities such as amines, amides, carboxylic acids or oximes. 

Consequently, in the majority of cases, chelating agents are linear, branched or cyclic 

hydrocarbon chains that contain some of the aforementioned functionalities. In this work, 

two types of chelating agents have been used, namely porphyrins and aminopolycarboxylic 

acids (APCA’s), as a strategy to bind to unwanted iron ions that catalyse degradation of 

Mary Rose timbers. 

Porphyrins are macrocycles consisting of four pyrrole units linked by four bridging 

carbons in a planar conformation. This forms an aromatic and highly conjugated 18-π 

electron system, which is responsible for the unique electronic and optical properties of 

the porphyrin derivatives. Porphyrins and metalloporphyrins can be found in nature, for 

example, in various types of chlorophyll and heme structures. In some chlorophylls, 

magnesium-containing metalloporphyrins play a key role in light harvesting and electron 

transport.137,138 Heme is a metal-ligand complex formed by iron and Protoporphyrin IX and 

is an essential component in the transport and storage of oxygen, drug and steroid 

metabolism, and signal transduction in cells.139,140 Porphyrins are very valued species, 
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used as photosensitizers in organic photovoltaic cells, photodynamic therapy and 

conductive organic materials, and also as bioimaging probes or 

antimicrobials.141,142,143,144,145 For some applications, porphyrins and metalloporphyrins are 

often immobilised on a variety of materials. For instance, Fernandez et al.146 have 

reported the successful functionalisation of gold surfaces with Protoporphyrin IX (PPIX). 

The porphyrin units were bonded directly to an Au (111) surface, or to an amine 

terminated self-assembled monolayer (SAM) grown on Au (111), in order to study the 

metalation of PPIX molecules at the solid-liquid interface. Surface-enhanced Raman 

spectroscopy and X-ray absorption near edge structure (NEXAFS) measurements showed 

that PPIX molecules bonded to the SAM with a tilted molecular plane, while on naked Au 

(111) PPIX molecules lay horizontally forming multilayers. This resulted in an optimal 

metalation temperature of 350 K for the PPIX-SAM system whereas, when deposited onto 

naked Au (111), PPIX was successfully metalated at room temperature. Karousis et al.147 

functionalised graphene oxide with an aminoporphyrin derivative. The porphyrin moiety 

was covalently grafted onto the graphene oxide sheet by forming an amide bond between 

the primary amine in the porphyrin unit and the carboxyl groups present on graphene 

oxide. The photoelectrochemical properties exhibited by this material are of great 

interest in the development of optoelectronic devices. Nowostawska et al.148 prepared 

magnetic fluorescent nanocomposites by covalently attaching porphyrin moieties onto 

silica-coated magnetite nanoparticles. A carboxylic acid porphyrin was reacted with an 

alkoxysilane ((3-Aminopropyl)triethoxysilane, APTES), and this was further attached onto 

silica-coated iron oxide nanoparticles. This fluorescent magnetic nanocomposite showed 

promising results as a multimodal platform, with potential simultaneous application in in 

vitro biological imaging and therapeutic treatments. Fluorophores have been found to be 

significantly quenched when attached to magnetic cores. This process is believed to result 

from the contact of the fluorescent molecules with the magnetic core, leading to a charge 

transfer process, previously reported by Mandal et al.149 In this work, the authors studied 

an emulsion in water of an oil containing iron oxide nanoparticles and tri-n-octylphosphine 

stabilised CdSe/ZnS core-shell quantum dots. The increase of iron oxide content 

originated a decrease in fluorescence intensity of the emulsification. The authors 

indicated that the quenching can be partially avoided by introducing a shell before adding 

the fluorescent molecule or by adding a spacer between the fluorophore and the magnetic 

core. Additionally, fluorophores can suffer from self-quenching at high concentrations, 

for example, when nanoparticles are loaded with large amounts of fluorescent molecules. 

In the case of porphyrin derivatives, self-quenching can occur through π-π stacking 

aggregation.150,151 Figure 1.14 shows some examples of porphyrins chelating metal 
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cations. Often, other ligands or donor groups present in side chains participate in the 

coordination complex. 

 

 

Figure 1.14. Examples of common metalloporphyrin structures. Porphyrins can form 

stable chelates with metals through the lone pairs of electrons on the four nitrogens. 

This structure is especially stable for transition metals with +2 or +3 oxidation states. 

The metallic centres can also be coordinated with other donor ligands or side chains 

in the porphyrin ring, resulting in coordination complexes where the metal forms 

bonds with up to six donor atoms. 

 

Aminopolycarboxylic acids (APCAs) consist of linear or cyclic hydrocarbon chains 

bearing one or more primary, secondary or tertiary amines and carboxyl groups. As in the 

example of porphyrins described above, carboxyl groups and nitrogen centres within the 

APCAs have lone pairs of electrons that coordinate with the metal ions to form complexes. 

Therefore, there exists a wide variety of APCAs able to chelate metal ions in different 

geometries and with different denticity, depending on the number of aforementioned 

functionalities. APCAs have been used for decades in a variety of fields such as 

environmental chemistry, medicine or molecular biology. For instance, iminodiacetic 

acid, nitrilotriacetic acid, EDTA or DTPA which have been largely studied during the late 

1990’s and 2000’s for the removal of heavy metals from water. Despite being 

commercially available, their application on an industrial scale has not been successful, 

mainly due to the cost and complexity of the preparation methods.152 Some APCAs have 

also been studied for their use in the inhibition and activation of metal cation dependent 

enzymes.153 Coordination complexes formed by DTPA and derivatives with isotopes such 
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as Gd-93, Gd-95 or In-111 have been widely employed as MRI contrast agents.154,155 DTPA 

is also used for the chelation of plutonium and uranium in the early stages of treatment 

after an accidental exposure to these radioactive metals.156 

Of specific relevance to this work, EDTA and DTPA have previously been used for the 

removal of iron corrosion products from archaeological artefacts due to their strong iron 

chelating properties.35,157,158 They are effective species for this application: EDTA is a 

hexadentate ligand forming a stable, octahedral environment upon chelation of divalent 

or trivalent metals with its four carboxylic acids and its two amino groups; DTPA consists 

of an ethyleneamine backbone with three amines and five carboxyl groups, and is 

potentially an octadentate ligand. It can also coordinate with metals in an octahedral 

geometry leaving two free carboxyl groups. These extra carboxyl groups make a 

significant difference with EDTA in that they can be used for further attachment of DTPA 

onto a substrate. Figure 1.15 shows some examples of APCAs of different denticity 

coordinating a metal ion. The number and arrangement of the donor groups within the 

structure give rise to a vast range of chelating agents capable of coordinating multiple 

metal ions with different geometries. 

 

 

Figure 1.15. Selection of common APCAs (a) iminodiacetic acid, (b) 

nitrilotriacetic acid, (c) ethylenediaminetetraacetic acid, (d) 

diethylenetriaminepentaacetic acid and (e) 1,4,7,10-

tetraazacyclododecane-1,4,7,10-tetraacetic acid. The denticity of 

the complex formed is given by the structure of the ligand and the 

number of donor atoms. 



Chapter 1 – Introduction 
 

30 
 

1.8 Aims and objectives 

The specific aims of this work are to address the conservation problems faced by 

marine archaeological wood in general, and the Mary Rose in particular due to chemical 

degradation processes. As described in Section 1.2.2, one of the main threats to the 

integrity of marine archaeological wood is the formation of harmful acidic substances 

within the wood structure. Conservators of the Vasa and the Mary Rose have detected 

iron and sulfur deposits within the wood structure and found that iron can catalyse 

acidification processes under atmospheric conditions: iron sulphides can be oxidised in 

the presence of oxygen and water to form iron sulfate and sulfuric acid. The sulfuric acid 

produced then has a deleterious effect through corrosion of the wood structure. Iron ions 

also play a key role in Fenton-type reactions where the hydroxyl radicals formed can 

degrade lignin, cellulose and hemicellulose, main components of wood. 

The treatments suggested to date are able to neutralise the iron ions with different 

degrees of success. However, none of the strategies consider the subsequent extraction 

of the iron from the wood to completely eliminate the threat to the Mary Rose timbers. 

The complete removal of the iron ions is a necessary condition for the successful long 

term conservation of these artefacts, yet this must be achieved in a way that does not 

cause any harm to the underlying artefact. 

This research focuses on the design, synthesis, characterisation and evaluation of a 

series of tuneable tools for the safe neutralisation, sequestration and removal of harmful 

iron ions from marine archaeological wood. The nanocomposites presented here are based 

on magnetic nanoparticles functionalised with a metal chelating agent, and are further 

embedded in a thermoresponsive polymer. Figure 1.16 shows a schematic of the proposed 

design for the treatment of waterlogged wood. Magnetic nanoparticles functionalised 

with chelating agents are embedded in a thermoresponsive polymer (a). This system is 

cooled down and applied on wood where high amounts of harmful iron ions have been 

detected (b). The nanoparticles penetrate in the wood structure upon application of an 

external magnetic field. After the incubation period, during which the chelating agents 

have sequestered the iron ions, the treatment is heated up mildly and peeled off the 

surface of the treated artefact (c). 
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Figure 1.16. The treatment, consisting of functionalised nanoparticles 

encapsulated in a thermoresponsive polymer, is cooled down (a) and 

applied onto the wood (b). After the incubation period, the temperature 

is increased and the treatment is peeled off the surface of the wood (c) 

thus removing the harmful iron species. 

 

Iron oxide nanoparticles prepared by microwave-assisted co-precipitation methods 

have allowed for short reaction times and yield highly crystalline nanoparticles and will 

be employed in this work.87 A series of chelating agents are investigated, specifically two 

porphyrin derivatives, Protoporphyrin IX (PPIX) and 5,10,15,20-tetrakis (4-aminophenyl) 

porphyrin (porphyrin-amine), and an aminopolycarboxylic acid, diethylenetriamine 

pentaacetic acid (DTPA). A detailed examination of anchoring of these moieties to the 

iron oxide nanoparticle surface is undertaken. The use of a thermoresponsive polymer is 

proposed, based on di(ethyleneglycol) methyl ether methacrylate (DEGMA) and methyl 

methacrylate (MMA), which can be prepared by reversible addition-fragmentation chain-

transfer (RAFT) polymerisation.159,160,161 The purpose of this polymer is to act as a delivery 

mechanism for the iron oxide nanoparticles, allowing the release of the functionalised 

nanoparticles with the simple addition of a heating step. To optimise the interactions of 

the nanocomposite with the PEG already present in the Mary Rose wood from previous 

conservation measures, the inclusion of PEG functionalities on the particles will also be 

examined. 

The synthetic process of each nanocomposite has been monitored with a complete 

range of characterisation techniques. The purity, crystalline nature and polydispersity of 

the magnetic nanoparticles have been studied by powder X-ray diffraction (PXRD) and 
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high resolution transmission electron microscopy (HR TEM). The preparation of linkers, 

polymers and chelating agents has been monitored by proton nuclear magnetic resonance 

spectroscopy (1H NMR) to confirm the identity of the intermediate and final products. The 

thermoresponsive nature of the polymer was confirmed by dynamic light scattering (DLS) 

and temperature dependent UV-visible spectroscopy. The functionalisation of the 

magnetic nanoparticles with the different chelating agents was confirmed with Fourier-

transform infrared spectroscopy (FTIR), UV-visible spectroscopy, fluorescence 

spectroscopy and thermogravimetric analysis (TGA). Finally, the iron chelating abilities 

of the prepared nanocomposites were tested in aqueous and ethanolic solutions, on 

artificially aged oak (chemically modified), and on wood samples of the Mary Rose. The 

chelation of iron in solution was evaluated by atomic absorption spectroscopy (AAS) and 

UV-visible spectroscopy, while the iron chelation in wood was studied by far IR 

spectroscopy.  

The magnetic and thermoresponsive nature of these multifunctional nanocomposites 

can be a valuable advantage in the application of these treatments onto wooden 

artefacts. The three independent constituents of these treatments can be substituted by 

alternative materials, making these tools highly tunable, with adjustable properties for 

each specific case. Consequently, the design of these multifunctional nanocomposites can 

be potentially extrapolated for the treatment and conservation of a broad range of 

archaeological findings. 
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Chapter 2 - Materials and methods 

2.1 Materials 

The following chemicals and solvents were purchased and used without further 

purification: FeCl3·6H2O, FeCl2·4H2O, FeSO4·7H2O, Fe2(SO4)3·7H2O, (3-

aminopropyl)triethoxysilane (APTES, 99 %), vinyltriethoxysilane (VTES, 97 %), 

polyethylene glycol 200, Protoporphyrin IX (PPIX, ≥95 %), sodium hydroxide (NaOH, 

≥98 %), tetrahydrofuran (THF, ≥99.9 %), methanol (99.8 %), dimethylformamide (DMF, 

99.8 %), diethyl ether (≥99.0 %), triethylamine (TEA, ≥99.5 %), octylamine (99 %), 

azobis(isobutyronitrile) (AIBN, 98 %), 4-cyano-4-(phenylcarbonothioylthio) pentanoic 

acid, calcium oxide (CaO, ≥99.99 %), tris(2-carboxyethyl)phosphine hydrochloride (TCEP, 

≥98 %), 1,4-dioxane (99.8 %), succinic anhydride (≥99.0 %), diethylenetriamine 

pentaacetic acid dianhydride (DTPA-da, 98 %), deuterated dimethylsulfoxide (DMSO-d6, 

99.9 atom % D), deuterated chloroform (CDCl3, 99.8 % atom D), 1-ethyl-3-(3-

dimethylaminopropyl) carbodiimide (EDC, ≥98.0 %), N-Hydrosuccinimide (NHS, 98 %) and 

4-dimethylaminopyridine (DMAP, 99 %) were purchased from Sigma Aldrich. Ethanol 

(>99.8 %) and acetone (>99.5 %) were obtained from VWR Chemicals. Dimethylsulfoxide 

(DMSO, ≥99.7 %) was purchased from Acros Organics. Molecular sieves (3 Å), ammonium 

hydroxide (28-30 %), hydrochloric acid (HCl, 37 %) and dichloromethane (DCM, ≥99 %) 

were obtained from Alfa Aesar. 5,10,15,20-tetrakis(4-aminophenyl) porphyrin (porphyrin-

amine, >95 %) was provided by Tokio Chemical Industry Co., Ltd (TCI). Argon (99.998 %) 

was provided by BOC. The magnets used for decantation of magnetic nanoparticles and 

wood treatment were Neodymium N42 grade, with an associated magnetic field of 

1.3 Tesla, and were purchased from www.first4magnets.com.1  

Dry ethanol was prepared immediately before being used. Ethanol (>99.8 %) was 

distilled and collected in a sealed flask with activated 3 Å molecular sieves (ca. 20 % w/w 

of solvent). Before its use, dry ethanol was filtered with filter paper to remove any dust 

from molecular sieves. Molecular sieves were previously activated in a vacuum oven at 

80 C overnight. The monomers di(ethylene glycol) methyl ether methacrylate (DEGMA, 

95 %) and methyl methacrylate (MMA, 99 %) were purchased form Sigma Aldrich and were 

eluted through an aluminium oxide column before use in order to remove the inhibitor. 

SnakeSkin Dialysis Tubing (regenerated cellulose, 3.5 K MWCO), purchased from Thermo 

Fisher Scientific, was washed and pre-hydrated for 3-4 hours in distilled water. Nylon 

membrane filters (0.2 m pore size) were purchased from Whatman. 

Azobis(isobutyronitrile) (AIBN, 98 %) was recrystallised from ethanol. Deoxygenated water 

was obtained by boiling distilled water, while bubbling argon, for 3-4 hours. 
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All procedures performed under inert atmosphere have been carried out using a 

Schlenck line with argon as the inert gas, fitted with a high vacuum rotary-vane pump. 

 

2.2 Characterisation and synthetic methods 

The preparation of the materials presented in this thesis involved a range of synthetic 

techniques, from microwave-assisted synthesis and co-precipitation of metal oxide 

nanoparticles, to surface functionalisation and RAFT polymerisation. Also, a varied range 

of characterisation techniques was used to evaluate these materials. These techniques 

aimed to study the structure and properties of each of the constituents of the 

nanocomposites prepared, as well as to understand the properties of the nanocomposites 

as a whole.  

 

2.2.1 Powder X-ray diffraction (PXRD) 

X-ray diffraction (XRD) is a non-destructive technique which allows the identification 

of the phase and the elucidation of the cell parameters of a crystalline material. It is 

extensively used in a diverse range of fields such as geology, materials, forensic, and 

biomedical sciences. In powder X-ray diffraction (PXRD), samples are finely ground to 

ensure a random orientation of the crystal domains, and data is obtained from the average 

bulk composition. Contrary to this, in single crystal XRD the data are collected from only 

one crystal. Single-crystal XRD provides more detailed information including bond lengths, 

bond angles, and information about site ordering. However, some limitations like the need 

of a crystal size under 100 atoms in the asymmetric unit or the time consuming single-

crystal culture makes PXRD a more versatile and therefore widely used technique.2 

X-rays are a type of electromagnetic radiation with a wavelength between 10-7 and 

10-11 m, and energy in the order of 10 keV. In X-ray diffractometers, polychromatic X-rays 

are generally generated within a tube under vacuum by the application of a current 

between 15-60 kV. Electrons generated in the cathode, normally a tungsten filament, 

collide with the anode at the other end of the tube, generally made of Cu, Fe, Co, Cr, or 

Mo, thus emitting X-rays. Copper is commonly used as the material for the anode in X-ray 

diffraction due to its high thermal conductivity, which facilitates the refrigeration of the 

anode. Copper also emits two different strong radiations, Kα and Kβ, due to different 

decay processes from 2p and 3p orbitals to 1s orbitals. Kβ is often filtered, letting Kα be 

the wavelength used at 1.5406 Å, which is a similar value to the distance between atoms 

in a unit cell. Samples containing iron show intense fluorescence when using copper 

anodes, since the energy of Cu Kα is larger than the Fe K-edge. This causes an intense 
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background signal and poor peak resolution. To resolve this issue, Fe, Co, or Cr radiation 

sources can be used in combination with a secondary monochromator in the diffracted 

beam. 

X-rays generated in the source are filtered and collimated yielding a monochromatic 

beam, which is finely focused on the sample. X-ray diffraction (coherent and elastic 

scattering of a wave) occurs when a beam of a wavelength similar to the value of atomic 

distances interacts with periodically aligned atoms of a crystalline substance. The 

incident radiation reaches the sample at varying angles (θ) but it is diffracted only at 

specific incident angles. At these specific angles, the diffracted radiation undergoes 

constructive interference and is amplified and collected by the detector. This results in 

a characteristic line in the diffraction pattern that can be further assigned to a certain 

lattice plane. A schematic description of the diffraction phenomenon is shown in Figure 

2.1. 

 

 

Figure 2.1. Schematic representation of two waves 

being diffracted in phase, satisfying Bragg’s law. 

The angle of diffraction is twice the angle of 

incidence (θ) whilst the wavelength remains 

constant. 

 

This phenomenon is described by Bragg’s law (Equation 2.1), which correlates the 

distance between atoms within the crystal (d) and the incidence angle (θ) with the 

radiation wavelength (λ):  

 

𝑛 ∙  = 2𝑑 ∙ 𝑠𝑖𝑛 𝜃      (2.1) 
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Thus, the aforementioned constructive interference occurs at angles where the path 

difference between waves, 2d · sin(θ), is equal to the λ or an integer multiple of it. A 

diffraction pattern represents the intensity of the signal produced from diffracted X-rays 

with respect to the angle of diffraction (2θ). When Bragg’s law is satisfied (i.e. the waves 

are diffracted in phase, leading to constructive interference), peaks can be observed at 

certain angles (θ or 2θ).3,4 Each of these peaks correspond to a family of planes which can 

be identified typically by comparing the diffractogram obtained with reference diffraction 

patterns. 

Diffraction patterns may also allow for the estimation of the size of the crystalline 

domain using the Scherrer equation (Equation 2.2). This expression relates the average 

crystallite size to the broadening of a peak in the diffractogram, generally to the highest 

intensity peak. Here, τ is the average crystallite size; K is a dimensionless shape factor 

with a value between 0.7-1.7. For simplicity the value of 0.9, corresponding to that of a 

sphere, is generally taken; λ is the radiation wavelength;   is the full width at half 

maximum (FWHM) in radians; θ is the Bragg angle.5 

 

𝜏 =  
𝐾·𝜆

𝛽·cos 𝜃
     (2.2) 

 

In this thesis all samples were characterised using a PANalytical X’ Pert powder 

diffractometer using Cu Kα radiation operated at 40 keV and 40 mA in the 2θ range of 10 

to 80, in step sizes of 0.017 (2θ), and with an integration time of 90 seconds per step. 

Samples were mounted in the bracket stage on a glass slide. 

 

2.2.2 Scanning Electron Microscopy (SEM) 

Scanning electron microscopy (SEM) is a widely used imaging technique in which a 

beam of accelerated electrons is projected onto the sample. Because the associated 

wavelength of electrons is 104-105 times shorter than that of photons used in optical 

microscopy, electron microscopes have higher resolution power, down to tens of 

nanometres depending on the mode (back-scattered electrons, secondary electrons, x-

ray emission). The signal obtained with scanning electron microscopy contains 

information not only about the topography of the sample, but also its composition.6 

Typically, the electron beam is emitted by an electron gun fitted with a tungsten 

filament cathode and its energy ranges between 1 and 40 keV. The energy used depends 
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on the nature of the sample; sensitive biological samples or non-conductive samples are 

normally characterised at low voltages to avoid damage, while inorganic samples can be 

studied at higher energies, and better resolution can be obtained due to the use of shorter 

wavelengths. Samples that are poorly conducting or non-conducting must be sputter-

coated with a fine layer of metal, typically gold, platinum, or a thin layer of carbon. 

Several condenser lenses and an objective lens focus the beam to a spot of 0.4–5 nm, 

which is moved over the sample to scan it. The system is enclosed in a high vacuum 

chamber to avoid the electron beam being scattered by atmospheric gases. When the 

beam hits the sample, several interactions between the electrons and the atoms of the 

sample can be observed. Back-scattered electrons are elastically reflected from the 

sample. Heavier atoms scatter electrons more strongly producing brighter images, whilst 

lighter atoms scatter less strongly creating darker areas. This phenomenon can be used 

to differentiate regions on the sample with different chemical composition. Some 

electrons do not interact elastically with the sample and lose energy in the process. Due 

to this transmission of energy, low energy secondary electrons are ejected from the atoms 

in the sample and can be collected by a detector with the help of a bias voltage that 

attracts them. Another larger bias is used to accelerate these electrons towards the 

detector. Secondary electrons are responsible for the 3D-like images obtained by SEM. 

The samples studied in this work were deposited on aluminium stubs fitted with carbon 

tape and were characterised using two different electron microscopes: FEI Quanta 200 

SEM and Zeiss Sigma variable pressure SEM. The operating voltage used was between 10 

and 20 kV and the samples were studied in back-scattered mode.  

 

2.2.3 Energy-dispersive X-ray spectroscopy (EDS) 

Also known as EDX, energy-dispersive X-ray spectroscopy (EDS) can be used as an 

elemental analysis technique. It relies on the interaction of a beam of electrons with the 

atoms in the sample. Electrons from an inner shell of the atoms in the sample may be 

excited and ejected leaving an “electron hole”. This hole can be subsequently occupied 

by another electron from an outer, more energetic shell, emitting an X-ray in the process. 

The energy associated with the emitted radiation is equivalent to the difference in energy 

between the mentioned outer and inner shells, and is characteristic of the emitting 

element. This allows for the determination of the elemental composition of the sample. 

EDS is commonly fitted in scanning electron microscopes, in which case the electron beam 

is the source of excitation for the electrons in the sample. When coupled with SEM, EDS 

is very useful for the detailed topographic study of samples.6,7 EDS studies in this thesis 
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were carried out with an Oxford Instruments Microanalysis coupled to a Zeiss Sigma 

variable pressure SEM. 

 

2.2.4 Transmission Electron Microscopy (TEM) 

As with SEM, the magnification capability of TEM gives a resolution power in the 

nanometre range. The set-up resembles that of SEM with an electron gun emitting an 

electron beam which is focused into a thin and coherent beam before reaching the 

sample. Contrary to SEM, the detector is placed behind the sample in order to detect the 

electrons transmitted through the sample. The transmitted radiation is focused by several 

magnetic objective lenses onto a fluorescent screen, generating a visible image. Darker 

areas correspond to regions where fewer electrons are transmitted, and brighter areas 

indicate a higher transmission of electrons. Samples must be thin layers or particles in 

the nanometre range, thin enough to transmit enough electrons to form an adequate 

image. This technique allows analysts to observe features such as crystal structures, 

dislocations, and grain boundaries in the sample.8 It also allows differentiation of distinct 

components of a composite material, such as inorganic particles embedded in organic 

matrices. 

The spacing between atoms is about two orders of magnitude larger than the 

associated wavelength of the electrons. This can cause the scattering of some electrons 

when the beam is focused on a single crystal and yields diffraction patterns consisting of 

a series of spots, which satisfy the conditions of the crystal structure. Selected area 

electron diffraction (SAED) is a technique frequently used in TEM which generates 

patterns corresponding to the reciprocal lattice, allowing for identification of crystal 

structures in the sample. Patterns obtained from single crystals are sharp diffraction 

spots, whereas polycrystalline samples give ring patterns.6 The samples studied in this 

work where characterised using a Tecnai T20 transmission electron microscope and the 

micrographs obtained were analysed with ImageJ. 

 

2.2.5 UV-visible spectroscopy 

UV-visible spectroscopy, also called absorption spectroscopy, is routinely used in 

analytical and organic chemistry for qualitative and quantitative determination of 

transition metals, highly conjugated organic molecules, and biological macromolecules. 

Although samples in solid gaseous phases can be studied, analytes are more often studied 

in solution. In UV-visible spectroscopy, samples are radiated with monochromatic light 

with wavelengths in the ultraviolet and visible spectral region, generally 100 to 800 nm. 
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The light can be absorbed by transition metal ions or other species present in the sample, 

particularly aromatic compounds and α,β-unsaturated carboxylic acids. The absorption of 

this radiation results in the excitation and subsequent transitions of non-bonding electrons 

and -electrons to anti-bonding molecular orbitals levels, higher in energy.9 As an 

example, porphyrins have a highly conjugated -electron system and have a very 

characteristic UV-visible fingerprint featuring two distinct regions. Their absorption 

spectrum was explained by Gouterman in the 1960s with his ‘four-orbital’ model, which 

has since been accepted.10,11 According to this model, the absorption bands in porphyrin 

derivatives spectra arise from transitions between two HOMO orbitals (a1u and a2u) and 

two LUMO orbitals (two degenerate eg). The transitions between these orbitals give rise 

to two excited states, creating two types of signal. An intense band between 380-500 nm 

results from the transition from the ground state to the second excited level (S0 ➔ S2) 

and it is called the Soret band or B band. Four smaller bands caused by the weaker 

transition to the first excited level (S0 ➔ S1) can be found in the range 500-750 nm and 

are called the Q bands. These spectroscopic features are due to the conjugation of the 

18 -electrons and allow for easy characterisation of porphyrin derivatives by means of 

UV-visible spectroscopy.12,13 Figure 2.2 shows (a) a generic absorbance spectrum of a 

porphyrin derivative displaying the characteristic Soret band and the Q bands. (b) 

Representation of the four orbital model by Gouterman, used to explain the spectrum of 

porphyrins. 

 

Figure 2.2. (a) UV-visible spectrum of a porphyrin derivative featuring the 

Soret band (B band) and Q bands. (b) Schematic representation of the energy 

levels of the four orbitals described by Gouterman. The degenerate eg 

orbitals are responsible for the Soret band and Q bands.13 
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Absorption spectra are recorded by comparing the intensity of the incident beam (I0) 

to the intensity of the remaining radiation after interacting with the sample (I), obtaining 

a value for the transmittance (T), as shown in Equation 2.3: 

𝑇 = (𝐼0 𝐼⁄ )     (2.3) 

The absorbance (A) is more frequently used over the transmittance (T) due to its linear 

relation with the concentration of the sample, as described by the Beer-Lambert law 

(Equation 2.4):  

log10(1/𝑇) = 𝐴 = 𝜀 · 𝑐 · 𝑙     (2.4) 

 

The Beer-Lambert law is the linear relationship between the properties of a substance 

and the attenuation of light passing through it. For a substance in solution, such 

attenuation depends on three parameters: the concentration of the substance (c), its 

absorptivity (𝜀 ), and the light path (l), which is given by the width of the cuvette 

containing the sample. The absorptivity, or molar extinction coefficient, is an intrinsic 

property of a substance and indicates how strongly it attenuates light at a given 

wavelength. As 𝜀 and l are generally constant throughout measurements of the same 

substance, the Beer-Lambert law shows how the absorbance is directly proportional to 

the concentration.14 

UV-visible spectrometers generally have three basic experimental modes: a scanning 

mode, where absorbance is recorded over a predetermined range of excitation 

wavelengths; a photometric mode, used for quantitative analyses, where absorbance is 

registered at single wavelengths; and a kinetics mode, where absorbance is measured at 

a particular wavelength over time. These modes can be combined, therefore increasing 

the versatility of UV-visible spectrometry as a characterisation technique. In this research 

work, samples were analysed in a quartz cuvette with a light path of 1 cm and the 

instruments used were a Perkin Elmer Lambda 40 UV Vis spectrometer and a Shimadzu 

UV-2101 PC UV-Vis scanning spectrophotometer. 

 

2.2.6 Fluorescence spectroscopy 

Fluorescence spectroscopy (or fluorometry) is a technique that measures the light 

emitted by decaying electrons which have been previously excited by incoming radiation. 

It is a well-established technique for fingerprinting organic compounds and it is often used 

as a complement to UV-visible spectroscopic measurements. In fluorometry, the 
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molecules of the sample are excited to one of the vibrational states in the excited 

electronic state by incident radiation at a fixed wavelength. The promoted electrons then 

undergo a non-radiative vibrational relaxation to a lower energy vibrational state in the 

same excited level due to collisions with other molecules, followed by a radiative 

relaxation process to one of the vibrational levels in the ground electronic state. The 

relaxation of the electrons during this second stage results in an emission of light 

(fluorescence) generally in the visible region. The occurrence of a non-radiative loss of 

energy prior to the fluorescence causes the emitted light to be of lower energy than the 

absorbed radiation. This results in a shift between the absorption band and the emission 

band of a species, being the emission band at longer wavelengths. This difference is called 

Stokes shift.14,15 

Fluorescence spectroscopy is extensively used for qualitative and quantitative studies 

of porphyrins. Porphyrins, however, often suffer from self-quenching of fluorescence at 

high concentrations, or when anchored to certain substrates.16,17 Self-quenching can occur 

when two fluorescent molecules in close proximity aggregate and form ground state 

complexes or may quench through energy transfer. To avoid this phenomenon, these 

fluorophores can be substituted with bulky moieties, with linker chains, or can be loaded 

onto nanostructures in order to create space between them.18,19,20 

While in absorption spectroscopy the detector is placed at an angle of 180 from the 

incident beam to detect the difference in intensity between the incident and the 

transmitted beam. In emission spectroscopy the detector is placed at 90 to avoid 

interference from the excitation radiation. Fluorescence spectra show the emission 

intensity of the sample, collected at a certain wavelength, with respect to the wavelength 

of the emitted light. All measurements presented in this work were performed using a 

quartz cell with a light path of 1 cm and a Shimadzu RF-5301PC Spectrofluorophotometer. 

 

2.2.7 Dynamic Light Scattering (DLS) 

Also known as photon correlation spectroscopy (PCS), dynamic light scattering (DLS) 

is a very commonly used tool for the study of the diffusion of macromolecules in solution 

and particles in suspension, as well as their size and size distribution. When a beam of 

light is passed through a suspension of particles or a solution of macromolecules, it is 

scattered in all directions as a function of the size and shape of the scattering entities. 

The scattered light can interfere either constructively or destructively generating a 

scattering pattern with light and dark regions. Scattering patterns are recorded in short 

time intervals and projected on screen, where these light and dark regions can be studied. 
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The diffusion coefficient of the particles can be obtained from the study of the variations 

in the intensity of scattering spots over time, which are due to Brownian motion of the 

particles. Such motion is very dependent on the size of particles, temperature and 

viscosity of the solvent. Therefore, an accurate control of temperature in DLS is key in 

the acquisition of data. In the study of particles in the sub-micron range, DLS can 

complement the information obtained by TEM. While TEM yields values for core particles 

in dry samples, DLS measures allows for the determination of the hydrodynamic radius of 

particles in solution. Thus, the thickness of polymeric coatings on particles can be 

estimated by combining these two techniques. Normally, the sample contained in a glass 

or quartz cuvette is irradiated with a coherent and monochromatic beam of light (a laser) 

previously filtered by a polariser. After the light is scattered, it goes through a second 

polariser and is collected by a photomultiplier. The scattering pattern obtained, a speckle 

pattern, is then projected onto a screen. There are several modes of detection of the 

scattered light, depending on the type of sample, possible impurities, or the information 

required. DLS detectors are commonly placed at 90, or at 158 and 173 in case of 

backscattered detection systems. High detection angles are often used for neglecting the 

contributions of rotational diffusion effects and for avoiding the multiple scattering 

phenomenon in highly concentrated samples. DLS measurements can also be taken as a 

function of incident angle. This allows for the study of particles and macromolecules 

without making any assumptions about their mass or shape during calculations.21 In this 

thesis, DLS measurements were conducted by Dr Ester Rani Aluri with a Zetasizer Malvern 

Instruments with an incident light of 633 nm (4 mW). The fluctuating scattering intensities 

were recorded using an avalanche photodiode detector at 90 to the incident light. 

 

2.2.8 Fourier-transform infrared spectroscopy (FTIR) 

Fourier transform infrared (FTIR) spectroscopy is based on the absorption of infrared 

radiation by samples in solid, liquid, or gaseous state. This technique relies on the fact 

that molecules absorb radiation of a certain frequency (resonant frequencies of covalent 

bonds) resulting in characteristic bands in the absorption spectrum for a specific 

molecular bond. These resonant frequencies are closely related to the strength of the 

bonds and the nature of the atoms at each end. The absorption of energy causes rotations 

and, more importantly, vibrations in the molecules, leading to changes in molecular 

dipoles. Some vibrational modes are active in IR as they lead to changes in the dipole 

moment. Vibrations can be described as changes in bond length (stretching) or changes 

in bond angle (bending), and can be symmetric or asymmetric. According to this, there 
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are six types of vibrational modes: symmetric and asymmetric stretching, scissoring, 

rocking, wagging and twisting. The molecular dipole of a symmetrical molecule will be 

less affected upon vibration of its atoms than the molecular dipole of an asymmetric 

molecule. This is because different atoms, with different mass and electronegativity, will 

contribute more strongly to variations in molecular dipole than identical atoms. Because 

of this, symmetric vibrations are generally weaker than asymmetric vibrations as the 

former lead to a smaller change in dipole moment. A molecule containing N-atoms has 3N 

degrees of freedom. The number of vibrational modes is calculated by subtracting the 

number of possible rotations and translations of the molecule, leaving 3N-6 degrees of 

vibrational freedom (3N-5 if the molecule is linear). This allows for the theoretical 

calculation of the number of fundamental vibrations expected for a certain molecule. 

Symmetrical diatomic molecules, like N2, are not active in IR as their only possible 

vibration mode, stretching, does not cause a change in the dipole moment. Asymmetrical 

diatomic molecules have one vibrational band as they have one bond (3x2-5). Larger 

molecules generally have more absorption bands and therefore more complex and unique 

IR spectra, often referred to as their fingerprints. 

FTIR spectra commonly display the intensity of the radiation transmitted through the 

sample, transmittance (%), as a function of the reciprocal wavelength, frequency or 

wavenumber (cm-1). Although the infrared region of the electromagnetic spectrum is 

approximately between 14000 and 10 cm-1, the range of frequencies often used in 

fundamental vibration studies is 4000-400 cm-1, with far IR spectroscopy in the region 

from 500 to 10 cm-1.22 FTIR spectra shown in this thesis were obtained using a Shimadzu 

IR affinity spectrometer fitted with an attenuated total reflectance (ATR) stage, which 

allows for the study of solid or liquid samples without further sample preparation. Far IR 

spectra were obtained by Dr Ester Rani Aluri using a dry-air purged Bruker Vertex70 

spectrometer equipped with a mercury arc lamp, a DLaTGS detector and a silicon solid-

state beam splitter. 

 

2.2.9 Raman spectroscopy 

Raman spectroscopy is a spectroscopic technique which studies the inelastic 

scattering of monochromatic light with solid, liquid, and gaseous matter. It is typically 

used as a characterisation technique to identify species using their structural fingerprint 

arising from the unique vibrational frequencies of their molecules. Raman spectroscopy 

is based on the interaction of radiation, generally a laser, with polarised molecules placed 

in an electric field. The energy of the incident photons may be shifted up or down upon 

scattering, giving information about the vibrational and rotational transitions in these 
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molecules once the photon is detected. Elastic scattering is the interaction between 

photons and molecules with no exchange of energy, and is also referred to as Rayleigh 

scattering. If there is a net exchange of energy between the photon and the molecule, it 

is described as inelastic scattering and can also be referred to as Raman scattering or 

Raman effect. Raman scattering can be classified into two types: if a molecule in a basic 

vibrational state interacts with a photon and part of the energy is transferred to the 

Raman-active mode, then the frequency of the scattered light will be lower than the 

initial frequency; this is called Stokes scattering. If the Raman-active molecule is already 

in an excited vibrational mode, then the scattered photon may experience an increase in 

energy and will therefore be of higher frequency than the excitation radiation. This is 

called anti-Stokes scattering. The majority of photons undergo Rayleigh scattering which 

is not useful in molecular characterisation. The signals of Stokes and anti-Stokes inelastic 

scattering in Raman are about 0.001 % of the incident light, and therefore 0.001 % of the 

Rayleigh signal. Due to this difference, to discriminate Raman scattering from Rayleigh 

scattering, Raman spectrometers are fitted with notch filters, tuneable filters, edge pass 

filters, and band pass filters. These components retain Rayleigh radiation, of the same 

wavelength as the excitation wavelength, allowing the rest of the light to reach the 

detector. To be active in Raman spectroscopy, a molecule must experience changes in 

polarisability upon interaction with a photon. Alternatively, to be active in IR, a molecule 

must undergo a change in the dipole moment. For this reason, Raman and IR 

spectroscopies are often combined to obtain complementary information about a 

molecule. Raman spectra show the intensity of the scattered radiation with respect to 

the Raman shift, expressed in wavenumbers (cm-1).14,23 Raman spectroscopy 

measurements presented in this thesis were obtained with a Horiba Jobin Yvon LabRAM 

HR Raman spectrometer. The samples were excited by the 532 nm line from a Ventus 532 

laser system, at 1 mW. 

 

2.2.10 Thermal Gravimetric Analysis (TGA) 

The thermal gravimetric analysis (TGA) technique consists of the precise 

measurement of changes in the weight of a sample under a controlled atmosphere and 

with controlled temperature variations. It is commonly used in the characterisation of 

polymers, composites, fibres, and paints among other substances. Studied materials 

undergo processes such as desorption of volatiles, decomposition, oxidation, or reduction 

when heated in a range of temperatures of 20-1000 C. These processes cause a variation 

in weight which is recorded as a function of temperature or as a function of time (constant 
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temperature or constant heating rate), thus obtaining a mass vs. temperature (or time) 

curve. Sharp changes in mass indicate the occurrence of one or more of the mentioned 

processes. The first derivative of the TGA curve, the DTG, is often calculated for further 

thermodynamic studies of the material. TGA and DTG curves from samples can be 

compared with curves obtained from reference materials for characterisation and 

identification purposes. Thermogravimetric analysers consist of a precision balance 

located inside a furnace. The atmosphere inside the furnace can be controlled by 

introducing air or a variety of gases (inert, oxidising/reducing, carburising, etc.), creating 

vacuum or a high pressure atmosphere. Samples are placed on sample pans which are 

generally made of aluminium, alumina, ceramic, or platinum and can be open or closed 

to the atmosphere. The use of thermal gravimetric analysis instruments coupled to 

infrared spectrometers (TG-FTIR) and mass spectrometers (TG-MS) has spread in the last 

few decades, allowing for precise characterisation of decomposition products.24,25 In this 

work, the samples were studied at a constant heating rate of 10 C/min, between room 

temperature and 900 C, in a 100 % N2 atmosphere using platinum pans in a TA-instruments 

TGAQ500. The amount of sample used was 5-10 mg, and was kept constant between 

measurements. 

 

2.2.11 Atomic absorption spectroscopy (AAS) 

Atomic absorption spectroscopy (AAS) is a technique used for the quantitative 

determination of chemical elements based on the absorption of radiation of free atoms 

in the gaseous state. It is a well-established technique for the characterisation of trace 

metals in a wide variety of samples such as water, blood, urine, muscle, food, or 

sediments. Samples must be in solution and, in order to be analysed, they must be first 

atomised for which flame or electrothermal atomisers can be used. Flame atomisers are 

based on the thermal energy of a flame produced with a mixture of combustion gases, 

commonly air and acetylene. The sample is first converted into a fine aerosol, then is 

swept to the burner by the combustion gases where it is desolvated, resulting in small 

solid particles. These are volatilised by the flame and the resulting molecules, atoms and 

ions are then exposed to the radiation. Flame atomisers are simple and inexpensive, and 

are typically used for the determination of metals in liquid samples, generally in the mg/L 

range. Electrothermal atomisers provide more robust, sensitive measurements and can be 

used for solid, liquid or gaseous samples. The use of the resistive heating of a graphite 

tube instead of the traditional flame provides these atomisers with greater sensitivity, 

down to the g/L range. An element-specific lamp irradiates the atomised species in the 
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flame, promoting electrons from the ground state to high energy orbitals. Subsequently, 

these electrons relax emitting radiation in the process. This radiation is separated from 

the background radiation (from the lamp) by a monochromator and finally measured by a 

detector. Due to the use of element-specific lamps, this technique is highly selective. 

Since the measured property is the absorbance, this technique is based on the Beer-

Lambert-Beer law and requires the use of standard solutions of known concentration of 

the analyte for quantitative studies. The linear range in which analytes can be precisely 

determined is highly dependent on the method and analyte. For flame AAS it varies 

between 0.05 and 100 mg/L depending on the elements, and is typically 0.25-15 mg/L for 

iron.26 

In this work, samples were studied with a Perkin Elmer AAnalist 400 atomic absorption 

spectrometer fitted with a flame atomiser and a Fe Hollow Cathode Lamp from Cathodeon 

(λ = 248.3 nm; max. current = 30 mA). This set-up had an estimated linear range of 

0.5-5 mg/mL. 

 

2.2.12 Nuclear magnetic resonance (NMR) 

Nuclear magnetic resonance (NMR) is a characterisation technique based on 

spectroscopic measurements of local induced magnetic fields around atomic nuclei. It is 

one of the most powerful techniques used for structure elucidation. Samples are placed 

in a magnetic field where individual atomic nuclei absorb and re-emit radio waves at a 

certain frequency, resulting in nuclear magnetic resonance. This resonance frequency is 

dependent of local atomic magnetic fields in a molecule, which are characteristic of 

individual compounds. Thus, changes in these intramolecular magnetic fields give 

information about the electronic structure of a molecule, its dynamics, reaction state, 

and chemical environment. The most commonly studied nuclei are 1H and 13C, although 

many other isotopes such as 2H, 6Li, 10B, 11B, 14N, 15N, 17O, or 19F can also be studied by 

high field NMR spectroscopy. NMR spectra are unique and often predictable for small 

molecules and functional groups. The same functional groups in a molecule can be 

distinguished if they have different neighbouring atoms as chemical environments 

influence the NMR signal. In NMR spectroscopy, samples are dissolved in organic solvents 

and introduced in a glass tube which is spun during the measurement to average magnetic 

field variations and any glass imperfections. As most of the nuclei present in such solutions 

will belong to the solvent, deuterated solvents are used in 1H NMR to avoid signals from 

protons in the solvent. The sample is excited with a radio frequency pulse (60-100 MHz) 

through a radio frequency emitter, and a receiver coil surrounding the sample tube 

monitors the re-emitted radiation. The signal obtained is then analysed and processed 
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with a Fourier transform, yielding an NMR spectrum.27,28 In this thesis, 1H NMR spectra 

were obtained with a Bruker AVIII 400 MHz and a Bruker AVIII 500 MHz spectrometer. 

Deuterated dimethyl sulfoxide (DMSO-d6) and deuterated chloroform (CDCl3) were used 

as solvents. 

 

2.2.13 Microwave synthesis 

In traditional heating methods, the energy is transmitted from the heating source to 

the sample by either conduction or convection. The heat distribution within the volume 

of a sample is inherently heterogeneous in these forms of heat transfer, since the heat is 

transferred from the source to the recipient, and then from the recipient to the solution. 

Therefore, gradients of temperature are created between different parts of the sample 

which can lead to the presence of impurities, low yields, and low reproducibility. In 

contrast with this, the electromagnetic energy delivered by microwave dielectric heating 

can allow for uniform heating. Additionally, microwave heating offers a number of 

advantages over conventional heating methods, such as: high heating rates, precise 

control of reaction parameters, higher yields, better selectivity due to reduced side 

reactions, and better reproducibility. The main limitations in the use of microwave 

heating are the relatively high cost of the reactors, and the low penetration depth of 

microwave radiation which can limit the scale-up.29 Microwave radiation is comprised of 

an electric field and a magnetic field. The electric field is the principal responsible for 

the generation of heat by means of two different phenomena: dipolar rotation and ionic 

conduction. Dipolar rotation refers to the rotation or oscillation that individual dipoles 

undergo to align with an oscillating electric field. The friction between these molecules 

causes the heating. In ionic conduction, the electric field causes charged species to move 

back and forth harmonically to align with a changing electric field. This movement 

produces heat due the collisions between the molecules. Highly polar and/or ionic species 

have more efficient heating generation. At high temperatures the friction between 

oscillating dipoles diminishes and therefore dipolar rotation has less impact on the heating 

of a substance. Figure 2.3 Shows schematics of the effect of microwaves on (a) dipolar 

and (b) charged species, and the temperature gradient obtained with (c) conductive 

heating compared to uniform heating through (d) microwave radiation.  
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Figure 2.3. (a) Individual dipoles rotating and (b) charged species 

oscillating upon application of microwave radiation. (c) 

Temperature gradient in a vessel due to conductive heating, 

compared to (d) uniform heating provided by microwave radiation. 

 

The dielectric constant (’) and the dielectric loss factor (’’) define the capacity of 

a substance to store electromagnetic energy via polarisation and its ability to convert 

that energy into heat, respectively. These parameters are used to determine the heating 

behaviour of a material upon radiation with microwaves, and can be quantified by means 

of the dielectric loss, . However, the loss tangent (tan ) (Equation 2.5) is more often 

used: 

tan  =  ′′
 ′

⁄   (2.5) 

In general, materials with high tan  values display high absorption of microwave radiation 

and, therefore, high heating efficiency.30 

 

2.3 Experimental 

2.3.1 Preparation of Fe3O4 nanoparticles by co-precipitation 

Co-precipitation refers to the process in which solid particles are precipitated from 

a solution under controlled parameters. Adjusting the pH, temperature, ionic strength, 
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and the choice of specific precursors allows for the control of the nucleation and growth 

of the nuclei, and therefore the size, shape, dispersity, and crystallinity of the particles 

obtained.  

In this thesis, the preparation of Fe3O4 nanoparticles by co-precipitation was carried 

out as described by McCarthy et al.31 For this, FeCl2·4H2O (2.48 g, 12 mmol) and 

FeCl3·6H2O (6.56 g, 24 mmol) were dissolved in 25 mL of a degassed aqueous solution of 

0.4 M HCl and stirred for 15 minutes. The iron solution was added dropwise to 250 mL of 

a degassed solution of 0.5 M NaOH heated at 40 C under inert atmosphere. After the 

addition, the solution was heated to 80 C and stirred for 1 hour under inert atmosphere. 

Fe3O4 nanoparticles were left to cool and then precipitated with a 1.3 Tesla magnet and 

the reaction mixture decanted. The particles were washed 6 times by dispersing them in 

deionised water (3 x 50 mL) and ethanol (3 x 50 mL) with sonication for 10 min. Finally, 

the product was dried in a rotary evaporator (45 oC, 1-2 h) and characterised by PXRD, 

FTIR, TGA, and TEM. 

 

2.3.1.1 Preparation of Fe3O4 nanoparticles by microwave-assisted co-precipitation 

The proposed synthesis strategy consists on the co-precipitation of iron oxide 

nanoparticles followed by a microwave-assisted growth stage, following the method 

described by Williams et al.34 For this, FeCl2·4H2O (0.99 g, 5 mmol) and FeCl3·6H2O (2.70 

g, 10 mmol) were dissolved in 10 mL of degassed and deoxygenated water, under inert 

atmosphere. The solution was then heated to 80 C in an oil bath. Ammonium hydroxide 

(10 mL, 30 %) was slowly added to the solution and stirred for 20 minutes. The black 

precipitate was transferred to a microwave reactor and irradiated for 20 minutes at 

150 C. The product was left to cool down, decanted with a 1.3 Tesla magnet, and washed 

by dispersing the nanoparticles in deionised water (5 x 20 mL) with the help of an 

ultrasound bath. The black precipitate was dried in a rotary evaporator and characterised 

by PXRD, FTIR, TGA, and TEM. 

 

2.3.1.2 Functionalisation of iron oxide nanoparticles 

Fe3O4 nanoparticles have been functionalised with two different chelating agents: a 

porphyrin derivative and diethylenetriaminepentaacetic acid (DTPA). In the case of 

magnetite nanoparticles functionalised with porphyrin, two different approaches were 

taken. Firstly, Protoporphyrin IX (PPIX) was used as the chelating agent and attached onto 

the magnetic nanoparticles along with PEG 200. The aim of these polyethylene glycol 

moieties was to facilitate the electrostatic interactions between the nanoparticles and 
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the PEG already present in the wood of the Mary Rose, and with an ethylene glycol-based 

polymer used in subsequent stages of the project. In the second approach, 5,10,15,20-

tetrakis(4-aminophenyl) (porphyrin-amine) was used as the metal chelator. In this case 

no additional polyethylene glycol moieties were included in the functionalisation, since 

the linker used between the porphyrin and the nanoparticle contained several ethylene 

glycol units. The DTPA-functionalised nanoparticles did not include any ethylene glycol 

moieties. The multiple carboxyl groups in DTPA were considered to provide sufficient 

electrostatic interactions with the PEG in the wood of the Mary Rose, and with the 

aforementioned polymer. 

 

2.3.1.2.1 Functionalisation with Protoporphyrin IX 

The functionalisation of iron oxide nanoparticles with PPIX and polyethylene glycol 

consists of three stages. PPIX and PEG 200 were both modified by adding an alkoxysilane 

end to each of them in separate procedures, and then attaching them to the iron oxide 

nanoparticle surface. 

Preparation of Protoporphyrin IX-alkoxysilane 

Following the amide coupling described by Vivero-Escoto et al., PPIX was attached to 

(3-aminopropyl)triethoxysilane (APTES) in a two-step synthesis process.36 In the first step, 

PPIX (PPIX, 370 mg, 0.66 mmol), N-hydroxysuccinimide (NHS, 170 mg, 1.5 mmol), 1-ethyl-

3-(3-dimethylaminopropyl) carbodiimide (EDC, 232 mg, 1.21 mmol) and 4-

(dimethylamino)pyridine (DMAP, 81 mg, 0.66 mmol) were dissolved in a mixture of 

dichloromethane and dimethylsulfoxide (40 mL, DCM:DMSO 1:1) under inert atmosphere 

and stirred for 48 h at room temperature in the absence of light. The product was purified 

by precipitation by adding ca. 50 mL of an ethanolic solution (20 % in water). After brief 

stirring (5 minutes), the precipitate was vacuum filtered with a nylon filter membrane 

(0.2 m pore size) and then washed with the ethanolic solution (20 % in water). The 

product was lyophilised for 12 hours to eliminate traces of solvent and water, then stored 

at -20 C.  

In the second step of the synthesis, PPIX-succinimide (125 mg, 0.164 mmol), APTES 

(38 L, 0.163 mmol) and trimethylamine (TEA, 25 L, 0.175 mmol) were dissolved in 5 mL 

of DMSO under inert atmosphere at room temperature and stirred for 72 h in the absence 

of light. The product was purified by precipitation by adding ca. 50 mL of ethanol (20 % 

in water). After brief stirring, the precipitate was vacuum filtered with a nylon filter (0.2 

m pore size) and then washed with the same ethanolic solution. The dark brown powder 

was finally lyophilised and stored at -20 C.  
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Preparation of PEG 200-alkoxysilane 

Polyethylene glycol (200 g/mol) (PEG-200) was attached to APTES via a two-step 

amide coupling process inspired by the work reported by Feng et al.37 For this, a PEG 200-

acid was first synthesised, and later a PEG 200-alkoxysilane was prepared through amide 

coupling with APTES. In the first step, succinic anhydride (12.0 g, 120 mmol) and DMAP 

(1.46 g, 120 mmol) were dissolved in 30 mL of dry tetrahydrofurane (THF) under inert 

atmosphere and stirred for 30 minutes at 0 C. PEG-200 (21.5 mL, 120 mmol) and TEA 

(1.6 mL, 12 mmol) were dissolved in 30 mL of THF, transferred to the previous solution 

under inert atmosphere and stirred for 2 hours at 0 C. The solvent was removed on a 

rotary evaporator and the product was dissolved in DCM (30 mL). Then the solution was 

washed with 1 M HCl (2 x 30 mL) and the solvent was eliminated under vacuum.  

In the second step, EDC (1.29 g, 6.76 mmol) was added to a solution of the previously 

obtained PEG 200–acid (2.0 g, 3.37 mmol) in 40 mL of dry DCM under inert atmosphere 

and stirred for 30 minutes at 0 C. APTES (0.899 g, 3.41 mmol) and NHS (0.815 g, 

7.08 mmol) were dissolved in dry DCM (20 mL) under inert atmosphere, added to the 

previous solution, and stirred for 2 hours at 0 C, then stirred overnight at room 

temperature. The obtained transparent liquid was washed with 1 M HCl (2 x 30 mL) and 

the DCM was eliminated under vacuum.  

Coating of Fe3O4 nanoparticles with PEG-alkoxysilane and Protoporphyrin IX-alkoxysilane 

Fe3O4 nanoparticles (300 mg) were dispersed in ca. 30 mL of dry ethanol and placed 

in a sonication bath for 10 minutes. PPIX-alkoxysilane (0.137 g, 0.178 mmol) was dissolved 

in a mixture of dimethylsulfoxide and ethanol (10 mL, DMSO:EtOH 1:1), 

PEG 200-alkoysilane (0.084 g, 0.177 mmol) was dissolved in ethanol (2 mL) and was added 

to the Fe3O4 nanoparticles suspension along with the PPIX-alkoxysilane solution. The 

mixture was stirred for 48 hours at room temperature in the dark (flask covered in 

aluminium foil). The product was decanted with a 1.3 Tesla magnet, washed first with 

deionised water (4 x 20 mL), then ethanol (4 x 20 mL), and finally dried under vacuum for 

45-60 minutes.  

 

2.3.1.2.2 Functionalisation of nanoparticles with DTPA 

The procedure for functionalising the iron oxide nanoparticles with DTPA differs from 

the one used for PPIX/PEG 200. Here a one-pot, three-step procedure was developed in 

which APTES was anchored to the iron oxide nanoparticle, and DTPA was linked to APTES 

in subsequent steps. Firstly, iron oxide nanoparticles were prepared by microwave-
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assisted co-precipitation, following the work by Williams et al. and described in Section 

2.3.1.1.34 The black precipitate obtained after the microwave treatment was decanted 

with a 1.3 Tesla magnet, and washed with deionised water (4 x 20 mL) and ethanol (2 x 

20 mL). The drying stage was omitted and, following an adapted method by Yong et al.38, 

the magnetite nanoparticles (500 mg) were dispersed in 30 mL of dry ethanol, under inert 

atmosphere, by sonication for 30 minutes at room temperature. Ammonia (8 mL) was 

added, and the solution was stirred for 10 minutes. APTES (3 mL) was added dropwise, 

and the reaction mixture was stirred overnight at 50 C under inert atmosphere. The 

product was decanted magnetically, thoroughly washed with ethanol (4 x 20 mL), water 

(2 x 20 mL) and DMF (1 x 20 mL). DTPA was immobilised onto the iron oxide nanoparticles 

following a procedure adapted from Yang et al.39 For this, 50 mg of the prepared APTES-

coated Fe3O4 nanoparticles were dispersed in DMF (25 mL) by sonication for 10 minutes, 

and TEA (0.45 mL) was subsequently added. An excess of diethylenetriaminepentaacetic 

acid dianhydride (DTPA-da, 100 mg, 0.280 mmol) was added to the suspension, then 

stirred at 80 C under reflux conditions for 30 minutes, and further stirred at room 

temperature under inert atmosphere overnight. The product was magnetically decanted 

and washed with TEA 1 % in DMF (2 x 20 mL), H2O (2 x 20 mL) and acetone (2 x 20 mL). 

The final product was dried under vacuum at 40 C for 1-2h. 

 

2.3.2 Synthesis of thermoresponsive polymer p(DEGMA45-co-MMA5) 

The thermoresponsive polymer was prepared using a method inspired by the work of 

Ieong et al.40,41 For this, a solution of di(ethylene glycol) methyl ether methacrylate 

(DEGMA, 1.888 g, 45 eq.) and methyl methacrylate (MMA, 0.1116 g, 5 eq.) in 3 mL of 

1,4-dioxane was added into a Schlenk flask, previously purged by 3 vacuum-argon cycles. 

A solution of azobis(isobutyronitrile) (AIBN, 0.0037 g, 0.2 eq.) and 

4-cyano-4-(phenylcarbonothioylthio) pentanoic acid (0.00621 g, 1 eq.) in 1 mL of 

1,4-dioxane was also added to the Schlenk flask. The mixture was degassed by 4 freeze-

pump-thaw cycles, backfilled with argon and stirred at 65 C for 8 hours under inert 

atmosphere. The reaction product was rapidly cooled in an ice-water bath, and dialysed 

(MWCO: 3.5 kD) against deionised water for 5 days. The polymer solution was freeze dried 

for 48 hours. 
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2.3.3 Synthesis of Fe3O4-VTES-polymer-porphyrin (multifunctional nanocomposite) 

The preparation of Fe3O4-VTES-polymer-porphyrin consists of five stages. In the first 

step, the thermoresponsive polymer p(DEGMA45-co-MMA5) is synthesised, as described 

previously in Section 2.3.2. In the second step, a porphyrin moiety is added to the 

polymer structure. Then, the dithioester end group in the polymer is reduced to a thiol. 

Meanwhile, magnetite nanoparticles are coated with vinyl triethoxysilane. Finally, the 

porphyrin-polymer-thiol is anchored onto the coated magnetite nanoparticles via a thiol-

ene click reaction. 

Preparation of Fe3O4-VTES 

Following Yong et al.38 500 mg of magnetite nanoparticles (prepared as described in 

Section 2.3.1.1) were dispersed in 30 mL of dry ethanol and sonicated for 30 minutes at 

room temperature. Ammonia (8 mL) was added under inert atmosphere and stirred for 10 

minutes before vinyltriethoxysilane (VTES, 1.5 mL, 5 % v/v) was added dropwise. The 

mixture was stirred overnight at 50 C under inert atmosphere. The product was decanted 

magnetically, washed with ethanol (5 x 20 mL), dried under vacuum at 45 C for 1-2 hours, 

and stored at 5 C. 

Preparation of porphyrin-polymerdithioester 

This procedure consists of an amide coupling between p(DEGMA-co-MMA) and a 

porphyrin unit. For this, the polymer p(DEGMA45-co-MMA5) (0.1581 g. 1.5 eq.), prepared 

as per Section 2.3.2, was dissolved in 8 mL of DMF, along with EDC (0.0133 g, 4 eq.), and 

NHS (0.0068 g, 4 eq.) under inert atmosphere, and were stirred for 10 minutes at room 

temperature. A catalytic amount of DMAP (0.0004 g, 0.2 eq.) was also added to the 

solution. Next, 5,10,15,20-tetrakis(4-aminophenyl) porphyrin (porphyrin-amine, 0.0100 g, 

1 eq.) and TEA (100 L) were dissolved in 1 mL of DMF, and added to the solution. This 

was stirred for 72 hours in the dark, at room temperature and under inert atmosphere. 

After the reaction, the solution was dialysed (MWCO: 3.5 kD) in the dark, against a mixture 

of deionised water and methanol of varying ratios: (VW:VMeOH = 70:30, 85:15, 90:10, 100:0). 

These ratios were changed every 6 hours. The porphyrin-polymer solution was freeze 

dried for 48 hours. 

Reduction of porphyrin-polymerdithioester to porphyrin-polymerthiol 

In this step, the dithioester end of the polymer was reduced to thiol. For this, the 

previously synthesised porphyrin-polymerdithioester (0.1659 g, 1 eq.), 

tris(2-carboxyethyl)phosphine hydrochloride (TCEPHCl, 0.001 g, 0.1 eq.) and octylamine 
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(0.5 mL, 1 eq.) were dissolved in THF (5 mL) under inert atmosphere. This reaction 

mixture was stirred for 4 hours in the dark at room temperature. The solvent was 

eliminated under vacuum and the product was precipitated with cold diethyl ether. The 

gel obtained was decanted, dried under vacuum at room temperature, and stored at 5 C. 

Grafting porphyrin-polymerthiol onto Fe3O4-VTES 

The porphyrin-polymerthiol was anchored onto the VTES coated magnetite 

nanoparticles via thiol-ene click chemistry between the thiol and the vinyl groups in the 

polymer and nanoparticles, respectively.42,43,44 For this, porphyrin-polymerthiol (0.0974 

g, 1 eq.) was dissolved in acetonitrile (10 mL) under inert atmosphere, and AIBN (0.0200 

g, 10 eq.) was added to the solution. A suspension of Fe3O4-VTES nanoparticles (0.0372 g) 

in acetonitrile (2 mL) was added to the solution. The reaction mixture was stirred 

overnight, in the dark, at 70 C and under a flow of inert gas. The product was 

magnetically decanted, washed with ethanol (5 x 15 mL), and dried under vacuum at room 

temperature. 

 

2.3.4 Protocol for application of PPIX/PEG 200 functionalised nanoparticles on wood 

samples. 

Bare magnetite nanoparticles and PPIX/PEG 200 functionalised nanoparticles were 

applied on fresh wood samples (oak cubes, side length 1.5 cm) in the form of aqueous 

suspensions (1 mL, 0.6 mg/mL of particles in deionised water). The nanoparticle 

suspensions were applied in the direction of the wood grain to ensure a consistent 

diffusion between samples. The wood samples were then placed atop a 1.3 Tesla 

permanent magnet. Another set of fresh oak samples were treated with the same 

suspensions and in the same manner, but were not exposed to any external magnetic 

field. The wood samples were incubated for 24 hours in the dark and at room 

temperature. After this period, the samples were cut in half along the wood grain and 

the direction of diffusion of the applied nanoparticle suspensions in order to perform 

electron microscopy studies. This procedure and the subsequent studies are discussed in 

Section 4.1. Figure 2.4 shows a schematic of (A) the application of the nanocomposite 

suspension on the face perpendicular to the wood grain, and (B) a fresh oak sample being 

sectioned along the wood grain to study the profile of the diffused nanoparticles.  
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Figure 2.4. Schematic of (A) the application of suspensions of bare 

nanoparticles and PPIX/PEG 200 – functionalised nanoparticles on a 

fresh oak sample with a micropipette, and (B) the sectioning of the oak 

sample to study its cross section by electron microscopy. The 

nanoparticle suspensions were applied on the face in line with the wood 

vessels and grain to ensure the diffusion rate was comparable among 

different samples. Sterile steel scalpel blades were used to cut the 

wood samples apart. 

 

2.3.5 Inclusion of functionalised nanoparticles in thermoresponsive polymer 

This procedure applies to the preparation of a polymer-mixed-nanocomposite, a 

nanocomposite-laden polymer, and a polymer-mixed DTPA-nanocomposite, discussed in 

Section 4.3, Section 4.6.2.1 and Section 5.2.2.2.1, respectively. The incorporation of 

functionalised magnetic nanoparticles onto the thermoresponsive polymer was carried 

out by dissolving 100 mg of polymer in 0.3 mL of ethanol and sonicating for 5 minutes to 

ensure its solubilisation. Then, 20 mg of functionalised nanoparticles (1:5 mass ratio with 

respect to polymer) were added to the solution, this was sonicated for 1-2 minutes until 

fully dispersed, and stirred for 5 minutes. The solvent was removed carefully under 

vacuum at room temperature for at least 30 minutes. The product was stored under inert 

atmosphere at 5 C.  

 

2.3.6 Protocol for treatment of wood samples with functionalised nanoparticle-

thermoresponsive polymer. 

This protocol was applied for the treatment of fresh and artificial archaeological 

wood samples, and Mary Rose samples with a polymer-mixed-nanocomposite, a 

nanocomposite-laden polymer, and a polymer-mixed DTPA-nanocomposite, discussed in 
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Section 4.4.2, Sections 4.6.2.2 and 4.6.2.3, and Section 5.2.2.2, respectively. For this, 

the thermoresponsive polymer containing the functionalised nanoparticles was cooled 

down in a fridge at 5 C for a minimum of 3 hours, and then a portion of approximately 

20 mg was applied onto the surface of the wood sample. This portion was carefully spread 

with a plastic spatula to form an even, thin layer. The wood sample was fixed atop a 

1.3 Tesla neodymium magnet, and kept in the dark, at 5 C for a period of four weeks. 

The treatment with polymer-mixed nanocomposite was carried out under the same 

conditions, and was incubated for 6 months. After these incubation periods, the wood 

samples were wrapped in transparent film, and placed upside down atop a 1.3 Tesla 

neodymium magnet in the dark, at 5 C for one week. Finally, the wood samples were 

brought to room temperature, and the functionalised nanoparticle-thermoresponsive 

polymer was carefully peeled off their surface with a plastic spatula for further analysis. 
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Chapter 3 - Porphyrin/PEG-functionalised magnetic nanoparticles 

3.1 Introduction 

In this chapter, the objective was to prepare a multifunctional nanocomposite for the 

removal of harmful iron ions from waterlogged archaeological wood. This nanocomposite 

should incorporate an iron chelating agent and should be easily applied and removed from 

the wood surface. To achieve this, the design was based on highly crystalline magnetite 

(Fe3O4) nanoparticles functionalised with Protoporphyrin IX (PPIX) and polyethylene glycol 

200 (PEG 200, where 200 refers to the average molecular weight of the polymer chains). 

PPIX is a well-known chelating agent, with nitrogen donating groups capable of binding 

metal ions. PEG 200 was chosen as a surfactant because this polymer has been used to 

treat waterlogged wooden artefacts such as the Mary Rose and Swedish warship the Vasa 

for decades, increasing the likelihood of uptake of a nanocomposite incorporating this 

polymer.1,2  Adhering this moiety to the surface of magnetic iron oxide cores provides a 

convenient approach for the application of a treatment for the removal of harmful iron 

ions. The magnetic nature of the material opens up the possibility of removal of this 

treatment by means of an external magnetic field. 

In this work, magnetite nanoparticles have been synthesised via a microwave-assisted 

co-precipitation method (MW co-precipitation), which allows for precise control over the 

crystallinity, size and shape of the nanoparticles, while maintaining short reaction times 

and low reaction temperatures. For comparison, magnetite was also prepared by a 

traditional and widely applied co-precipitation method. PPIX and PEG 200 were first 

linked to (3-Aminopropyl)triethoxysilane (APTES) via amide coupling in order to anchor 

these moieties to the magnetite nanoparticle surface. In the case of the PPIX, this 

coupling was performed between the carboxyl groups in PPIX and the amine end in APTES. 

In the case of PEG 200, an intermediate PEG-acid was prepared via esterification of the 

hydroxyl end groups, and an amide coupling reaction was carried out between the primary 

amine in APTES and one of the carboxyl groups in PEG-acid. APTES contains three ethoxy 

groups that are excellent leaving groups. This allows for the formation of a covalent bond 

between the 3-ethoxysilane end of APTES and the hydroxyl groups naturally present on 

the iron oxide surface.3 APTES also provides a separation between PPIX molecules which 

might otherwise aggregate via π-π interactions, leading to the deterioration of its 

chelating properties and quenching of its fluorescence. The schematic in Figure 3.1 

describes the structure of the designed nanocomposite, featuring a magnetite 

nanoparticle bearing equal amounts of PPIX and PEG 200 on its surface. 
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Figure 3.1. Schematic of the prepared nanocomposite. PPIX, a metal chelating 

agent, is anchored onto magnetite cores using APTES as a linker. Similarly, PEG 

200 is also attached onto the nanoparticles. While PPIX can sequester harmful iron 

ions from the wood structure, the magnetic nature of the magnetite cores could 

play a key role in the handling and application of the nanocomposite to the 

artefact. PEG 200 may facilitate the diffusion of the nanocomposite into the 

archaeological wood, which has been treated with PEG for almost two decades. 

 

This chapter describes the synthesis of APTES-PPIX and APTES–PEG 200, the 

preparation of magnetite nanoparticles, and further functionalisation of such particles 

with APTES-PPIX and APTES–PEG 200. The resulting nanocomposite has been characterised 

with a range of techniques to assess the successful attachment of PEG 200 and PPIX. 

Finally, the functionalised nanocomposite has been tested in aqueous and ethanolic iron 

solutions to evaluate the chelation performance of the PPIX attached to the surface of 

the magnetite nanoparticles in order to assess its potential as an artefact treatment. 

 

3.2 Results and discussion 

3.2.1 Synthesis of magnetic nanoparticles 

Iron oxide nanoparticles were synthesised via a microwave-assisted co-precipitation 

method, as described by Williams et al., (2016) Briefly, iron (III) and iron (II) chloride 

hydrated salts were dissolved in deoxygenated water in a 2:1 ratio, before addition of 
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ammonia to precipitate out the Fe3O4 nanoparticles. A short microwave treatment results 

in crystalline Fe3O4 nanoparticles. This additional microwave step has been reported to 

generate highly crystalline particles. This crystallinity has effects on the resulting 

magnetic properties, where less disorder at the surface results in better magnetic 

properties.4 This experimental process (described in Section 2.3.1.1) is summarised in 

the schematic in Figure 3.2. The black precipitate was washed several times with water, 

decanted magnetically, and dried under vacuum at 45 C. 

 

Figure 3.2. Reaction schematic for the MW co-precipitation of Fe3O4 

nanoparticles in aqueous solution. The nucleation is initiated by the 

addition of ammonia, followed by a short ageing stage under microwave 

radiation, to finally obtain magnetite nanoparticles.  

 

For comparison, magnetite nanoparticles were also prepared following a reported 

traditional co-precipitation method in aqueous media.5 Figure 3.3 depicts a schematic of 

the traditional co-precipitation of iron oxide nanoparticles. Typically, iron (III) and iron 

(II) chloride hydrated salts were dissolved in a 2:1 ratio in HCl (0.4 M). This solution was 

added dropwise to a NaOH (0.5 M) solution at 40 C under inert atmosphere to precipitate 

the Fe3O4 nanoparticles. The growth stage was carried out by stirring this solution at 80 C 

for 1 hour. The black precipitate obtained was washed with water, magnetically decanted 

and dried under vacuum at 45 C. Further details of this synthetic route can be found in 

Section 2.3.1. 

 

 

Figure 3.3. Schematic of the traditional co-precipitation of Fe3O4 

nanoparticles in aqueous solution. The nucleation is initiated by adding 

dropwise an acidic solution of the iron chloride salts onto a solution of 

NaOH. The precipitated Fe3O4 nanoparticles were growth at 80 C for 1 

hour. 
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3.2.1.1 Characterisation of magnetic nanoparticles 

The iron oxide nanoparticles prepared by these two routes have been characterised 

by powder XRD and electron microscopy to determine the phase purity, crystallinity, 

average size, and size distribution of the particles. XRD patterns obtained from both dry 

precipitates matched the standard of cubic spinel magnetite (Fe3O4, JCPDS index card no. 

19-629) in the 𝐹𝑑3̅𝑚 space group, with no evidence for the formation of any other phases. 

These data are plotted in Figure 3.4. The initial observation is the broad diffraction 

peaks, characteristic of nanostructured materials. The crystallite size was estimated for 

both samples using the Scherrer equation6 applied to the diffraction peak (311), and the 

results obtained are shown in Table 3.1. 

 

 

Figure 3.4. Powder XRD patterns of magnetite nanoparticles 

synthesised by MW co-precipitation and by traditional co-precipitation. 

Orange: Fe3O4 prepared by traditional co-precipitation5; Blue: Fe3O4 

synthesised by MW co-precipitation4; Black: ICSD standard of Fe3O4 

(cubic inverse spinel, space group: 𝐹𝑑3̅𝑚). 
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Table 3.1. Average crystallite sizes from Scherrer broadening for Fe3O4 

nanoparticles synthesised by traditional and MW co-precipitation. 
 

Sample Size (nm) 

Fe3O4  (traditional co-precipitation) 11 

Fe3O4  (MW-assisted co-precipitation) 16 

 

Calculations indicate that the average size of the crystalline domains is larger for the 

microwave-assisted synthesis than for the traditional co-precipitation method. Although 

this is not an accurate measure of the particle size, this indicates that larger crystallite 

sizes are obtained with the MW co-precipitation method.  

The magnetite nanoparticles prepared by the MW co-precipitation method and by 

traditional co-precipitation were also characterised by high-resolution transmission 

electron microscopy (HR TEM) (Figure 3.5). The results of the analysis of 100 individual 

nanoparticle sizes are shown in Table 3.2. These calculations revealed a slightly larger 

average particle size for the sample prepared by MW co-precipitation (14.6 nm) compared 

to the traditional co-precipitation (11.3 nm), with monodisperse size distributions for 

both methods observed. Interestingly, the size distribution of the nanoparticles prepared 

by MW co-precipitation is lower than that obtained for the traditional co-precipitation. 

The polydispersity indices, obtained from 100 individual particles using ImageJ, are 0.21 

and 0.31, respectively, consistent with the differences between the synthesis methods. 

In the method developed by Williams et al.  the microwaves provide a homogeneous and 

stable heating of the reaction cavity, resulting in a better control of the ageing stage and, 

ultimately, a decrease in the polydispersity of the sample. The visible lattice fringes in 

Figure 3.5 (C) and (D) confirmed the high crystallinity and the single domain nature of 

these iron oxide nanostructures, associated with superparamagnetism in nanoparticles 

with sizes under 20 nm.7,8,9 

 

Table 3.2. Nanoparticles average sizes and polydispersity index (PDI) values for iron 
oxide nanoparticles prepared by MW assisted co-precipitation and by traditional co-
precipitation. 
 

Sample 
Average nanoparticle  

size (nm) 
Polydispersity 

index 

Fe3O4  (traditional co-precipitation) 11.3 0.33 

Fe3O4  (MW assisted co-precipitation) 14.6 0.21 
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Figure 3.5. High-resolution TEM micrographs of Fe3O4 nanoparticles prepared by (A), 
(C) microwave-assisted co-precipitation and (B), (D) traditional co-precipitation. Insets 
in micrographs (A) and (B) show the size distribution histograms obtained for each 
method. 

 

3.2.2 Functionalisation of Fe3O4 with PPIX and PEG 200 

3.2.2.1 Strategies for functionalisation 

A number of strategies were considered to attach PPIX and PEG 200 to the surface of 

the magnetite nanoparticles. Initially, the possibility of using PEG 200 as a linker between 

PPIX and the magnetite nanoparticles was explored. For this, magnetite nanoparticles 

were synthesised in the presence of PEG 200 following the traditional and MW co-

precipitation methods, and also via a hydrothermal route. The aim was to obtain PEG 200-

stabilised Fe3O4 nanoparticles onto which PPIX could be potentially attached via 
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electrostatic interactions between the carboxyl groups in PPIX and the ether groups in 

PEG 200. FTIR analyses revealed weak signals attributed to the PEG 200, with typical mass 

losses of 2-3 % observed in TGA. Subsequent attempts to incorporate PPIX onto the PEG 

200 nanoparticles were unsuccessful. Therefore, another approach based on silane 

chemistry was investigated. In this case, an aminosilane (APTES) was employed to 

covalently attach PEG 200 and PPIX to the nanoparticle surface. The amine group in APTES 

was used to form an amide bond with the carboxylic groups in PPIX and one of the 

carboxylic groups in the intermediate PEG 200-acid. Furthermore, ethoxysilane is an 

excellent leaving group that favours the formation of a covalent bond to iron oxide 

surfaces.3,10 The syntheses of APTES–PPIX and APTES–PEG 200 via amide coupling are 

described below. 

 

3.2.2.2 Synthesis of APTES-PPIX 

The preparation of APTES–PPIX was performed in two stages.11 Briefly, a solution of 

DCM:DMSO (1:1 volumetric ratio) was found to be optimal to dissolve PPIX at room 

temperature. The carboxylic groups in PPIX were initially activated by the coupling agent 

1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC), and N-Hydrosuccinimide (NHS) 

was added to form a primary amine-specific intermediate, PPIX-succinimide. EDC was 

specifically selected since it is water soluble and therefore easy to remove after the 

reaction. The red-brown solid was filtered and purified by precipitation in an ethanolic 

solution, and lyophilised to remove the remaining water. PPIX-succinimide was dissolved 

in DMSO, and APTES was added dropwise in slightly alkaline conditions and reacted for 

72h. The final product was again filtered and purified by precipitation in an ethanolic 

solution. Then it was lyophilised to remove the water, and stored at -20 C to avoid the 

degradation of the PPIX. This synthesis was carried out in the dark to avoid the 

photodecomposition of PPIX, and in the absence of water or air to avoid the hydrolysation 

of the ethoxysilane groups and to guarantee the amide coupling. The detailed description 

of this process can be found in Section 2.3.1.2.1. The scheme in Figure 3.6 describes 

the two-step reaction. 
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Figure 3.6. Preparation of the APTES–PPIX moiety by a two-step amide coupling 

reaction, carried out under inert atmosphere and in the dark. In the first step a 

carbodiimide and N-Hydrosuccinimide were used to obtain an intermediate (PPIX–

succinimide) that will readily react with a primary amide. In the second step the 

primary amine in APTES reacts with the succinimide groups to form PPIX–APTES.  

 

3.2.2.2.1 Characterisation of APTES-PPIX 

The APTES-PPIX moiety was characterised spectroscopically by FTIR in attenuated 

total reflectance (ATR) mode and 1H NMR to confirm the formation of an amide bond 

between APTES and PPIX. Figure 3.7 shows the FTIR spectra of APTES–PPIX alongside a 

standard of PPIX. Three characteristic bands can be observed in the spectrum of APTES–

PPIX. The band at 1065 cm-1 is characteristic of the Si-O bond from APTES, while the bands 

at 1550 and 1639 cm-1 are the amide I and amide II bands associated with the newly 

formed amide bond between APTES and PPIX. The intense band at 1733 cm-1 in the 

spectrum of PPIX standard is attributed to the C=O stretches from the carboxyl group. 

The relative intensity of this band is reduced in the case of APTES–PPIX, compared to the 

band in the spectrum of PPIX, due to the use of one of the carboxyl groups in the amide 

coupling. Also, the slight shift to higher wavenumbers can be explained by the change in 

the surroundings of this carboxyl group. 
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Figure 3.7. FTIR spectra of PPIX and APTES–PPIX. The band at 

1065 cm-1 corresponds to the Si-O bond in APTES, while the peaks 

at 1550 and 1639 cm-1 are the amide I and amide II bands 

characteristic of amides. This suggests the successful formation 

of an amide bond between APTES and PPIX. 

 

1H NMR spectroscopy (Figure 3.8) was carried out in DMSO-d6 to investigate the 

structure of the APTES-PPIX product obtained. Here, the double doublets at 6.25-6.5 ppm, 

the four singlets at 10.30-10.40 ppm, the singlet at -3.80 ppm and the quartet at 8.57 ppm 

correspond to the contributions of the CH2=, -CH=, -NH-, and =CH- protons from PPIX, 

respectively, as labelled in the figure. The intense singlet at 3.34 ppm corresponds to the 

-CH2COOH proton in PPIX. The triplet at 0.89 ppm can be assigned to the contribution 

from the –SiOCH2CH3 proton in APTES. The multiplet at 3.40-3.46 ppm is attributed to 

contributions from the –SiOCH2CH3 proton in APTES. Signals from the –NH- protons in 

amide groups usually do not couple with neighbouring protons and tend to be difficult to 

discern when using protic deuterated solvents, as is the case here. Additionally, the 

signals from the protons on the carbons adjacent to the amide group (-NHCO-CH2- 

and -CH2-NHCO-) could not be distinguished from other –CH2- protons in this case. The 1H 

NMR spectra from APTES and PPIX can be found in the Appendices (Figures A3.1 and A3.2, 

respectively). 
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Figure 3.8. 1H NMR spectra of APTES–PPIX obtained in DMSO-d6. The signals 

a, b, e and f are contributions from PPIX, as described in the insets. The 

triplet d is attributed to the –SiOCH2CH3 protons in APTES. The multiplet c is 

a contribution from the –SiOCH2CH3 proton. 
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3.2.2.3 Synthesis of APTES-PEG 200 

A similar strategy was followed for linking APTES to PEG 200. In this case a two-step 

process was performed inspired by the work of How et al.12 In short, an excess of succinic 

anhydride was added to PEG 200 in the presence of a catalytic amount of 

4-dimethylaminopyridine (DMAP) in alkaline conditions to form PEG 200–acid through an 

esterification reaction. The unreacted succinic anhydride and DMAP were removed by 

washing with 1 M HCl. The carboxylic groups in PEG 200-acid were activated by EDC, and 

NHS was added to form a primary amine-specific intermediate. Finally, APTES was added 

(1.2:1 to PEG 200-acid) to form APTES-PEG 200 via an amide coupling reaction. The 

solution obtained was washed several times with HCl 1 M to reverse the unreacted NHS 

ester, and the solvent was eliminated under vacuum. In order to avoid the hydrolysation 

of the ethoxysilane groups in APTES, this process was performed in the absence of water 

and air, and the product was stored at -20 C. The details of this procedure are described 

in Section 2.3.1.2.1. Figure 3.9 depicts a schematic of the reaction. 

 

 

Figure 3.9. Preparation of the APTES-PEG 200 moiety via a two-step 

process under inert atmosphere. First, PEG 200 is reacted with succinic 

anhydride to form PEG 200-acid in alkaline medium. Then, an amide 

coupling between the primary amine in APTES and one of the carboxyl 

groups in PEG 200-acid yields APTES-PEG 200. 

 

 

 

 



Chapter 3 – Porphyrin/PEG 200-functionalised magnetic nanoparticles 
 

80 
 

3.2.2.3.1 Characterisation of APTES-PEG 200 

The FTIR spectrum of the solvent-free APTES-PEG 200 product is shown in Figure 3.10 

alongside a standard of PEG 200. The bands at 1070, 1200 and 1730 cm-1 correspond to 

the O-C-C stretch, the C-C-O stretch and C=O bond from the ester functional group in 

APTES–PEG 200. The bands at 1544 and 1649 cm-1 are the amide I and amide II bands 

corresponding to the C=O and C-N bonds resulting from the amide coupling between PEG 

200-acid and APTES. The broad band observed at 2800 cm-1 may be attributed to aliphatic 

C-H stretches. Finally, the characteristic band from Si-O vibrations cannot be 

distinguished from the aforementioned O-C-C stretch band and the C-O stretches from 

PEG 200 as they are all found in the same region of 1040-1080 cm-1. The signals of ester 

and amide groups are consistent with the structure of APTES–PEG 200. 

 

 

Figure 3.10. FTIR spectra of APTES–PEG 200 and a PEG 200 standard. The 

signals at 1070, 1200, and 1730 cm-1 can be attributed to the O-C-C 

stretch, the C-C-O stretch and the C=O stretch from the ester group. The 

band at 2800 cm-1 corresponds to aliphatic C-H stretches. The bands at 

1544 and 1649 cm-1 are the amide I and amide II bands from the amide 

bond between APTES and PEG 200. The expected peak from Si-O in APTES 

is likely to be overlapped by the O-C-C and C-O stretches around 1070 cm-1. 
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The prepared APTES–PEG 200 was analysed by 1H NMR spectroscopy in CDCl3. The 

spectrum obtained is shown in Figure 3.11. The broad peak at 3.67 ppm is attributed to 

the contribution of the –[O-CH2-CH2]- protons, and is the fingerprint of polyethylene 

glycols.13 The signals at 4.27 and 2.85 ppm may be attributed to the –COO-CH2- 

and -CH2-COOH protons, respectively. The intense signal at 1.23 ppm corresponds to the 

contribution of the –SiOCH2CH3 protons in APTES. Finally, the triplet at 2.71 ppm and the 

multiplet at 2.46 ppm are contributions from the –NHCO-CH2- and in –CH2-NHCO- protons, 

respectively, indicative of the presence of an amide bond. The 1H NMR spectra from APTES 

and PEG 200 can be found in the Appendices (Figures A3.1 and A3.3, respectively). 

 

 

 

 

 

 

 

 

 



Chapter 3 – Porphyrin/PEG 200-functionalised magnetic nanoparticles 
 

82 
 

 

 

Figure 3.11. 1H NMR spectrum from the synthesised APTES–PEG 200 obtained in CDCl3. 

The signals c is characteristic from –[O-CH2-CH2]- protons in the polyethylene glycol 

structure. Signals b and d correspond to contributions from the protons in in –COO-CH2- 

and CH2-COOH, respectively. The peak a is attributed to the protons in –SiOCH2CH3, 

characteristic of APTES. The signals e and f result from the contribution of 

the -NHCO-CH2- and –CH2-NHCO- protons, respectively, and indicate the presence of an 

amide bond between APTES and PEG 200. 
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3.2.3 Coating magnetic nanoparticles with APTES–PPIX and APTES–PEG 200 

Finally, the magnetite nanoparticles were coated with the previously synthesised 

APTES–PPIX and APTES–PEG 200. For this, the magnetite nanoparticles prepared by the 

MW co-precipitation method were used. The attachment of these moieties was achieved 

through the formation of covalent bonds between the hydroxyl groups, naturally present 

on the surface of iron oxide nanoparticles, and the siloxane groups present in APTES. 

APTES–PPIX was thoroughly dissolved in DMSO/EtOH (4:5), APTES–PEG 200 was dissolved 

in EtOH, and both solutions were added to a suspension of magnetite nanoparticles in 

ethanol. The reaction mixture was stirred for 48 hours at room temperature and in the 

dark, to avoid the degradation of the PPIX. This procedure is detailed in Section 

2.3.1.2.1. Figure 3.12 shows a schematic of the functionalisation process and the 

resulting nanocomposite. 

 

 

Figure 3.12. Coating of magnetite nanoparticles with APTES-PPIX and APTES-

PEG 200, synthesised previously. Magnetite nanoparticles were dispersed in 

ethanol with the help of ultrasounds. Solutions of APTES–PPIX and 

APTES-PEG 200 were added to the nanoparticles dispersion, and reacted in the 

dark and at room temperature for 48 hours. 

 

3.2.3.1 Characterisation of the nanocomposite Fe3O4–APTES–PEG 200/PPIX 

FTIR spectroscopic studies of the iron oxide nanoparticles were performed before and 

after the coating stage, and the spectra obtained are shown in Figure 3.13. Magnetite 

shows one intense stretch at 550 cm-1 corresponding to the Fe-O bond. In the spectrum of 

the nanocomposite, the vibrations at 1389 and 1730 cm-1 correspond to the C-O stretch 

from the ester in PEG 200 and the carboxylic C=O stretch in PPIX and PEG 200, 

respectively. The band observed at 1070 cm-1 is attributed to the Si-O bond in APTES. The 

stretches at 1545 and 1630 cm-1 are the amide I and amide II bands, associated with the 
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C=O stretching vibration and the N-H bending, respectively, from the amide groups in 

APTES-PPIX and APTES–PEG 200. 

 

 

Figure 3.13. FTIR spectra of (red) bare Fe3O4 nanoparticles and (blue) 

iron Fe3O4 nanoparticles functionalised with APTES–PEG 200 and 

APTES-PPIX. The intense stretch at 550 cm-1 is due to the Fe-O bond, and 

the broad band at 1070 cm-1 is associated to the Si-O bond in APTES. The 

bands at 1389 and 1730 cm-1 correspond to the C-O stretch from the ester 

in PEG 200, and the C=O stretch associated with PPIX and PEG 200. The 

stretches at 1545 and 1630 cm-1 are the amide I (C=O) and amide II (C-N) 

bands from the amide in the APTES–PPIX and APTES–PEG 200 moieties.  

 

The nanocomposite was also studied by UV-visible and fluorescence spectroscopy to 

investigate the optical properties the APTES–PPIX moiety immobilised onto the iron oxide 

nanoparticles. Figure 3.14 shows the absorbance and emission spectra of an ethanolic 

suspension (0.33 mg/mL) of the nanocomposite, alongside a PPIX standard in ethanol. The 

absorbance peak of the magnetite nanoparticles coated in PPIX at 404 nm shows an 

intense inclined background, which is caused by the scattering of the light by the 

nanoparticles in suspension. The emission spectra were obtained from an excitation 

wavelength of 404 nm. The intense emission band of the nanocomposite at 632 nm 
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indicates that the PPIX retains its fluorescence after being attached onto the magnetite 

nanoparticles.  

 

 

Figure 3.14. Absorbance and emission spectra of a colloidal suspension 

of PPIX- coated magnetite nanoparticles (0.33 mg/mL in ethanol) and a 

PPIX standard. The absorbance band at 404 nm confirms the presence of 

PPIX attached onto the iron oxide nanoparticles. The emission band at 

632 nm (exc= 404 nm) also indicates that optical properties of the PPIX 

contained in the nanocomposite have been preserved, and its 

fluorescence has not been quenched. 

 

Thermal gravimetric analyses (TGA) were performed to assess the organic content in 

the nanocomposite. Samples were analysed at temperature ramps of 10 C/minute under 

nitrogen. Figure 3.15 shows the thermogravimetric curves for bare magnetite 

nanoparticles and magnetite coated with APTES–PEG 200 and APTES–PPIX. The initial 

increase in mass of the bare magnetite can be explained by a brief initial oxidation of the 

Fe (III) in magnetite, followed by a slight mass loss due to physisorbed water molecules 

on the iron oxide surface. The curve corresponding to the nanocomposite shows a 

pronounced mass loss of about 30 % from 250 C, which is associated to the presence of 
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organic species attached onto the surface the magnetic nanoparticles. This is indicative 

of an effective coating process, with a high density of functionalities per surface unit. 

 

 

Figure 3.15. TGA curves of the bare iron oxide nanoparticles and 

the nanoparticles coated with APTES-PPIX and APTES–PEG 200. The 

marked mass loss of the nanocomposite of about 30 % confirms the 

presence of an organic coating attached to the magnetic cores. 

 

Finally, the functionalised nanoparticles were studied once again by means of powder 

XRD to ensure the crystallinity of the magnetic cores was not affected by the 

functionalisation process. The diffraction patterns obtained from the dry precipitate of 

the nanocomposite matched the standard of cubic spinel magnetite (Fe3O4, JCPDS index 

card no. 19-629). This confirms that the Fe3O4 did not undergo any oxidation process 

during the functionalisation stage. The intense background observed on the diffraction 

pattern of the functionalised magnetite nanoparticles is associated with the amorphous 

nature of the coating. Figure 3.16 shows the diffraction patterns obtained from bare 

magnetite nanoparticles and functionalised magnetite, alongside with the ICSD standard 

for Fe3O4. The average crystallite sizes for Fe3O4 nanoparticles functionalised with the 

APTES–PPIX and APTES–PEG 200 was estimated from the Scherrer equation applied to the 
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(311) diffraction peak. The results obtained are compared to the values for Fe3O4 

synthesised by MW co-precipitation, and are shown in Table 3.3. These indicate that 

there is no significant variation of the crystallite size of the Fe3O4 nanoparticles before 

(16 nm) and after (17 nm) the functionalisation stage. 

 

Table 3.3. Average crystallite sizes for magnetite nanoparticles 

synthesised by MW co-precipitation, and for magnetite functionalised 

with APTES–PPIX and APTES–PEG 200, estimated with the Scherrer 

equation. 
 

Sample 
Size 
(nm) 

Bare Fe3O4 16 

PEG 200/PPIX coated Fe3O4 17 

 

 

 

Figure 3.16. Powder XRD patterns of bare magnetite and magnetite 

coated with APTES–PPIX and APTES–PEG 200. Red: Fe3O4 

functionalised with APTES–PPIX and APTES–PEG 200; Blue: bare Fe3O4 

synthesised by MW co-precipitation; Black: ICSD standard of Fe3O4 

(cubic inverse spinel, space group: 𝐹𝑑3̅𝑚) 
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3.2.4 Application of Fe3O4–APTES–PEG 200/PPIX for iron chelation 

The iron chelating properties of the prepared nanocomposite were investigated 

against solutions of iron salts to determine whether the PPIX immobilised onto the 

magnetic nanoparticles was able to complex iron from aqueous solutions. This was 

designed as a proof-of-concept experiment as the eventual aim is to use such a 

nanocomposite to remove the iron ions from Mary Rose timbers which catalyse the 

formation of harmful acidic species. A series of UV-vis and atomic absorption spectroscopy 

(AAS) measurements were performed of ethanolic and aqueous solutions of various 

hydrated iron salts. UV-vis spectroscopy measurements were carried out in ethanolic 

solutions of FeCl3·6H2O. It was decided to use this salt and solvent as this combination 

provided the best absorbance. For AAS studies, water was used as a solvent due to 

instrument requirements. In this case, FeSO4·7H2O was found to dissolve better in water 

than other iron salts. 

 

3.2.4.1 Evaluation of iron sequestration in aqueous solution 

The ability of the nanocomposite to chelate iron ions in solution was studied by UV-

visible spectroscopy. For this, 20 L additions of an ethanolic suspension of the 

nanocomposite (0.6 mg/mL) were added in 10-minute intervals to an ethanolic solution 

of FeCl3·6H2O (0.2 mM, 2.5 mL). The magnetic nanocomposite was magnetically decanted 

for 5 minutes, and an absorption spectrum from the Fe (III) solution was recorded. Figure 

3.17 (A) shows the decreasing absorption of a FeCl3·6H2O solution upon treatment with 

the magnetic nanocomposite. Figure 3.17 (B) shows the decrease in absorption intensity, 

with the number of additions of nanocomposite, recorded at 246 nm. This indicates a 

decrease in concentration of free Fe (III), further evidence that the iron chelating 

properties of the PPIX have been preserved once attached onto the magnetite 

nanoparticles. 
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Figure 3.17. UV-vis spectroscopic studies of an ethanolic solution of FeCl3·6H2O 

(0.2 mM) treated with the nanocomposite (0.6 mg/mL, additions of 20 L) to assess 

the chelation properties of the later. (A) Absorption spectra from an Fe (III) solution 

treated with the nanocomposite were recorded showing a progressive decrease in 

absorbance upon increase of nanocomposite concentration. (B) Absorption intensity 

of an ethanolic solution of Fe(III) recorded at 246 nm. The decrease of intensity upon 

addition of the nanocomposite indicates a decrease in the concentration of free 

Fe(III) due to the formation of the complex Fe-PPIX. 

 

The iron uptake was also studied in solution by AAS. An aqueous solution of 

FeSO4·7H2O (0.048 mM) was treated once with the nanocomposite (0.6 mg/mL in the final 

solution) and stirred vigorously. Samples were taken periodically and, after magnetic 

decantation, the content of Fe(II) was determined by AAS. Figure 3.18 shows the 

variation in concentration of Fe(II), initially 2.7 mg/L, over time during the treatment 

with the nanocomposite. A rapid decrease in the concentration of free Fe(II) during the 

first 6-7 hours was followed by a relatively stable plateau. This study shows that up to 

85 % of the Fe(II) in aqueous solution, under these conditions, was chelated by the PPIX 

in the nanocomposite. 
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Figure 3.18. Variation of free Fe(II) in aqueous solution with 

time upon treatment with the magnetic nanocomposite, 

measured with atomic absorption spectroscopy. The treatment 

with the nanocomposite bearing PPIX was able to chelate up to 

85 % of free iron from a solution in 6-7 hours. 

 

 

3.3 Conclusions 

In this chapter, the synthesis and characterisation of a magnetic nanocomposite 

based on magnetite nanoparticles functionalised with PEG 200 and PPIX have been 

described. Magnetite nanoparticles have been prepared following a microwave-assisted 

co-precipitation method, which yielded highly crystalline single phase (observed by 

powder XRD) Fe3O4 nanoparticles, with an average particle size of 14.60 nm and a 

polydispersity index (PDI) of 0.21. This synthetic approach shows an improvement in the 

polydispersity of the samples compared to the standard co-precipitation method, which 

yielded a PDI of 0.33. 

APTES–PPIX and APTES–PEG 200 have been prepared and studied with a full range of 

characterisation techniques. The amide bonds formed between APTES and PEG 200, and 
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APTES and PPIX have been characterised by FTIR and 1H NMR spectroscopies. The amide I 

and amide II bands observed in the region of 1540 – 1650 cm-1 in FTIR indicate the presence 

of an amide bond in both APTES–PPIX and APTES–PEG 200. 1H NMR spectroscopy of 

APTES-PPIX revealed the fingerprint of both precursors, but the signals for the amide 

proton (-NH-) or the protons on the C (–NHCO-CH2- and –CH2-NHCO-) could not be 

observed. In the case of APTES–PEG 200, the 1H NMR spectrum also shows a triplet system 

at 2.71 ppm and a multiplet at 2.46 ppm that can be assigned to contributions from 

the -NHCO-CH2- and –CH2-NHCO- protons, respectively. 

These moieties have been successfully attached onto the surface of the magnetite 

nanoparticles by means of covalent bonds between the hydroxyl groups on the iron oxide 

surface and the siloxane groups in APTES. UV-vis spectroscopic studies of the 

nanocomposite revealed an absorbance peak at 404 nm and a corresponding emission 

band at 632 nm, proving the presence of PPIX onto the magnetic nanoparticles. As 

discussed previously, fluorescent species can suffer from quenching when anchored to a 

magnetic core due to a charge transfer process with the unpaired spin on the 

paramagnetic Fe(II) ions.14 This phenomenon is commonly avoided by coating the 

magnetic nanoparticle prior to the addition of the fluorescent species, or by introducing 

a molecular spacer between the particle and the fluorophore.15,16 In this work, the results 

indicate that the use of a spacer (APTES) has minimised the quenching of the PPIX, as the 

magnetic nanocomposite is active in Fluorescence spectroscopy. FTIR spectroscopy also 

confirms the amide bond formation in this nanocomposite, as well as the presence of PPIX 

and PEG 200 stretches. The formation of a coating on the surface of the particles is further 

confirmed by TGA, where a mass loss of 30 % is observed for the nanocomposite (compared 

with a ca. 2 % loss for bare nanoparticles) when heated to 850 C. 

Finally, the chelating properties of the nanocomposite were evaluated by UV-vis 

spectroscopy and atomic absorption spectroscopy and demonstrate the uptake of free 

iron (II) and iron (III) ions by the nanocomposite, respectively. The tests carried out to 

evaluate the chelating performance of the multifunctional nanocomposite are not 

intended to be quantitative. Rather they indicate the suitability of systems of this type 

for the uptake of iron ions, which demonstrates their potential as a targeted treatment 

for waterlogged archaeological wood samples such as those obtained from the hull of the 

Mary Rose.  

The magnetic nature of this nanocomposite offers possibilities beyond current state-

of-the-art conservation treatments where consolidants are applied to the wood and 

remain there after the treatment has ended. This nanocomposite is capable of 

sequestering iron ions, whose presence in archaeological wood has been proven to be 
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harmful; its magnetic nature provides a simple and practical way for their application 

into archaeological artefacts; the presence of the polyethylene glycol moiety may favour 

the diffusion of the nanocomposites through the wood structure. This nanocomposite is, 

therefore, a proof of concept to demonstrate the feasibility of a multifunctional tool that 

can be of great utility in the conservation of archaeological wooden artefacts. It can be 

considered the starting point of a new type of functional materials, highly tuneable to 

suit the necessities of final specific applications. 
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Chapter 4 - Thermoresponsive magnetic nanocomposite for marine archaeological 

wood conservation 

4.1 Application of Fe3O4-APTES-PEG 200/PPIX nanocomposite on test wood samples 

Mary Rose wood represents a highly heterogeneous system, with open vessels that 

could provide channels for the delivery of magnetic nanoparticles loaded with a treatment 

agent for the removal of potentially harmful iron ions. The magnetic nature of magnetite 

nanoparticles has indeed been exploited for use as drug delivery agents previously.1,2 To 

examine this opportunity in further detail, samples of Mary Rose timbers were taken to 

the I15 beamline at the ESRF for absorption tomography imaging, a non-destructive 

technique which allows imaging of the internal wood structure. Figure 4.1 shows X-ray 

absorption tomography images obtained from (A) fresh oak, (B) and (C) wood samples 

from the Mary Rose. The fresh oak shows large vessels separated by thin walls, with denser 

areas where vessels are smaller. The archaeological wood in (B) and (C) shows a clear 

degree of degradation, where the rigid walls separating the vessels have broken down. 

The smaller vessels in denser areas appear to have further collapsed, leaving a less 

ordered and compact structure. This suggests that the functionalised nanoparticles should 

diffuse into the structure of degraded archaeological wood compared to fresh oak. 

 

 

Figure 4.1. X-ray absorption tomography data for (A) fresh oak, cut across the grain of 

the wood; Mary Rose wood (B) 6 mm into the keelson plan and (C) 2 mm into the keelson 

wood (data collected by collaborator Prof. Kirsten M. Ø. Jensen). Image (A) displays 

large vessels separated by walls, and a denser area with smaller vessels. Images of 

degraded wood from the Mary Rose (B) and (C) show an increased amount of voids 

caused by the collapse of vessel walls. 

 

The diffusion of bare and PPIX/PEG 200-functionalised magnetite nanoparticles in 

fresh wood was investigated under the influence of an applied external magnetic field. 

Aqueous suspensions (0.6 mg/mL) of bare nanoparticles and PPIX/PEG 200-functionalised 

1 mm  

A: Fresh oak B: Keelson wood, 6 mm C: Keelson wood, 2 mm 
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nanoparticles were applied to the surface of fresh oak samples with dimensions 1.5 x 1.5 

x 1.5 cm. These wood samples were then incubated for 24 hours, in the dark, at room 

temperature, and under an external magnetic field (1.3 Tesla). Another set of wood 

samples were treated with the same suspensions, and were incubated in the same 

conditions but in the absence of a magnetic field. After incubation, the wood samples 

were sectioned along the wood grain and in the direction of diffusion of the applied 

suspensions. This procedure is detailed in Section 2.3.4. Representative cross sections of 

these samples were studied by SEM to determine the diffusion depth of the functionalised 

and bare magnetic nanoparticles under different conditions. Figure 4.2 shows the 

backscattered SEM micrographs of fresh oak wood treated with bare Fe3O4 nanoparticles 

and incubated (Figure 4.2a) in the absence and (Figure 4.2b) in the presence of an 

external magnetic field. It also shows fresh oak wood samples treated with PPIX/PEG 200-

functionalised nanoparticles and incubated (Figure 4.2c) in the absence and (Figure 4.2d) 

in the presence of a magnetic field. The bright areas are where the nanoparticles are in 

the wood. Figures 4.2a,c reveal that without the application of an external magnetic 

field, the magnetic materials only diffuse into the wood by less than one millimetre (the 

apparent diffusion of nanoparticles in Figure 4.2a is due to contamination with the scalpel 

used for the sectioning). Upon application of an external magnetic field, bare magnetite 

nanoparticles penetrate the wood by approximately 2.5 mm (Figure 4.2b). Under the same 

conditions, functionalised magnetic nanoparticles do not penetrate the wood structure as 

deeply. This may be due to the aggregated nature of these nanoparticles once 

functionalised. However, diffusion into the wood is observed and it should be noted that 

greater penetration depth into degraded Mary Rose timbers should be expected from 

absorption tomography observations.  
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Figure 4.2. Backscattered SEM images of the cross-section of four fresh oak 

samples treated with 1 mL of an aqueous suspension of (A and B) bare Fe3O4 

nanoparticles and (B and C) PPIX/PEG 200 – functionalised nanoparticles 

(0.6 mg/mL). The diffusion of bare and functionalised Fe3O4 within the wood 

structure was studied (A and C) in the absence and (B and D) in the presence 

of a 1.3 Tesla magnetic field. The bright areas indicate the depth reached 

by the nanoparticles under different conditions.  

 

With the diffusion of magnetic nanoparticles into fresh oak samples demonstrated 

through the application of an external magnetic field, it is necessary to consider the most 

appropriate vector for applying and removing this treatment in a safe manner to 

artefacts. Embedding the functionalised magnetic nanoparticles in a polymer gel would 

provide a means for treating archaeological wood with precision and with minimal 

invasion. Polymer gels also present attractive possibilities in terms of tuning their 

functionality or employing polymers with additional functionalities, for example 

thermoresponsiveness. There is also a possibility of covalently attaching the polymer to 
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the surface of the magnetic nanoparticles, which may also aid in their removal and 

application to artefact pieces.  

 

4.1.1 Development of a PEG-based thermoresponsive polymer 

As the Mary Rose has been treated with the polymer PEG for three decades, it would 

be favourable to employ a polymer gel which contains PEG chains within it. As discussed 

in Section 1.2, the Mary Rose and most archaeological wooden findings have been 

extensively treated with PEGs of different grades. Hence, the use of PEG in the 

development of novel conservation treatments can guarantee minimal impact to the 

artefacts upon application and also find use in treatments beyond the Mary Rose. 

Additionally, a polymer capable of changing its physical properties under specific external 

stimuli could be a great advantage in the application and removal of the designed 

treatment, particularly where the safe removal of a treatment is paramount. PEG-

methacrylate polymers display thermoreversible behaviour with a lower critical solution 

temperature (LCST), whose values depend on various factors such as molecular weight, 

concentration, or the chain transfer agent used.3,4,5 As discussed in Section 1.6, the LCST 

of copolymers containing PEG methacrylate can be also adjusted by the use of a 

hydrophobic comonomer. In particular, copolymers based on di(ethylene glycol) methyl 

ether methacrylate (DEGMA) and the more hydrophobic monomer methyl methacrylate 

(MMA) have been widely studied, showing narrow temperature windows and easily 

tuneable LCST.6 

When p(DEGMA-co-MMA) is cooled below its LCST the DEGMA moieties imbibe water 

molecules via hydrogen bonding increasing the polymer’s solubility. This leads to a 

“liquid-like” state that can facilitate the delivery of magnetic nanoparticles from the gel 

into the wood structure. When the temperature is raised above the LCST the hydrogen 

bonds with water molecules are cleaved, and the solubility of the polymer drops. This 

induces a “gel-like” state, which can facilitate the removal of the treatment by peeling 

the thermoresponsive nanocomposite off the surface of the wood. Therefore, the 

potential use of p(DEGMA-co-MMA) to develop a thermoresponsive functional 

nanocomposite for the removal of harmful substances from archaeological wood was 

investigated. 
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4.2 Synthesis and characterisation of thermoresponsive polymer p(DEGMA45-co-

MMA5) 

 Poly(di(ethylene glycol) methyl ether methacrylate-co-methyl methacrylate), 

poly(DEGMA45-co-MMA5) was synthesised by reversible addition-fragmentation 

chain-transfer (RAFT) polymerisation.3,4,7 Ideally, conservation treatments should avoid 

major changes in temperature, since these could irreversibly damage the wood structure.8 

Previous work on thermoresponsive polymers has been carried out in the group in search 

of an optimal LCST for this application. Different DEGMA:MMA molar ratios were explored 

by Dr Ester Rani Aluri in order to obtain a phase transition temperature close to that at 

which the Mary Rose is currently held (18-20 C), and a 45:5 molar ratio (DEGMA:MMA) 

was found to show an optimal temperature window. Thus, in a typical RAFT mediated 

procedure, the monomers DEGMA and MMA were added to a Schlenk flask in a 45:5 ratio 

under inert atmosphere. Azobis(isobutyronitrile) (AIBN) and 

4-cyano-4-(phenylcarbonothioylthio) pentanoic acid were chosen as initiator and charge 

transfer agent (CTA), respectively. In RAFT polymerisations, AIBN is commonly used as a 

radical source to start the reaction. It is a self-decomposing initiator and is often 

preferred over other initiators (benzoyl peroxide) due to its lower risk of explosion and 

lower initiation temperature.9 4-cyano-4-(phenylcarbonothioylthio) pentanoic acid is a 

RAFT agent which provides a high degree of control in radical polymerisation, and is 

commonly used in the polymerisation of methacrylates. Figure 4.3 shows a schematic of 

the reaction to obtain p(DEGMA45-co-MMA5). More detailed information about this 

procedure can be found in Section 2.3.2. 

 

 

Figure 4.3. Preparation of the thermoresponsive polymer gel 

p(DEGMA45-co-MMA5) by RAFT polymerisation. Monomers DEGMA and MMA 

(45:5 molar ratio) were dissolved in 1,4-dioxane under inert atmosphere. AIBN 

and the CTA were added to the solution, and this was degassed by 4 freeze-thaw 

cycles. The mixture was stirred at 65 C for 8 hours. The reaction was stopped by 

rapid cooling, the product was dialysed against deionised water for 5 days, and 

finally freeze dried for 24 hours to eliminate the residual water. 
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The product obtained was analysed by 1H NMR and GPC. Figure 4.4 shows the 1H NMR 

spectrum of p(DEGMA45-co-MMA5) carried out in CDCl3. The bands at 0.88-1.42 ppm are 

attributed to the –CH3 protons in DEGMA and MMA monomers, and the multiplet at 

1.81 ppm corresponds to the –CH2- protons on the backbone of the polymer. The three 

bands at 3.56-3.68 ppm correspond to the –OCH2-  protons in DEGMA, while the intense 

signal at 3.40 ppm corresponds to the –OCH3 protons in DEGMA and MMA monomers. The 

intense band at 4.11 ppm originates from the –COOCH2- protons in DEGMA. Finally, the 

three multiplets between 7.36-7.87 ppm correspond to the =CH2- protons in the phenyl 

end-group.4,7 

The integration ratios between the signals for the =CH2- protons in the phenyl group 

end and for the –CH3 protons in DEGMA and MMA is 1:37, close to the expected value of 

1:30. This indicates that the degree of polymerisation obtained is slightly higher than the 

expected of 50. Further, the degree of polymerisation was estimated by gel permeation 

chromatography (GPC). This revealed a number average molecular weight (Mn) of 

5388 g/mol, a weight average molecular weight (Mw) of 6263 g/mol, and a good 

polydispersity (Mw/Mn) index of 1.16.  
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Figure 4.4. 1H NMR spectrum of p(DEGMA45-co-MMA5) obtained in CDCl3. The bands 

labelled a (0.88-1.42 ppm) and b (1.81 ppm) correspond to the –CH3 and -CH2- protons 

on the backbone of the polymer. The bands e (3.56-3.68 ppm) and d (3.40 ppm) are 

attributed to the –OCH3 and –OCH2- protons in DEGMA and MMA monomers. The triplets 

at 7.36, 7.52 and 7.87 ppm correspond to the o-, p- and m- =CH- protons, respectively, 

in the dithiobenzene end-group. 
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The thermoresponsive polymer was studied by variable-temperature UV-visible 

spectroscopy in order to determine its LCST. Figure 4.5 shows the transmittance values 

obtained from an aqueous solution of p(DEGMA45-co-MMA5) measured between 10 and 

40 C. The abrupt change in transmittance at 26 C indicates the LCST for this 

thermoresponsive polymer. Above the LCST, the polymer chains are able to imbibe water 

molecules as they become hydrophilic, yielding a clear solution. Upon an increase of the 

temperature, the polymeric chains become hydrophobic with leads to the water 

molecules being expelled, yielding a cloudy solution with low optical transmittance. This 

indicated that the polymer obtained is highly responsive to temperature changes within 

a narrow range of temperatures. 

 

 

Figure 4.5. Variable-temperature UV-visible spectroscopy of 

p(DEGMA45-co-MMA5), showing its thermoresponsive behaviour. The 

abrupt transition in optical transmittance observed indicates that 

the valued of the LCST is 26 C. Below this temperature the polymer 

chains are hydrated and form a clear solution. Above the LCST the 

polymer chains expel the water molecules as they become 

gradually more hydrophobic, turning the solution opaque. 
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4.3 Preparation of polymer-mixed-nanocomposite 

For the preparation of the polymer-mixed-nanocomposite, the Fe3O4–APTES-PPIX/PEG 

200 nanoparticles were physically mixed with the as synthesised thermoresponsive 

polymer. For this, p(DEGMA45-co-MMA5) was dissolved in a small amount of ethanol with 

the help of ultrasound. The PPIX/PEG 200 functionalised nanoparticles were added to the 

polymer solution in a 1:5 mass ratio, and this was sonicated until a homogeneous 

dispersion was obtained (1-2 minutes). The acetone was then removed under vacuum at 

room temperature for 30 minutes, and the flask was backfilled with argon. The product 

was stored at 5 C in the dark to avoid the photodecomposition of the PPIX moieties on 

the nanoparticles. This procedure is described in detail in Section 2.3.5. 

 

4.4 Treatment of artificial archaeological wood with polymer-mixed-nanocomposite 

and characterisation 

4.4.1 Preparation of artificial archaeological wood samples 

Artificial archaeological oak samples were prepared to simulate the conditions of 

archaeological wood in order to perform preliminary studies of iron removal without the 

need to use wood from the Mary Rose. Even though the artificial archaeological wood 

prepared cannot simulate the level of structural degradation of an archaeological wooden 

artefact, it is of great use for the study of iron removal from wood. For this, several cubic 

blocks of fresh oak, of approximately 1.5 cm per side, were soaked in a 100 mM solution 

of Fe2(SO4)3 for four weeks, and finally allowed to dry for 3 days. The wood samples soaked 

in this solution turned into dark blue or black due to the presence of tannins in the wood. 

 

4.4.2 Treatment of artificial archaeological wood with polymer–mixed-

nanocomposite 

The polymer-mixed-nanocomposite (approximately 20 mg) was applied on aged wood 

samples and fresh oak samples by cooling it down to 5 C for 3 hours, and carefully 

spreading it with a plastic spatula. The wood samples were then placed atop a 1.3 Tesla 

permanent magnet and incubated at 5 C for 6 months in the dark. After the incubation 

period, the wood samples were wrapped in transparent film and the permanent magnet 

was applied on the opposite direction for one week at 5 C in the dark. Figure 4.6 shows 

(A) a sample of artificial archaeological wood and (B) fresh oak being treated with 

polymer–mixed-nanocomposite and placed atop a permanent magnet, and (C) the 

polymer-mixed-nanocomposite removed from the wood after treatment.  
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Figure 4.6. Images of (A) artificial archaeological wood and (B) fresh oak being treated 

with the polymer-mixed-nanocomposite placed onto a 1.3 Tesla permanent magnet. 

Image (C) shows a plastic spatula containing polymer-mixed-nanocomposite removed 

after the treatment. 

 

 

4.4.3 Evaluation of the iron sequestration properties of polymer-mixed-

nanocomposite  

 

The capacity to sequester iron ions of the polymer-mixed-nanocomposite was 

evaluated qualitatively using far-IR spectroscopy. The aim was to detect bands originating 

from FeN vibrations, which would reveal the presence of iron ions chelated by the 

porphyrin ring. According to literature, signals due to metalN vibrations can be expected 

in the lower and far-IR range. Specifically, bands attributed to FeN vibrations have been 

reported in the range 350-400 cm-1 on studying a variety of N-donor ligands. Signals at 390 

cm-1 have been attributed to symmetric FeN vibrations, in Fe-imidazole complexes, by 

Paulat et al.10 Also, FeN vibrations from Fe(III)-ocaethylporphyrin have been observed at 

386 cm-1 by Mitchell et al.11 Finally, Dörr et al. carried extensive studies on hemin and 

imidazole, and found bands corresponding to FeN vibrations at 350 cm-1 in the absence, 

and at 380 and 396 cm-1 in the presence of imidazole.12 Figure 4.7 shows the far IR spectra 

obtained from the polymer-mixed-nanocomposite applied onto (B) artificial 

archaeological oak and (C) fresh oak. The spectra obtained from (A) the thermoresponsive 

polymer and (D) the PPIX/PEG 200 functionalised nanoparticles are included for 

comparison. The broad band at 548 cm-1, present in Figure 4.7d is attributed to the 

stretches of the Fe-O bond in magnetite, and the band at 438 cm-1 is associated with the 

rotation of the pyrrole ring in the PPIX. The peak at 363 cm-1 in Figure 4.7a,b,c could be 

assigned to the out-of-plane angle bend of the multiple C=O bonds in the 

thermoresponsive polymer.13 Finally, the band at 318 cm-1 in Figure 4.7b,c can be assigned 
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to the stretching of Fe-N4 in the porphyrin moiety.14,15,16 This band is slightly more intense 

in the polymer-mixed-nanocomposite applied on artificial archaeological wood than in 

the one applied in fresh oak, suggesting the uptake of iron ions by the porphyrin ring 

present in the polymer-mixed-nanocomposite.  

 

 

Figure 4.7. Far IR spectroscopy of polymer-mixed-nanocomposite after treating 

(B) artificial archaeological oak and (C) fresh oak. Also included are the spectra of 

(A) the thermoresponsive polymer and (D) the PPIX/PEG 200 functionalised 

nanoparticles. The bands observed at 548 and 438 cm-1 are attributed to the 

stretches of Fe-O bonds in magnetite and to the rotation of the pyrrole rings in 

the porphyrin, respectively. The band at 363 cm-1 can be assigned to the oop 

bending of C=O bonds in the thermoresponsive polymer. Finally, the weak peak at 

318 cm-1 in the polymer-mixed-nanocomposite applied on artificial archaeological 

oak could be assigned to the stretching of Fe-N bonds in the porphyrin moiety. 

 

 

This polymer-mixed-nanocomposite is a proof of concept of this approach to employ 

thermoresponsive polymers as treatment vectors, which can be further developed in order 

to optimise its means of application and its iron chelation capacity. 
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4.5 Design of multifunctional nanocomposite Fe3O4–p(DEGMA45-co-MMA5)–porphyrin 

(Fe3O4-VTES-polymer-porphyrin) 

 

Based on the concept of the PPIX/PEG 200 functionalised nanoparticles previously 

described, a number of modifications were devised in order to improve the iron chelation 

capability and ensure a better interaction of the nanoparticles with the thermoresponsive 

polymer which would provide greater control over the application and removal of the 

treatment.  

The approach taken here was to apply the p(DEGMA45-co-MMA5) as a linker on the 

nanoparticle surface for the attachment of porphyrin. This would bring a series of 

advantages when encapsulating these nanoparticles in the thermoresponsive polymer. 

First, the nanoparticles containing p(DEGMA45-co-MMA5) chains would be encapsulated in 

a more stable manner in the thermoresponsive polymer. This is thanks to the convenient 

electrostatic interactions between the DEGMA monomers present both in the 

p(DEGMA45-co-MMA5) chains on the nanoparticles surface, and in the thermoresponsive 

polymer gel. Secondly, due to the presence of ethylene glycol moieties in 

p(DEGMA45-co-MMA5), the use of a second PEG functionality on the surface of the 

nanoparticles themselves would not be unnecessary. Therefore, the density of porphyrin 

units per nanoparticle would increase, potentially improving the chelating ability of the 

nanocomposite. Figure 4.8 contains a schematic of the multifunctional nanocomposite, 

showing how a diethylene glycol based polymer is used to attach a porphyrin derivative 

to the surface of a Fe3O4 nanoparticle previously coated with a vinylsilane. 
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Figure 4.8. Schematic of Fe3O4-VTES-p(DEGMA45-co-MMA5)-porphyrin 

nanocomposite. Here, the role of p(DEGMA45-co-MMA5) is two-fold: linking 

the porphyrin-amine to the magnetic nanoparticle, and providing means for 

electrostatic interactions with the thermoresponsive polymer. Iron oxide 

nanoparticles are coated with VTES in order to anchor 

p(DEGMA45-co-MMA5)-porphyrin via a thiol-ene reaction. 

 

4.5.1 Preparation and characterisation of Fe3O4-VTES-polymer-porphyrin 

multifunctional nanocomposite 

4.5.1.1 Preparation and characterisation of Fe3O4-VTES 

For this synthesis, the magnetite nanoparticles were first functionalised with 

vinyltriethoxysilane (VTES). The aim was to obtain a vinyl-functionalised surface onto 

which p(DEGMA45-co-MMA5) could be anchored via thiol-ene click chemistry. Highly 

crystalline iron oxide nanoparticles were prepared by microwave-assisted co-precipitation 

as described by Williams et al. and discussed in Section 3.2.1.17 The functionalisation 

with VTES was performed in a similar manner as described by Yong et al.18 Figure 4.9 (A) 

displays a schematic of the reaction. More detailed information can be found in Section 

2.3.3. 
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Figure 4.9. Schematic of the preparation of the multifunctional nanocomposite 

Fe3O4-VTES-p(DEGMA45-co-MMA5)-porphyrin. (A) Fe3O4 nanoparticles were synthesised 

by MW assisted co-precipitation, as described in Section 3.2.1, and further 

functionalised with vinyltriethoxysilane (VTES). (B)(i) Porphyrin-amine is anchored to 

the carboxylic group of p(DEGMA45-co-MMA5) via a conventional amide coupling. (ii) 

The porphyrin-polymerdithioester is reduced to porphyrin-polymerthiol, and (iii) this 

is anchored onto the VTES coated Fe3O4 nanoparticles via thiol-ene click chemistry. 

 

4.5.1.2  Preparation of porphyrin-p(DEGMA45-co-MMA5) (porphyrin-polymerthiol) 

Amide coupling of p(DEGMA45-co-MMA5) with 5,10,15,20-tetrakis(4-aminophenyl) 

porphyrin 

In order to use p(DEGMA45-co-MMA5) as a linker between a porphyrin derivative and 

the magnetite nanoparticles, further modifications were made to its functional end 
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groups. For this purpose, 5,10,15,20-tetrakis(4-aminophenyl) porphyrin (porphyrin-

amine), a porphyrin derivative with four primary amine groups, was selected. A regular 

amide coupling between the carboxylic end group of the polymer and one of the primary 

amines on the amino-porphyrin was performed to obtain a polymer-porphyrin moiety. 

Briefly, p(DEGMA45-co-MMA5) was dissolved in dimethylformamide (DMF) under inert 

atmosphere. EDC and NHS were added to the solution and stirred for 10 minutes, then 

DMAP was also added to the solution. Finally, porphyrin-amine was carefully dissolved in 

a small amount of DMF and added to the solution, followed by a catalytic amount of TEA. 

Once purified, the brown gel obtained was freeze-dried for 24 hours to remove any traces 

of water. Figure 4.9(B)(i) shows a schematic of this step. Further details about the 

procedure can be found in Section 2.3.3. 

Figure 4.10 shows the 1H spectrum for porphyrin-polymer obtained in DMSO-d6. The 

intense bands at 0.8-1.45 ppm and the multiplet at 1.75 ppm correspond to the –CH3 and 

the –CH2- protons on the thermoresponsive polymer backbone. Also, the intense band at 

3.33 ppm and the bands at 3.47-3.61 ppm are attributed to the –OCH3 protons and 

the -OCH2- protons in the DEGMA and MMA monomers, respectively.4,7 The singlet at 

8.88 ppm and the two doublets at 7.86-6.99 ppm correspond to the –CH= protons in the 

pyrrole ring, and the and the –CH= protons in the aminophenyl groups in the porphyrin. 

The singlets at -2.73 ppm and 5.56 ppm correspond to the –NH= protons on the pyrrole 

rings, and to the –NH2 protons in the three aminophenyl groups present in the porphyrin, 

respectively. The multiplets at 7.48 ppm and 7.64 ppm correspond to the –CH= protons in 

the dithiobenzene end of the polymer.19 Finally, the singlet at 8.45 ppm can be attributed 

to the -CONH- proton in the amide bond between the thermoresponsive polymer and the 

porphyrin-amine. The integration ratio between this proton and the signals for –NH2 

protons in porphyrin is 1:6.5, very close to the expected 1:6. Similarly, the ratio obtained 

between this signal and the one for –OCH3 protons in DEGMA and MMA is 1:138, close to 

the expected 1:150. This confirms the successful formation of the moiety porphyrin-

polymer via an amide coupling reaction.  
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Figure 4.10. 1H NMR spectra of porphyrin-p(DEGMA45-co-MMA5) obtained in DMSO-d6. 

The signals a, b, d, e and f are contributions from the thermoresponsive polymer 

backbone. The signals h and k correspond to the –CH= protons in the pyrrole rings and 

the –CH= protons in amino phenyl groups in the porphyrin rings, respectively. The 

singlets g and i can be attributed to the –NH2 protons in the aminophenyl groups, and 

the –NH- protons in the pyrrole rings of in the porphyrin, respectively. Finally, the 

singlet at 8.45 ppm (labelled as j) can be attributed to the -CONH- proton in the amide 

group, and the two triplets at 7.48 and 7.64 ppm (labelled as c) correspond to the –CH= 

protons in the dithiobenzene end of the polymer. 
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Reduction of porphyrin-polymerdithioester to porphyrin-polymerthiol 

Next, the dithioester end on the porphyrin-polymer was reduced to a thiol. For this, 

the reducing agent tris(2-carboxyethyl)phosphine hydrochloride (TCEPHCl), often used 

for cleaving sulphide bonds, was employed.20 Briefly, the porphyrin-polymerdithioester 

was dissolved in octylamine under inert atmosphere. Then, a solution of TCEPHCl in  

tetrahydrofuran was added to the mixture. The brown gel obtained was dried under 

vacuum and stored at 5 C. A schematic of this step is shown in Figure 4.9(B)(ii). More 

details about the procedure are discussed in Section 2.3.3. 

The 1H NMR spectrum obtained from the product in DMSO-d6 is shown in Figure 4.11. 

The peaks at 0.79, 1.23, 3.27, 3.53 and 4.02 ppm are identified as the fingerprint of the 

thermoresponsive polymer p(DEGMA45-co-MMA5). These shifts correspond to 

the -CH3, -CH2-, -OCH3, -OCH2- and –COOCH2- protons, respectively, in DEGMA and MMA 

monomers.4,7  The characteristic signals for the porphyrin-amine are at -2.75, 5.56, 

7.01-7.85, and 8.87 ppm and are attributed to the –NH-, -NH2, -CH= (aminophenyl group), 

and –CH= (pyrrole ring) protons, respectively.19 The singlet observed at 8.50 ppm 

corresponds to the –CONH- proton in the amide bond. The signals from –SH protons are 

typically found in the 1–3 ppm region, however, considering the relative amount of C-H 

and S-H bonds in the porphyrin-polymerthiol, the intensity of the signal originated from 

the latter is expected to be quite low. Thus, the singlet observed at 1.35 ppm could be 

attributed to the -SH proton, but due to the signal-to-noise ratio, this cannot be 

confirmed. Nonetheless, the signals for the –CH= protons in the dithiobenzene end of the 

polymer (7.40-7.70 ppm) observed in Figure 4.10 are no longer visible in the same region 

of the spectrum in Figure 4.11, suggesting that the dithioester has been successfully 

reduced to thiol. 
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Figure 4.11. 1H NMR spectrum of porphyrin-polymerthiol. The peaks labelled a, b, d, 

e and f are attributed to the –CH3, -CH2-, -OCH3, -OCH2- and –COOCH2- protons, 

respectively, present in the backbone of p(DEGMA45-co-MMA5). The signals g, h, i, and 

k are the fingerprint of the porphyrin-amine, and correspond to the –NH2, -CH= (pyrrole 

ring), -NH- and –CH= (aminophenyl group), respectively. The singlet j (8.50 ppm) is 

attributed to the –CONH- proton in the amide bond. The signal c* could be attributed 

to the –SH proton. The absence of the doublets characteristic of –CH= protons in the 

dithiobenzene end group (7.4-7.6 ppm) suggests the reduction of this to a thiol. 
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4.5.1.3 Grafting porphyrin-polymerthiol onto Fe3O4-VTES 

Finally, the attachment of the porphyrin-polymerthiol onto the magnetite 

nanoparticles was performed via thiol-ene click chemistry between the thiol end on the 

polymer and the vinyl functionalities on the nanoparticles.21,22,23 AIBN was used as a 

thermal initiator in spite of the slightly lower conversion rate associated to it, compared 

to photoinitiators.24 However, due to the presence of a photosensitive porphyrin unit on 

the polymer, a photochemically initiated thiol-ene reaction was deemed incompatible. 

Thus, porphyrin-polymerthiol was dissolved in acetonitrile under inert atmosphere, and 

AIBN was added. Then, a suspension of vinyl functionalised nanoparticles in acetonitrile 

was added, and the reaction mixture was stirred for 18 hours at 70 C under inert 

atmosphere. The obtained product was magnetically decanted, washed with ethanol and 

dried under vacuum. Figure 4.9(B)(iii) depicts a schematic of this reaction. Details of this 

procedure can be found in Section 2.3.3. 

 

4.5.2  Characterisation of the multifunctional nanocomposite Fe3O4-VTES-polymer-

porphyrin 

The crystallinity and nature of the magnetite nanoparticles were studied throughout 

the synthesis process by powder XRD, while the successive functionalisation steps of the 

magnetite nanoparticles were monitored by thermal analysis and Fourier-transform IR 

spectroscopy. The optical and thermoresponsive properties of the polymeric coating and 

the multifunctional nanocomposite were studied by UV-visible and fluorescence 

spectroscopies, variable-temperature UV-visible spectroscopy, and dynamic light 

scattering. The thermal behaviour of the polymer was also studied by temperature-

variable 1H NMR by Dr Ester R. Aluri, and the results can be found in the Appendices 

(Figure A4.1.) 

Powder XRD patterns collected from dry powders of magnetite, Fe3O4-VTES, and 

Fe3O4-VTES-polymer-porphyrin are shown in Figure 4.12. The patterns obtained matched 

the standard of cubic spinel magnetite (Fe3O4, JCPDS index card no. 19-629), revealing 

that Fe3O4 was obtained without any evidence for additional phases. Furthermore, this 

structure was retained during the subsequent functionalisation steps. The observed broad 

peaks are typical for nanoparticles and are consistent with the average crystallite size of 

14 nm, obtained from the Scherrer equation. Since magnetite and other more oxidised 

forms of iron oxide such as maghemite (-Fe2O3) or haematite (-Fe2O3) show similar XRD 

patterns, these samples were also studied by Raman spectroscopy by Dr Ester R. Aluri. 
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The Raman spectra obtained (shown in the Appendices, Figure A4.2.) revealed one 

intense peak at 671 cm-1, characteristic of magnetite. No evidence of other phases was 

observed. 

 

Figure 4.12. Powder XRD patterns from dry precipitates of Fe3O4 

(blue), Fe3O4-VTES (red) and Fe3O4-VTES-polymer-porphyrin 

(orange). The three patterns are in excellent agreement with the 

standard of cubic inverse spinel magnetite (Fe3O4, JCPDS index card 

no. 19-629), showing that the morphology of the magnetite 

nanoparticles does not change through the successive 

functionalisation steps. The broad diffraction peaks observed are 

typical from nanostructures, and the average crystallite size 

obtained with the Scherrer equation is in the order of 14 nm. 

 

Thermal gravimetric analysis (TGA) was conducted to determine the loss of organic 

content from the surface of the magnetite nanoparticles at different stages of the 

synthesis. TGA curves of bare magnetite, Fe3O4-VTES, and Fe3O4-VTES-polymer-porphyrin 

are shown in Figure 4.13. The weight loss of bare Fe3O4 is around 0.5 %, likely due to the 

loss of water molecules physisorbed onto the nanoparticle’s surface. The increased weight 
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loss for Fe3O4-VTES (16.3 %), and Fe3O4-VTES-polymer-porphyrin (20.6 %) indicates the 

successful attachment of VTES and porphyrin-polymer thiol on the nanoparticle surface. 

 

 

Figure 4.13. TGA curves of Fe3O4, VTES functionalised Fe3O4 and 

Fe3O4-VTES-polymer-porphyrin. While the mass loss of the bare 

Fe3O4 is 0.5 %, the mass loss of the particles coated with VTES and 

with VTES-polymer-porphyrin 16.3 % and 20.6 %, respectively. 

This confirms the presence of organic compounds successively 

grafted onto the Fe3O4 nanoparticles. 

 

The presence of VTES, the porphyrin derivative, and the thermoresponsive polymer 

onto the magnetic nanoparticles was analysed by FTIR spectroscopy. IR spectra of bare 

Fe3O4, and the successive functionalisation stages are shown in Figure 4.14. The intense 

band at 540 cm-1, corresponding to the stretches of the Fe-O bond, can be seen in all 

three spectra. The bands at 754, 1005 and 1099 cm-1 are attributed to the symmetric and 

asymmetric vibrations of the Si-O bond from the VTES attached onto the nanoparticles. 

The band at 959 cm-1 corresponds to the Si-O-Fe bond stretches, and indicates that the 

mode of binding of VTES to the nanoparticles is through the silane groups.25 The stretches 

at 1597 and 1406 cm-1 correspond to the stretches from the C=C bond and the bending 
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vibration of the =CH2 group in VTES. The bands at 1450 and 1720 cm-1 correspond to the 

stretches of the C=O bond in the amide group, and to the stretching vibrations of the C=O 

bond in the ester groups in the DEGMA and MMA monomers, respectively. Also, a decrease 

in intensity of the bands at 1597 and 1406 cm-1 (corresponding to stretching vibrations of 

C=C and =CH2 bonds, respectively) can be observed. This is consequence of the 

hydrothiolation of the C=C bonds in VTES upon reaction with the porphyrin-polymerthiol 

via thiol-ene click reaction.22,25,26 

 

 

Figure 4.14. FTIR spectra of Fe3O4, Fe3O4-VTES and Fe3O4-VTES-polymer-

porphyrin. The intense stretch at 540 cm-1 is due to the Fe-O bond, the 

broad bands at 754, 1005 and 1099 cm-1 are attributed to the vibrations 

of the Si-O bond, and the band at 959 cm-1 is due to the Si-O-Fe stretches. 

Also, the bands at 1406 and 1597 cm-1 correspond to the =CH2 and C=C 

stretches, respectively in VTES. This confirms the successful binding of 

VTES onto the magnetite. The bands at 1450 and 1720 cm-1 correspond 

to the stretches of the C=O bond in the amide and the C=O bond from 

the ester groups in the porphyrin-polymer, respectively, confirming its 

presence onto the Fe3O4 nanoparticles. 
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The optical properties of the multifunctional nanocomposite were studied by UV-

visible and fluorescence spectroscopies in ethanol, and the spectra obtained for the 

porphyrin-polymerdithioester, the porphyrin-polymerthiol and the 

Fe3O4-VTES-polymer-porphyrin are shown in Figure 4.15. The characteristic absorbance 

band for porphyrin derivatives can be observed at 425 nm in all the three samples studied. 

The pronounced broadening and intense background observed in the spectra of 

Fe3O4-VTES-polymer-porphyrin is caused by the scattering of light by the nanoparticles in 

suspension. The emission band of the porphyrin moieties present in the three samples can 

be seen at 668 nm (exc = 425 nm). These bands reveal the successful attachment of the 

porphyrin derivative to the thermoresponsive polymer, and the successful 

functionalisation of the magnetite nanoparticles with the porphyrin-polymer.27 The small 

signal observed at 300 nm, in the spectrum from the porphyrin-polymerdithioester is due 

to the presence of the dithiobenzene end group. This signal disappears in the spectrum 

from the porphyrin-polymerthiol, confirming the successful reduction of the dithioester 

group to thiol.28 
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Figure 4.15. Absorbance and emission spectra of 

porphyrin-polymerdithioester, porphyrin-polymerthiol and 

Fe3O4-VTES-polymer-porphyrin obtained in ethanol. The absorbance band 

at 425 nm, corresponding to the porphyrin moiety can be observed in the 

three stages of the synthesis. The intense background and incline in the 

Fe3O4-VTES-polymer-porphyrin spectrum is due to the scattering of the 

light by the magnetic nanoparticles. The emission bands, obtained at 

exc = 425 nm, also confirm the presence of the fluorophore onto the Fe3O4 

nanoparticles. 

 

The thermoresponsive behaviour of porphyrin-polymerdithioester was studied by 

variable-temperature UV-visible spectroscopy. Figure 4.16 shows the transmittance of 

the porphyrin-polymerdithioester in aqueous solution between 10 and 40 C. The 

porphyrin-polymerdithioester shows a change in transmittance at approximately 23 C. 

This change in transmittance is less pronounced than the one described for 

p(DEGMA45-co-MMA5) in Section 4.1.1. As discussed in Section 1.6, the LCST of a polymer 

can be tuned, among other things, by adjusting the hydrophobicity of the monomers 

within it. Thus, the addition of a bulky hydrophobic moiety, such as a porphyrin 

derivative, can have several effects. First, the LCST of the polymer may drop due to an 

increase of the overall hydrophobicity. Also, strong interchain hydrophobic interactions 



Chapter 4 – Thermoresponsive magnetic nanocomposite for marine archaeological 

wood conservation 

 

119 
 

between the porphyrin and the methacrylate backbone of the polymer can occur, leading 

to a slower sol-gel phase transition.29 

 

 

Figure 4.16. Variable-temperature UV-visible spectroscopy 

of porphyrin-polymerdithioester showing its 

thermoresponsive behaviour. The LCST observed (23 C) is 

lower than the one obtained for the thermoresponsive 

polymer. This change in the LCST can be explained by the 

hydrophobic nature of the porphyrin moiety added.  

 

The temperature-dependent hydrodynamic radius of the multifunctional 

nanocomposite was studied by dynamic light scattering. Figure 4.17 shows (A) the 

variation of average hydrodynamic radius of the multifunctional nanocomposite with 

temperature in an aqueous suspension, and (B) a schematic depicting the potential 

changes of the thermoresponsive polymer chains on the nanoparticle with temperature. 

At 20 C the porphyrin-polymer chains display hydrophilic behaviour, which causes them 

to be fully extended, yielding a hydrodynamic diameter of 210 nm. The porphyrin-polymer 

chains become gradually hydrophobic upon increasing the temperature and start to 

collapse. This evolves into a compact shell around the magnetite nanoparticle, showing a 

diameter of 170 nm at 40 C.30 The hydrodynamic size observed was significantly larger 
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than the primary particle diameter obtained from TEM. This difference is due to the 

solvated porphyrin-polymer chains in water.17,29 

For the multifunctional nanocomposite, the sol-gel phase transition occurs around 20 

to 23 C. This transition temperature window of 2-3 C obtained is ideal for its application 

in archaeological wood conservation. This narrow window of temperature would allow the 

use of treatments without causing an undesirable stress to the wood structure by large 

changes in temperature. 

 

 

Figure 4.17. (A) Temperature-dependent dynamic light scattering of 

Fe3O4-VTES-polymer-porphyrin obtained in aqueous suspension between 20 and 40 C. 

The average hydrodynamic diameter of the multifunctional nanocomposite decreases 

from 220 nm to values between 170-180 nm when the temperature is raised above 

20-22 C. (B) Representation of the disposition of the polymer chains in 

Fe3O4-VTES-polymer-porphyrin in aqueous suspension. Low temperatures favour the 

adsorption of water molecules and the unfurling of the polymer chains, while high 

temperatures lead to the cleavage of hydrogen bonds favouring a hydrophobic behaviour 

and the collapse of the polymer chains. 

 

4.6 Evaluation of iron chelation of Fe3O4-VTES-polymer-porphyrin 

Prior to the application of the treatment on wood samples, the iron sequestering 

capability of Fe3O4–VTES-polymer–porphyrin nanocomposite was studied in solution, under 

a controlled environment. For this, the multifunctional nanocomposite was incubated in 

ethanolic and aqueous solutions of iron salts, and the content in iron of these solutions 

was monitored over time by UV-visible spectroscopy and atomic absorption spectroscopy 

(AAS). Following these assessments, the treatment was applied to artificial archaeological 
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wood samples, previously treated with an aqueous solution of Fe2(SO4)37H2O. Finally, a 

wood sample of the Mary Rose was treated with the multifunctional nanocomposite. 

 

4.6.1 Evaluation of iron chelation in solution 

The chelating ability of the multifunctional nanocomposite was studied using 

UV-visible spectroscopy, by monitoring changes in the intensity of the characteristic 

absorption band of Fe(III) at 283 nm in ethanol. For this, a 0.2 mM solution of 

Fe2(SO4)37H2O in ethanol (2.5 mL) was treated with consecutive additions (20 L) of a 

suspension of the prepared multifunctional nanocomposites (0.25 mg/mL). The solution 

was stirred for 10 minutes at room temperature and in the dark, and the nanocomposite 

was decanted magnetically. The resulting solution of Fe2(SO4)37H2O was then measured 

by UV-visible spectroscopy. Figure 4.18(A) shows the spectra of the iron solution obtained 

during the treatment with the multifunctional nanocomposite. The intensity of the 

absorbance band at 283 nm, which corresponds to the free Fe(III) ion, decreases upon 

addition of the multifunctional nanocomposite.31 Figure 4.18(B) shows the absorbance 

values of a solution of Fe2(SO4)37H2O in ethanol, undergoing the same treatment and in 

similar conditions, measured at a fixed wavelength of 283 nm. This study shows, in a 

qualitative manner, the capacity of the prepared Fe3O4-VTES-polymer-porphyrin 

composite to remove iron ions from solution. 
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Figure 4.18. Performance tests on chelation of free iron ions solution. (A) UV-Visible 

absorption spectra of an ethanolic solution of Fe2(SO4)37H2O (0.2 mM) treated with 

consecutive additions of a suspension of Fe3O4-VTES-polymer-porphyrin in ethanol 

(0.25 mg/ml, additions of 20 L). A decrease in the intensity of the absorbance band is 

observed upon addition of porphyrin functionalised nanoparticles. (B) Absorption 

intensity of an ethanolic solution of Fe2(SO4)37H2O treated with functionalised 

nanoparticles recorded at 283 nm. Successive additions of functionalised nanoparticles 

lead to a decrease of the absorption intensity of Fe(III). 

 

To complement these analyses, the iron sequestration capability of the 

multifunctional nanomaterial was tested by means of AAS. The studies performed 

consisted in monitoring the variation of the concentration of iron in a solution while being 

treated with a constant amount of the multifunctional nanocomposite. For this, an 

aqueous solution of Fe2(SO4)37H2O (25 mg/mL, 30 mL) was treated with the 

multifunctional nanocomposite (0.52 mg/mL) at room temperature and in the dark. 

Samples (0.4 mL) were periodically taken, prior magnetic decantation of the 

multifunctional nanocomposite, and diluted to 2 mL. The iron concentration in the 

samples was determined by AAS. Figure 4.19 shows the variation of the concentration of 

iron in the solution monitored by AAS over 47 hours. An initial pronounced drop in the 

concentration of Fe(III) during the first 5-6 hours is followed by a gradual decrease over 

the next 40 hours. The concentration of iron in solution was reduced in 1.86 mg/mL, or 

by 39 %. 
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Figure 4.19. The concentration of Fe(III) in an aqueous 

solution of Fe2(SO4)37H2O was monitored by AAS during the 

treatment with Fe3O4-VTES-polymer-porphyrin. The 

multifunctional nanocomposite was able to chelate 39 % of 

the free Fe(III) form solution after 5-6 hours. 

 

4.6.2  Evaluation of iron chelation in artificial archaeological oak and Mary Rose 

wood 

4.6.2.1 Preparation of the multifunctional nanocomposite-laden thermoresponsive 

polymer (nanocomposite-laden polymer) 

 

The design of the treatment consisted in a matrix carrier into which the 

multifunctional nanocomposite was encapsulated for an optimised and safe application 

and removal from the wood. The vehicle chosen, as discussed in the introduction of this 

chapter, was the thermoresponsive polymer p(DEGMA45-co-MMA5). The nanocomposite-

laden polymer was prepared by adding the multifunctional nanocomposite to a solution 

of the thermoresponsive polymer in ethanol. The nanocomposite-to-polymer mass ratio 

used was 1:5. The solution was stirred briefly and then the solvent was evaporated under 

vacuum. Figure 4.20 shows the stages of the preparation of the nanocomposite-laden 

polymer. The (A) multifunctional nanocomposite was embedded in an ethanolic solution 

of the thermoresponsive polymer, which is shown (B) below and (C) above the LCST. The 
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(D) nanocomposite-laden polymer obtained after removing the solvent was coloured dark 

brown. 

 

Figure 4.20. Stages of the preparation of the nanocomposite-laden 

polymer. The Fe3O4-VTES-polymer-porphyrin (A) is added to an 

ethanolic solution of thermoresponsive polymer, yielding a dark gel (D). 

The thermoresponsive polymer gel is shown at temperatures (B) below 

and (C) above the LCST.  

 

 

4.6.2.2 Application of the nanocomposite-laden polymer on artificial archaeological 

wood 

The nanocomposite-laden polymer was applied onto artificial archaeological wood 

and fresh oak samples in order to study the feasibility of its application and removal, and 

its ability to chelate iron from wood. Thus, the nanocomposite-laden polymer was cooled 

down and approximately 20 mg were applied onto the wood samples with a plastic 

spatula. The wood samples were placed onto a 1.3 Tesla magnet and incubated at 5 C in 

the dark for one month. After this, the wood samples were covered in transparent film 

and the magnet was applied on the treated face for one week at 5 C. Figure 4.21 shows 

samples of (A) fresh oak and (B) artificial archaeological wood sitting atop a 1.3 Tesla 

permanent magnet during the incubation of the treatment. After the one-month 

incubation, (C and D) the magnet was applied on the treated face, previously protected 
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by transparent film one week. The samples were brought to room temperature and the 

nanocomposite-laden polymer (E) was carefully removed from the wood surface with a 

plastic spatula. 

 

 

Figure 4.21. Multifunctional nanocomposite-laden polymer was applied on (A) Blank 

wood and (B) artificial archaeological wood, and incubated for 4 weeks at 5 C atop a 

1.3 Tesla neodymium magnet. After the incubation period the wood samples were 

wrapped in transparent film (C and D), and the magnetic field was applied in the 

opposite direction. (E) After a week the nanocomposite-laden polymer was peeled off 

the wood surface. 

 

4.6.2.3 Application of the nanocomposite-laden polymer on Mary Rose wood and 

evaluation of its iron sequestration properties 

A wood sample of the Mary Rose was treated with the nanocomposite-laden polymer 

in a similar manner to the fresh and artificial archaeological wood samples. The 

nanocomposite-laden polymer (approximately 20 mg) was carefully applied onto the side 

of a wood core obtained from the keel of the Mary Rose. The wood core was then 

protected with transparent film and fixed atop a permanent 1.3 Tesla magnet and 

incubated for one month in the dark, at 5 oC, in a similar manner to Section 4.6.2.1. As 

with the artificial archaeological wood samples, after the incubation period the magnetic 

field was applied in the opposite direction, and kept in the dark at 5 C for one week. 

The wood core was then slowly brought to room temperature and the 
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nanocomposite-laden polymer was carefully peeled off its surface. Figure 4.22 shows (A) 

the wood core from the Mary Rose, the dark region on the top end corresponds to the 

more degraded wood from the surface of the keel; (B) SEM micrograph of the wood core 

with an overlaid EDS map highlighting the areas where sulfur (red) and iron (green) are 

present; (C) a wood core from the Mary Rose sitting onto a permanent magnet while being 

treated with the nanocomposite-laden polymer. 

 

 

Figure 4.22. (A) Image of a core sample obtained from the keel of the Mary Rose. The 

more degraded, darker region corresponds to the section of the core close to the 

surface of the wood (B) SEM-EDS micrograph showing sulfur and iron present in the core, 

and (C) core sample being treated with a patch of polymer gel loaded with 

Fe3O4-VTES-polymer-porphyrin. 

 

4.6.2.4 Evaluation of the iron sequestration properties of the nanocomposite-laden 

polymer 

Far IR spectroscopy was used to study the capacity of the nanocomposite-laden 

polymer to sequester and remove iron ions from wood. Figure 4.23 displays the far IR 

spectra obtained from the nanocomposite-laden polymer after the treatment of (C) Mary 

Rose wood, (D) artificial archaeological oak and (E) fresh oak. For comparison, the spectra 

of (A) thermoresponsive polymer, (B) porphyrin amine and (F) multifunctional 

nanocomposite are included. The broad band at 552 cm-1, present in the three treatments 

(C, D and E) and in the multifunctional nanocomposite (F), is attributed to the Fe-O 

stretches from magnetite. The band at 440 cm-1, also observed in the nanocomposite-

laden polymer (C, D and E) and multifunctional nanocomposite (F), can be attributed to 

the pyrrole ring rotation in the porphyrin.10,32 Two distinct features were observed at 316 

and 393 cm-1, and were particularly intense in the nanocomposite-laden polymer after 

the treatment of artificial archaeological wood (D) and Mary Rose wood (C). As discussed 
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previously in Section 4.4.3, the band at 316 cm-1 can be assigned to the stretching of Fe-

N4 bonds in the porphyrin moiety, and the band at 393 cm-1 can be attributed to Fe-N in 

plane vibrations of the porphyrin core.14,15,16 Also, the intense peak at 362 cm-1 can be 

associated to the out-of-plane angle bend of the C=O bonds in the thermoresponsive 

polymer.13 These signals indicate that the porphyrin moiety present in the nanocomposite-

laden polymer was able to bind iron (III) ions lodged in the structure of the sample of 

artificial archaeological wood, and from the Mary Rose wood. 

 

 

Figure 4.23. Far IR spectroscopy of nanocomposite-laden polymer after treating (C) 

Mary Rose wood, (D) artificial archaeological oak and (E) fresh oak. For comparison, 

the spectra of (A) thermoresponsive polymer, (B) porphyrin-amine and (F) 

multifunctional nanocomposite are included. The bands observed at 552 and 440 cm-1 

correspond to the Fe-O stretches in magnetite, and the rotation of the pyrrole rings 

in the porphyrin moiety, respectively. The characteristic band at 362 cm-1 can be 

associated to the oop angle bends of the C=O bonds in the thermoresponsive polymer. 

The band at 393 cm-1 can be assigned to Fe-N in plane core vibrations, while the band 

at 316 cm-1 can be attributed to the stretching of Fe-N in the porphyrin moiety. 
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4.7 Conclusions 

In this chapter, the diffusion and potential application routes for the PPIX/PEG 200 

functionalised nanoparticles have been studied. Aqueous suspensions of these 

functionalised nanoparticles were applied on oak samples and its diffusion through the 

wood structure was studied under the effect of an external magnetic field. The diffusion 

of the functionalised nanoparticles was also compared to that of bare Fe3O4. The diffusion 

of the functionalised nanoparticles under an external magnetic field was found to be of 

only about 1.5 mm. A thermoresponsive polymer was then designed and synthesised for 

its use as a vehicle, with the aim of a more controlled application and removal of the 

functionalised nanoparticles. The polymer p(DEGMA45-co-MMA5) was synthesised and its 

structure was confirmed by 1H NMR. A LCST of 26 C was estimated by variable-

temperature UV-visible spectroscopy. The polymer-mixed-nanocomposite was tested on 

artificial archaeological oak to evaluate its abilities for iron removal. Far IR spectroscopy 

revealed a peak at 318 cm-1, which could be attributed to the stretching of Fe-N bonds in 

the porphyrin moiety. This could indicate that iron ions have been chelated by the 

porphyrin moiety in the nanocomposite, however, the intensity of this signal is low. 

Furthermore, another multifunctional nanocomposite 

(Fe3O4-VTES-p(DEGMA45-co-MMA5)-porphyrin) was devised and prepared. This 

multifunctional nanocomposite, and the thermoresponsive polymer constitute the two 

main building blocks of a conservation treatment designed for the removal of iron ions 

from archaeological wood. The prepared multifunctional nanocomposite 

(Fe3O4-VTES-p(DEGMA45-co-MMA5)-porphyrin) has been characterised by XRD, 1H NMR, 

TGA, FTIR, UV-visible and fluorescence spectroscopies, variable-temperature UV-visible 

spectroscopy, and DLS. The magnetite nanoparticles were found to be Fe3O4, and matched 

the standard of cubic spinel magnetite (Fe3O4, JCPDS index card no. 19-629). The synthesis 

of the porphyrin-polymer was monitored by 1H NMR, confirming that the final product 

contained a porphyrin unit and a thiol end group as expected. The LCST of the porphyrin-

polymer was investigated by variable-temperature UV-visible spectroscopy, finding a 

transition temperature of 23 C. The attachment of the porphyrin-polymer onto the 

magnetic nanoparticles was studied by TGA and FTIR. Thermal analyses showed the 

presence of an organic coating, and FTIR spectroscopy confirmed the nature of such 

coating. Variable-temperature UV-visible spectroscopy showed a LCST of 23 C for the 

porphyrin-polymer. The temperature dependence of the hydroscopic diameter of the 

multifunctional nanocomposite was evaluated by DLS, showing a variation in diameter 
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between 210 and 170 nm. The transition temperature observed was 20-22 C, similar to 

the LCST estimated by variable-temperature UV-visible spectroscopy.  

Finally, the ability of the multifunctional nanocomposite to sequester iron ions was 

studied in solution and onto wood. Ethanolic and aqueous solutions of Fe(III) were treated 

with the multifunctional nanocomposite, and the concentration of free iron in solution 

was monitored over time with UV-visible spectroscopy and atomic absorption 

spectroscopy. The studies performed with UV-visible spectroscopy showed a decrease in 

the intensity of the band at 283 nm, characteristic of Fe(III), upon addition of 

functionalised nanoparticles over time. Likewise, an aqueous solution of Fe(III) was 

treated with the multifunctional nanocomposite, and the concentration of iron was 

monitored over time by atomic absorption spectroscopy. These measurements showed a 

marked decrease in concentration of 39 % over a period of 6-7 hours. Furthermore, the 

multifunctional nanocomposite was encapsulated into the thermoresponsive polymer for 

an optimal application on wood. The nanocomposite-laden polymer was used to treat 

artificial archaeological oak and Mary Rose wood, and it was later studied by far IR 

spectroscopy to assess its effectiveness in sequestering iron ions from the wood structure. 

Two characteristic bands were observed at 316 and 393 cm-1. These can be attributed to 

the stretching of Fe-N4 bonds and to the Fe-N in plane vibrations within the porphyrin 

core, respectively. This results indicate that iron has been chelated by the porphyrin in 

the nanocomposite-laden polymer, and successfully removed from the structure of 

artificial archaeological oak and Mary Rose wood. This is the first report of the targeted 

removal of iron from artificial archaeological wood and archaeological wood, in the frame 

of an archaeological conservation. This also has been done for the first time on already 

dry and conserved wooden artefacts. Moreover, this has been done in a non-invasive 

manner by exploiting the combination of the thermal responsiveness of the polymer and 

the magnetic nature of the Fe3O4 nanoparticles. While the thermoresponsive polymer 

allows a controlled manipulation and enhanced diffusion of the multifunctional 

nanocomposite with small variations in temperature (2-3 C), the magnetic nature of the 

nanoparticles allows for a precise application of the treatment. 
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Chapter 5 - Thermoresponsive polymer-mixed DTPA-functionalised nanocomposite 

for marine archaeological wood conservation 

5.1 Introduction 

Thus far, various methods for the sequestration of iron ions from archaeological wood 

based in porphyrin derivatives have been devised, prepared, and fully characterised in 

this work. Due to the composite nature of the treatments designed, the logical step to 

follow on was to explore variations of the different components of this system. Thus, the 

next step was the investigation of alternative iron chelating agents. One of the main 

reasons to explore alternative chelating agents was the potential role of porphyrin 

derivatives in the degradation of the cellulose fibres of the treated wood. Porphyrins and 

metalloporphyrins are highly-valued photosensitizers with specific photocatalytic 

properties, for which they are used in a variety of fields like photocatalysis, solar energy 

conversion, photodynamic therapy, and photodegradation of organic pollutants.1,2,3,4 On 

absorption of radiation, these photosensitizers can relax via inter-system crossing to 

generate an excited triplet state. The energy of this state can be further transferred to 

molecular oxygen in the triplet ground state (3O2), generating a singlet excited state of 

molecular oxygen (1O2). Particularly, porphyrins and metalloporphyrins have a high 

photogenerated singlet oxygen yield and good electron donating properties due to their 

large π-electron system.5 Singlet oxygen is a powerful oxidant species, more reactive than 

ground state molecular oxygen. Therefore, there may be concerns regarding the potential 

threat of photodegradation of cellulose fibres in the wood by singlet oxygen generated by 

the porphyrin moieties used. It should be noted that all timbers and wooden artefacts 

recovered from the Mary Rose are kept under controlled temperature, humidity and dim 

light, which mitigates the risk of photodegradation of the cellulose. The exploration of 

alternatives to porphyrin-based iron chelating agents was then considered a priority in 

order to make a step forward in the development of efficient, safe and minimally invasive 

treatments for iron removal. In this regard, and as discussed in Section 1.7, the great 

variety of chelating agents available means that this is one of the areas in the design of 

these multifunctional nanocomposites where there is more potential for exploration and 

tunability. After careful considerations, the aminopolycarboxylic acid family was deemed 

interesting since these are well recognised chelating agents, used in a wide variety of 

applications and have also been used in the early stages of the conservation of the Mary 

Rose and Vasa.6,7  

Notably, diethylenetriamine pentaacetic acid (pentetic acid, DTPA) was found of 

particular interest. Unlike ethylenediaminetetraacetic acid (EDTA), DTPA consists of 
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three amine groups with lone pair electrons, and five carboxyl groups: eight available 

donor groups in total, making it a potential octadentate ligand. Iron ions can form stable 

coordination compounds with a variety of tetradentate and hexadentate ligands in 

octahedral geometries.8,9,10,11 The use of an octadentate ligand could provide the 

possibility of attaching it to other molecules or substrates while keeping at least six donor 

groups available for complexing iron ions in an octahedral environment. This is of 

importance in this work since the aim is to covalently bind the chelating agents to linkers, 

and this way DTPA would still have at least six donor groups available to form metal 

chelates. 

Thus, a nanocomposite featuring DTPA molecules covalently bonded to the surface 

of magnetite nanoparticles was devised. In this case the DTPA functionalised 

nanoparticles (DTPA-nanocomposite) were prepared in a one-pot process, where the 

magnetite nanoparticles were synthesised by MW co-precipitation, and were 

functionalised with APTES and DTPA in subsequent steps. Figure 5.1 describes the 

structure of the designed DTPA-nanocomposite, showing how DTPA is anchored to the 

magnetite nanoparticle via an APTES molecule. It also shows DTPA as an hexadentate 

ligand where the three amine and three carboxyl groups are forming a metal chelate, and 

two carboxyl groups are left unused. 
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Figure 5.1. Schematic of the DTPA-nanocomposite. APTES is 

used to attach the chelating agent DTPA to the surface of the 

magnetic nanoparticles. This DTPA-nanocomposite has been 

devised to chelate iron ions by means of the DTPA moieties and 

to be manipulated with external magnetic fields. It can also be 

encapsulated in a thermoresponsive polymer for a magnetically 

and temperature controlled application. 

 

This chapter describes the preparation of Fe3O4 nanoparticles functionalised with 

DTPA. These functionalised nanoparticles have also been fully characterised and its iron 

chelating properties have been evaluated in solution. Furthermore, this 

DTPA-nanocomposite has been encapsulated in a thermoresponsive polymer in order to 

study its potential application for the sequestration of iron ions from archaeological wood. 
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5.2 Results and discussion 

5.2.1 Preparation of Fe3O4-APTES-DTPA (DTPA-nanocomposite) 

5.2.1.1 Strategies for functionalisation 

In this work, the attachment of several moieties onto the surface of magnetite 

nanoparticles via an alkoxysilane linker is described. Alkoxysilanes can form strong and 

stable covalent bonds with metal oxide surfaces, and thus are widely used for anchoring 

biological and organic functionalities on this type of substrates.12,13 In Chapter 3, the 

successful attachment of Protoporphyrin IX and PEG 200 onto iron oxide nanoparticles, 

using APTES as a linker, has been described. The amine end of APTES was used to react 

with the carboxyl functionalities present in both Protoporphyrin IX and PEG 200-acid, 

leading to the formation of an amide bond with each moiety. Chapter 4 describes the 

successful functionalisation of magnetite nanoparticles with a polymeric moiety by means 

of VTES. The vinyl group in VTES and the thiol end-group of the polymer reacted via a 

thiol-ene click reaction. Due to the positive results obtained in the design of these 

nanocomposites, it was decided to follow a similar strategy in order to graft DTPA onto 

magnetite nanoparticles. Since DTPA features five carboxyl groups, an amine-terminated 

alkoxysilane was deemed the most suitable option in order to form an amide bond. The 

strategy followed also aimed to optimise the duration of the process. A one-pot process 

was devised in which the synthesis of iron oxide nanoparticles and the subsequent 

functionalisation stages were carried out in various steps within a single pot, optimising 

the use of solvents and the overall duration of the process. 

 

5.2.1.2 Synthesis and characterisation of DTPA-nanocomposite 

Unlike the synthetic methods used for the nanocomposites described in previous 

chapters, a bottom-up approach was used in this case. Here, the strategy adopted 

consisted of the initial MW co-precipitation of magnetite nanoparticles in aqueous media, 

followed by the functionalisation of the nanoparticle’s surface with APTES, and the final 

attachment of DTPA to the amine group in APTES. This synthesis was carried out as a one-

pot three-step process, where the reagents were added, reacted and washed in the same 

flask, in consecutive steps.  

Iron oxide nanoparticles were prepared following a slight variation of the method 

developed by Williams et al., described in Section 2.3.2.1.14 Briefly, stoichiometric 

amounts of iron (II) and iron (III) chloride hydrated salt were dissolved in deionised water 

and, on addition of ammonia, Fe3O4 nanoparticles were precipitated. Finally, a short 



Chapter 5 – Thermoresponsive polymer-mixed DTPA-functionalised nanocomposite 

for marine archaeological wood conservation 

 

137 
 

microwave treatment yielded highly crystalline and monodisperse Fe3O4 nanoparticles. 

The black precipitate obtained was washed with water and ethanol, and finally dispersed 

in 30 mL of dry ethanol by sonication during 30 minutes. Following a method adapted 

from Yong et al.15, ammonia was added under inert atmosphere and stirred briefly. Then, 

APTES was added to the suspension dropwise in order to favour the condensation onto the 

surface of nanoparticles, and to avoid the possible autocondensation due to a rapid 

increase of concentration of the silane. The mixture was stirred overnight at 50 C and 

the product was magnetically decanted and washed with ethanol and deionised water. 

Lastly, the nanoparticles coated in APTES were dispersed in DMF by means of sonication 

for 10 minutes. Then, TEA was added, followed by diethylenetriamine pentaacetic acid 

dianhydride (DTPA-da). Here, the role of TEA was to avoid the protonation of the amide, 

favouring the forward reaction. DTPA-da was selected as the source of DTPA since in this 

compound the carboxyl groups are pre-activated, in the form of anhydrides, for the 

nucleophilic attack from the amine in APTES. The reaction mixture was stirred at 80 C 

for 30 minutes and then at room temperature overnight under inert atmosphere. The 

product was magnetically decanted and washed with a diluted solution of TEA in DMF, 

deionised water and acetone, and finally dried under vacuum. Figure 5.2 displays a 

schematic of the steps followed in the preparation of the DTPA functionalised 

nanoparticles. This synthesis is described in detail in Section 2.3.1.2.2. 
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Figure 5.2. Schematic of the one-pot synthesis of DTPA-nanocomposite 

(Fe3O4-APTES-DTPA). (i) Highly crystalline iron oxide nanoparticles were 

prepared by MW co-precipitation in aqueous media. (ii) The iron oxide 

nanoparticles were coated with (3-aminopropyl) triethoxysilane (APTES), 

which provided a convenient coating with amine groups. (iii) DTPA-da was 

finally anchored to the amino-coated nanoparticles via an amide bond 

between the amide and anhydride group. 

 

The preparation of Fe3O4-APTES-DTPA was monitored by various characterisation 

techniques to ensure the desired intermediate products were successfully obtained.  

Figure 5.3 shows the XRD patterns obtained from dry precipitates of Fe3O4, Fe3O4-APTES, 

and Fe3O4-APTES-DTPA alongside an ICSD cubic spinel magnetite standard (Fe3O4, JCPDS 

index card no. 19-629). All three patterns show a very good concordance with the 𝐹𝑑3̅𝑚 

space group, and matched the spinel magnetite standard, confirming Fe3O4 nanoparticles 

remained unaltered throughout the subsequent steps of the synthesis. The crystallite size 

of Fe3O4 was estimated with the Scherrer equation applied to the diffraction peak (311), 
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obtaining a value of 14 nm. This value did not show significant variations in the 

subsequent functionalisation stages of the synthesis. This indicates that the 

functionalisation steps, in which APTES and DTPA where anchored onto the surface, did 

not affect the crystallinity of the nanoparticle, and therefore its intrinsic magnetic 

properties. 

 

Figure 5.3. Powder XRD patterns obtained from Fe3O4 (blue), 

Fe3O4-APTES (red) and Fe3O4-APTES-DTPA (orange). The three 

patterns are in good agreement with the standard of inverse 

spinel magnetite (Fe3O4, JCPDS index card no.19-629), plotted in 

black. This indicates that the morphology of the magnetite 

nanoparticles was not affected by the functionalisation with 

APTES and DTPA. The broad diffraction peaks observed are 

characteristic of nanostructured materials. The average 

crystallite size calculated with the Scherrer equation is 14 nm. 

 

The nature of the coating layers attached to the nanoparticles was examined by FTIR 

spectroscopy in attenuated total reflectance mode (ATR). Figure 5.4 shows the spectra 

obtained from bare Fe3O4 nanoparticles, Fe3O4-APTES, and Fe3O4-APTES-DTPA. The 

intense signal at 539 cm-1 is due to the stretches of the Fe-O bond in magnetite. The broad 



Chapter 5 – Thermoresponsive polymer-mixed DTPA-functionalised nanocomposite 

for marine archaeological wood conservation 

 

140 
 

peak at 991 cm-1 is attributed to the stretches of the Si-O-Fe bond originated from the 

attachment of APTES onto the magnetite nanoparticles. The band at 1632 cm-1 can be 

attributed to the vibrations of the C=O bonds present in the DTPA anchored onto the 

nanoparticles. Finally, the signal at 1389 cm-1 can be attributed to the amide II band, 

originated by the C-N stretching vibrations in combination with the N-H bending. 

 

 

Figure 5.4. FTIR spectra of Fe3O4, Fe3O4-APTES and Fe3O4-APTES-

DTPA. The intense band at 539 cm-1 corresponds to the stretches 

of the Fe-O bond. The broad band at 991 cm-1 is due to the 

stretches of the Si-O-Fe bond. The intense band at 1632 cm-1 is 

attributed to the vibrations of the C=O bonds present in the DTPA 

moiety. Finally, the weak band at 1389 cm-1 can be assigned to 

the amide II band. These signals confirm the successful 

attachment of APTES and DTPA onto the iron oxide nanoparticles. 

 

The attachment of APTES and DTPA onto the nanoparticles was also studied by 

thermogravimetric analysis (TGA). Dry precipitates of Fe3O4, Fe3O4-APTES, and 

Fe3O4-APTES-DTPA were heated from room temperature up to 700 C under nitrogen, with 

a heating rate of 10 C/minute, and the TGA curves obtained are shown in Figure 5.5. 

The Fe3O4 curve shows a slight mass loss of 1.5 %, most likely caused by the desorption of 
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water molecules physisorbed onto the surface of the nanoparticles. The curve 

corresponding to Fe3O4-APTES shows a marked mass loss of 4 % starting at 250 C, followed 

by a slight increase in mass at 550 C. The decrease in mass corresponds to the loss of the 

APTES attached to the surface. The slight increase in weight is a common occurrence, 

and could be explained by the oxidation of the silane groups into silicon oxide.  Finally, 

the curve corresponding to Fe3O4-APTES-DTPA shows a greater mass loss of 10 %, revealing 

the presence of an extra organic layer onto the nanoparticles. For clarity, the mass loss 

of the three samples is compared at 550 C, where Fe3O4-APTES reaches the highest value 

in mass loss. These values are in reasonable good agreement with those reported in 

literature.16,17 TGA studies suggest that APTES and DTPA have been successfully grafted 

onto the magnetite nanoparticles. 
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Figure 5.5. TGA curves of from Fe3O4 (blue), Fe3O4-APTES (red) and 

Fe3O4-APTES-DTPA (orange) obtained between 25 and 700 C in N2 

atmosphere. The mass loss of 1.5 % in Fe3O4 can be explained by the 

loss of water molecules physisorbed and. Fe3O4-APTES and Fe3O4-APTES-

DTPA show a mass loss of 4 % and 10 % at 550 C, respectively, which 

indicates the attachment of the organic layers onto the magnetic 

nanoparticles. The slight gain in mass of Fe3O4-APTES after this 

temperature can be explained by the oxidation of the degraded silane. 

 

 

5.2.2 Evaluation of iron chelation of the DTPA-nanocomposite 

5.2.2.1 Evaluation of iron sequestration in solution 

The next step in the development of the DTPA-nanocomposite is to study its ability 

to sequester iron ions. The performance tests were carried out in solution and analysed 

by UV-visible spectroscopy and atomic absorption spectroscopy (AAS), in a similar way to 

the nanocomposites described in previous chapters. 

Thus, an ethanolic solution of Fe2(SO4)37H2O was treated with successive additions of 

a suspension of Fe3O4-APTES-DTPA, and UV-visible spectra were collected ten minutes 

after every addition of the nanoparticles. Figure 5.7 (A) shows the UV-visible spectra 

obtained during the treatment with the DTPA-functionalised nanoparticles. The band at 

284 nm, corresponding to the free Fe(III) present in solution, decreases in intensity upon 
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addition of the DTPA functionalised nanoparticles. This suggests that the DTPA present in 

the nanoparticles is able to chelate iron ions from solution. Also, Figure 5.6 (B) shows 

the absorbance values from an ethanolic solution of Fe2(SO4)37H2O collected at a fixed 

wavelength of 284 nm during a similar treatment with the DTPA functionalised 

nanoparticles. The decrease in absorbance indicates a decrease of the concentration of 

Fe(III), proving the capacity of the DTPA-nanocomposite to remove iron ions form solution. 

 

Figure 5.6. Evaluation of chelation of free iron in solution with UV-visible spectroscopy. 

(A) UV-visible absorption spectra of an ethanolic solution of Fe2(SO4)37H2O (0.2 mM) 

treated with a suspension of Fe3O4-APTES-DTPA in ethanol (0.6 mg/mL, additions of 

20 L). The absorbance at 284 nm decreases upon addition of DTPA functionalised 

nanoparticles. (B) Absorbance of an ethanolic solution of Fe2(SO4)37H2O, obtained at a 

fixed excitation wavelength (exc = 284 nm). The absorbance decreases upon addition 

of DTPA functionalised nanoparticles. 

 

Further to these studies, the performance of the DTPA-nanocomposite was also 

studied by AAS. The concentration of iron in an aqueous solution was monitored over time 

while it was treated with the DTPA functionalised nanoparticles. A solution of FeSO47H2O 

(4.84 mg/mL) was treated with a suspension of Fe3O4-APTES-DTPA (0.6 mg/L) over a 

period of 90 minutes. Periodically, the nanoparticles were magnetically decanted and a 

sample of the solution was taken and analysed with AAS. Figure 5.7 shows the values of 

the atomic absorbance of the iron present in solution. The results obtained show a rapid 

decrease of concentration of iron in the first 5 minutes, and a subsequent stabilisation at 

30 minutes. The amount of iron removed from solution under these conditions was 50 %, 
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and this was achieved after only 30 minutes of treatment. This study shows again the 

capacity of the DTPA-nanocomposite to sequester iron ions. 

 

 

Figure 5.7. Atomic absorption spectroscopy was used to monitor 

the concentration of Fe(II) of an aqueous solution being treated 

with DTPA-functionalised nanoparticles. Results show that 

Fe3O4-APTES-DTPA was able to reduce the initial concentration 

of free Fe(II) (4.84 mg/mL) by 50 % within 30 minutes. 

 

 

5.2.2.2 Evaluation of iron chelation in wood 

 

5.2.2.2.1 Preparation of thermoresponsive polymer-mixed DTPA-functionalised 

nanocomposite (polymer-mixed DTPA-nanocomposite) 

 

A similar strategy to the one described in Chapter 4 was followed for the application 

of the DTPA-nanocomposite onto the wood to be treated. A thermoresponsive polymer, 

p(DEGMA45-co-MMA5), prepared as described in Section 2.3.2, was used as a vehicle to 

apply and remove the nanoparticles in a safe and precise manner. Thus, for the 

preparation of the polymer-mixed DTPA-nanocomposite, the thermoresponsive polymer 

was first dissolved in a small amount of ethanol with the help of ultrasound. Then the 
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DTPA-nanocomposite was added to the solution and sonicated for better dispersion. The 

nanoparticles-to-polymer ratio employed was 1:5. Finally, the mixture was stirred for five 

minutes and put under vacuum to evaporate the solvent. 

 

 

5.2.2.2.2  Application of polymer-mixed DTPA-nanocomposite on artificial 

archaeological oak 

Fresh and artificial archaeological oak samples were treated with the polymer-mixed 

DTPA-nanocomposite in order to test its capability to remove iron ions from the wood 

matrix. For this, the polymer-mixed DTPA-nanocomposite was first cooled down and then 

portions of 20 mg were applied onto the oak samples with a plastic spatula. The samples 

were placed atop a permanent magnet (1.3 Tesla) and the treatment was run for four 

weeks at 5 C. After this period, the samples were covered in transparent film and the 

magnetic field was applied in the reverse direction for one week at 5 C. The polymer-

mixed DTPA-nanocomposite was carefully removed with a soft plastic spatula to be 

examined by far IR spectroscopy. Figure 5.8 shows images of the process described. 

Samples of (A) fresh oak and (B) artificial archaeological oak are sitting onto a permanent 

magnet while being treated with the polymer-mixed DTPA-nanocomposite. Once the 

treatment period is finished, the samples (C and D) are wrapped in a transparent film and 

flipped over the permanent magnet. The treatment (E) is finally removed with a plastic 

spatula.  
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Figure 5.8. Polymer-mixed DTPA-nanocomposite was applied onto (A) fresh oak and (B) 

artificial archaeological oak. These samples were placed atop a 1.3 Tesla permanent 

magnet, and incubated for 4 weeks at 5 C. After the incubation period, the treated 

wood samples (C and D) were protected by transparent film and placed upside down 

onto the permanent magnet for one week at 5 C. Finally, the samples were brought to 

room temperature and the polymer mixed DTPA-nanocomposite was peeled off the 

surface of the oak samples. 

 

 

5.2.2.2.3 Evaluation of the iron sequestration properties of polymer-mixed DTPA-

nanocomposite 

The performance of this treatment based on DTPA as the iron sequestering agent was 

studied with far IR spectroscopy. Figure 5.9 shows the far IR spectra collected from the 

treatments applied onto fresh oak and artificial archaeological oak. The spectrum of the 

thermoresponsive polymer is included for comparison. The broad signal observed at 

560 cm-1 is associated with the stretches of the Fe-O bond in magnetite. The band at 362 

cm-1 can be attributed to the C=O bonds in the thermoresponsive polymer.18 Bands found 

at 390-394 and 316-320 cm-1 can be normally assigned to the in plane vibrations and 

stretchings of the Fe-N bonds, respectively.19,20,21 Weak signals are found at 392 and 

318 cm-1 in the spectrum of the treatment applied to artificial archaeological oak, which 

are only slightly more intense than those observed in the fresh oak treatment. Weaker 

intensities might be expected in the case of the DTPA-composite, as the mode of binding 

to iron here includes both Fe-O and Fe-N binding. It is difficult to ascertain from these 

spectra the contribution of Fe-O binding in DTPA, since these bands would overlap with 
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those from the iron oxide particles themselves. There may also be some competing steric 

hindrance for iron binding to the DTPA and future work would include optimising the 

binding capability of this treatment.  

 
 

 

 
Figure 5.9. Far IR spectroscopy of polymer-mixed-DTPA nanocomposite after 

treating (B) artificial archaeological and (C) fresh oak. The spectrum of (A) the 

thermoresponsive polymer is also included for comparison. The broad band at 

560 cm-1 is attributed to the stretches of the Fe-O bonds in the iron oxide 

nanoparticles, and the band at 362 cm-1 can be assigned to the C=O bonds in 

the thermoresponsive polymer. Bands at 393 and 317 cm-1 have been previously 

related to the stretching and out-of-plane vibrations of Fe-N bonds. In this case, 

however, the intensity of those signals is not significantly different between 

the blank sample and the artificial archaeological wood. Bands around 

316-320 cm-1 could be related to the three Fe-N bonds in DTPA-Fe. 

 

 

5.3 Conclusions 

In this chapter, the preparation and characterisation of Fe3O4-APTES-DTPA has been 

described. Some interesting variations have now been introduced in the design and 

preparation of this family of nanocomposites. An aminopolycarboxylic acid derivative, 

DTPA, has been used in this second generation of wood conservation treatments, in 

substitution of the porphyrin-based treatments. In part, this change was motivated by the 
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concerns of the potential degradation of the cellulose by the singlet oxygen 

photogenerated by the porphyrin moieties. The use of DTPA as an iron chelating agent 

has been widely documented. Furthermore, the precursor used in the synthesis, DTPA-da, 

is relatively inexpensive, not toxic and not light sensitive. The DTPA-nanocomposite 

presented here has been prepared via a simple three-step, one-pot procedure, which has 

allowed to optimise the overall preparation time and the use of solvents.  

XRD showed that the functionalisation steps with APTES and DTPA did not affect the 

crystallinity of the Fe3O4 nanoparticles. FTIR spectroscopy confirmed the presence of 

APTES and DTPA on the magnetite nanoparticle surface. Furthermore, the stretch at 

1389 cm-1 can be assigned to the amide II band, originated from the bond between APTES 

and DTPA, indication the success in attaching DTPA to the nanoparticles. TGA also 

confirms the loss of organic components from the surface of the functionalised iron oxide 

nanoparticles. UV-visible spectroscopy studies on an ethanolic solution of Fe(III) showed 

a gradual decrease of the intensity of the signal upon addition of the 

DTPA-nanocomposite. Also, an aqueous solution of Fe(III) treated with the 

DTPA-nanocomposite was studied by atomic absorption spectroscopy showing that the 

concentration of free iron in solution was reduced by 50 %. Furthermore, the 

DTPA-nanocomposite was encapsulated in the thermoresponsive polymer 

p(DEGMA45-co-MMA5), forming polymer-mixed DTPA-nanocomposite, and was used to treat 

fresh and artificial archaeological oak samples. However, far IR spectroscopy studies did 

not allow to identify the stretchings and bends of the Fe-N bonds in the hypothetical 

Fe-DTPA coordination complex.  
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Chapter 6 - Conclusions and future work 

6.1 Conclusions 

In this work, a novel strategy to address the acidification problem of marine 

archaeological wood has been proposed. A family of multifunctional nanocomposites 

capable of removing harmful iron ions from the wood in a safe and controlled manner 

have been devised. These multifunctional nanocomposites are composed by magnetite 

nanoparticles functionalised with metal chelating molecules, which are encapsulated in 

a thermoresponsive polymer. The magnetic nature of the magnetite nanoparticles has 

been found to help in the penetration of the nanocomposite into the wood structure upon 

application of a 1.3 Tesla external magnetic field. Furthermore, the thermoresponsive 

polymer allowed for a precise and safe application of the treatment. Bringing the 

nanocomposite-laden polymer to a fluid-like state facilitated the application and the 

penetration of the magnetic cores into the wood. After the treatment, the nanocomposite 

was brought to a gel state, allowing for the safe removal from the surface of the wood. 

Two chelating agents have been studied (DTPA and Porphyrin), and various ways to 

incorporate them into the nanocomposite have been explored.  

Initially, the nanocomposite Fe3O4-APTES-PPIX/PEG 200 was prepared to study the 

feasibility of attaching a porphyrin moiety to a magnetic core while keeping the 

fluorescent properties. In this design, APTES was used as a spacer and proved to minimise 

the quenching of the fluorescence of Protoporphyrin IX commonly observed in the 

presence of the paramagnetic Fe(II) ions in magnetite. The Protoporphyrin IX anchored to 

the magnetic cores also retained its iron chelating properties as shown by spectroscopic 

measurements (AAS and UV-vis) in aqueous and ethanolic solutions, where 85 % of iron in 

solution was sequestered. 

In order to achieve a high degree of control over the application of these 

nanocomposites on wood, a thermoresponsive polymer has been devised and prepared. 

This polymer, p(DEGMA45-co-MMA5), showed a liquid-gel temperature window of 2-3 

degrees at 26 C, and has also been employed as a spacer between the magnetic 

nanoparticles and a porphyrin moiety. In its role as spacer, the 

porphyrin-polymerdithioester showed a liquid-gel temperature window of 5-6 degrees at 

23 C. The fluorescence of the porphyrin moiety in the multifunctional nanocomposite 

Fe3O4-VTES-polymer-porphyrin was mildly quenched, and its iron chelating properties 

were retained, showing up to 39 % of iron removal from aqueous and ethanolic solutions. 

Both nanocomposites, Fe3O4-APTES-PPIX/PEG 200 and Fe3O4-VTES-polymer-porphyrin, 

were encapsulated in the thermoresponsive polymer, p(DEGMA45-co-MMA5), and applied 
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as a treatment on artificial archaeological oak and Mary Rose wood. Subsequent far-IR 

analysis has revealed that iron ions can be removed from Mary Rose timbers, where the 

nanocomposite displays Fe-N bond stretches and Fe-N in plane vibrations indicating iron 

uptake by the attached porphyrin. 

Finally, in order to explore the tunability of the designed treatment, the chelating 

agent DTPA was anchored to the magnetite nanoparticles in place of Protoporphyrin IX. 

This new design, Fe3O4-APTES-DTPA, demonstrated to be effective in sequestrating iron 

irons from aqueous and ethanolic solutions, removing up to 50 % of iron ions in only 

20 minutes. Fe3O4-APTES-DTPA was also encapsulated in p(DEGMA45-co-MMA5) and applied 

on artificial archaeological oak, however, far-IR studies could not ascertain whether iron 

ions were removed from the wood. This can be explained since, in DTPA, the modes of 

binding with iron ions is through Fe-N and Fe-O bonds. Therefore, a weaker signal for Fe-N 

bonds is expected, and the contribution from the Fe-O bonds is very likely to overlap with 

the signal from the iron oxide nanoparticles. 

 

Various combinations of chelating agents, linkers and synthetic methods have been 

studied in order to explore the potential of this design. The systems developed here are 

a step forward from previous treatments designed for the removal of iron from 

waterlogged wood. While previous strategies were designed to penetrate the wood and 

neutralise the iron ions, none of these were tuned to physically remove these harmful 

substances from the wood structure. The multifunctional nanocomposites-laden polymers 

described in this thesis are a series of tools capable of neutralising removing iron ions 

lodged in the wood structure. This is possible due to the magnetic nature of the 

nanoparticles, which can be directed into and out of the wood upon application of an 

external magnetic field. The thermoresponsiveness of the polymer allows for the safe and 

controlled application of the treatment. The liquid-gel transition temperature window of 

2-3 C permits the application of the treatment with minimal temperature changes, thus 

avoiding damage to wooden waterlogged artefacts. Furthermore, these treatments can 

be easily tuned for specific applications. Thus, parameters like the concentration and 

nature of the metal chelator used, and the temperature window of the polymer can be 

adjusted at will in order to adapt the treatment to the needs of a particular material. 

Given the nature of these multifunctional nanocomposites designed and prepared in 

this thesis, and the degree of complexity of their synthesis, scaling up the production for 

the treatment of large artefacts can be challenging. Consequently, this system would be 

better aimed to treat localised areas where iron is located a few millimetres below the 

surface, perhaps complementing other superficial, larger scaled treatments.   
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Even though this family of multifunctional nanocomposites-laden polymers have been 

designed and prepared focusing exclusively on the treatment of marine archaeological 

wood, these systems could be used on other archaeological and non-archaeological 

materials. The ability to easily replace the chelating agent by other functionalities and 

to fine-tune the thermoresponsive properties of the polymer opens up a range of 

possibilities for the application of these nanocomposites for the treatment of a variety of 

porous materials such as stone, paintings, fabric or leather. In this sense, the combination 

of the magnetic and thermoresponsive properties would have a key role in the design of 

next generation non-invasive treatments. 

 

6.2 Future work 

The natural continuation of this project should follow two main ideas: firstly, the use 

of p(DEGMA45-co-MMA5) as a linker between DTPA and the magnetite nanoparticles should 

be explored. This would provide a better interaction between the functionalised 

nanoparticles and the thermoresponsive polymer, ensuring greater control over the 

application and removal of the DTPA-based treatment. Secondly, the design of the 

thermoresponsive polymer could be optimised in order to obtain a temperature window 

even closer to that of the Mary Rose current storage conditions. This would save energy 

and time in the application and removal of the treatment and further reduce the thermal 

stress caused to the artefacts. The introduction of p(DEGMA45-co-MMA5) into the design of 

the DTPA functionalised nanoparticles could be just a small step within this project, 

however, the optimisation of the design of a thermoresponsive polymer for its use on 

wood treatment could be a separate project in itself due to its complexity. 

Besides the optimisation of the thermal properties of the polymer, other interesting 

changes could be made to its design. For instance, the chelating agent attached in the 

nanoparticles could be also included in the structure of the thermoresponsive polymer. 

This way, the number of molecules of chelating agent present in the multifunctional 

nanocomposite and in the polymer combined would be greater and therefore, the iron 

removal efficiency would be presumably enhanced. This would especially affect to the 

removal of the iron located on the very surface of the artefact, since the functionalised 

magnetic nanoparticles would be operating a few millimetres within the wood structure. 

Another aspect of the design of the treatment that is worth pursuing is the 

nanocomposite-to-polymer mass ratio used. This has not been studied in this work, but it 

certainly is a parameter that can provide another degree of tunability to the treatment. 

Last, but not least, it is crucial to find a means to characterise and evaluate 

quantitatively the iron removal from wood. Far IR spectroscopy has been used in this 
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thesis, and although proved useful in showing the iron uptake by the chelating agents, 

these measurements had only a qualitative nature. For the full evaluation of the 

efficiency of such treatments, the quantitative evaluation of the iron removal would be 

essential. XAS studies of artificial archaeological wood and Mary Rose wood cores, before 

and after treatment, would allow evaluating the extent of the iron removal. This 

technique would also allow detecting possible changes in the iron and sulfur species 

present in the wood induced by the treatment. 
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Appendices 

 

Figure A3.1. 1H NMR spectrum of APTES obtained in DMSO-d6 

 

 

Figure A3.2. 1H NMR spectrum of PPIX obtained in DMSO-d6 
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Figure A3.3. 1H NMR spectrum of PEG obtained in CDCl3 
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Figure A4.1. Temperature variable 1H NMR spectra of p(DEGMA45-co-MMA5) obtained 

between 20 and 40 C. The figure on the bottom-right corner shows the variation of 

relative intensity with temperature, measured for the –OCH2- proton. 
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Figure A4.2. Raman spectrum obtained from magnetite 

nanoparticles. The peak at 670 cm-1 is characteristic of magnetite. 

No evidence of other phases such as maghemite (-Fe2O3) or 

haematite (-Fe2O3) is observed. 

 

 


