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I. Objectives and motivation 

Metal-borides, such as iron boron particles, present a variety of potential applications 

like catalysts, magnetic materials, electronic materials etc 
1
 thanks to their structural 

composition and high surface area 
2,3

. The great advantages of using boron in iron 

nanoparticles (NPs) have been reported earlier
 4

. In particular, I. Narita et al. showed that the 

FeB NPs display a higher protection against oxidation and wear and that the insulating 

character of boron contributes to the reduction of magnetic interaction between NPs. 

In the present work the FeB nanoparticles were investigated for their applications as 

MRI contrast agent. The idea of using NPs based on iron as MRI contrast agent was already 

discussed 
5
. We first report on the morphological, structural, chemical and magnetic 

properties of FeB NPs fabricated using an ion cluster source based on the sputtering 

technique and loaded with a sputtering target with chemical atomic composition Fe50B50. Ion 

cluster source is a sputtering method for NPs fabrication that has the advantage to be operated 

under ultra-high vacuum conditions hence allowing high chemical purity. Furthermore the 

size and flux of NPs are independent of the substrate conditions. The technique allows also 

the oxidation or nitruration of the NPs in a controlled way by tuning the flow of oxygen or 

nitrogen during or after the deposition process 
6-9

. Although the reported results in the first 

part of this study can be regarded as more fundamental than applied, such growth and 

characterization is necessary for the further use of the NPs in medicine as MRI contrast agent.  

In the second step, the NPs surface PEG functionalization process was mandatory in 

order to avoid the premature clearance from the circulation, caused by the potential lack of 

biocompatibility or colloidal stability in aqueous solution 
10,11

. The bounded PEG chains to 

the NPs surface as well as the changes in chemical and structural were investigated. Two 

different coating techniques were performed. First, for investigating of the PEG attachment 

and the changes in structural and chemical properties, the NPs deposit was functionalized 

directly on SiOx wafer. In the second step, for investigating the contrast enhancement, the 

NPs were first separated from the substrate and then coated with polyethylene-glycol.  

The in vitro MRI analyses were carried out under an applied magnetic field of 7 T. 

This fact is important since clinical MRI is evolving also to higher fields for the investigation 

of nanoparticles as contrast agents
 12

. The response of superparamagnetic FeB NPs and PEG 

FeB NPs as MRI contrast agent is promising for further in vivo study. 
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 The thesis is divided in five chapters, as following: 

The first chapter highlights a literature review about the nanoparticles fabrication, 

superparamagnetic nanoparticles and their applications in biomedical field. In particular, the 

NPs applications as MRI contrast agent and the factor which influence their efficacy, such as 

size distribution, biocompatibility, surface modification, were discussed. The existent 

imaging techniques were also reviewed. 

In chapter II present the procedures used for the fabrication (Ion Cluster Source) and 

coating (functionalization with PEG) of the nanoparticles and some basic principle of the 

experimental techniques and the equipments used for the analysis of FeB nanoparticles.  

Chapter III is focused on the study of the morphological, chemical, structural and 

magnetic properties of FeB nanoparticles that have been fabricate using an Ion Cluster 

Source (ICS). A nitrogen flow was used during the deposition process in order to reduce the 

oxidation level. AFM have been accompanied by transmission electron microscopy (TEM) 

characterization to investigate the distribution of the obtained nanoparticles in terms of height 

and diameter respectively. TEM measurements were also used to investigate the crystalline or 

amorphous nature of the nanoparticles deposit. The elemental composition evolution in depth 

was characterized by X-ray photoelectron spectroscopy (XPS) measurements, recorded on as 

deposited sample and after different stages of Ar
+
 ions bombardment, until to 490 minutes, 

corresponding to a depth in range of 0 and 38.5 nm. Superconducting quantum device 

measurements (SQUID) were involved to investigate the magnetic properties of FeB 

nanoparticles at room temperature, as well as at low temperature. Two theoretical methods, 

Langevin fit and Triple fit, were used to determine the superparamagnetic particle size. 

In Chapter IV a comparative analysis between uncoated and coated PEG 

nanoparticles, as well as a depth profile analysis of coated NPs are presented. First, for a 

better highlighting of PEG attachment and of changes in structural and chemical properties, 

the NPs deposit, functionalized directly on SiOx wafer, was investigated. XPS comparative 

analysis between wide scans and high resolution spectra of uncoated and coated NPs relieves 

important changes in surface composition and structure. The XPS data were also 

accompanied by FTIR and Raman structural analyses to confirm the presence of polyethylene 

(glycol) chains on coated NPs. In depth analysis was used to investigate the structure of 

coated NPs as well as the thickness of PEG layer bounded to the surface of NPs depozit. The 

changes which occur in chemical groups, between surface and the interior of functionalized 
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NPs, were investigated in range of 0 - 19.1 nm distances from surface. In the second step, for 

investigating the contrast enhancement, we first separate from substrate and then coated the 

NPs with polyethylene-glycol. The UV-Vis and Zeta Potential measurements on dispersed 

PEG FeB NPs was involved in order to prove the chemical interactions between the surface 

of NPs and PEG chains, in good agreement with XPS, Raman and FTIR measurements on 

functionalized NPs. Three different concentrations of 0.15 mM, 0.30 mM and 0.44 mM were 

used to investigate the changes in contrast as a function of NPs concentration. For 

highlighting the effect in terms of contrast after PEG coating, the NPs concentration of 0.30 

mM was investigate before and after functionalization. The colloidal stability was also 

followed as a function of time, after dispersion in the aqueous solution. 

Finally, Chapter V highlights the conclusions of this study.  

 

II. Nanoparticles fabrication techniques 

II.1. Synthesis procedure of FeB NPs 

The samples have been grown at Instituto de Ciencia de Materiales de Madrid, on 10 

x 10 mm
2
 silicon wafers and TEM grids using an Ion Cluster Source (ICS) from Oxford 

Applied Research 
9
 (see figure 1)

 
connected to an ultrahigh vacuum chamber with a base 

pressure in the low 10
-9 

mbar. The ICS was equipped with a 2 inches magnetron sputtering 

source loaded with a Fe50B50 target. The pressure in the aggregation zone and in the UHV 

system during the deposition process was in the low 10
-3

 mbar and 10
-5

 mbar respectively. 
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II.2. Surface functionalization of FeB nanoparticles with polyethylene-glicol 

Taking into account the requirements of the used characterization techniques we 

performed two different approaches of PEG attachment to FeB NPs.  

II.2.1. Directly PEG functionalization on surface NPs deposit  

For the characterization of the structural and chemical properties, the nanoparticles 

were functionalized directly on the SiOx substrates (see figure 2a). An aqueous solution was 

prepared by mixing 50 µl of PEG 400 with 5 ml of ultrapure deionized water and, for a better 

dilution, the mixture was stirred for about 5 minutes. The NPs deposit was suspended in this 

solution and the interactions between PEG and the top of deposited NPs were allowed to 

fulfill at room temperature for about 4 h 
13

. During this time the mixture was easily stirred. 

After this process, the deposit was washed for four times in ultrapure deionized water in order 

to remove the free PEG molecules and dried in the oven (in air) at 37 
0
C before analysis.  

II.2.2. PEG functionalization of dispersed NPs 

In case of contrast agent analysis behavior, the NPs deposit was first separated from 

SiOx substrate (see figure 2b). The substrate with FeB NPs was introduced in 5 ml ultrapure 

deionized water and sonicated using a Elma E 60 H Elmasonic ultrasonic bath equipment at 

room temperature. After the separation from the substrate, the interactions between the NPs 

were almost negligible and were well dispersed in the aqueous solution. This behavior will be 

presented in details in Chapter III, where the lack of magnetic interaction will be emphasized.  

In order to obtain a relevant comparative image between unbounded FeB NPs and 

PEG bounded FeB NPs in the same environment, two mixtures were prepared and only one 

of them was mixed 

with aqueous PEG 

solution.  

Thus, in the 

formed ferrofluid 50 

µl of PEG 400 were 

added and the resulted 

mixture was easily 

stirred for 4h at room 
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temperature 
13

. In order to remove the unbound PEG molecules and to obtain a stable 

ferrofluid by avoid the eventual aggregation, the solution was then centrifugated using a 

Micro 22 Hettich equipment, with the speed of 15000 rpm. 

 

III. Growth and characterization of FeB nanoparticles 

III.1. Morphological characterization: AFM 

 AFM was used to characterize the deposits on silicon wafers. The particle height and 

density were extracted from the AFM images and correlated with the working parameters of 

the ICS: magnetron power, sputter Ar flow, nitrogen flow and aggregation length, the 

aperture size being fixed 
14

. The working parameters were adjusted in order to obtain a high 

flux of nanoparticles with mean height close to 15 nm. Nanoparticles with such size are likely 

to present a long enough circulation time in biological media 
15,16

 and should display a 

superparamagnetic behavior like the iron oxide (Fe3O4, Fe2O3) nanoparticles with similar size 

15,17
. In Figure 1a we display a representative AFM image that has been recorded on a deposit 

where the NPs have the size and deposition rate that has been used in the present study. The 

corresponding working parameters were: 100 mm aggregation length, 100 sccm Ar flow, 0.5 

sccm N2 flow, 43.5 W magnetron power and 30 s deposition time which gave a deposition 

rate close to 9 NPs s
-1

.µm
2
. The size distribution displayed in Figure 1b has been extracted 

from several images like the one of Figure 1a. The size distribution of Figure 1b has a total of 

767 events distributed in 2 distinct NPs populations and the fit was carried out using 

lognormal distribution 
18

. The first population has mean height hmean ≈ 2.0 nm and standard 

deviation h ≈ 0.6 nm. This population represents approximately 30% of the total amount of 

NPs and 0.13% of the total mass. The second population of main interest has a mean height 

hmean = 14.3 nm and a standard deviation h = 2.6 nm. As deduced from the size distribution, 

the population of larger nanoparticles is dominant both in number of NPs as well as in mass 

%. It is expected that in an applied magnetic field, the magnetic signal originated from the 

smallest nanoparticles will be almost negligible compared to that of larger one.  
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III.2. Structural characterization: TEM  

 In order to establish the shape of the nanoparticles, TEM measurements have been 

performed. While AFM is adequate for the measurement of height and density of 

nanoparticles, it is not reliable for the determination of the diameter due to the inherent 

convolution between the tip and the nanoparticles 
19

. Hence, the diameter distribution has 

been determined using plan-view TEM images such as the one displayed in Figure 2a. TEM 

images revealed a homogenous diameter distribution and the lack of inter-particles 

aggregation. The absence of crystalline order was also observed, revealing the amorphous 

nature of the nanoparticles. Note that such amorphous nature of the Fe50B50 NPs is 

comparable to the amorphous nature of iron-boron thin films where the crystalline phase is 

observable only for iron atomic concentrations above 80% 
20

.
 

The diameter distribution extracted from the analysis of several TEM images is 

displayed in Figure 2b. The total number of events used in the size distribution is 315 and, 

like for the height distribution, a log-normal fit has been applied. The resulting mean 

diameter and standard deviation are dmean = 10.1 nm and d = 1.8 nm. Taking into account the 

measured mean height and mean diameter it can be stated, within the measured standard 

deviations, that the FeB NPs have a spherical shape. The higher deviation between the height 

and the diameter measured, in comparison to other systems 
7
 could arise from the higher 

hygroscopic character of the FeB NPs that gives slightly higher heights when measured in 

dynamic mode. This indicates that the nanoparticles are not deformed during the deposition 
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process, thanks to a “soft landing” as already found in other studies
 7

. Due to the low contrast 

between the graphene coated TEM grids and the FeB nanoparticles, we were unable to 

observe the population of small nanoparticles. 

 

III.3. Chemical characterization: XPS 

 The XPS analysis were performed on a multilayer of FeB NPs in order to minimize 

the photoemission signal from the silicon wafer. The multilayered nature of the deposit, 

approximately 350 nm thick, was checked by SEM measurements (see figure 3a). The 

deposit was transferred from the ICS to the XPS analysis chamber (i.e. exposed to air during 

the transfer) and measured as grown and after different sputtering times in order to 

investigate the depth profile chemical composition structure of the NPs. The Ar
+
 

bombardment or etching was performed up to 490 minutes. The corresponding depth was 

calculated assuming that the etching rate is similar to the one of FePd compound
 21

. Under 

such assumption, the maximum depth is found to be 38.5 nm. Figure 3b displays the XPS 

wide-scans for the as deposited sample and at different intermediary depth up to 38.5 nm. 

The peaks of the elements present in the sample are labeled. As can be observed, the C 1s and 

O 1s peaks are the most intense ones in the case of as deposited surface (bottom spectrum) as 

a result of the atmospheric contamination during the sample transfer. Under Ar
+
 

bombardment, the relative intensities of the XPS peaks corresponding to the other elements 

increase as a result of the removing of the atmospheric contamination. As can be observed in 

figure 3, the C 1s peak is till relatively intense even at the maximum distance from the 
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surface. This is due to the high porosity of the deposit
 8

 that allows the deep penetration of the 

carbon into the multilayer during the sample transfer under atmospheric conditions. 

 

  Before going into the details of the different chemical species present in the sample 
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as a function of the distance from the 

surface, we first display in figure 4a the 

depth profiles of the elements of interest 

Fe, B, N, O and C (in atomic percentage) 

extracted from the wide scans like the 

ones presented in figure 3. In graph of 

Figure 4a the Si 2p XPS signal was 

ignored since it does not contain 

information about the NPs deposit. 

Although negligible, the O 1s signal 

contribution from the silicon oxide was 

also subtracted from the O 1s in the data 

presented in Figure 4a. This was 

accomplished thanks to the 

deconvolution of the O 1s spectra as 

detailed later. The graph of Figure 4a 

reveals a very low (close to 3%) and 

stable content of nitrogen into the 

multilayer in opposition to the high and 

strongly decreasing content of carbon as 

the distance from the surface increases. 

While the strong decrease of the carbon 

content can be attributed to the 

atmosphere contamination 
22

 of the porous multilayer of nanoparticles 
8
 the low and stable 

content of nitrogen is likely to indicate that the small amount of nitrogen is coming from the 

nanoparticles synthesis. Figure 4a also reveals a similar behavior of the boron, iron and 

oxygen whose contents slightly increase as a function of distance from the surface and 

rapidly reach a steady point. Such behavior is consistent with the picture where the oxygen 

acts as a ligand between iron and boron as previously reported in the literature for the case of 

Fe3BO6 nanorods 
23

. Also interesting is the dominant concentration of oxygen in all the 

thickness of the film investigated here except at the outer surface where the carbon 

contamination is dominant. This clearly reveals that the oxygen has penetrated very 

efficiently into the nanoparticles multilayer since it is not expected to participate in the 

fabrication process that is performed under high gas purity. In graph of Figure 4b we have 
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represented the iron and boron atomic concentrations as a function of distance from the 

surface. In the analysis, the atomic concentrations of the other elements have been ignored. 

Surprisingly it is observed that the stoichiometric state (Fe50B50) is never reached, evidencing 

a boron rich chemical composition that is probably due to the fabrication process and in 

particular, to a higher sputtering yield for boron than for iron 
24

.  

For a better understanding of the chemical composition of the nanoparticles and its 

evolution as a function of distance form the surface of the multilayer, we present the detailed 

analysis of the N 1s, Fe 2p, B 1s and O 1s core levels.  

Although small when compared to the other elements (see Figure 4a), it is interesting 

to investigate the nature of the different components of the N 1s core level peak. As 

evidenced in Figure 5a, 2 contributions have been identified in the N 1s core level peak 

spectra measured at the surface of the multilayer, at 18 nm from the surface and at 38 nm 

from the surface. The most intense contribution that appears at the binding energy of 399.5 - 

400 eV can be assigned to the N-O bonds and the less intense component at 398-398.5 eV to 

the N-B bonds 
25

. The higher contribution of the N-O bonds is in agreement with the high 

concentration of oxygen in all the thickness of the film investigated here (see Figure 4a). As 

it will be shown below, the oxygen bonds with iron and boron are also predominant over 

other chemical bonds. The profiles of Figure 5b also reveal that the nitrogen is preferentially 

bonded to oxygen than to boron and that the chemical composition reaches a stable phase at 

approximately 15 nm from the surface of the multilayer which corresponds roughly to one 

layer of nanoparticles. 
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We now turn to figure 6 were we display the deconvolution of the Fe 2p core level spectra 

(Figure 6a) and the resulting evolution of the different species as a function of distance from 

the surface of the multilayer (Figure 6b). As can be observed in Figure 6a, the shape and 

binding energy positions of the maxima of the Fe 2p1/2 and Fe 2p3/2 core levels suffer a strong 

evolution with the distance from the surface of the multilayer. This clearly indicates the 

presence of different components in the measured peaks.  

Therefore we have fitted the Fe 2p1/2 and Fe 2p3/2 core levels with different 

components that in turn have been assigned to Fe
0
, Fe

2+
 and Fe

3+
 species in good agreement 

with the literature
 23,26-31

. The components labeled a1 and a2 correspond to non oxidized iron 

(Fe
0
 state) while components b1 and b2 correspond to Fe

2+
 states. The Fe

3+
 states are 

represented by c1 and c2 components and b1’ and b2’ correspond to satellites structures. As 

can be observed in Figure 6b, the dominant state is Fe
3+

 along the whole depth profile. At the 

very first stages of ion sputtering, both Fe
2+

 and Fe
3+

 states suffer important changes in 

concentration. While Fe
3+

 states concentration stabilizes, the Fe
2+ 

states decreases with 

increasing depth together with an increase in Fe
0
 states that were not present at the surface of 

the multilayer. As detailed in the discussion, the different iron states suggest that iron atoms 

do not bond with boron or nitrogen but rather with oxygen in good agreement with the 

literature 
32

. 
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 Like for N 1s and Fe 2p core levels, the B 1s core level spectra have been recorded 

and deconvoluted as can be seen in Figure 7a. Three components have been used in the 

deconvolution of the B 1s spectra. The component at the lowest binding energy (190.4- 190.6 

eV) is attributed to the B-N bonds 
13,33,34

 while the component at the highest binding energy 

(193.4-193.6 eV) is associated to the formation of the stoichiometric B2O3 oxide 
35-39

. The 

intermediate component found at 192.2-192.4 eV is associated to the presence of the sub-

stoichiometric B2O2 oxide 
35,40

. Interestingly, no lower binding energy at around 188 eV 

associated to B-Fe bonds 
41

 was observed indicating that boron atoms are preferentially 

bonded to oxygen and nitrogen atoms rather than to Fe atoms. As can be observed in Figure 

7b, the B-N bonds are significantly less abundant than B-O. This fact is not only in agreement 

with the low concentration of nitrogen in the multilayer but with also previous studies 
40

, 

where this fact was attributed as a result of the thermodynamically less favorable nitriding 

process of B species than its oxidation. Also remarkable is the constant concentration of B-N 

bonds along the studied depth. The picture is very different when considering the sub-

stoichiometric B2O2 and stoichiometric B2O3 oxides. While the sub-stoichiometric oxide 

concentration decreases as a function of distance from the surface, the stoichiometric oxide 
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concentration suffers the opposite trend revealing a strong variation in oxidation degree of 

boron as a function of depth into the multilayer. 

 We finally go through the O 1s core level spectra and their deconvolution displayed in 

Figure 8a. Reasonable fits of the O 1s core level could be obtained using 4 components. The 

component with lowest binding energy (530.4 0.1 eV) was found only close to the surface 

of the multilayer and was assigned to stoichiometric metal oxides
 
(in our case O-Fe bonds) 

31
. 

The component located at a binding energy of 531.50.2 eV was found at all thicknesses and 

was attributed to the presence hydroxyl OH
-
 groups 

42
 although it could also account for the 

presence of defects 
43-46

. Also, a component compatible with the presence of boron oxides 

35,47,48
 was found at a binding energy of approximately 532.5 eV. Finally a fourth component 

with highest binding energy of 533.7 0.1 eV was necessary for the fitting of the O 1s core 

level spectra. This last component is compatible with the presence of O-N bonds 
49

. As can be 

seen in Figure 8b, the intensity of component O-Fe decreases rapidly as a function of distance 

from the surface of the multilayer and become negligible. Also the component related to the 

O-N bonds is relatively small as expected from the low concentration of nitrogen in our 

system (cf. Figure 4). On the other hand, it appears that the OH
-
, B-O oxides components are 

dominant in the multilayer with rather constant intensities except at the surface of the 

multilayer were their intensities increase rapidly. 
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In summary, from the XPS analysis we observed that this is a rather complex system mainly 

formed by boron and iron oxides. No Fe-B bonds were found so it seems that these elements 

are not forming the same compound. Previous studies reported the possibility of oxygen 

acting as ligand between Fe and B (forming Fe3BO6) 
23

. However, we were not able to 

unequivocally confirm the presence of such compound in our system. In addition, nitrogen 

was found to be bonded only to O and B. According to Xie et al.
40

, we can consider the 

formation of a B2O3-xNx compound. If we assume that all N of the system is forming this 

boron oxynitride (as no evidences of Fe-N bonds were found) and all sub-stoichiometric 

boron oxide (fig. 7) is forming this compound, it is possible to extract the x value after each 

XPS measurement. The x value obtained was 0.4  0.1 throughout the sputtering, leading to a 

boron oxynitride with an stoichiometry B2O2.6N0.4.  

Therefore, from the XPS analysis we observed that, even though most of the Fe and B 

are bonded to oxygen, the proportion of oxygen in from of iron oxides is rather small and 

cannot fully explain the amount of Fe
2+

 and Fe
3+

. As an attempt to clarify whether the 

component at 531.5 eV in the O 1s core level peak is mainly due to OH
-
 species or due to the 

presence of oxygen vacancies in the oxide, in a first approximation we calculated the 

O/(Fe+B) ratio considering the at% of O, Fe and B extracted from the wide scan (Figure 4). 

The results are plotted in figure 9a. If all oxygen exists in form of O
2-

, this ratio should be 1.5 
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for their higher oxidation states (Fe2O3 and B2O3, respectively). However, supposing that 

these elements were in the hydroxide form (Fe(OH)2 and B(OH)3) and considering that the 

amount of B doubled the Fe one, the minimum O/(Fe+B) ratio should be around 2.7. In our 

system, this ratio varies between 2.5 on the top surface and 1.4 at 38.5 nm from the surface. 

A ratio of 2.5 represents around the 80% of the oxygen in hydroxide form. With the 

sputtering process, the O/(Fe+B) ratio rapidly decreased and at 2.4 nm from the surface, the 

hydroxide content is below 10% (1.6 ratio). At deeper analysis the ratio reached values lower 

than 1.5, suggesting that no contribution arises from hydroxides. If we compare these 

calculations with the assignation of the components on the analysis of the O 1s core level 

peak (Figure 8), it is evident that the component at 531.5 eV cannot be attributed exclusively 

to the presence of hydroxides, 

especially on deeper analysis where the 

apparent contribution of the OH
-
 in the 

O/(Fe+B) is null while the component 

at 531.5 eV of the O 1s is predominant. 

In fact, in the spectrum displayed in 

figure 8a for the analysis at 18 nm, the 

component due to O-Fe bonds have 

already disappear and from the 

O/(Fe+B) ratio calculated we observed 

that no hydroxide contribution is found 

at this depth. Therefore, we can conclude that hydroxides are present just on the first 15 nm 

(approximately the first NPs layer). After that, the whole contribution of the component at 

531.5 eV has its origin in defective oxides and in particular Fe oxides.  

III.4. Magnetic characterization: SQUID 

 SQUID measurements were performed on a sample with high density deposit in order 

to investigate the magnetic properties of the assembly of NPs
 19

.
  

Figure 10 displays the hysteresis loops measured at room temperature and 10 K after 

zero field cooling (ZFC). As can be observed, the NPs show a superparamagnetic behavior at 

room temperature and a weak ferromagnetism at 10 K.   
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 The evolution of the 

magnetization as a function of 

temperature in ZFC and FC 

conditions was also investigated 

as can be seen in Figure 11.  

From the curves of Figure 

11, a well-defined blocking 

temperature (temperature limit 

above which superparamagnetic 

behavior appears and where the 

magnetization of the NPs is free 

to align with the applied field 
50

) 

of approximately 17.5 K is found. 

These results clearly show that 

the NPs can be used in medical 

applications where the 

superparamagnetic behavior is a 

key requirement. 

For a better understanding 

of the interparticles interaction, 

the determination of 

superparamagnetic particle size is 

vital for later applications. Two 

theoretical methods were chosen 

to calculate this. A good way to 

perform that is to represent the 

experimental normalized magnetization measured at room temperature and the Langevin fit. 

Taking into account the maximum magnetization saturation, the Langevin function fit was 

carried out using the procedure described in literature 
51

. The second method used is the 

Triple Fit and was performed likewise, using the procedure described in literature in which 

simultaneous triple adjustment is applied to the experimental magnetization curve 
52

. From 

both techniques, it was found that the superparamagnetic nanoparticles size is ≈ 2.9 nm, 
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which means that it is smaller than 9 nm, the superparamagnetic iron limit reported in the 

literature
 53

. These results confirm that at room temperature the majority of the nanoparticles 

do not interact with each other, as can be shown in figure 10.  

The interactions or non-interactions between FeB nanoparticles were well proved also 

by the values of magnetic remanence at low temperature, after the applied magnetic field is 

decreased. The Stoner-Wohlfarth model reveals that the nanoparticles which are close to each 

other, are exchange coupled, and the nanoparticles at large distance are magnetostatically 

coupled. The difference between these two situations can be highlighted by the value of 

magnetization remanence. If the ratio between the magnetization remanence and 

magnetization saturation is higher than 0.5, this is a proof of the exchange coupling existence 

and if the ratio is smaller than 0.5, the nanoparticles are magnetostatic coupled. In our case 

such ratio is much smaller than 0.5, as a consequence of a very low magnetic interactions 

between FeB nanoparticles. These results are in good agreement with XPS analysis for as 

deposited sample where it has been shown that, on the NPs surface the quantity in atomic 

percentage of iron is around 18.6% while boron is around 81.4%. As a consequence the 

nanoparticles are randomly oriented with uniaxial anisotropy before or after applying a 

magnetic field. 

 

IV. Surface functionalization and characterization of FeB nanoparticles 

IV.1 FeB NPs surface functionalized directly on the silicon wafer 

IV.1.1. Chemical characterization: XPS  

IV.1.1.1. Comparative surface characterization of as deposited/as functionalized FeB 

NPs  

Using the same procedure like in case of as deposited FeB NPs (see section III.3, 

Chapter III), elemental surface and in depth composition were determined by XPS analysis. 

Due to the use of silicon wafers as substrate for depositing of NPs, the surface analysis were 

performed on PEG coated FeB multilayers NPs, in order to minimize the photoemission 

signal of Si. The deposit was measured after functionalization 
22

 and proofs of PEG 

attachment to the surface of FeB NPs were further discussed. Analysis at different distances 

from surface were also performed in order to confirm the changes in chemical composition of 

functionalized NPs with depth and to try to determine the thickness of bounded PEG layer 
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from the top of NPs. The Ar
+
 bombardment or etching was performed up to 235 minutes. 

Assuming the same etching rate as for FePd compound 
54

 we found the individual depth for 

each sputtering time and the total depth was calculated to be 19.1 nm. 

Figure 1a shows the wide scans of as deposited sample before and after surface 

functionalization with PEG. The most dominant contributions in both overlapped wide scans 

are the O 1s and C 1s peaks. This is an evidence about the level of contamination at the 

surface of deposit 
22

, which remain still high after the functionalization process. That 

behavior can be related with air exposure before the analysis, in both cases. The atomic 

percentages analysis reveals important changes in terms of structure during the 

functionalization process. We can observe a clear decrease of surface boron amount after 

functionalization, to 2.0%, comparing with the corresponding amount from as deposited 

sample of 13.1%. From UV-Vis analysis (see figure 1b) made on the solvent in which NPs 

were functionalized, we found a consistent presence of boron 
55

, which is an evidence of the 

dissolution of a boron quantity from the surface of NPs during functionalization and explains 

the decrease of boron concentration from NPs deposit after this process. As a consequence of 

boron dislocation, the iron amount increases on the NPs surface from 3.0% to 6.0%. If the 

concentration of nitrogen doesn’t change too much and slightly decreases from 2.6 % to 1.9 

% after PEG attachment, the atomic concentrations of oxygen and carbon increase after 

functionalization from 33.6 % and 47.6% to 37.0% and 53.1% respectively.  Since the 

structure of PEG chains contains bonds based on oxygen and carbon, the increase of the 

concentration of these elements could be related with the attachment of PEG on the NPs, as 

we will discuss in the following. 
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For a better understanding of the surface changes in terms of structure during the 

functionalization, high resolution spectra of all the elements of interest were recorded and 

Lorentzian-Gaussian deconvolution for each of them were performed. 

In figures 2a, b and c we present the deconvolutions of high resolution spectra of Fe 

2p, B 1s and N 1s. Although in this peaks there is no any important proof about the 

attachment of PEG during the functionalization process, important changes at the Fe and B 

core levels are observed. The spin-orbit distance between Fe 2p3/2 and Fe 2p1/2 was found to 

be 13.6 eV 
56

 for both spectra (figure 2a). As already done for as deposited sample (see 

section III.3, Chapter III), the Fe 2p1/2 and Fe 2p3/2 core levels for as functionalized sample 

were deconvoluted taking into account the existence of three different species of iron, Fe
0
, 

Fe
2+

 and Fe
3+

 
23,27-31

, which emphasize different levels of iron oxidation (see figure 2a). All 

these iron species were well fitted considering the separation in binding energy between Fe
0
, 

Fe
2+

 and Fe
3+

 and the position in XPS spectra. At the Fe 2p3/2 core level it has been found that 

the contribution from 707.5 eV corresponds to non-oxidized iron Fe
0
, Fe 

2+
 oxidized iron 

where represented by the peak from 709.5 eV and Fe
3+

 oxidized state were composed by two 

peaks at 711.2 eV and 713.2 eV. In as functionalized sample a dominant contribution of Fe
3+ 

and a low concentration of Fe
2+

 were found. However a decrease in the oxidation level as 

compared with the as deposited NPs (where no evidence of this contribution was observed), 

is evidenced by the presence of a small amount of non-oxidized Fe
0
. 

One of the most important change observed in as functionalized NPs structure is 

related with the evolution of the boron concentration, which influence also the evolution of 
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the iron content in the NPs structure. In figure 2b we display the deconvolution of high 

resolution spectra of B 1s before and after functionalization. In good correlation with the as 

deposited high resolution spectra, we considered the possible existence of two different boron 

species in as functionalized sample spectrum, sub-stoichiometric B-O and B-N groups, with 

their corresponding binding energies positions. The small peak which appear at lowest 

binding energy, at 190.6 eV was assigned to B-N bonds 
25,33,34

 in agreement with the low 

concentration of nitrogen. As observed in the wide scans of figure 1, the boron concentration 

decreases dramatically after the functionalization process. The amount of sub-stoichiometric 

oxides from as functionalized sample, which occurs at 192.2 eV 
35,37,40

, confirms and clarifies 

this behavior. As can be observed in figure 2b, comparing with the as deposited sample, it is 

obvious that B-O sub-stoichiometric oxide contribution decreases dramatically while B-N 

content slightly decreases and do not display significant changes after PEG attachment.  

Figure 2c presents the changes related with the structure of nitrogen after 

functionalization. Deconvoluted high resolution spectra of N 1s for as deposited and as 

functionalized samples are compared. Although the nitrogen contribution at the surface of 

NPs was very low in as deposited sample (< 3%), its contribution is very important for 

further applications taking into account that changes in its concentration or structure 

influence the oxidation level of the deposit. With a slightly symmetric decrease caused by the 

functionalization process, the chemical structures of nitrogen display the same structural 

groups. The most intense contribution represented by N-O bonds appears at 400 eV and the 

less intense component corresponding to N-B bonds appears at 398 eV 
25

. No significant 

change observed after PEG attachment. 
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The deconvolutions of Fe 2p, B 1s and N 1s high resolution spectra have shown that 

the functionalization does not change the chemical bonds in the NPs, i.e. iron atoms are 

bonded to oxygen, boron atoms form bonds with oxygen and nitrogen rather than with iron 

atoms, and nitrogen atoms are bonded to oxygen and boron
 32

.   

The most important changes which confirm the PEG chain attachment to the NPs 

deposit are evidenced through the deconvolution of O 1s high resolution spectra. By 
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comparing the deconvoluted oxygen structures, we could distinguish different species inside 

the O 1s envelope (see figure 2d). As we already discussed in section III.3 of Chapter III, the 

O 1s peak of as deposited sample was deconvoluted with four peaks, taking into account the 

possible bounds which can form the NPs structure. The dominant contribution was assigned 

to OH
-
 bonds, which appear at 531.45 eV 

42
. Another important concentration at 532.50 eV 

was assigned to O-B bonds like in other works 
35,47,48

, and in good correlation with the 

expected amount from survey scans. The peak located at lower binding energy value, close to 

530.30 eV, is attributed to the stoichiometric metal oxides O
2-

 contribution (O-Fe bonds) 

13,23,31
. At higher binding energy values, around 533.75 eV, a low intensity band complete the 

deconvolution 
49

 and was assigned to O-N bonds. By comparing the O 1s high resolution 

spectra, before and after functionalization, we observe an important change on the O-B 

group, that is too low and too close to O-N and O-C contributions to be identified after PEG 

attachment. This is a consequence of boron dissolution and increase of a new band at 531.90 

eV, close to the one of O-B bonds, attributed to O-C oxygens 
57

 from PEG chain. There are 

also significant changes which occur at the O 1s core levels after functionalization. The O
2-

 

oxygens contribution is shifted 0.3 eV to 530.00 eV, close to the value of stoichiometric O
2- 

13,23,31
, and OH

-
 oxygen contribution is shifted 1.05 eV to 530.40 eV. These last binding 

energy shifts are related with the carbonates formation caused by the chemical interaction 

with PEG chains 
58

. The O-N band appears after PEG attachment at 533.40 
49

, shifted with 

0.35 eV as compared with as deposited sample. That last shift could attributed to defective 

oxides, PEG chains interaction or to a small boron oxide contribution inside this envelope. 

After PEG attachment the O-N component appears slightly increased in O 1s deconvoluted 

peak. This is unusual taking into account the lower concentration of nitrogen after 

functionalization. Therefore, the shift to lower binding energy is more likely to be caused by 

a small boron oxide contribution. 

IV.1.1.2. Depth profile characterization of as functionalized FeB NPs 

For a better understanding of the chemical changes as a consequence of the 

functionalization of the NPs and also for a better estimation of the thickness of PEG layer 

bounded to the surface of the deposit, XPS depth profile were performed.  

XPS wide-scans of NPs functionalized directly on the substrate with PEG, recorded 

on the surface and after different distance from surface, are presented in figure 3. The 
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concentrations of C 1s and O 1s on the 

surface are the most visible in part as 

a consequence of air exposure after 

deposition and functionalization 

processes.  

Figure 4a emphasizes the 

elemental evolution with depth. The 

high and constant O 1s concentration 

is the consequence of the presence of 

different species of oxygen on the 

surface and inside of the NPs, as we 

will see later. The concentration of C 

1s decreases with depth due to the 

progressive removal of contamination 

and PEG layer. Even in that situation, 

inside of the deposit we still have a 

high concentration of carbon 
8
 which proves the porosity of the deposit. There is no important 

evolution of the nitrogen content during the functionalization process.  

The evolution of Fe and B concentrations excluding the other elements and as a 

function of distance from surface is given in figure 4b. Despite the decrease of boron 

concentration to 25.3% after PEG attachment (in as deposited sample it was 81.4%), the trend 

as a function of distance from surface is the same as in case of as deposited samples, i.e. an 

increase of the iron amount together with a decrease of the boron content. 
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The deconvoluted high resolution spectra of Fe 2p after PEG attachment as a function 

of distance from surface are presented in figure 5a, while figure 5b display the corresponding 

evolution of the Fe states. Changes can be observed through the evolution of the shape of the 

spectra from 0 nm to 19.1 nm distance from surface. No significant binding energy shift was 

found regardless the distance from surface. Despite a rapid decrease at the very first depth 

stages, until 1.2 nm, the Fe
3+

 state is still dominant at almost all the thicknesses. In the 

opposite, the Fe
2+

 oxide concentration increases until 1.2 nm and then display an 

homogenous distribution along the whole depth. The most important change is related to the 

increasing non-oxidized Fe
0
 state concentration. Although metallic iron is located closer to 

the surface than for the as deposited NPs, the evolution of the concentration with depth 

indicates a similar increasing trend. We note that such increase with depth is simultaneous 

with the decrease of Fe
3+ 

state concentration. In a similar way as in the case of as deposited 

NPs, the depth profile indicates that iron atoms bond preferentially with oxygen 
32

.  
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The deconvolution of B 1s core levels shown in figure 6a were performed for as 

functionalized sample and upon different distance from surface in order to identify the 

chemical evolution in boron structure from surface to interior (figure 6b). As already 

discussed, B 1s core levels display a structure formed by two chemical groups, sub-

stoichiometric B-O bonds and B-N bonds at the surface of as functionalized deposit. When 

comparing the boron structure which characterize the interior of as deposited sample (not 

shown here - see section III.3, Chapter III) where stoichiometric B2O3 oxide increases with 

increasing distance from surface, and the as functionalized sample, it is observed that there 

are no many differences between the surface and interior structures. Therefore no B2O3 

contribution appears after 235 minutes of sputtering which correspond to 19.1 nm distance 

from surface. Also no significant binding energy shifts could be observed. From wide scans 

analysis shown in figure 4, a slightly increase of boron with depth was deduced. This is well 

emphasized also from the intensity of peaks in figure 6a. The profile evolution from figure 6b 

indicates that with increasing distance from surface the atomic concentration slightly 

decreases as a consequence of increase of the sub-stoichiometric boron oxide. This evidences 

that after functionalization the atomic concentration of sub-stoichiometric B-O groups is 

slightly higher in the interior than on the surface of NPs due to a higher solvent exposure 
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degree of the surface (during the functionalization process). The depth profiles of 

deconvoluted B 1s core levels indicate an almost homogenous dissolution of boron during the 

functionalization process. The high porosity of the deposit facilitates a high degree of 

dissolution of B-O groups from whole thicknesses. 

 

Although a multilayer deposit was used for functionalization, its high porosity also 

led to the dissolution of boron from the interior, not only from the surface of NPs located on 

the top of the deposit. This behavior has been proved by depth profile analysis on 

deconvoluted B 1s core levels, which emphasizes that before 19.1 nm distance from surface 

no significant changes related with the structure and the atomic concentrations of boron 

containing species were found. 

The most important information evidenced from XPS analysis, regarding PEG 

attachment and the thickness of PEG layer from the surface of deposit, was obtained by depth 

profile analysis on deconvoluted O 1s core levels, displayed in figure 7a. The chemical 

evolution as a function of distance from surface is represented in figure 7b. No chemical shift 

is observed with increasing the distance from the surface in the case of O-C bonds and O-Fe 

bonds. The bands which correspond to OH
-
/defective oxides and O-N bonds display only 

small variations of binding energy, close to surface value, in the ranges of 530.40 - 530.65 eV 
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and of 533.40 - 533.20 eV respectively. The stoichiometric O-Fe oxide was found in a 

considerable amount only at the surface and until to 0.62 nm distance from surface. Deeper in 

the layer, the O-Fe oxide concentration decrease dramatically to a minimum and constant 

value. However, it is well known from depth profile analysis of wide scans that iron has an 

increased concentration also inside of functionalized NPs. Therefore, the evolution of OH
-

/defective oxides found at all thicknesses, could also account for the increase of defective 

iron oxides with depth 
44,45,47

, and thus, explain this unusual behavior (similar as in the case 

of as deposited sample - see section III.3, Chapter III). The dominant concentration of O-C is 

closely linked to the existence of PEG at the surface of deposit. Due to a high porosity of as 

deposited sample, the evolution of this contribution proves that after functionalization, a high 

presence of PEG structures are bounded to NPs located in the interior of the deposit. From 

figure 7b, it is deduced that at distance from surface of 4.2 nm, O-C contribution stops to 

decrease and becomes constant. Taking into account this evolution, it inferred that PEG layer 

bounded at the top of the deposit has a thickness of around 4.2 nm. The concentration of O-N 

bonds display only a slightly decrease with distance from surface, having a low and almost 

constant distribution in NPs structure.  
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Therefore most of Fe and B are bonded to oxygen and the quantity of oxygen in form 

of O
2-

 being relatively small cannot explain the proportion of Fe
2+

 and Fe
3+

. Considering the 

atomic percentages of O, Fe and B extracted from the wide scan (Figure 4), we calculated the 

O/(Fe+B) ratio in order to determine the origin of the O 1s component located at 531.5 eV 

that could come from OH
-
 species or from oxygen vacancies in the oxide. The results are 

given in figure 7c. This ratio should be maximum 1.5 if all the oxygens exist in oxide state 

(Fe2O3 and B2O3, respectively) and minimum 2.2 if all the oxygens are in hydroxide state 

(assuming that the quantity of Fe is four times higher than the B and that Fe2O3 and B2O3 

were in the hydroxide form Fe(OH)2 and B(OH)3). Regarding our system, this ratio ranges 

from 4.6 on the surface and 1.1 at 19.1 nm distance from surface. 

100% of the oxygen should be in hydroxide form if the ratio is 4.6.  The O/(Fe+B) 

ratio decreases very fast due to sputtering process in such a way that at 2.0 nm from the 

surface the ratio is 1.8. This means that the contribution of the hydroxide is below 45%. 
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Deeper in the layer, the ratio value is found below 1.5 after at 6 nm from the surface, 

highlighting that the hydroxide has no contribution. If we compare these calculations with the 

assignation of the components from the analysis of the O 1s core level peak (see figures 2d 

and 7), it is evident that the components at 530.40 eV and 530.00 eV cannot be attributed 

exclusively to the presence of hydroxides and oxides respectively. The analysis reveals that at 

the surface no evidence of oxides was found, the dominant structure being from iron and 

boron hydroxide. This indicates that, at the surface, the peak at 530.00 eV binding energy 

also correspond to an hydroxide state. On the opposite, deeper in the layer, the contribution of 

OH
-
 in O/Fe+B ratio is null, in contradiction with the assumption of the predominant peak at 

530.40 to OH
-
 groups. Therefore deep in the layer, dominant contribution comes from oxides. 

IV.1.2. Structural characterization: Raman 

A comparative Raman analysis between as deposited and as functionalized FeB NPs 

was performed under an applied laser power of 0.14 mW (see figure 8). The reference Raman 

spectra for silicon wafer is also displayed (recorded with the laser power of 19.6 mW 
59

). We 

used such a low power of laser in order to preserve the NPs deposits and the PEG chains.  

The higher amount of Fe-O and the lower amount of B-O proved by XPS analysis on 

as functionalized NPs are in good agreement with the intensity increase and the shift of the 

broad Raman structure from 625 cm
-1

 and 688 cm
-1

 after functionalization. Apart from the 

band which corresponds to Si-O asymmetric stretching vibration (at around 625 cm
-1

), two 

other bands were found at higher wavenumbers, around 690 cm
-1

 and 736 cm
-1

 respectively. 

The related changes could be explained by the increase of γ-Fe2O3 groups and the chemical 

interaction between Fe-O/remained B-O groups with PEG chain. These wavenumber values 

close those reported in the literature 
60

 prove the formation of chemical bonds between Fe-O 

units located at the surface and PEG 400 structure. Also the relative intensity of these bands 

is higher than in FeB NPs, which is in agreement with the structural changes highlighted by 

XPS analysis (see figure 3). 

The most important Raman information, which proves the presence of grafted PEG on 

the top of the deposit, is related with the growth at higher wavenumbers, in range of 1070-

1800 cm
-1

, of a broader and intense structure, suggesting a higher degree of interaction 

between polymer chains and surface of NPs deposit.  
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Therefore in literature, in the range of 1040-1160 cm
-1

, were found the bands 

representing C-O-C symmetric and asymmetric vibrations groups 
61-64

 and CH2 symmetric 

vibration group 
61

 from PEG chain. Furthermore the asymmetric, scissoring and wagging of 

CH2 groups were found around 1220-1270  cm
-1

 
63,65-68

, 1350 cm
-1

 
61,66

 and 1450-1510 cm
-1

 

61,63-66,68
 respectively. The Raman spectra of as functionalized FeB NPs indicates more bands 

at 1145 cm
-1

, 1268 cm
-1

, 1356 cm
-1

, 1456 cm
-1

, 1489 cm
-1

, corresponding to C-O-C  

symmetric and asymmetric vibrations/CH2 symmetric vibration,  asymmetric CH2, scissoring 

CH2 and wagging CH2 (in case of last two bands) vibrations respectively. 

There were evidenced two broad bands with the possible maxima at around 1323 cm
-1 

69,70
 and 1620 cm

-1 71,72
. Close to these two structures, in as deposited NPs is displayed the 

double phase structure, hematite and maghemite respectively. The increased intensity of both 

bands after functionalization is caused by 

the higher amount of Fe-O group near the 

surface level. 

Another important result from 

Raman spectra regarding the PEG existence 

on top of the NPs deposit can be found at 

higher wavenumber values, in range of 2800 

- 3100 cm
-1

 (see figure 8). The characteristic 

bands from that interval are represented by 

CH2 symmetric and asymmetric stretching 

vibration 
64,65,67,68

. A wide structure, in the 

range 2846 - 3032 cm
-1

, appears in the 

Raman spectra of as deposited (red spectra) and as functionalized NPs (blue spectra).  Two 

different maxima are distinguishable at around 2880 cm
-1

 and 2940 cm
-1

 and are assigned to 

symmetric and asymmetric stretching vibrations respectively of CH groups. The higher 

intensity of this structure, which can be seen after PEG attachment (blue spectra), is an 

evidence of CH groups existence from PEG chain.  

The Raman analysis have clearly demonstrated that ether groups of polyethylene 

(glycol) layer are present on the top of the NPs deposit 
73

.      
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IV.2 Dispersed and functionalized FeB NPs for in vitro MRI contrast agent applications 

Considering the properties that characterize these NPs, highlighted in Chapter III, 

such as homogenous size distribution and spherical shape proved by AFM and TEM, 

superparamagnetic developed property as well as core shell structure proved by XPS and 

theoretical estimation of magnetic core size using Langevin and Triple fit, we considered to 

be appropriate for further applications as SPIO NPs. As will be pointed later, there is no 

doubt about the formation of ferrofluid solution even in the PEG uncoated FeB NPs. 

For testing as MRI contrast agent it was important to use individual NPs which, when 

they are dispersed in an aqueous solution, have the ability to form a ferrofluid and no 

magnetic interaction arises between one to the other. Therefore a different way to 

functionalize was performed comparing with as functionalized FeB NPs, in order to reach a 

full coverage of the surface of NPs. Thus, the functionalization was carried out as we 

described in experimental section and we named these resulted entities as dispersed PEG-FeB 

NPs.  

Even if we have already characterized the as deposited and as functionalized FeB NPs 

in terms of chemical structure, taking into account the different functionalization way used 

for obtaining PEG-FeB NPs, before to perform Magnetic Resonance Imaging analysis, were 

involved also UV-Vis analyses and Zeta Potential in order to assess the possibility of PEG 

embedded FeB NPs.  

IV.2.1. Structural characterization: UV-Vis 

The chemical and structural investigation performed on as functionalized FeB NPs 

surface, which was previously immersed into ultrapure deionized water during the 

functionalization process, indicate the dominant entities as being Fe-O and O-C groups and a 

small amount of sub-stoichiometric B-O groups. UV-Vis analysis investigated the changes in 

surface chemical structure due to PEG coating of dispersed NPs in aqueous solution (see 

figure 9). The attachment process of PEG polymer at the FeB NPs surface leads to some 

changes in UV-Vis spectra. The absorption spectra were recorded before and after PEG 

addition over the wavenumber range of 200 - 900 nm and a baseline correction corresponding 

to the absorption signal of a solvent was applied.  

An important evidence for the PEG presence in the aqueous solution is the band that 

appears only in dispersed PEG FeB NPs at 230 nm. According with Sionkowska et al. 
74

 this 
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band is a signature of the presence of PEG. In their work they reported that the band of pure 

PEG should appear below 220 nm, but the tail of PEG absorption band could reach 400 nm. 

Hence the higher absorbance of dispersed PEG FeB NPs spectra could be understood by the 

contribution of PEG tail. A wide structure was seen in both spectra in the range 250-467 nm. 

This structure could be attributed to the 

existence and possible overlap of more 

species within this wavenumbers range. 

Thus, one of the possible maximum appears 

at 312 nm. According to the literature, this 

maximum can be assigned to Fe
2+

 
75,76

 and 

Fe
3+ 

ions 
75,77-80

, but also to B
2+

 
55

 bands. By 

showing the evolution of this band as a 

function of PEG attachment, in which case 

was found more prominent, could be 

evidenced the changes in iron oxide and 

boron oxide symmetry as a consequence of NPs-PEG chain interactions via oxygen atoms. 

The width of the structure suggest the presence of other bands. The lower wavenumber 

values contribution was attributed to the existence of tetrahedral Fe
3+

 oxides, which was 

found in previous studies at around 275 nm 
81-87

. A larger intensity of this band, that appears 

regardless the functionalization process, could be an evidence of the distorted symmetry of 

tetrahedral Fe
3+

 species 
75,87

 or the simultaneously possible existence of Fe
2+

 ions 
75

. The 

hardly visible band from 340 nm, which are visible in both spectra, may be assigned to 

octahedral Fe
3+

 oxides
 75,83,84,87

. Other studies also reported that the Fe
3+

 oxides ions 
75,78,87

 

and B
2+ 55

 oxides should generate bands around 370 nm. Our spectra also present an 

absorption signal close to this value but individual entities are not distinguishable. At the 

higher extremity of this wide structure another possible band could appears at about 430 nm, 

representing the octahedral Fe
3+

 ions, as was reported by others 
75,79,80,88-91

. 

Beside these structures, other low intensity bands were observed in the absorption 

spectra at 484 nm, 508 nm and 589 nm wavenumber values, corresponding to Fe
3+

 ions 

79,80,87
, octahedral Fe

3+
 oxides 

83,84,87,92
 and Fe-O groups located in FeO4 structure 

75
  

respectively. Anyway, Rada et al. 
75

 reported the possible existence of Fe
2+ 

in the range 450-

550 nm. It is important to mention that no changes were visible at these wavenumber values 

between both spectra. 
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IV.2.2. Surface charge characterization: Zeta Potential 

The stability changes of NPs and coated NPs suspended in ultrapure deionized water 

was investigated by using zeta potential.  

Variations in surface charge were measured using zeta potential analysis (see figure 

10). These measurements were performed in order to study the PEG coverage of FeB NPs 

surface even after functionalization of fully dispersed NPs. An increase in zeta potential of 

NPs has been evidenced after PEG addition. In the case of dispersed FeB NPs, a negative 

charge of -28.23 mV with a standard deviation of 7.66 mV was observed in good agreement 

with a previous study on iron oxide NPs 
93

, while a positive potential of 9.31 mV with a 

standard deviation of 5.95 mV was determined for dispersed PEG FeB NPs. The existence of 

COOH groups at the FeB NPs surface was well correlated with the higher negatively charge 

of dispersed FeB NPs 
91

. 

Considering the previous work 

of Hu et al. 
66

 were the authors 

explained the fluctuation in zeta 

potential value as being dependent on 

surface neutralization of charge 
95

 or on 

the screening effect PEG coated NPs, 

we assume that the increase in zeta 

potential of PEG FeB NPs can be 

caused by a surface neutralization of the 

negative charges or the screening effect of FeB NPs PEG coating. This result reaches our 

expectations and change in terms of charge is an evidence of successful linking of PEG 

chains to NPs surface (dominated by iron oxide groups and a small concentration of boron 

oxide groups). Also of interest is that despite of the absence of ligand, the increase of zeta 

potential of dispersed PEG FeB NPs was higher, indicating that there is a higher density of 

PEG chains bonded at NPs surface.  

This fact is in good agreement with the analysis performed on as functionalized NPs 

and with other studies, indicating the sterical colloidal stability of iron oxide NPs dispersed 

and functionalized with PEG 
93,96-98

. After PEG coverage of NPs the stability of dispersed 

NPs in aqueous solution was proved.  
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The presence of PEG chain on the NPs surface may induce a reduction in the surface 

toxicity level. Also, for in vitro analysis, it could play an important role in endocytosis and 

phagocytosis process as was related in other previous works 
97

. They found that as closer is 

zeta potential to zero values, the lower is endocytosis. On the opposite, at higher negative or 

positive charge, the phagocytosis increases
 97,99

. 

IV.2.3. “In vitro” applications:  MRI contrast agent 

In this study our goal was to assess the effectiveness of the core/shell FeB NPs, coated 

with a biocompatible polymer layer, in T2 signal reduction via in vitro MRI analysis. The 

contrast dependence on the NPs concentration, NPs functionalization together with the NPs 

stability in time was also evaluated. NPs dispersed in aqueous solution relative to blank water 

(as control) were used for MRI analysis.  

IV.2.3.1. Contrast enhancement as a function of NPs concentration 

Three different images corresponding to the three concentrations of NPs, 0.15 mM, 

0.30 mM and 0.44 mM in aqueous solution, were recorded to assess the dependence of 

contrast on NPs concentration (see figure 11a). 

The possible use of superparamagnetic FeB NPs as contrast agent was evaluated by 

monitoring the changes in the T2 transverse relaxation time of water protons 
100

 in the 

presence of different concentrations of NPs.  

The decreasing T2 relaxation time has been determined for each NPs concentration 

and compared to the T2 value corresponding to ultrapure deionized water. The comparative 

analysis as a function of NPs concentrations shows an attenuation trend of the T2 signal with 

increasing the nanoparticles concentration. Thus, the 

sample with lower NPs concentration evidence a 

23.1% reduction in T2 signal relative to that of the 

control (see Table 1). Increased attenuation was 

found for the samples with higher NPs 

concentration, the nanoparticles reducing the T2-

wheighted signal by 46.9% and 49.0% for the 0.30 

mM and 0.44 mM respectively (see Table 1). These 
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values were found to be in good correlation with other values reported in literature 
100,101,102

 

that indicates the increase of MRI signal with T2 attenuation (which will lead to a much 

darker image). 

This behavior suggests a T2 contrast enhancement dependent on concentration. An 

almost saturation state in term of contrast may be achieved by increasing the NPs 

concentration due to the fact that the distance between neighboring dispersed entities reaches 

a minimum. 

The relaxation rates were also highlighted here as a function of dispersed FeB NPs 

concentration, evidencing a continuously enhancement of R2 by increasing the NPs 

concentration (see figure 11b, Table 1).   

To clearly emphasize the potential use of NPs as contrast agent, the transverse 

relaxivity r2 was also determined for all concentrations. The evolution of this parameter could 

indicate the possible use of NPs as MRI contrast agent 
12

.  

As expected, changes in r2 relaxivity appear when increasing the concentration of the 

NPs. The r2 values calculated for each concentration (0.15 mM, 0.30 mM and 0.44 mM) were 

13.99 mM
-1

s
-1

, 20.55 mM
-1

s
-1

 and 15.24 mM
-1

s
-1

 respectively (see Table 1). Even though the 

R2 relaxation rate has a continuous increase with concentration (see figure 11b), we observe a 

r2 relaxivity decrease for the sample with the highest concentration as compared with the 

others. A similar behavior was also discussed in a previous work 
103

 where it was stated that a 

higher NPs concentration with a higher relaxation rate can rich similar contrast with a lower 

NPs concentration and a smaller relaxation rate. A dependency of concentration was related 

with the evolution of contrast and an inversion point was well highlighted, where the increase 

in NPs density, dispersed in aqueous solution, do not improve the efficiency as contrast agent 

regardless the increasing trend of R2 relaxation rate. The lack of linear R2 increase may be 

explained by the decrease of the inter-particle distance as a consequence of partial NPs 

aggregation under the applied magnetic field. This fact indicates that, in order to avoid the 

inter-particles aggregation, the optimal FeB NPs concentration, for applications as MRI 

contrast agent, should be around 0.30 mM. 
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IV.2.3.2. Coating influence on contrast enhancement and colloidal stability 

The next step was to assess the differences, in terms of contrast and over time 

stability, between aqueous dispersed FeB NPs and PEG coated FeB NPs considering the 

concentration of 0.30 mM in both cases (see figure 12b). The T2 relaxation times were 

determined for both FeB and PEG FeB NPs and compared with the T2 values recorded for 

ultrapure deionized water. T2-weighted MR images have been recorded shortly after the 

functionalization procedure and 2 hours later (see figures 12a,b). Even though the same NPs 

concentration was used, a slightly lower T2 signal reduction was reported for the PEG FeB 

NPs (see figure 12a). The reduction of T2 signal of the PEG functionalized NPs was found to 

be 39.9 % relative to that of non-functionalized FeB-NPs (61.6 %). This is a normal behavior 

considering that the mean size of the PEG FeB NPs (and thus, the surface area) and the 

molecular weight is increased compared to uncoated dispersed NPs 
100

, due to the PEG chain 

contribution at NPs surface and thus, the distance between neighboring  magnetic cores 

increases. Thus, the r2 relaxivity was found to be much higher in the case of uncoated NPs, 

being around 35.55 mM
-1

s
-1

 while the one of coated NPs was found to be at about 14.69 mM
-

1
s

-1
 (see figure 12b). This reduction was linked with the decrease of superparamagnetic signal 

100
. 

The stability over time was well proved by the MRI measurements registered after 2 

hours. The T2 alterations for dispersed NPs and dispersed PEG NPs were found to be 59.6% 

and 37.6% which evidences that no important change occurs over time in terms of T2 

relaxation time.  
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A very small decrease of r2 relaxivity was observed after 2 hours of immersion for 

both FeB NPs and PEG FeB NPs samples. Relaxivity values decreased by 1.97 mM
-1

s
-1

 and 

1.18 mM
-1

s
-1

respectively, relative to those initially recorded which represent 7.7% and 8.0% 

respectively. The small change in relaxivity over time could be attributed to the existence of a 

weak ferromagnetism as evidenced by SQUID measurements performed on as deposited NPs 

(see section III.4, Chapter III), and caused probably by the smaller size distribution of the 

NPs evidenced by AFM analysis also recorded on as deposited FeB NPs (data not shown 

here). These NPs could aggregate faster under the influence of a magnetic field due to a 

higher remanent magnetization. These findings reinforce the idea that no important changes 

in terms of colloidal stability occur as a function of time after dispersion in the aqueous 

solution. 

From the above analysis it is deduced that the presence of PEG layer on the top of 

FeB NPs affects the reflexivity which indicates a lower efficiency as contrast agent as 

comparied to bare FeB NPs. Even if the uncoated NPs develop a higher reflexivity, the PEG 

attachment represents a compromise solution in terms of NPs biocompatibility
 10-12,15-17,104-106

. 
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Conclusions  

The initial of  the present work was to fabricate and characterize superparamagnetic 

and amorphous FeB nanoparticles with diameter in range of 10-20 nm, which can be used in 

medicine as for example MRI contrast agent and also in technological applications field.  

AFM and TEM characterizations have demonstrated the spherical shape of the 

fabricated nanoparticles. TEM measurements have also revealed the amorphous nature of the 

nanoparticles deposit. 

The XPS elemental composition in depth was characterized by an exchange 

composition from surface to core with an increase of Fe/B ratio (from 0.29 to 0.56, and after 

a longer Ar
+
 ion bombardment time, corresponding to 1.8 nm of depth, the ratio becomes 

quite constant with slight variations) and oxidation level. A core-shell structure characterizes 

FeB nanoparticles with an iron and a shell of iron and boron mixture. The nanoparticles 

present non ferromagnetic behavior at room temperature, because iron atoms are insulated in 

a boron oxide matrix. AFM and TEM characterization revealed a very large size distribution 

of FeB nanoparticles. The relatively small superparamagnetic size deduced from SQUID 

measurements can be understand by the presence of a very thick oxide shell with a wide 

range of thickness which also indicates a strong influence of the oxygen on the resulting 

properties of the nanoparticles. 

 The reduced effective magnetic size determined from Langevin Fit and Triple Fit 

together with the presence of an oxide shell with different thickness surrounding the magnetic 

entities are in contradiction with the narrow distribution of blocking temperature. We can 

explain that strange behavior by the fact that the shell structure is nonmagnetic and there are 

no influences in the magnetic response of the nanoparticles due to the different thickness of 

oxide shell. 

In order to avoid the earlier clearance from biological media, after their growth, the 

NPs were coated with polyethylene-glycol (PEG). 

Two different coating techniques were performed. First, for a better highlighting of 

PEG attachment and of changes in structural and chemical properties, the NPs deposit was 

functionalized directly on SiOx wafer.  
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XPS deposit analysis of between wide scans and high resolution spectra of uncoated 

and coated NPs revealed important changes in surface chemical structure characterized by a 

decrease in boron amount after functionalization, from 81.4% to 25.3%, while the iron 

amount increases from 19.6% to 74.7%. The dissolution of an important boron amount after 

NPs deposit immersion was emphasized by UV-Vis analysis performed on the aqueous 

solution used for functionalization that indicated the presence of boron. The PEG attachment 

to the surface of NPs deposit was well identified by the increased amount of oxygen and 

carbon groups due to the additional contribution of CH2–O units originated from PEG chains. 

The XPS data were also sustained by FTIR and Raman structural analyses which highlighted 

the presence of ether groups from polyethylene (glycol) layer on coated NPs. 

The changes in chemical groups, between surface and the interior of functionalized 

NPs, were investigated in the range of 0 - 19.1 nm distances from surface. Despite the 

decrease of boron concentration after PEG attachment, the evolution with depth is similar as 

in the case of as deposited samples, with an increase of the iron amount from surface to 

interior, as a consequence of boron decrease. The chemical evolution with depth indicates a 

slightly higher oxidation at very first depth stages, until 1.2 nm distance from surface. In a 

similar way as in case of the as deposited NPs, the depth profile showed that iron atoms bond 

preferentially with oxygen. Metallic iron appears much closer to the NPs surface after 

functionalization. The high porosity of the deposit led to the dissolution of boron from the 

interior. Comparing with the boron structures that characterize the interior of as deposited 

NPs, no important differences between 0 nm and 19.1 nm could be observed for as 

functionalized NPs, with an almost homogenous distribution of sub-stoichiometric B-O 

groups regardless the depth. The nitrogen concentration also displayed an almost 

homogenous distribution along the whole depth. From the evolution with distance from 

surface of O-C groups, originating from PEG structure, the thickness of PEG layer bounded 

from the top of the deposit was found to be approximately 4.2 nm. Anyway, a substantial and 

constant amount of this structure was found also in the interior of the deposit, being caused 

by the high porosity of the deposit. While the oxygen from the surface was found in 

hydroxide state, a transition to oxide state was observed and after 6 nm distance from surface, 

no contribution of hydroxide was found. 

In the second way, for investigating the contrast enhancement, the NPs were first 

separated from the substrate and then coated with polyethylene-glycol. The UV-Vis and Zeta 

Potential measurements on dispersed PEG FeB NPs evidenced, in good agreement with XPS, 
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Raman and IR measurements on as functionalized NPs, the chemical interactions between the 

surface of NPs and PEG chains.  

Three different concentrations of 0.15 mM, 0.30 mM and 0.44 mM were used to 

investigate the changes in contrast as a function of NPs concentration. The lack of linear R2 

increase may be explained by the decrease of the inter-particle distance as a consequence of 

partial NPs aggregation under the applied magnetic field. To prevent the inter-particles 

aggregation, the optimal FeB NPs concentration, for applications as MRI contrast agent, 

should be around 0.30 mM with a relaxivity of 20.55 mM
-1

s
-1

. 

In order to study the effect in terms of contrast after PEG coating, the NPs 

concentration of 0.30 mM was investigate before and after functionalization. A decrease of 

superparamagnetic signal was relieved in PEG coated NPs, caused by the diminution of r2 

relaxivity, which was found to be much lower (14.69 mM
-1

s
-1

) as compared with the one of 

uncoated NPs (35.55 mM
-1

s
-1

). The PEG coated NPs showed a lower efficiency as contrast 

agent. Anyway, its attachment represents a compromise solution in terms of NPs 

biocompatibility. No important changes in terms of colloidal stability were identified as a 

function of time after dispersion in the aqueous solution. 

As already mentioned, the in vitro MRI analysis was carried out under an applied 

magnetic field of 7 T. This fact is important since clinical MRI is evolving also to higher 

fields for the investigation of nanoparticles as contrast agents
 12

. 

The idea of using NPs based on iron as MRI contrast agent was already discussed
 5,107

. 

It is well known that the size of NPs represents an important parameter regarding the 

reflexivity evolution. The smaller are the NPs the lower is the reflexivity
 16,100

, in well 

correlation with the saturation magnetization, which decreases with the magnetic size 
108

. In 

particular, the iron oxide NPs of 4 nm show a relaxivity at around 75 mM
-1

s
-1 16

. Taking into 

account that the superparamagnetic size of FeB NPs was found to be 2.9 nm (see section 

III.4, Chapter III), the reflexivity value is close to the one from literature. A similar study on 

FeB NPs was found 
109

. Comparing with this, where the r2 relaxivity was obtained to be 9.96 

mM
-1

s
-1

, the FeB NPs from our study showed a higher r2 relaxivity and thus a powerful T2 

contrast enhancement. In conclusion, from the above analysis, the response of 

superparamagnetic FeB NPs and PEG FeB NPs as MRI contrast agent is promising for 

further in vivo study. 
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