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ABSTRACT. In this article we show for the first time the formation of magnetic supported 

organic nanowires (ONWs) driven by self-assembly of a non-planar Fe(III) phthalocyanine 

chloride (FePcCl) molecule. The ONWs grow by a crystallization mechanism on roughness-

tailored substrates. The growth methodology consists in a vapor deposition under low vacuum 

and mild temperature conditions. The structure, microstructure and chemical composition of the 

FePcCl NWs are thoroughly elucidated and compared with those of Fe(II) phthalocyanine NWs 

by a consistent and complementary combination of advanced electron microscopies and X-ray 

spectroscopies. In a further step, we follow to vertically align of the NWs by conformal 

deposition of a SiO2 shell. Such orientation is critical to analyze the magnetic properties of the 

FePcCl and FePc supported NWs. A ferromagnetic behavior below 30K with an easy axis 

perpendicular to the phthalocyanine plane was observed in the two cases with the FePcCl 

nanowires presenting a wider hysteresis. These results open the path to the fabrication of 

nanostructured one-dimensional small-molecule spintronic devices. 

Tailoring materials structure at the nanoscale has prompted the research on new and exciting 

properties over the last two decades. This is particularly true on one-dimensional (1D) 

nanostructures (nanotubes, nanowires, nanorods or nanobelts) with longitudinal sizes orders of 

magnitude larger than the cross-sectional sizes.
[1]

 Among them, organic nanowires (ONW) form 

a family of nanostructures with remarkable optic, electronic, sensing and wetting properties.
[2-12]

 

In addition, the development of ONWs devices offers potential for low cost and flexible devices 

and versatility through the molecular design of their building blocks. The methods for the 

synthesis of these 1D systems generally relay on three approaches including template 

procedures, solution-phase deposition and vapour transport.
[2-4,6,10,13]

 Condensation from vapour 

phase at low pressure (or simply physical vapour deposition, PVD) counts within the last group 
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and presents interesting features such as: i) direct formation of single crystal nanowires with 

controlled morphology on different substrates; ii) highly adaptable to a large amount of different 

-conjugated small molecules; iii) high growth rate and controlled density of nanowires with 

appropriated homogeneity; iv) solventless and one-step; and, v) straightforward compatibility 

with other vacuum deposition and processing methods.
[2,14-18]

 The method consists in the low-

pressure sublimation of purely organic or metalorganic small-molecules from the bulk crystals 

counterpart and their condensation on the surface of diverse supports. These molecules self-

assemble into supported single-crystal nanowires of tens of nanometres width and several 

microns length.
[14,15,18] 

Such heterogeneous crystallization process can be enhanced by including 

nucleation centres at the substrate to trigger the preferential condensation of molecules on those 

spots.
[14,15]

 Formation of ONWs has been reported during the last years on an ample variety of 

surfaces including metal and metal oxide thin films and organic supports.
[12,14,18-21]

 The main 

parameter conditioning the growth of ONWs is the morphology of the surface instead of its 

chemical nature. Thus, the surfaces suitable for the growth of a high density of nanowires usually 

present a certain roughness produced for instance by the distribution of metal or metal oxide 

nanoparticles on a flat substrate or simply by the nanostructured thin film surfaces features. On 

the other hand, the preferential self-assembly in the direction of the nanowire length is driven by 

the π-π stacking of conjugated organic molecules. The most studied single-crystalline nanowires 

grown by vapour-phase condensation are formed by extended aromatic molecules including also 

heteroatoms and metalorganic molecules (for instance, perylene bisimides, (metal)-porphyrins 

and (metal)-phthalocyanines).
[2,6,7,14-16]

 The role played by the heteroatoms and side chain 

modifications in purely organic molecules as well as metal cations within metal porphyrins and 

phthalocyanines is critical in the properties of the functional molecules and thereof in the 
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applications of the ONWs. During the last years, numerous articles have reported on the 

molecular design attending to the side chain modification to improve solubility and to develop 

ONWs with ad hoc properties. Thorough analyses on the electrical and optical properties of 

metal-porphyrins and metal-phthalocyanines as a function of the metal cation have been 

published.
[2,4] 

Thus, planar aromatic backbone molecular structures are extensively exploited as 

building blocks of small-molecule single crystal nanowires, meanwhile, there is a lack of 

information in the bibliography regarding the formation/assembling of similar structures from 

non-planar conjugated molecules. The structure and symmetry of the phthalocyanines depend on 

their composition. Metal free phthalocyanines H2Pc (D2h) and metal-phthalocyanines of the most 

common light divalent transition cations MPc (D4h) are planar conjugated systems. In the case of 

metal-phthalocyanines of trivalent cations, the resulting molecules are non-planar (C4v) with an 

out-of-plane anionic species compensating the extra charge. On the other hand, phthalocyanine 

molecules present interesting magnetic properties recently unraveled for monolayers of metal-

phthalocyanines adsorbed on substrates or forming thin films,
[22-26]

 as ultrathin films on 

semiconductors,
[24]

 and as superconducting self-assembled structures on epitaxial films.
[25]

  

In this work, we report the synthesis, microstructure and magnetic properties of ONWs 

made of Fe(III) phthalocyanine chloride (FePcCl) and Fe(II) phthalocyanine (FePc). The choice 

of these molecules was not arbitrary. FePc (see schematics on Figure 1) holds an Fe(II) ion with 

an unbalanced spin of S = 1.
[26]

 This molecule presents interesting magnetic properties when π-π 

stacked in crystalline thin films
[23,29]

 but has not yet been studied from this point of view forming 

1D nanostructures. The scarcely studied FePcCl molecule is quite similar, but with a Cl atom 

standing out of the phthalocyanine plane, in line with the central Fe(III) ion (see Figure 1). This 

ion holds a larger unbalanced spin S = 5/2, which would, in principle, enhance the exchange 



 5 

coupling between molecules. However, as we will show below, the introduction of the Cl atom 

leads to a modification of the out-of-plane interaction providing a significantly difference in the 

magnetic properties. Furthermore, it has been reported
[26]

 that molecules similar to FePcCl tend 

to lose the Cl atom when deposited onto conductive substrates, with a partial reduction of the 

Fe(III) ion to Fe(II), effectively transforming the FePcCl molecule into FePc.  

As far as we know, this is the first time that a protocol for the formation of supported 

nanowires from non-planar phthalocyanines is presented. A detailed characterization applying 

High Resolution Transmission Electron Microscopy (HREM), Selected Area Electron 

Diffraction (SAED), Scanning Transmission Electron Microscopy (ESEM), Energy-Dispersive 

X-ray spectroscopy (EDX), X-ray Absorption Spectroscopy (XANES/EXAFS) and X-ray 

Photoemission Spectroscopy (XPS) aimed a thorough elucidation of the structure and 

composition of the ONWs. In addition, following a protocol recently developed
[19,21,28]

 we show 

the vertical alignment of the as-grown FePc and FePcCl ONWs after deposition of a conformal 

SiO2 shell by plasma enhanced chemical vapour deposition (PECVD). Both the effect of the 

Fe(III) cation presence along the NWs structure and their vertical alignment will be addressed 

regarding their magnetic properties.   

Results and discussion 

Figure 1a) shows the planar view of a FePc nanowire array grown on a Si(100) substrate 

decorated with an aluminium nanostructured film (see Methods for experimental details). 

Similarly to previous results,
[14-16]

 the nanowires grow from the interface with the substrate by a 

crystallization processes initiated at a metallic nanoparticle decorated surface. They are 

consistently formed in rectangular shapes that are constant through their lengths,  with cross 
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sections mean value  57 nm (NWs thickness in the range between 19 and 118 nm) and lengths 

over 1-2 μm. Figure S1 shows the histograms obtained after statistics in more than 150 NWs 

obtained after image analyses of several SEM micrographs. The nanowires distribution covers 

random directions with respect to the substrate surface in a high density over 15 ONWs/μm
2
. 

Figure 1 b) presents the nanowire array obtained from FePcCl molecules following the optimized 

experimental protocol on a Al/Si(100) substrate. At first sight, the results indicates the non-

planar phthalocyanine also self-assembles forming supported nanowires with a similar 

rectangular shape, but with a higher density that in the case of the FePc. The FePcCl nanowires 

mean length (~1-2 μm) is similar to that of the FePc nanowires (see the pictures on the right side 

in Figures 1a and 1b). However, the average cross section is thinner,  53 nm (NWs thickness in 

the range between 19 and 98 nm).  



 7 

 

Figure 1. Normal view SEM micrographs of FePc (a) and FePcCl (b) nanowires grown on 

Al/Si(100) substrates. c) Cross-sectional view of the FePcCl@SiO2 nanowires (left),  higher 

magnification image showing the globular microstructure of the SiO2 shell (center) and HREM 

image of the core@shell nanostructure (right). The top panel shows the chemical structure of the 

nanowires precursor molecules FePc and FePcCl. 
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The combination of High-Resolution Electron Microscopy (HREM) and Selected Area Electron 

Diffraction (SAED) provides the structural characterization of individual nanowires. Figure 2 a-

b) show the HREM micrographs of single nanowires of the planar (FePc) and non-planar 

(FePcCl) phthalocyanines. This magnification allows distinguishing the vertical columns of the 

single crystals and determining the inter-planar distance. The measured inter-columnar distances 

were 1.30 ± 0.05 nm and 1.32 ± 0.05 nm, for FePc and FePcCl respectively. These values were 

confirmed by the respective 2D Fourier transforms (see the insets in the figures). However, the 

resolution of the TEM is not enough to distinguish between two layers of the stack in the real 

space. By recording the SAED diagrams of the two samples at the (001) zone (Figure 2 c-d), we 

were able to see a set of diffraction dots indexed as the repeating column direction (100) and the 

inter-plane stacking direction (010). FePc nanowires yield distances of d(100) = 1.30 nm and 

d(010) = 0.40 nm, while for the FePcCl nanowire, d(100) = 1.32 nm and d(010) = 0.46 nm. Note 

that such difference in the interplanar stacking is in good agreement with the Cl ionic radius (i.e., 

0.175 nm)
[29]

 as shown in the Schematic S1 in the Supporting Information Section. The 

interplanar stacking direction of the FePc nanowire forms an angle of 85º respect to the 

intercolumnar direction, which means that the vertical stacking is slightly skewed from the 

perpendicular to the columns. This arrangement is characteristic of the phthalocyanines’ triclinic 

crystal structure.
[14,15,30,31]

 Furthermore, in the FePc SAED diagram we appreciate an intensity 

increase of the diffraction dots corresponding approximately to the (210) direction and also a 

minor one on the (310) direction. These effects could be attributed to the herringbone angle of 

the molecular arrangement which would be oriented to this direction (i.e., between 20º (210) and 

28º (310) from the inter-column direction).
[15]

 A similar case occurs in the FePcCl SAED 

diagram, where the interplanar stacking direction is at 87º from the intercolumnar direction. In 
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this case, the diffraction intensity increase is located between the (100) and the (200) (i.e., 

between 15º and 20º), presenting approximately a similar increase in both cases. Figure 2 c-d) 

also shows the 2D Fourier Transform of the corresponding triclinic herringbone models with the 

calculated distances, angles and orientation of the molecules (see the models in the 

corresponding insets and Schematic S1). Note that, although there is always some degree of 

amorphisation of the nanowire crystalline structure under the electron beam during the image 

acquisition, these models corresponds fairly well with the experimental SAED diagrams. In 

addition, these results for individual nanowires structure agree with the microstructural 

characterization carried out of NWs-arrays by X-ray Diffraction at grazing angles (Supporting 

Information Section S1). GAXRD diagrams in the SI show diffraction peaks corresponding to 

both the nanowire samples and to the substrates (Cu and Cu2O nanostructured films), depicting 

three clearly defined peaks at the lowest angles corresponding to the (200), (202) and (402) 

planes.
[32]
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Figure 2. HREM micrographs of single-crystalline nanowires of (a) FePc and (b) FePcCl. The 

respective insets are the corresponding 2D Fourier transforms. SAED diagrams and calculated 

diffraction diagrams (right) of (c) FePc and (d) FePcCl nanowires. The insets show the 

herringbone structures for each composition. (e) EXAFS signals Fourier Transforms (imaginary 

part and magnitude) from the samples with their corresponding fits. 
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and Cu from the substrate. Table S1 gathers a summary of the peak positions and the 

corresponding planes and interplanar distances.  

Detailed information about the wire-arrays composition was assessed by X-Ray Spectroscopies 

(see Supporting Information Section S3 and Methods). Figure S3 and S4 show the schematics of 

the scattering paths applied on the EXAFS analysis for FePc and FePcCl, correspondently. 

Figure S5 gathers the X-ray Absorption Spectroscopy (XAS) spectra for the FePc and FePcCl 

nanowires samples in comparison with their bulk crystalline counterparts. FePc and FePcCl bulk 

crystals present a pre-edge shoulder corresponding to a 1s → 3d transition from the Fe(II) and 

Fe(III) ions on square-planar configuration located at slightly different energies. These spectral 

features are ideal to identify the ion present on the sample. FePc nanowires XANES spectrum 

displays a similar pre-edge shoulder than the bulk crystalline FePc reference (Figure S6). Thus, 

we can conclude that the nanowires are composed of FePc stacked molecules. However, in the 

case of the FePcCl nanowires, the XANES shows two shoulders on the pre-edge region. The first 

shoulder coming from the expected Fe(III) ions (as shown in the bulk crystalline FePcCl 

reference) and a second component that can be attributed to Fe(II) ions. A rough estimation of 

the Fe(III)/Fe(II) ratio from these spectra was over 60-70%. Thus, there is very likely that a 

percentage of the original FePcCl precursor molecules were transformed to FePc during the 

nanowires deposition and/or characterization. EXAFS spectrum of the FePc nanowires (Figures 

2 e), S7 and S8) were analysed by using a model that started from the known positions of the 

FePc atoms from the literature,
[33,34] 

and then added contributions from the neighbouring 

molecules on the vertical stack. On this regard, the positions of these molecules were allowed to 

slightly shift horizontally, as is expected from the typical crystalline structures of 

phthalocyanines.
[35]

 The Fe-Fe distance was fitted to be 0.384 nm, and the stacking molecules 
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were horizontally shifted by 0.080 nm. This result agrees with the previously shown SAED 

measurements. Figure 2 e) (left) shows the imaginary part and the magnitude of the Fourier 

Transform of the EXAFS signal of the FePc nanowires, giving a quite accurate fit up to 4.2 Å. 

The fit also shows a few interesting additional results which are described on the Supporting 

Information Section S3 along with the full details of the analysis. The EXAFS spectrum from the 

FePcCl nanowires was more complicated to analyse due to the mixture of both FePc and FePcCl 

local environments. In order to reduce the number of variables in the fitting procedure, we took 

the results from the EXAFS analysis of the FePc nanowire and maintained these values as fixed. 

Then we added a variable that accounts for the FePc/FePcCl ratio, and developed a model of the 

FePcCl local environment with its neighbouring molecules, similar to the above one (see details 

in SI). In the model, these neighbours would be stacked with Cl atoms positioned between them. 

Thus, each Fe ion will have a coordination shell with two Cl atoms. The results show that the Cl 

atoms stand at 0.229 nm of the Fe ions, and the neighbour Fe is located at 0.458 nm. These 

results are also in agreement with the SAED measurements. The FePc/FePcCl ratio was fixed to 

30:70 for the fitting as determined from the XANES analysis. We were not able to quantify the 

horizontal shift of the stack, as the backscattering signal of the neighbour molecules N atoms is 

not strong enough to be analysed. Figure 2 e) (right) shows the imaginary part and the magnitude 

of the Fourier Transform of the EXAFS signal of the FePcCl, and its corresponding fit. Note this 

fit is not as accurate as the previous case due to the complex mixture we were considering in the 

model, so a relatively large error (~10%) was assumed on the quantitative results. 

In order to further elucidate the chemical composition of the FePcCl NWs we carried out the 

characterization by UV-VIS-NIR transmission and XPS in high-density arrays and by EDX on 

individual FePcCl wires. Figure 3 a) shows the UV-VIS-NIR transmission spectra of FePc and 
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FePcCl solid powder and supported nanowires. The spectra of the FePc samples are 

characteristic of metallated phthalocyanines consisting in an intense Q band over 720 nm and a 

high energy B band over 340 nm. The spectra of the FePcCl samples present similar bands 

shifted to higher energies at over 672 nm (Q band) and over 335 nm (B band) with an additional 

absorption band at 854 nm. The samples are transparent in the NIR regions. In both cases the 

spectra of powder and supported nanowires samples are very similar being the supported powder 

and single crystalline films’ spectral features located in the same spectral positions. However, the 

FePcCl sample presents a low energy shoulder in the position of the FePc Q absorption band that 

could indicate a minor FePc contribution. 
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Figure 3. (a) UV-Vis-NIR spectra of the FePc and FePcCl supported powders and NWs grown 

on a TiO2 thin film previously deposited on fused silica. The spectra have been displaced 

vertically with respect to one another for clarity. (b) EDX spectrum of a FePcCl nanowire 

obtained in the transmission electron microscope. The spectrum shows the relevant fluorescence 
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peaks used to calculate the Fe/Cl ratio. (c) Atomic percentage obtained for Cl and Fe signals, 

along to the estimated Cl/Fe ratio. Inset) STEM image indicating the EDX linear scanning for the 

FePcCl nanowire.  

Figure 3 b) shows the EDX spectra corresponding to a FePcCl nanowire acquired in the TEM. Cl 

fluorescence peaks can be easily determined along with those of Fe and light elements. Cu and 

Al signals from the substrate seeds are also present. We estimated the composition along the 

cross section of the NW by a high resolution linear EDX scan (see Figure 3 c). The EDX results 

indicate a slight deficit of Cl in the external face of the NW reaching a constant value in the NW 

central region of Cl/Fe  0.82. On the other hand, a high nanowire density FePcCl sample was 

characterized by XPS. A quantitative measurement of the Fe2p and Cl2p photoelectron peaks 

(Figure S9 and Table S6 in the Supporting Information) signals allowed calculating the Cl/Fe 

ratio to be over 0.93 by this technique. This value is quite close to the expected 1:1 ratio 

corresponding to the FePcCl molecular formula. Note that the surface sensitivity of the XPS 

enhances the detection of the molecules located at the sample surface. However, the determined 

ratio confirms, in good agreement with the EDX results, that only very minor percentage of the 

surface FePcCl molecules in the nanowires have indeed transformed into FePc.  

Results gathered in Figures 1 to 3 and S2 to S9 indicate that both, FePc and FePcCl NWs are 

formed by a crystallization process with Cl atoms occupying a central position between two 

Fe(III) phthalocyanine molecules in the vertical molecular stacks in the case of the FePcCl NWs.  

For the magnetization measurements, it is necessary to discern between the in-plane and 

out-of-plane directions respect to the phthalocyanine planes, as the exchange interaction should 

appear mostly on the out-of-plane direction. However, as shown in Figure 1, the phthalocyanine 
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self-assembled supported nanowires do not grow perpendicularly to the substrate and are 

bent
[14,19]

 forming a randomly distributed mesh. Indeed, alignment and patterning of organic 

nanowires and nanofibers has become a ubiquitous issue in the topic as critical to prompt the 

integration of these nanostructures within spintronic and optoelectronic devices. Literature 

gathers approaches such as soft-printing lithography, template formation or seed-mediated 

orientation of the ONWs.
[12,36-39]

 In this article, we take advantage of a recently developed 

method consisting in the alignment of the ONWs driven by electrostatic interaction with the 

plasma-sheath electric field.
[19,21,28]

 The protocol involves the formation of an inorganic shell that 

acts as a scaffold that maintains the vertical orientation of the ONWs once the plasma is switched 

off. In practice, the FePcCl and FePc ONWs reach vertical alignment by growing by PECVD
[40]

 

a SiO2 conformal shell. Figure 1c) shows the cross-sectional view and detail of an array of 

FePcCl nanowires coated with SiO2. The coating is completely conformal, being thicker at the 

tip of the wires because of a self-shadowing effect enhanced by the vertical alignment.
[19,28,41]

 

Concretely, we have deposited a SiO2 shell with a nominal thickness of 250 nm (i.e., the 

thickness measured by SEM of a thin film deposited under the same conditions and time). This 

value corresponds to the thickness of the shell on the top of the NWs. Because the self-

shadowing effect, the thickness of the shell along the NWs length is smaller, in the order of 40 

nm (see  the HREM image in Figure 1 c-right). The straightening and preferential vertical 

alignment is clearly evidenced in the SEM micrographs showing that most of these hybrid 

nanowires are oriented perpendicularly to the substrate. Surface roughness of the shell and 

porous globular microstructure (see Figure 1 c) are in good agreement with the corresponding 

thin film counterpart deposited on flat substrates.
[40]

 It is worth to stress that this shell acts solely 

as a mechanical or geometrical scaffold with not interference in the magnetic properties. Hence, 
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as it is proved in the HREM image of a FePcCl NW cover by the SiO2 shell (Figure 1 c-right) the 

plasma deposition method provides the formation of the inorganic shell with no damage of the 

delicate organic nanowire single-crystalline structure. Figure 4 a) shows the magnetisation 

hysteresis loops at 5 K corresponding to the vertically aligned SiO2-coated FePc nanowires, 

taken at both in-plane and out-of-plane geometry. We observe that the out-of-plane 

magnetisation direction presents some ferromagnetism, although with a small remanence and 

weak coercivity. On the in-plane direction, the system seems to follow a ferromagnetic 

behaviour as well, but with smaller remanence and coercivity. Figure 4 b) displays the hysteresis 

loop of the SiO2-coated FePcCl nanowires. Again, ferromagnetism is found in both the out-of-

plane and in-plane magnetisation directions, being also higher in the former case. Besides, the 

observed hysteresis loops in both directions are noticeably wider than those of FePc. The 

ferromagnetic behaviour is further evidenced in Figure 4 c), where the magnetisation in the out-

of-plane directions for both samples at 0.1 T is plotted against temperature. Here we can see that 

both magnetisations follow the ferromagnetic characteristic shape, with a Curie temperature 

around 30 K. 
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Figure 4: SQUID magnetization measurements, giving the hysteresis loops of vertically aligned 

SiO2 coated supported nanowires of (a) FePc and (b) FePcCl at both out-of-plane and in-plane 

directions with respect to the substrate surface. The curves show the nanowires are ferromagnetic 

presenting an evident anisotropy. The insets show a zoom on the central region (c) Magnetisation 

b)

a)

c)
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against temperature of the out-of-plane direction of SiO2-coated supported nanowires of (a) FePc 

and (b) FePcCl. The Curie temperature is approximately 30K for both samples. 

From these results, we can conclude that the vertical stacking of both molecules results in a 

noticeable anisotropy, with an easy axis perpendicular to the plane of the phthalocyanines, as 

expected due to their extremely anisotropic structure. Comparing both molecules, FePcCl 

presents wider hysteresis in both directions, which means that the higher spin state of the Fe(III) 

ion overcomes the interposition of the Cl atom. This type of interaction between Fe ions too far 

away from each other to be connected by direct exchange and is mediated by a diamagnetic  

material (i.e. the Cl ions) is named superexchange interaction
[42]

 and is due to the extension of 

the  Fe(III) wavefunction out over the Cl anion producing and orbital overlap.  However, the 

exact nature of the superexchange interaction between the Fe ions according to the Goodenough-

Kanamori-Anderson rules
[43]

 would need a complete description of the molecular orbitals of the 

stacked FePc and FePcCl molecules, which is out of the scope of this paper.   
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Conclusions 

In this work, we have presented the experimental conditions to synthesize single-crystalline 

supported nanowires by the physical vapour deposition of the non-planar Fe (III) phthalocyanine 

chloride molecule. We demonstrated that FePcCl NWs grow under controlled vacuum and 

substrate temperature conditions onto Si(100) coated with nanostructured Al, Cu or TiO2 films. 

The FePcCl samples presented a high NW density, high aspect ratio, uniform cross-sections and 

lengths. A minor percentage of reduced Fe(II) was detected located at the nanowire surface. 

The structural and magnetic properties of the FePcCl nanowires were compared with Fe(II)- 

phthalocyanine nanowires deposited by the same methodology to be used as reference. Structural 

and chemical characterization indicate the growth following a crystallization process of single-

crystalline organic nanowires by the self-assembly of the non-planar FePcCl plausibly directed 

by a molecular stacking in which each Cl atom is shared sandwiched between two adjacent Fe 

(III) cations in two phthalocyanine macrocycles.  

Once developed the synthetic route for the supported FePcCl nanowires, we studied the magnetic 

properties of the FePc and FePcCl nanowires after aligning them perpendicularly to the substrate 

by the plasma assisted deposition of a SiO2 shell. The results indicate the vertically aligned 

FePcCl nanowires are ferromagnetic below 30K presenting a magnetic anisotropy on the 

direction perpendicular to the phthalocyanine planes in the single crystals due to a 

superexchange interaction between the Fe(III) cations. We trust this work will open new routes 

for the development, enhancing and controlling of the magnetism of oriented nanowire structures 

by the self-assembly of non-planar conjugated molecules and provides an unprecedented route 
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for the exploitation of the magnetic properties of organic 1D nanostructures in molecular 

electronics and spintronics.
[45-49]

  

Methods. Supported Organic Nanowires Formation. FePc and FePcCl powders (Aldrich) were 

sublimated in a vacuum chamber from a low temperature effusion cell prepared for organic 

compounds evaporation. The molecular structures are shown in Figure 1. The base pressure of 

the chamber was below than 10
-6

 mbar. Ar gas was introduced into the reactor to obtain a 

working pressure of 0.02 mbar during the deposition using a calibrated mass flow controller 

(MKS). The distance from the cell to the sample holder was ~ 6.5 cm. For FePc, the temperature 

of the evaporation cell was adjusted to obtain a constant growth rate of around 0.4 Å. This rate 

was measured by a quartz microbalance calibrated to a density of 0.5 g/cm
3
. The microbalance 

was located close to the sample holder and at the same distance from the evaporation cell. The 

temperature of the sample holder was kept around 220ºC during the deposition to favour the 

formation of the nanowires.
[14]

 Similarly, for FePcCl the growth rate was adjusted to 0.45 Å/s 

and the sample holder was kept at 210ºC. 

Substrates. Substrates with suitable seeds needed for the synthesis were prepared and used for 

the nanowire deposition. For this, Si(100) wafers and fused silica slides were coated in three 

ways: a) with Al by thermal evaporation in high vacuum, b) with Cu by oblique angle deposition 

(OAD)
[44]

 and c) with a thin layer of mesoporous TiO2 deposited by PECVD.
[21]

 These methods 

yielded  nanostructured films or nanoparticles with mean size in the range of 100 nm when the 

thickness was settled below the percolation limit. These systems served as nucleation centers for 

the preferential condensation of the molecule. Polycrystalline FePc and FePcCl films were 

formed under the same experimental conditions on pristine substrates. These latter samples were 

utilized as references to perform optical absorption measurements. 
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SiO2 shell formation. A conformal SiO2 shell was formed by plasma-enhanced chemical vapour 

deposition (PECVD), using a microwave (2.45 MHz) ERC reactor in a downstream 

configuration keeping the substrates at room temperature.
[19,21]

 The precursor 

(chlorotrimethylsilane, Sigma-Aldrich) was introduced into the chamber through a heated dosing 

line using a mass flow controller. The microwave plasma source (SLAN, Plasma Consult 

GmbH) was coupled to the reaction chamber and separated from it by a grounded grid located 10 

cm above the sample holder and operated at 600 W. The working gas was 1 × 10
−2

 mbar of 

100% O2.  

Materials Characterization. Scanning electron microscopy (SEM) planar and cross-sectional 

views images were taken with a Hitachi S4800 field emission SEM microscope. Analyses of the 

SEM images were carried out using the free available ImageJ software 

(https://imagej.nih.gov/ij). Selected Area Electron Diffraction (SAED) patterns were carried out 

in a Philips CM200 transmission electron microscope (TEM). High resolution TEM images were 

registered in a FEI-Tecnai G2F30 field emission scanning TEM (STEM-FEG) equipped with a 

S-Twin objective lens and operating at 80KV. The TEM analyses let us to determine both the 

column spacing between the molecules on a single nanowire and the inter-molecular spacing and 

relative orientation of the characteristic herring-bone structure resulting from the molecular self-

assembly.
[15]

 The nanowires were scraped from the Al/Si(100) substrates and deposited on gold 

grids for the TEM analysis. Energy-dispersive X ray (EDX) spectra were recorded during the 

TEM measurements estimate the Fe/Cl ratio EDX profiles were acquired with a FEI Tecnai 

Osiris TEM/STEM 80-200 working at 200 kV. Post-processing of EDX data was performed with 

the open source Hyperspy software: hyperspy.org. as described elsewhere.
[45]

 X-ray absorption 

spectra at the Fe K edge in fluorescence mode were recorded at the SAMBA beamline of the 
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SOLEIL Synchrotron. The objectives of these measurements were: a) to determine the atomic 

distances on the local environments of the Fe ions in both the FePc and FePcCl nanowires and 

crystalline reference samples and b) to quantify the vertical Fe-Fe separation on the nanowire 

stacking. UV-Vis-NIR transmission spectra were collected in a PerkinElmer Lambda 750 

UV/Vis/NIR spectrophotometer. XPS measurements of the FePcCl nanowire sample were 

obtained using a Phoibos 100 DLD X-ray spectrometer from SPECS working in the pass energy 

constant mode and using the Mg K as excitation source. Superconducting quantum interference 

device (SQUID) magnetometry was used to measure the samples’ magnetisation. Hysteresis 

curves were recorded at low temperature (5K) to ensure the maximum magnetisation. The 

temperature behaviour of the magnetisation at 0.1 T of external field was taken from 5 to 100K 

to check for the ferromagnetic character of the samples and estimate the Curie temperature. The 

measurements were made at both in-plane and out-of-plane directions (referring to the substrate 

surface) to investigate the expected magnetic anisotropy caused by the structural anisotropy. 
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