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ABSTRACT: Supramolecular nanowiring is based on the precise interconnection of nano- or 

microelectronic circuit elements with electroactive supramolecular polymers displaying directional 

charge transport properties. It is a particularly attractive topic of current research in order to access 

miniaturized organic electronic devices. The bottom-up construction of such integrated nanowires 

can be generated by specific supramolecular polymerization processes – based on addressed 

nucleation growth mechanisms – which provide a spatial precision in their placement that cannot 

be accessed by top-down approaches. However, to implement, quantify, and validate such 
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supramolecular interconnects in nanotechnologies, powerful characterization techniques, which 

probe both the fine structural and orientational features of the nanowires, are still required. Most 

techniques usually lack the ability to access the morphological parameters of the targeted 

nanostructures lodged within the electronic circuits at that scale (for instance between 

micro/nanoelectrodes). Even grazing-incidence wide-angle X-ray scattering (GIWAXS) poses 

major hurdles for the practical investigation of such miniaturized electronic devices due to beam 

path obstruction for most in-plane orientation of the samples. To overcome these limitations, 

we have implemented a sensing modality based on GIWAXS collection for unique sample 

orientation and spot shape analysis in reciprocal space allowing the entire film morphology to be 

accessed. In this case study involving triarylamine-based nanowires, we fully determine in a single 

experiment the packing structure of the supramolecular polymers interconnecting microelectrodes, 

together with their 3D and 2D orientational order parameters (S3D ≈ 0.986 and S2D ≈ 0.91). Our 

investigation demonstrates that the nanowires lie not only flat along the substrate but are also 

aligned along the normal to the electrodes. Furthermore, this alignment occurs with a coherent 

length of more than 100 nm, representing more than 200 molecular lengths along the nanowire 

axis. From a broader perspective, this work highlights the high potential of GIWAXS to become a 

reference method for achieving the full characterization of nanowiring processes with various types 

of supramolecular polymers and polymer self-assemblies integrated in complex device geometries. 

 

 

KEYWORDS: supramolecular polymers; nanowires; supramolecular electronics; orientational 

alignment; microelectrodes; grazing incidence wide-angle X-ray scattering 
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INTRODUCTION 

One of the most challenging objectives in supramolecular electronics1-3 is to precisely 

interconnect circuit elements, such as nano- and micro-electrodes, with supramolecular organic 

nanowires. Because charge transport is highly directional, the entire device efficiency depends on 

both the (local) structural and (long range) orientational alignments of the organic 

(semi)conducting material. Hence, monodimensional supramolecular polymers with a high degree 

of internal organization (e.g. large number of aligned crystalline domains), and an optimal 

orientation between electrodes, are expected to considerably increase the charge transport 

efficiency and miniaturize organic electronic devices.3,4 This has been established for e.g. OLEDs, 

OFETS,5-8 solar cells,9-11 and chemical sensors.12,13  

The long range anisotropy and orientational alignment of various kinds of supramolecular nano-

objects, such as fibers, rods, chains, and belts are most often studied by microscopy techniques, 

such as polarized optical microscopy, AFM, SEM, and TEM.14 In addition, spectroscopy 

techniques such as UV−vis absorption, spectroscopic ellipsometry (SE), and near-edge X-ray 

absorption fine structure (NEXAFS), are commonly used to probe the local organization of fibrillar 

structures.14,15 However, the precise molecular order of the supramolecular polymer backbone, 

from which the (nano)object is built-up, can only be probed and quantified by more local 

characterization techniques such as x-ray scattering. Though, when only a few supramolecular 

nanowires are arranged in an electronic circuit, the scattering experiment becomes more complex 

because of the low signal intensity and device geometry. We reasoned that, in principle, these 

limitations can be overcome by using grazing incidence wide-angle X-ray scattering (GIWAXS), 

as large areas within thin surficial layers are probed, with the advantage to elucidate the local 

molecular packing structure of the nanowires.16 Moreover, by measuring the sample in several 

directions, one can also potentially clarify the alignment and orientation of the polymer in their 
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effective wiring configuration.17,18 Finally, the coherence length of the supramolecular polymers 

may be obtained,19 and a GIWAXS derived orientation parameter calculated.20 Therefore, one can 

expect that a single GIWAXS experiment could ideally provide a fully quantitative multiscale 

structural and orientational characterization of the supramolecular wires directly measured in the 

organic electronic device. Nevertheless, to the best of our knowledge, the necessary developments 

to implement such a powerful characterization method in the context of nanowired devices have 

not been investigated in the literature so far. 

As a proof of principle, we decided to study the local structure and long-range anisotropy of 

self-assembled triarylamine-based supramolecular polymers21 placed between microelectrodes 

(Fig. 1). This new family of supramolecular polymers has been previously shown to display 

excellent electronic and photonic conducting properties.22-25 Their local supramolecular structures 

were characterized by various techniques, including powder X-ray diffraction (XRD).21 Moreover, 

we recently demonstrated the possibility to grow triarylamine (TAA) nanowires directly in between 

electrodes by introducing a so-called supramolecular electropolymerization process starting from 

TAA 1 (Fig.1).26 The spatially addressed and oriented formation of these nanowires is accessible 

by a multistep oxidation / nucleation / growth mechanism (Fig. 1b-d). First, a solution of TAA 1 

in heptane is drop casted onto interdigitated electrodes, while applying a direct current electric field 

of 1.25 × 107 V·m-1. Neutral TAA 1 molecules, that come in direct contact with the anode, are 

electro-oxidized into their radical cation form (TAA 1•+), subsequently triggering their nucleation 

by charge transfer complexation and hydrogen bonding. The anode thus becomes a seeding surface 

from which the supramolecular polymers can grow: neutral TAA 1 stack onto the nuclei and the 

nanowires polymerize from the anode towards the cathode, following the lines of the applied 

electric field. Finally, the supramolecular polymers laterally aggregate with one another by van der 

Waals forces to produce larger bundles of supramolecular nanowires. This novel supramolecular 
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electropolymerization process warrants unprecedented control over the localization of the 

interconnects, by (i) addressing electro-oxidation of the TAA 1 monomers at the anode, and by (ii) 

inducing directional growth of the supramolecular polymers in the applied electric field. The 2D 

orientational alignment of the supramolecular polymers was quantified for the direction normal to 

the electrodes, using SEM and AFM images, with order parameters of 0.87±0.09 (at a concentration 

of 2 mg/mL) and 0.94±0.08 (at 5 mg/mL).26 However, the 3D orientational parameter, as well as 

the local supramolecular structure and its coherence length are not accessible by these techniques 

but of first importance in the context of a nanowiring process. 

We now present a much more powerful analysis by making use of a single GIWAXS experiment 

to fully characterize this system (Fig. 1e). The main challenge arises from the fact that a method, 

capable of delivering the local information within the electronic circuit, by directly characterizing 

the nanowires in between microelectrodes, is required in order to take optimal advantage of our 

systems configuration. Classical methods for deriving orientational order parameters, by means of 

rocking curves, cannot be used as the thin film has the same height (~100 nm) as the 

microelectrodes, that consequently obstruct the path of the grazing incident beam. Furthermore, in-

plane rotation of the microelectronic device would inevitably lead to inherent variations, both in 

the effective scanned volumes and in the background scattering contributions made by the glass 

substrate. To overcome these experimental limitations, we resorted to a direct analysis of the 

intensities of Bragg reflections in the GIWAXS pattern. Here, we combine the radial and angular 

broadening observed for each spot in reciprocal space collected for the same configuration 

(incident beam parallel to the microelectrodes, w = 0, Fig.1e) to infer the morphological parameters 

of the film. With this technique, not only the (supra)molecular organization of the nanowires can 
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be determined, but, through the acquisition of their coherence length and both 2D and 3D 

orientational parameters, also their long-range orientation. 

 

 
 
Figure 1. (a) Molecular structure  of TAA 1; (b) Generic mechanism of supramolecular 
polymerization of TAA 1 through an oxidation / nucleation / growth process; (c and d) Atomic 
Force Microscopy (AFM) images of nanowires [reproduced from ref.26 with permission] formed 
by supramolecular electropolymerization of TAA 1 solutions in heptane at 2 mg/mL (c) and 5 
mg/mL (d); the solutions were drop casted onto 2.5 mm long interdigitated gold micro-electrodes 
(width 10 µm; height 100 nm; spaced away by 10 µm) at a 1.25×107 V/m applied DC electric 
field26; (e) Schematic of the GIWAXS setup on the SIRIUS beamline at the French National 
Synchrotron Radiation facility SOLEIL (Saint Aubin, France)27 including relevant geometry 
definitions. The sample is tilted by 0.12° with respect to the incident beam for grazing incidence 
wide-angle measurements. The sample can be rotated about its vertical axis: its position is defined 
by the angle w made by the normal to the microelectrodes with respect to the normal to the incident 
beam. In configuration where the incident beam is parallel to the microelectrodes (w = 0), all the 
electrode gaps, which are filled with TAA 1 nanowires, are irradiated simultaneously, as the x-ray 
footprint is 500 µm wide. The angles f and b define the disorientation of the long axis of a nanowire 
with respect to the substrate plane and to the normal to the electrodes respectively. The horizontal 
(“longitude”) angle, µ, and the vertical (“latitude”) angle, d, define the direction of the diffracted 
beam with respect to the incident beam. The diffracted beam hits the 2D detector (detector rotation 
not shown) with a total scattering angle 2q with q the Bragg angle. 
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RESULTS AND DISCUSSION 

Structure of the supramolecular nanowires films. The GIWAXS patterns, collected at low (2.5 

mg/mL) and high concentration (5 mg/mL) of TAA 1, once the electropolymerization was 

processed, are each composed of up to 40 reflections, going from 17 to 3 Å in real space (see Fig.2 

and Fig.S1 in ESI†). Through the examination of the positions of the diffraction spots and the 

averaging of the radial scattering, the structure of the supramolecular polymer film is resolved. 

Both concentrations lead to the same structural determination. The low-angle region is composed 

of (i) two intense first order reflections (0.3525 Å-1 and 0.3726 Å-1) and (ii) a series of weaker 

higher order reflections of (hk0) type, occurring from a bidimensional sub-lattice of rectangular 

symmetry. The long and short edges of this sub-lattice are assigned to the a and b-axes, with a = 

33.7(3) Å and b = 21.0(6) Å. The systematic missing (hk0) peaks with odd h + k sum suggests a 

centered symmetry for the sub-lattice.28 The wide-angle region includes crossed reflections 

involving the periodicity along the c-axis, from which the three-dimensional structure is 

determined. The indexation converges on a crystal lattice of monoclinic symmetry. A simple 

centered 3D lattice cannot be brought into agreement with the measured sets of q values, since 

some (hkl) peaks with odd h + k + l sum can be detected. Thus, the peak positions of all samples 

can be indexed to a monoclinic lattice according to: 
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with 3D lattice constants, a = 33.7(3) Å, b = 21.0(6) Å and c = 9.7(0) Å, and angles a 

= 94.(5)°, b = g = 90°. 
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Figure 2. (a) GIWAXS pattern with the incident x-ray beam aligned parallel to the electrodes (w=0; 
Fig.1e), for an electropolymerized 2.5 mg/mL TAA 1 solution on interdigitated gold 
microelectrodes. The indexation of diffraction spots (hkl indices on the right of the spots) indicates 
two main preferential orientations (in green and in blue); (b) the corresponding orientations of 
reciprocal cell axes. The c*-axis is oriented parallel to the substrate while the a*-axis is either tilted 
by 0-30° from (green) or normal to (blue) the substrate; (c) The indexed radial profile leads to a 
monoclinic cell with a=33.7(3) Å; b=21.0(6) Å; c=9.7(0) Å; a=94.(5)°; b=g=90°. 
 

The volume of the unit cell is 6870 Å3 and contains Z=8 molecules. Upon supramolecular 

electropolymerization, TAA 1 forms a crystalline structure of equivalent symmetry and a geometry 

that is close to the geometry of previously reported triarylamine monoamide molecules that self-

assemble in solution after photooxidation.29 It is clearly evidenced here that supramolecular 

polymerization preserves the characteristic molecular shape and self-assembly by twinning of aryl 

segments through H-bonds into double-strands surrounded by a shell of aliphatic chains. Double-

strands then arrange at the nodes of rectangular columnar a × b sublattice with somewhat shrunken 

a/b ratios, as compared to hexagonal geometry (a/b = √3), and with a periodicity of two molecular 

thicknesses along the c-axis. Non-orthogonal angle a could here be determined, implying that the 

double-strands lie along the b-axis with a longitudinal shift of 1.6-1.7 Å. 
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A schematic representation of the molecular organization can be proposed from the GIWAXS 

analysis (Fig. 3). When piling, TAA 1 molecules present a colinear arrangement of their central 

nitrogen atoms separated by the distance hmol of 0.5 nm. Because of the propeller shape of the TAA 

units, their aromatic rings come at closer stacking contact which also enforces them to alternate 

their helical chirality between D and L enantiomers. Because of the 60° tilt of TAA along their 

elongation axis, the characteristic repeating unit h is equal to 1 nm (2 x hmol). Each monocolumn 

of TAA is laterally associated to another one by an infinite string of hydrogen bonds provided by 

the amide groups.  

 

 

Figure 3. Schematic representations of the molecular organization. Left: association of triarylamine 
segments by H bonding and cross-section of double-strands; bottom left: structure of triarylamine 
double-strands from side and equivalent columns of piled molecular units, showing periodicity h 
of two molecular thicknesses hmol along strand axis*. Right: Arrangement in the columnar plane 
according to the lattice geometry and systematic extinctions; bottom right: Longitudinal 
positioning of columns and monoclinic structure. The aliphatic chains fill the empty spaces 
between the columns. 
 

Morphology of the supramolecular nanowires films. As part of a full-in-plane rotation scan 

available, GIWAXS patterns could be collected with the incident beam parallel and perpendicular 

to the direction of the electrodes, as illustrated in Fig. 1e. In the 90° direction, the ~100-150 nm 

high electrodes obstructs the path of the grazing incident beam, and only the superficial top film 
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contributes to the scattering. However, this information is difficult to extract because it is hindered 

by a strong scattered background signal, due to the glass substrate in the range 1.2 to 1.6 Å-1 (see 

ESI†). Indeed, at such incidence angle, the beam foot-print is about 50 mm long, whereas the 

effective supramolecular polymer film length is 450 µm in this geometry (sample composed of 15 

electrode pairs of 2.5 mm long, having each a width of 10 µm and spaced away by 10 µm). Thereby, 

in the following, our focus is mainly on the configuration where the incident x-ray beam is parallel 

to the microelectrodes (w=0). In this geometry, the scattering patterns arise from the bulk of the 

supramolecular polymers grown in the 30 gaps between the 15 parallel interdigitated gold micro-

electrodes. With the incident beam parallel to the electrodes, the scattering vector q probes 

diffraction perpendicular to the nanowires, both in the in-plane and out-of-plane directions. In the 

presented data, a coordinate system is defined for the scattering vector q associated with the 

GIWAXS patterns, with qz defined as the component of q in the specular direction (perpendicular 

to the silica substrate) and qy defined as the q component parallel to the substrate. 

Whatever the concentration, the (002) diffraction peak appears as a spot located on the qy axis 

in the configuration where the incident x-ray beam is parallel to the microelectrodes (Fig.2a and 

Fig.S1). This indicates that the nanowires are strongly confined to an in-plane configuration. As it 

will be shown below, the sharpness of this peak suggests that the nanowires lie not only flat along 

this axis, but are also well aligned along the normal to the electrodes. These conclusions are further 

advocated by the absence of (002) spot when the samples are rotated by 90° (Fig.S1), beyond the 

experimental limitations already mentioned. The c-axis is thus chosen to be oriented along the 

long-axis of the nanowires and the rectangular sublattice a x b is therefore in a plane almost 

orthogonal to the substrate (the angle a between the b-axis and the c-axis being ~94.(5)°). 
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At low concentration, the arc-shaped reflections, observed in the GIWAXS pattern for all the 

out-of-plane directions (Fig.2a), indicate a rotational freedom of the crystal along its long c-axis in 

comparison with the lamellar stacking vector. However, at this concentration, the rings are not fully 

isotropic and the signal concentrates around the peak positions with limited angular distributions 

of the arcs. This suggests the domination of preponderant structural motifs with a “roll” of the 

crystals remaining moderate. Remarkably, at this concentration of nanowires, the GIWAXS pattern 

arises mainly from two preferential orientations of the crystals (Fig. 2): the rectangular sublattice 

a x b, with a non-orthogonal angle a between the b-axis and c-axis (a = 94.5°), is oriented with 

either one direction tilted, or normal to the substrate. The relative intensities of the observed spots 

indicate that the distribution of the crystallites with the planes normal to the [110] direction of the 

monoclinic cell (spots in green in Fig.2a) is the preferred orientation, compared to the second 

orientation with reticular planes normal to the [100] direction (spots in blue). The two preferential 

orientations revealed at low concentration underline that the alignment allows the columns 

composing the crystals (Fig.3) to build the set of the more dense reticular planes along the glass 

substrate. These planes are those where the columns are the closest to each other. The reticular 

planes that are the most dense, are normal to the diagonal [110] of the rectangular sublattice a x b. 

The planes parallel to the columns faces are less dense because they are packed in a staggered 

configuration. The fact that anisotropic objects tend to align their leading crystallographic planes 

along substrates, has been observed in many systems, including lyotropic liquid crystals which 

undergo topological transformations from cylinders to lamellae encompassing different structures, 

such as anisotropic ribbons and connected rods.30-32 Note that these preferential orientations are 

lost when the nanowires are grown in a more concentrated solution. Indeed, at higher 

concentrations almost uniquely isotropic rings are observed in the out-of-plane directions. The a* 
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and b*-axis now have random orientations, even though the c*-axis remains parallel to the substrate 

and perpendicular to the electrode direction, Fig.S1, ESI†). In contrast, at the lower concentration, 

arc-shaped reflections are discerned (Fig.2a). This observation can be interpreted twofold. At high 

concentration, the tighter molecular packing reduces the flexibility gradient along the growth 

direction of the nanowires and preferential orientations of the rectangular sublattice a x b are not 

favored at the interface with the substrate. Indeed, steric restrictions may manifest themselves as 

freedom for the nuclei to place with no special orientation. Thereby, the crystals will subsequently 

grow along their long c-axis with no preferential orientations. Additional considerations can be 

suggested. In particular, the loss of out-of-plane spots, with local reinforced intensity in their 

limited angular arc-shaped reflections, may be apparent only. Therefore, it is possible that some 

preferential orientations are still present in the vicinity of the substrate interface at high 

concentration, but the signal coming from these orientations is dominated by the bulk of the more 

concentrated supramolecular film. 

 

Parallelism of the nanowires to the substrate. In the configuration where the incident beam is 

parallel to the microelectrodes (w=0, Fig.1e), the GIWAXS patterns share the same (002) 

diffraction peak, located along the in-plane qy-axis (Fig.2a and Fig.S1, ESI†) for all concentrations. 

This spot is similar in position to the one found in the (00l) progression with even Miller indices, 

characteristic of the stacking of the aromatic rings composing the triarylamine molecules in a 

centro-symmetric unit cell.29 Here, for the TAA 1 disk-like core motif, the d-spacing is 9.7 Å. The 

localization of the (002) spot on the qy-axis indicates that the nanowires are strongly confined to 

an in-plane configuration. Its sharpness suggests that the crystals lie flat along this axis with little 

out-of-plane tilt. The angular width of this strong equatorial reflection allows us to determine the 
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degree of orientation of crystallites along the c-axis. In order to estimate the fraction of nanowires 

that is aligned and the degree of alignment, the GIWAXS intensity is integrated along the 2q axis 

and plotted as intensity I versus azimuth f. 

Figure 4 shows the profile for the (002) spot measured at a concentration of 2.5 mg/mL (see 

Fig.2). Gaussian and Lorentzian shape function can be differentiated by comparing the fits of the 

tail of the peak. A single Gaussian function does not reproduce the weak broad tail at the bottom 

of the Bragg singularity. Good fits of the profile are obtained using either the sum of two Gaussian 

functions or a Lorentzian function. As the value of the maximum intensity is uncertain at the precise 

equator location in Fig.2, a small uncertainty arises in the width of the profile. Nevertheless, all the 

fitting functions lead to a similar full width at half maximum of the I002(F) profile: the FWHM is 

3.3 ± 0.2 °, which means that the aligned crystals have a very small variation of their tilt angle with 

respect to the substrate. 

 

Figure 4. Azimuthal profile of the diffraction spot (002) after subtraction of the scattered 
background intensity, for the configuration in which the incident x-ray beam is oriented parallel to 
the micro-electrodes, and a concentration of 2.5 mg/mL is used (see Fig.2). The profile (solid 
circles) can be fitted using either a Lorentzian or the sum of two Gaussian functions. They all lead 
to a similar full width at half maximum (FWHM) of 3.3 ± 0.2 °. The uncertainty is estimated from 
the unknown maximum value that the intensity would take at the equator (the angle f at exactly 
90° is out-of-reach in the GIWAXS pattern). 
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The small spread of these lattice planes in the narrow out-of-plane distribution of the stacking 

peak about the surface normal (mosaic angle ~1.6°) can be further quantified by calculating an 

orientational order parameter. For orientation distributions that are centrosymmetric as usually 

encountered for liquid crystals and polymer fibrils, the first non-vanishing moment of the angle f 

between an element and the director is quadratic. The most common method to define the 

orientation of assemblies from x-ray scattering experiments is by calculating Herman’s orientation 

parameter:33 

𝑆3D =
1
2
(3〈cos*𝜙〉 − 1)       (2) 

where the mean-square cosine is calculated from the scattered intensity 𝐼(𝜑) by integrating over 

the azimuthal angle 𝜑 : 

〈cos*𝜙〉 =
∫ 𝐼(𝜑)	cos*𝜑 sin𝜑	𝑑𝜑BC
C

∫ 𝐼(𝜑) sin𝜑	𝑑𝜑BC
C

 
 

     (3) 

For perfect horizontal orientation S3D = 1, while for isotropic orientation S3D = 0. Herman’s 

orientation parameter refers to the second-order spherical harmonics of Legendre polynomial 

𝑃*(𝜙) of the cosine of that angle. Higher moments of the orientation distribution can also be 

obtained from the azimuthal profile of the reflection, and hence the full orientation distribution can 

be calculated, since the function can be expanded in series of even-order Legendre polynomials,34 

with 

〈𝑃*E(𝜙)〉 =
∫ 𝐼(𝜑)	𝑃*E(𝜑) sin𝜑	𝑑𝜑BC
C

∫ 𝐼(𝜑) sin𝜑	𝑑𝜑BC
C

 
       
(4) 

By applying equations 2-4 onto the azimuthal profile of the (002) spot shown in Fig.4, one obtains: 

  𝑆3D = 〈𝑃*(𝜙)〉 =
4
*
〈3cos*𝜙 − 1〉 = 0.986 ± 0.002 

and 
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 〈𝑃L(𝜙)〉 = 	
4
M
〈35cosL𝜙 − 30cos*𝜙 + 3〉 = 0.951 ± 0.006.  

which is the second lowest and most important order parameter. These values demonstrate that the 

dominant feature of the GIWAXS patterns is a strong confinement of the supramolecular nanowires 

to a 2D plane with their long axis (i.e. the crystal c-axis) being parallel to the substrate: the 

nanowires lie flat on the substrate with negligible out-of-plane tilt. Taking advantage of this 

remarkable result, we will consider hereafter that the nanowires are positioned in the lateral plane 

of the substrate only. 

 

Alignment of the nanowires along the normal to the microelectrodes. In this section the two-

dimensional disorientation of the nanowires is investigated. As already mentioned, the orientational 

distribution cannot be obtained by single rocking curves along a vertical axis, since accurate 

measurements of the diffracted signal is hampered by both variations in the footprint area and in 

the intensity of the grazing incident x-ray beam due to path obstruction by the microelectrodes that 

have the same height as the film (~100 nm height). To overcome these limitations, we resorted to 

the direct analysis of the intensities of Bragg reflections in the GIWAXS pattern. This approach 

makes use of the important constraint that the shapes of reflections at different positions on the 

detector are related for a given configuration (here, incident beam parallel to the microelectrodes).35 

Indeed, the main sources of the finite size of the Bragg reflections are disorientation and finite 

crystallite sizes (in our synchrotron experiments the beam spread is negligible). The effects of finite 

crystallite size are directly related to the size of the reflection in reciprocal space while the effect 

of disorientation is to arc each reflection about the center of the diffraction pattern, forming part of 

a Debye-Scherrer ring. 
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As the growth of the nanowires follows the lines of the applied electric field, we assume that 

the disorientation of their long axis is axisymmetric. Each nanowire is made of molecular segments, 

packed together to form well-ordered crystallites within each object. While the crystallites may 

have partial, weak, or no correlations in position and orientation, they nevertheless share the same 

common long axis of the nanowire in which they are embedded. This axis was defined conveniently 

as the z-axis in the real space. The c-lattice vector is the lattice vector parallel to that axis. In the 

following, the crystallites are considered to have a finite size and their average dimensions normal 

and parallel to the z-axis are noted 𝑙lat (i.e. in the lateral direction) and 𝑙axial (i.e. in the axial 

direction). The effects of finite crystallite size are directly related to the size of the reflection in 

reciprocal space (see also last section). The effect of disorientation is to rotate the reciprocal lattice 

point around the origin of reciprocal space, and the shape and width of the angular profile due to 

disorientation are approximately constant over most of reciprocal space. 

If the substrate does not induce any preferential orientation, the crystallites are randomly 

positioned and randomly rotated about the c-axis. In such a case, the recorded diffraction pattern 

is that diffracted by a single crystallite object, cylindrically averaged about the Z axis in reciprocal 

space. As a result, the positions of the Bragg reflections are described by the cylindrically projected 

reciprocal lattice onto the plane of the 2D-detector, provided the Ewald condition of diffraction is 

fulfilled. The cylindrical polar coordinates of the Bragg reflection in the reciprocal space are noted 

(qi,si) with  

cos𝜎S =
𝑞TUUU⃗ 	. 𝑐∗UUU⃗
𝑞S	𝑐∗

 
      (5) 

The preferential orientations of the sublattice a x b induced by the substrate makes the projection 

to be not cylindrically isotropic. Combining this with the small variation in planar inclinations of 

the nanowire long axis to the direction normal to the microelectrodes, the superimposition of these 
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two effects has the effect of spreading out the diffracted intensity from reflection along Debye-

Scherrer arcs. That is, the intensity at a given position of the detector is arced about the center of 

the pattern at constant diffraction angle. Following eqn.10 of the Methods section, and after 

corrections of the intensity and background subtraction, the profile of the ith reflection measured 

on the detector in polar coordinates (qi,Fi) can be written in the form 

𝐺S(𝑞, 𝜙) = 𝐼S		𝐺Z &
𝑞 − 𝑞S
Δ𝑞S

) 	𝐺\ &
𝜙 − 𝜙S
Δ𝜙S

)       (6) 

where Ii is the peak intensity, Dqi and DFi are the radial and angular half-widths of the reflection 

of normalized profile shape Gq and GF. The variations of the half-widths, with position on the 

detector, have been calculated.35 On the detector, placed at a distance D from the sample rotated 

by an angle w to the normal of the incident beam, these half-widths read:  

Δ𝑞S = 𝐾	𝜆	𝐷	
𝑢|sin 𝜎S| + 𝑣|cos𝜎S|

(|sin 𝜎S| + |cos𝜎S|)|cos𝜃S| cos*2𝜃S
 

   (7) 

and 

Δ𝜙S = 𝛽 + 2𝜋	
𝑢|cos 𝜎S| + 𝑣|sin 𝜎S|
𝑞S	(|sin 𝜎S| + |cos𝜎S|)

	
|sin 𝜎S|

g(cos𝜃S cos𝜔)* − (cos𝜎S − sin 𝜃S sin𝜔)*
 

    (8) 

where qi is the Bragg angle corresponding to the wavevector 𝑞S = (4𝜋/𝜆) sin 𝜃S in the reciprocal 

space at the wavelength l = 1.24 Å (energy 10 keV), and K a calibration factor transforming pixel 

sizes of the detector into Å-1 units. In these expressions, the constants u and v are related to the 

mean crystallite sizes normal and parallel to the nanowire axis (2u = 1/llat ; 2v = 1/laxial), and b to 

the mean disorientation. 

As noted by Millane,35 the precise meaning of “mean” depends, of course, on the profile shape. 

In the following, the profiles of the Bragg reflections were fitted with Gaussian, Lorentzian, or 

pseudo-Voigt weighting functions. These shape functions can be differentiated by comparing the 

fits of the tails of the peaks. Nevertheless, they all lead to similar half-widths. The definitions of 
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Dqi and DFi ensure that the same proportion of each reflection is included within the integration 

boundaries. Thereby, the inferred values from the fits are given with an uncertainty, including the 

small variation found when different models are used to describe the experimental profile shapes. 

It has also been noted35 that eqns.7 and 8 are valid in the limit of small half-widths, which is the 

case here, as the analysis shows. On the other hand, the breadths of the reflections were found to 

be substantially larger than the beam size, as required by the method. Lastly, eqn.8 is valid for 

small b values,35,36 which is also found from the fits. 

Thus, by examining the radial and angular profiles of the reflections in the configuration where 

the incident beam is parallel to the microelectrodes (w = 0 in eqn.8), eqns.7 and 8 have been used 

to estimate the three morphological parameters of the thin film, namely llat, laxial, and b. The focus 

of the analysis was on some well-resolved reflections to avoid interferences by overlapping profiles 

of adjacent reflections. In addition, the reflections located at large wavevectors allowed the most 

reliable results to be obtained, as the diffracted path is less obscured by the microelectrodes. For 

illustration, the collected intensity around the spots (042j) and (132j) arises from more than 90% of 

the sample volume contained in the gaps between the electrodes (total scattering angle 2q  > 17°). 

For reflections with lower q values, the diffraction spots located along the meridian of the detector 

were used as the blind zone is minimized. Note also that our analysis was carried out with most of 

the spots located away from the meridian axis and at relatively high q. Indeed, for an incident angle 

equal to the critical angle (ai = ac) the patterns present a maximum in intensity localized at the exit 

angle ae = ac (Yoneda’s peak).37 This effect, well encountered upon reflectometry experiments, 

enhances the measured intensity close to meridian and to equator, principally at low q, but does 

not affect the other Bragg spots. So the potential residual contribution of the Yoneda’s effect does 

not change our conclusions. 



 19 

A selection of angular and radial profiles is given in Figure 5. Good fits as well as less 

satisfactory fits for some arc reflections are deliberately illustrated to give an idea of the uncertainty 

obtained in the results. Nevertheless, the power of our procedure, when a whole set of arc 

reflections is investigated for the same GIWAXS configuration, is that the analysis converges to 

inferred morphological parameters of the film with low uncertainty. To our knowledge this direct 

method outperforms all other means for investigating thin films in complex geometries, such as 

films composed of nanowires placed between microelectrodes of microelectronic circuits. Thus, 

the mean crystallite sizes and disorientation were determined to be llat = 140 ± 20 Å, laxial = 1140 ± 

30 Å and b = 12.2 ± 0.5°. The low value found for the mean disorientation shows that the nanowires 

are aligned almost all parallel along the normal to the electrodes. The planar mosaïcity is ± 6° and 

the distribution of the nanowires confined to the 2D plane have an orientational order parameter of 

  𝑆2D = 〈2cos*𝛽 − 1〉 = 0.91 ± 0.02 

This value is in good agreement with the order parameter inferred previously from SEM images.26 

With S3D ≈ 0.986 (see above) and S2D ≈ 0.91 the nanowires do not only lie flat onto the substrate, 

but are also aligned parallel to the normal to the electrodes. This confirms the growth mechanism 

by supramolecular electropolymerization along the current lines of the electric field as reported 

previously.26 

 

Figure 5. Angular (a,b) and radial (c) profiles of some diffraction spots after subtraction of the 
scattered background intensity, for the configuration in which the incident x-ray beam is oriented 
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parallel to the micro-electrodes, and a concentration of 2.5 mg/mL is used (see Fig.2). The angular 
profiles (solid circles) can be fitted using (a) the sum of two Gaussian functions for the spot (042j) 
(full width at half maximum (FWHM) is 5.0 ± 0.3°) or (b) the sum of two Gaussian functions or a 
Lorentzian for the spot (110) with FWHM = 3.1 ± 0.2 °. (c) The radial profile (solid circles) of the 
diffraction spot (002) as a function of the wavevector q is composed of two peaks centered 
respectively at q = 1.2951 Å-1 and 1.3021 Å-1. The presence of these overlapping peaks arises from 
the two preferential orientations of the nanowires on the substrate (in green and in blue; see Fig.2), 
but also to the imperfections of the sample: depending on the position of the diffracting zone, either 
upstream or downstream, the apparent q values are slightly different. The profile can be fitted using 
the sum of two Gaussian functions of full width at half maximum (FWHM) = 0.0035 Å-1 and 
0.0071 Å-1 respectively. 

 

Crystallite sizes and coherence length. Analysis of very long anisotropic objects, such as fiber 

diffraction patterns, has pointed out that the “coherent molecular length” is a better concept than 

the axial crystallite size.38 Thus, the average length of the ordered crystallites along the long-axis 

of the nanowires is referred to as the coherence length. The intensity collected by spots, located 

along the equator of the detector, results from the layer planes of periodicity c in the real space and 

distant by l/(c sina) in the reciprocal space. Equation 7 can be rewritten by introducing the average 

coherence length of the molecules along the nanowire long axis, Lc, and using the Scherrer formula 

relating the breadth, or full width at half-maximum, of the diffraction spot (002), with respect to 

the wavevector to the average axial size of the crystallite along the nanowires: 

𝐿l = 2𝜋𝐾Sch/Δ𝑞CC* (9) 

where the Scherrer constant, 𝐾Sch, has a value of about 0.9.38,39 The intensity profile of the spot 

(002) along the equator of the detector (i.e. qx-axis of Fig.2) is shown in Fig.5c. By applying eqn.9 

one finds Lc ≈ 1200 Å. This value is in good agreement with the axial crystallite size laxial = 1140 

± 30 Å inferred from the fits of the breadths of the other reflections (eqns.7 and 8). This remarkable 

length represents more than 200 molecular lengths along the long axis of the nanowires, grown by 

electropolymerization. Concerning the lateral crystallite size, laxial = 140 ± 20 Å, the inferred value 
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from the fits appears larger than some narrow nanowires, that can be observed by SEM and AFM. 

We note however that these techniques are more sensitive to a number-average rather than a 

weight-average as in x-ray techniques. 

 

New information provided by GIWAXS on nanowire devices prepared by 

electropolymerisation. To sum up, the new type of GIWAXS analysis presented above is suitable 

to fully characterize TAA-based supramolecular nanowires directly electropolymerized between 

microelectrodes. The new information which is obtained compared to the more classical methods 

of analysis in the literature26 is manifold and includes: i) the unequivocal determination of the full 

set of crystallographic cell parameters and the modelling of the molecular organization; ii) the 

specification of the orientation of the columnar structure with respect to surface and with respect 

to electrodes; iii) the quantification of the distribution of domain orientations with two order 

parameters; iv) the estimation of the correlation lengths along nanowires and in the cross-sectional 

plane. This rich information is obtained while the nanowires could only be probed in a single 

sample orientation due to the presence of electrodes obstructing the beam. All the parameters 

accessed here cannot be determined to date by other techniques, and they are all of crucial 

importance to further probe structure-function relationships in organic electronic devices.  

 

CONCLUSION 

In conclusion, we have demonstrated the power of the GIWAXS technique to fully characterize 

the structural and orientational parameters of supramolecular nanowires grown in situ in organic 

electronic devices. This was particularly challenging as the nanowires remain inserted into the 

microelectronic circuits. By taking TAA-based supramolecular polymers as an example, we have 

been able to confirm their molecular structure when trapped between interdigitated electrodes. In 
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addition, we have determined their coherence length in such a configuration (> 100 nm). This is a 

quantitative result which remains inaccessible so far by other techniques. For instance, defects were 

sought by microscopy techniques such AFM. This was only possible on very large and hard 

monocrystals of triarylamines, and obviously only at their surfaces. Here, it was impossible to get 

this information by probing a very thin and soft nanowires configuration. Even if the fibers look 

perfect on large distances, information is lost on their internal structure. Therefore, it is a strong 

asset of the GIWAXS technique to access information that is not available in real space. Finally, 

both 3D and 2D orientation parameters have been determined, which is, once again, a clear 

advantage compared to microscopic analyses that are useful only for 2D parameters. With a 

remarkable precision, we demonstrate that the nanowires align not only parallel to the substrate, 

but equally along the current lines of the electric fields between the microelectrodes. As a whole, 

our results demonstrate that a single GIWAXS experiment can provide all the necessary 

quantitative information to characterize in situ the most important structural and orientational 

features that are needed to characterize supramolecular electronic devices. If this study also 

reinforces our previous claims on supramolecular electropolymerization,26 it highlights more 

importantly the high potential of GIWAXS to become a reference method for achieving the full 

characterization of nanowiring processes involving various types of supramolecular polymers and 

polymer self-assemblies in complex geometries. With information that cannot be obtained by other 

means, our method could foster new supramolecular wiring approaches to be implemented, 

quantified, and validated in nanotechnologies. 

 

EXPERIMENTAL SECTION 

Materials. Synthesis and growth of triarylamine TAA 1 nanowires by electropolymerization were 

carried out following the procedures described previously.26,29 A 1.25×107 V/m applied DC electric 
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field was used, as it was shown to be optimal for the alignment of nanowires during the 

supramolecular polymerization of TAA 1.26 The samples were prepared on special glass substrates, 

composed of 15 interdigitated gold micro-electrodes pairs of 100 nm height, 2.5 mm long, having 

each a width of 10 µm and spaced away by 10 µm. The GIWAXS data were collected post-process. 

In all the manuscript “in-situ” refers to the process of fabrication, meaning that nanowires were 

synthesized in the final device. The substrates with their microelectrodes were mounted on a 

precise goniometer platform allowing the alignment and movement of the sample according to six 

degrees of freedom with a very good repeatability (full vertical axis rotation: 1 mdeg).27 In the 

configuration where the incident beam is parallel to the microelectrodes (w = 0, Fig. 1), the 

misalignment (non-parallelism) of the incident x-ray beam with the 2.5 mm - long electrodes is 

estimated to be less than 0.3 degrees. 

GIWAXS experiments. The experiments were conducted at room temperature on the SIRIUS 

beamline at the French National Synchrotron Radiation facility SOLEIL in Saint-Aubin, France.27 

An X-ray energy of 10 keV (X-ray wavelength 1.24 Å) was selected with a Si(111) double crystals 

monochromator. The beam size 500 × 100 µm2 (H × V) was obtained using a two-slit system. A 

beam stop was used to stop direct and reflected beams. Two-dimensional x-ray scattering data were 

collected on a DECTRIS PILATUS3 1M 2D detector positioned 472 mm downstream of the 

sample. The diffraction pattern of silver behenate was used to calibrate the sample-to-detector 

distance.40 Two laterally rotated detector positions were used for covering the scattering vector 

range up to 2 Å-1. Patterns were corrected from silica glass and air scattering by subtracting 

normalized background obtained from empty cell. For the data presented, the incidence angle was 

set at 0.12°, below the total external reflection critical angle of the glass substrate. Typical exposure 

times for these samples ranged from 1 to 20 min. Because qz is not probed for more than the very 
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shallow exit angles, the illuminated detector pixels do not linearly correspond to the examined q-

space. Therefore a new mesh was generated and processed starting from the raw image of the 2D 

detector to lead to the q-map shown in the GIWAXS patterns (Fig. 2, Fig. S1). The intensity I(q) 

profiles were obtained from background subtracted images using home-developed software, 

through re-sampling to polar I(q, f) coordinates and renormalization to entire integration range 

going from f = 0° to f = 90°. 

Measurement of Bragg reflection intensities. Accurate subtraction of background is important 

to obtain accurate intensity measurements. A first approach used a global background function 

expanded as a polynomial. However, the scattered background is not circularly symmetric. Thus, 

to obtain reliable radial and azimuthal profiles of the Bragg reflections, two-dimensional 

background level matrices were obtained from peripheral regions of reflection arcs using series of 

one-dimensional ring profiles. This was particularly advantageous for estimating the radial profiles 

when there is little space between close arc-shaped reflections of adjacent Bragg spots. 

For an ensemble of nanowires exhibiting preferred orientation, the scattered intensities are 

modeled as an incoherent sum of intensities from the individual objects. The intensity at a given 

point in reciprocal space having spherical coordinates (qi,yi,si) results from the product of 

weighting functions accounting for radial peak broadening (in q, distribution function Gq centered 

at the maximum qi with width Dqi) and preferred orientation (functions GY and Gs centered at the 

maxima yi and si and having widths Dyi and Dsi respectively). Summing the weighted 

contributions to Ii from all reciprocal lattice points n (provided that they intersect the Ewald 

sphere), the expression for the intensity reads 

𝐼S(𝑞S, 𝜓S, 𝜎S) ∝p𝐶corr	𝐺Z
E

r𝑞S − 𝑞E, ΔZst	𝐺ur𝜓S − 𝜓E, Δust	𝐺vr𝜎S − 𝜎E, Δvst 
    (10) 
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where Ccorr contains various geometric corrections in the GIWAXS pattern obtained with a sample 

tilted by an angle q0 (in the present experiments, q0 = 0.12°) with respect to the incoming beam 

(see Fig.1e): 

𝐶corr = 	 w𝑝H y1 −  sin*𝜇	cos
*
𝛿| + r1 − 𝑝H sin*𝛿t}		

1 − 𝑒����&
4

sin��
� 4

sin�)

𝜇�𝑇 y
1

sin𝜃C
+ 1

sin𝛿|
 

 

    (11) 

The first factor is the polarization factor41,42 at the linearly polarized SIRIUS beamline at the 

SOLEIL synchrotron (the fraction of radiation that is polarized in the horizontal direction, pH, is 

larger than 98%), and the second factor is the absorbance correction. Here, 2q designates the total 

scattering angle, while the angles µ and d define the direction of the diffracted beam with respect 

to the incident beam: µ is the horizontal (“longitude”) angle and d the vertical (“latitude”) angle of 

the intersection of the diffracted beam with the Ewald sphere of reflection. In this experimental 

work, the detector is vertical, and thereby the calculation of µ depends on the angular position of 

the detector, while d does not. The absorbance correction results from the longer path of x-rays at 

low exit angles than at high angles, through a film of thickness T, assumed here to have a uniform 

absorbance. Nevertheless, as the sample film is very thin (T~100 nm), with an extinction coefficient 

µa ~ 2 mm-1 for a wavelength of 1.24 Å (calculated from the chemical composition and tabulated 

atomic values), this absorption correction is negligibly small. 
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