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 Selective Nanotrench Filling by One-Pot Electroclick 
Self-Constructed Nanoparticle Films 
   Gaulthier    Rydzek     ,        Delphine    Toulemon     ,        Antonio    Garofalo     ,        Cedric    Leuvrey     ,       
 Jean-François    Dayen     ,        Delphine    Felder-Flesch     ,        Pierre    Schaaf     ,        Loïc    Jierry     ,       
 Sylvie    Begin-Colin     ,        Benoît P.    Pichon     ,   *       and        Fouzia    Boulmedais   *   

  Using nanoparticles (NPs) as building blocks is driving the 

emergence of a new class of nanoarchitectonics materials [ 1 ]  

opening promising perspectives in several fi elds including 

energy conversion, [ 2 ]  catalysis, [ 3 ]  optical, [ 4 ]  biosensing, [ 5 ]  and 

stimuli-responsive devices. [ 6 ]  For instance, ferrimagnetic NPs 

will lead to next generation of high density magnetic storage 
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media [ 7 ]  and magnetite NP fi lms will fi nd applications in 

spintronics. [ 8 ]  Surface functionalization by layer-by-layer, [ 9 ]  

self-assembled monolayers, [ 10 ]  Langmuir–Blodgett, [ 11 ]  or dip-

coating deposition [ 12 ]  were used to assemble NP platforms 

whose stability was recently improved by covalent reticula-

tion. [ 13 ]  However, these techniques are still diffi cult to imple-

ment in electronic or photonic nanodevices, due to structural 

defects [ 14 ]  and high sensitivity to chemical and electromag-

netic environment. [ 15 ]  Dielectrophoresis is widely used to 

fi ll nanogaps and nanotrenches by NPs. However, it requires 

relatively large bias voltage (>1 V) and high frequencies (in 

order of MHz), and is mostly applicable to easily polariz-

able suspended materials. [ 16 ]  Therefore, nanogap/nanotrench 

fi lling requires a simple and versatile strategy to generate 

robust and spatially confi ned NP-fi lms. Such an achieve-

ment would support the tremendous emergence of nanogaps/

nanotrenches as circuit elements and biosensors. [ 17 ]  We 

recently introduced a promising strategy for robust one-pot 

self-construction of polymeric fi lms reticulated by a spatially 

confi ned Cu(I)-catalyzed electroclick reaction. [ 18 ]  Alkyne 

and azide bearing organic building blocks were covalently 

assembled on surfaces by local electrochemical generation 

of Cu(I) from Cu(II) in solution. [ 19 ]  In this article, we report 

on the fi rst covalent self-construction of NP fi lms for selec-

tively fi lling high aspect ratio nanodevices, composed of two 

gold electrodes separated by a 40 µm-long and 100 nm-wide 

nanotrench. Dendronized iron oxide NPs bearing azide and 

alkyne functions were used as building blocks to achieve a 

spatially confi ned electroclick reticulation ( Figure    1  a) where 

(i) only one solution is used containing all the components, 

which do not react together, (ii) unless an external stimulus, 

i.e., cyclic voltammetry at low potentials and low scanning 

rate, launches the reaction locally, i.e., at the interface of the 

solution and the substrate.  

 Two different types of well-defi ned spherical shape iron 

oxide NPs coated with “clickable dendrons” have been syn-

thesized by thermal decomposition with narrow size dis-

tribution centered at 9.0 ± 0.8 nm (NP9) and 19.8 ± 1.2 nm 

(NP20). [ 20 ]  Size distribution of NP9 and NP20 diluted sus-

pensions, obtained by transmission electron microscopy 

(TEM) and granulometry, are presented in Figure S1 in the 

Supporting Information. The as obtained nanoparticles have 

been further functionalized by two hydrophilic dendritic 

molecules (dendrons) bearing functional (azido, alkyne) 

poly(ethylene glycol) (PEG) chains at their periphery as well 
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as a phosphonic acid anchor at their focal point. Indeed to 

enhance stability of iron oxide NPs, we recently developed 

small-sized dendrons displaying at their focal point phos-

phonic acid groups, which are very strong anchors for the 

surface of iron oxide NPs and strongly limit their desorption 

on time. The coating of the NPs also confers good colloidal 

stability in water by steric repulsion due to PEG chains, 

thus reducing agglomeration effects, while preserving the 

magnetic properties of the NPs. [ 20 ]  High 

colloidal stability of functionalized 9 nm 

sized NPs (NP9-C≡CH and NP9-N 3 ) and 

20 nm sized NPs (NP20-C≡CH and NP20-

N 3 ) was achieved in water and water/

dimethylformamide (DMF) (1:1 v/v) mix-

ture, respectively. [ 20a , 21 ]  

 Self-construction of NP fi lms, from 

a mixture of NP9-N 3  and NP9-C≡CH in 

the presence of CuSO 4 , was studied by 

electrochemical quartz crystal micro-

balance (EC-QCM). An anchoring azide 

modifi ed poly(ethylene imine) (PEI-N 3 ) 

layer was fi rst adsorbed on the working 

electrode to allow the deposition of NPs. 

This anchoring layer was deposited to 

favor the homogeneous deposition of NP 

on the QCM crystal by introducing click-

able moieties on the crystal. Indeed, PEI 

is a branched polycation that adsorbed 

strongly on surfaces due to electrostatic 

interactions. After stabilization of the EC-QCM signal in 

the presence of NP mixture, application of a cyclic voltam-

metry (CV) between −350 and +600 mV (vs Ag/AgCl, scan 

rate of 50 mV s −1 ) induced a continuous increase of the nor-

malized frequency shift, related to the deposited mass of a 

NP9 fi lm ( Figure    2  a). Small oscillations are superimposed on 

the signal, resulting from cyclic electrochemical reversible 

formation and dissolution of a Cu(0) layer. [ 18 ]  After 120 min 
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 Figure 1.    One-pot electroclick self-construction of NP fi lms for selective fi lling of nanotrenches. 
a) Schematic representation of the electroclick self-construction process using building blocks 
composed of b) alkyne and azide functionalized iron oxide NPs that can react together in the 
presence of a Cu(I) gradient electrochemically generated from Cu(II) by application of a cyclic 
voltammetry (CV) at working electrodes.

 Figure 2.    Characterization of electroclick self-constructed NP9 fi lms. a) Evolution of the normalized frequency shift, measured by EC-QCM, during 
the self-construction of NP9 fi lm. b) Typical 3D and c) 2D AFM height images (8 × 8 µm 2 , z-scale 200 nm) with its corresponding cross-section profi le 
(localized by the red line), obtained in contact-mode and in dry state, of a scratched self-constructed NP9 fi lm. On the 3D AFM image, NP9 fi lm is 
located on the background and the scratched zone on the foreground of the image. On the 2D AFM image, NP9 fi lm is located on the left and the 
scratched zone on the right of the image. The fi lm was obtained by application of CV during 120 min on a QCM gold crystal. d) Evolution of the fi lm 
thickness, calculated with the Voigt–Voinova model [ 22 ]  (white square) and measured by AFM in dry state (black circle). 
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of CV, the normalized frequency shift reached 140 Hz, cor-

responding to a 40 nm thick deposited fi lm according to the 

Voigt–Voinova model. [ 22 ]  Normalized frequency shifts of the 

third, seventh, and ninth harmonics were superimposed sug-

gesting the deposition of a rigid fi lm, [ 23 ]  as expected for an 

NP-based fi lm (Figure S-2 in the Supporting Information).  

 Atomic force microscopy (AFM) measurements give 

access to the fi lm topography and thickness in the dry states 

(Figure  2 b,c) and liquid (Figure S-3a–c in the Supporting 

Information). A fully covered substrate was obtained after 

120 min of CV with a fi lm roughness of 19 nm, measured in 

dry state on 10 × 10 µm 2  images. The fi lm thickness, defi ned 

as the minimal thickness covering the whole substrate, was 

about 30 nm (corresponding to three times the diameter of 

NP9). Both topographies and thicknesses remained the same 

in the liquid and dry states which agree with the formation 

of a dense and poorly hydrated fi lm of iron oxide NPs as 

confi rmed by scanning electron microscopy (SEM) measure-

ments (Figure S-3 in the Supporting Information). To be sure 

that the mass deposition was due to electroclick reticulation 

of NPs, control experiments were performed with only NP9-

C≡CH or only NP9-N 3  suspensions in the presence of CuSO 4  

(Figure S-4 in the Supporting Information). In the case of 

NP9-C≡CH, no more than 47 Hz frequency shift was meas-

ured after 50 min of CV due to the electroclick reticulation 

of a NP9-C≡CH monolayer on the PEI-N 3  coated surface. 

By contrast, no mass deposition was observed when using 

NP9-N 3 . These results confi rmed the ability of the one-pot 

electroclick self-construction approach to grow NP-based 

fi lms as previously demonstrated with polymeric fi lms. [ 18 ]  

Electroclick chemistry is known to provide a fi ne thickness 

tuning in the case of polymer fi lms by simply increasing 

the self-construction time. [ 18 ]  Thus, self-construction of NP9 

fi lms was monitored for CV application times from 30 to 

320 min (Figure  2 d and Figure S-5 in the Supporting Infor-

mation). After 30 min, the substrate was homogeneously 

covered by a 12 nm thick fi lm, corresponding roughly to a 

NP9 monolayer. A nearly linear growth of the fi lm thickness 

was measured, reaching 90 nm after 320 min, which corre-

sponds to ten times the diameter of NP9. The fi lm expanded 

at a rate of 0.28 nm min −1  corresponding to a new NP layer 

deposition every 36 min allowing thus a fi ne control of the 

thickness. There is a difference in the thickness measured by 

AFM and the one calculated from QCM data. As QCM is 

sensitive to the mass adsorbed on the crystal including the 

bound water, the surface roughness of NP9 fi lm induces a 

larger hydrodynamic thickness measured by QCM compared 

to the thickness of the core determined by AFM. [ 24 ]  Trapped 

copper could be removed by washing NP9 fi lms with 0.1  m  

ethylenediaminetetraacetic acid (EDTA) (Figure S-6 in the 

Supporting Information). 

 Next generation of NP deposition methods needs to be 

versatile with respect to NPs and substrates types, shapes, 

and morphologies. The one-pot electroclick self-construction 

process is a promising candidate since the localized gen-

eration of Cu(I) catalyst adapts itself to the shape of the 

electrode. [ 25 ]  To demonstrate the versatility of this process, 

a gold wire of 0.5 mm diameter was used as working elec-

trode to self-construct a NP9 fi lm leading to similar coatings 

as those deposited on QCM gold crystals (Figure S-7 in the 

Supporting Information). Without CV application, no fi lm 

deposition was obtained on the wire, showing that NP fi lm 

self-construction does not proceed spontaneously. Further-

more, the size of NPs was also increased to provide a conduc-

tive magnetite phase, [ 8 ]  leading to NP20 fi lms on both gold 

wires (Figure S-7 in the Supporting Information) and gold 

wafers (Figure S-8 in the Supporting Information). 

 Finally, one-pot electroclick self-construction of NP20s 

was specifi cally addressed between nanotrenches. Iron oxide 

NP20 fi lms were locally self-constructed between two gold 

electrodes, separated by a 40 µm-length and 100 nm-wide 

nanotrench, to establish an electrical conductivity. Devices 

were composed of seven high aspect ratio nanotrenches and 

have been prepared by combining optical and shadow-edge 

lithography (Figure S-9 in the Supporting Information). [ 26 ]  

All electrodes of the nanotrench device were connected 

together to act as a single working electrode in a three elec-

trodes electrochemical setup (Figure S-10 in the Supporting 

Information). No PEI-N 3  layer was deposited to avoid any 

loss of conductivity. After 120 min of CV, SEM micrographs 

showed that NP20s have been mostly assembled between 

100 nm-wide nanotrench electrodes fi lling its whole length 

( Figure    3   and Figure S-11 in the Supporting Information). 

The selective fi lling of nanotrenches is likely explained 

by the enhancement of the electric fi eld at the electrode 

edges favoring the reduction of Cu(II) into Cu(I) inside the 

nanotrench region (Figure  3 b) and at the border of the elec-

trodes (Figure S-12 in the Supporting Information). [ 27 ]   

 Bridging of nanotrench electrodes by self-constructed 

NP20 assemblies was confi rmed by direct current electrical 

transport measurements (Figure  3 c). Intensity–potential 

(I(V)) curves of fi lled nanotrenches exhibited clear signatures 
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 Figure 3.    Nanotrench electrodes fi lling by self-constructed NP20 fi lm. 
SEM micrographs of a 100 nm-wide nanotrench a) before and b) after 
self-construction of a (NP20-N 3 , NP20-C≡CH) fi lm after 120 min of 
CV. c) Nonlinear intensity–potential curves, measured at different 
temperatures, on iron oxide 20 nm NP fi lm specifi cally deposited in 
100 nm wide nanotrenches.
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of electronic transport through the fi lm. Indeed, the non-

linear behavior is related to intrinsic properties of iron oxide 

NPs, and more precisely to Coulomb blockade of electrons 

due to high charging energy of NPs. A similar signature was 

obtained for Langmuir–Blodgett deposited NP20 fi lms. [ 8 ]  

Electrical transport through magnetic NP networks can be 

described in terms of electronic transport through magnetic 

conducting islands separated by insulating barriers. Electrons 

have to tunnel between successive NPs across the trench. 

The high charging energy of NPs makes the co-tunneling 

regime relevant at room temperature. [ 28 ]  An asymmetric I(V) 

behavior is observed on the contrary to our previous work. [ 8 ]  

This is a direct consequence of both the asymmetry in the 

nanotrench architecture (with one electrode being twice 

higher than the other [ 26 ]  and the much stronger interparticle 

coupling in the presently studied NP network promoting 

charge injection through the whole thickness of the injecting 

electrode. This strong interparticle coupling, being two orders 

of magnitude higher than in our previous work, arises from a 

larger conductive core of the NP and a much shorter organic 

spacer, around 17 and 1 nm, respectively, in this work, com-

pared to 13 and 2 nm. [ 8 ]  

 In summary, 3D NP-based fi lms were self-constructed 

by one-pot electroclick approach. This strategy is versatile 

with respect to the types of NPs and of substrates and leads 

to high quality covalent inorganic fi lms with a fi ne thickness 

control. Overcoming an open challenge in nanoscience, it 

appears particularly suitable for fi lling selectively nanotrench 

electrodes with conductive iron oxide NP20 to establish an 

electrical conductivity. Furthermore, this approach being 

based on the functionalization of nanoparticles, it is expected 

to be strongly versatile and may be applied to other types of 

nanoparticles having clickable moieties. [ 29 ]  This assembling 

strategy thus represents a promising tool to integrate cova-

lent NPs fi lms into nanodevices, opening the route for bio-

sensing and granular electronic devices.   

 Experimental Section 

  Synthesis of 9 nm Sized Iron Oxide Nanoparticles (NP9) : NPs 
were synthesized by the thermal decomposition method [ 21a ]  based 
on our previous work. [ 20a , 30 ]  

  Synthesis of 20 nm Sized Iron Oxide Nanoparticles (NP20) : 
Iron stearate (Fe(stearate) 2 ) (1.38 g, 2.2 × 10 −3  mol) was dis-
solved in docosene (20 mL) in the presence of oleic acid (1.24 g, 
3.3 × 10 −3  mol). The mixture was kept at 110 °C for at least 4 h 
and then refl uxed with a heating rate of 5 °C min −1  for 120 min 
under air without stirring. After cooling at RT, the black suspension 
was washed 12 times with a mixture of hexane and acetone (v:v, 
1:4) and centrifuged (14 000 rpm, 10 min). The 19.8 nm obtained 
nanoparticles were easily suspended in tetrahydrofuran (THF) at a 
concentration of 1.67 mg mL −1 . 

  Synthesis of Dendritic Molecules : We previously reported on 
the synthesis of these two functional dendrons. [ 20b , c ]  

  Nanoparticle Functionalization : 11.7 mg (resp., 23.4 mg) 
of dendritic molecules bearing azide (resp., alkyne) groups 
were solubilized in 16 mL of THF. The solution was added to a 
4 mL of a suspension of oleic acid coated NP9 or NP20 (at 5 and 

1.67 mg mL −1 , respectively) in THF and stirred for 15 h. The excess 
of dendritic molecules and desorbed oleic acid were removed by 
ultrafi ltration (using a 30 kDa membrane, Millipore) in 60 mL of 
the corresponding solvent. The obtained NPs were redispersed in 
20 mL of water in the case of NP9 and 20 mL of a DMF/water (v:v, 
1:1) mixture in the case of NP20. 

  Electrochemical Quartz Crystal Microbalance with Dissipation 
Monitoring (EC-QCM) : Experiments were performed on a Q-Sense 
E1 apparatus from Q-Sense AB (Gothenburg, Sweden). Changes 
in the resonance frequency  f  and in the dissipation factor  D  of an 
oscillating quartz crystal were monitored. [ 31 ]  They are due to the 
mass of the fi lm deposited as well as to the viscoelastic charac-
teristics of the fi lm. [ 22,31 ]  Simultaneous QCM and electrochem-
istry measurements are allowed by the Q-Sense Electrochemistry 
Module (QEM 401) and PGU MOD potentiostat (Jaissle Elektronik 
GmbH, Germany) using a gold-coated QCM sensor from Q-Sense 
AB (Gothenburg, Sweden) as working electrode. 

  Cyclic Voltammetry : Outside of the EC-QCM cell, a three elec-
trodes electrochemical setup was used. The counter electrode was 
a platinum wire, the reference electrode was the same as in the 
EC-QCM, and the working electrode was either a gold wafer, a gold 
wire, or 100 nm nanotrenches electrodes. 

  TEM : A TOPCON model 002B TEM, operating at 200 kV was 
used with a point-to-point resolution of 0.18 nm. The polydisper-
sity in size was calculated from size measurements of more than 
300 nanoparticles. 

  Granulometry : A nanosize MALVERN (nano ZS) apparatus was 
used in water or dimethylformamide. 

  Fourier Transformed Infrared Spectroscopy (FTIR) : It was per-
formed with a Digilab Excalibur FTS 3000 series spectrometer. 

  AFM : Images were obtained by AFM in contact mode in liquid 
and dry states using Nanoscope IV from Veeco (Santa Barbara, CA) 
with silicon nitride cantilevers, spring constant 0.03 N m −1  (model 
MSCTAUHW, Veeco, CA). 

  Film Buildup Procedure : Films were assembled on cleaned 
substrates by fi rst adsorbing during 5 min a PEI-N 3  layer from 
a 1 mg mL −1  aqueous solution at pH 7, except for nanotrenches 
device experiments. The self-construction was obtained by 
injection in the EC-QCM cell at 0.1 mL min −1  of (0.5 mg mL −1  
NP-N 3 , 0.5 mg mL −1  NP-C≡CH) mixture suspension containing 
1.2 × 10 −3   M  copper(II) sulfate pentahydrate (CuSO 4 .5H 2 O, 99.99% 
purity, CAS 7758-99-8) at pH 6. CV between −350 and +600 mV 
with a 50 mV s −1  scan rate was applied to induce self-constructions 
up to 320 min. When the fi lm was built outside of the EC-QCM cell, 
the building solution was stirred with a magnetic bar. 

  Nanotrench Fabrication and Electrical Measurements : 
Nanotrenches devices were prepared according to Dayen et al. [ 26 ]  
Low-temperature DC electrical measurements were carried out 
inside a closed cycle helium cryostat, using a Keithley 2634B high 
precision multimeter.  

  Supporting Information 

 Supporting Information is available from the Wiley Online Library 
or from the author.  
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