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Molecular Sieving and Current Rectification

oNOYTULT D WN =

i Properties of Thin Organic Films.

16 Yara Aceta, Jean-Francois Bergamini, Corinne Lagrost, Philippe Hapiot and Yann R. Leroux*

Univ Rennes, CNRS, ISCR — UMR 6226, F-35000 Rennes, France.
23 ABSTRACT.

27 In a purpose of preparing well-organized functional surfaces, carbon and gold substrates were
modified using the electro-reduction of a tetrahedral-shape pre-organized tetra-aryldiazonium
32 salt leading to the deposition of ultrathin organic films. Characterization of the modified surfaces
34 has been performed using cyclic voltammetry (CV), X-Ray Photoelectron spectroscopy (XPS),
Infrared absorption spectroscopy (IR), ellipsometry, Atomic Force Microscopy (AFM) and
39 contact angle measurements. The specific design of the tetra-aryldiazonium salts lead to an
41 intrinsic structuring of the resulting organic films, allowing molecular sieving and current

43 rectification properties towards redox probes in solution.
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1. Introduction.

The (electro-) reduction of aryl diazonium salts' is nowadays a common technique used to
functionalize many surfaces. The procedure leads to the formation of aryl radicals in solution by
loss of nitrogen and they are highly reactive species. When aryl radicals are produced in the
close vicinity of an electrode, they could rapidly add to it leading to surfaces modified by

23456 {6 thicker films

covalently bonded organic films with varying thicknesses from monolayers
(5 nm < x < 100 nm)”® and even up to few micrometers.” Conductors and semiconductors
surfaces could be easily modified by electrochemically-induced aryl diazonium reduction leading
to a fast modification (seconds-minutes) of the substrate.'® Furthermore, insulators'' could also
be modified by this technique when adding chemical reductants'? in solution, by the formation of
diazoates'® or by spontaneous gra’f‘[ing14 which makes this technique very versatile. Aryl
diazonium salts (electro-) reduction was proposed for a wide range of applications, ranging from
corrosion protection,”” active plasmonic devices,'® to super-capacitors'’ and molecular
diodes."™"”

Devices allowing the control of molecular transport and electron transfer such as molecular
sieves and rectifiers are of high interest. Electrochemical devices with current rectification
properties have been originally reported by Murray er al.?® Briefly, electrochemical current
rectifiers (ECR) consist in surfaces functionalized by redox species allowing unidirectional
current of solution-phase redox probe to pass through. ECR could be realized using surfaces
functionalized through a wide range of techniques including Self-Assembled Monolayers
(SAMs),”! coordination-based molecular assemblies® or biological interfaces™ to quote a few.

More complex systems as redox-active dendrimers immobilized onto SAMs deposited on gold

surfaces have also been reported to present electrochemical current rectification via mediated
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. 2425
electron transfer across the modified surfaces.”™

Despite the versatility and robustness of the
procedure, only very few examples of ECR fabricated by the electro-reduction of aryl diazonium
salts were demonstrated. Indeed, the reduction of classical aryl diazonium ions, as the most
commonly used p-nitrophenyl diazonium ion, leads to the formation of multilayered dendritic
insulating films which limits the electron transfer from the substrate to solution-phase redox
probes. However, the reduction of specifically designed aryl diazonium salts, incorporating
redox unit as thiophene for example was demonstrated by Lacroix and coworkers®® to yield
organic films having ECR activities towards redox probes in solutions.

The design of molecular sieves attracts attention of many research groups these days as they
could find utility in tomorrow applications as water desalination,”” gas separation®® or acting as
membrane in fuel cells.”” Molecular sieves can be realized using many different materials as for
example vertically aligned mesoporous silica films,”® porous covalent-organic-framework,’’
metallopolymeric films,** graphene-based®® or biological-based materials.’* As stated before, the
reduction of aryl diazonium salts yields dendritic multilayered films, i.e. unorganized films.
Hence the intrinsic nature of these films is not suitable for molecular sieving. Regarding this
specific application, the use of aryl diazonium salts reduction is limited to the functionalization
of already existing molecular sieves for tuning their pore sizes®” and/or their chemical nature.*®

In this work, we report the formation of ultrathin organic films through the electro-reduction of
aryl diazonium salts having both electrochemical current rectification properties and molecular
sieving properties. The characterization of these films has been performed by Cyclic
Voltammetry (CV), X-Ray Photoelectron spectroscopy (XPS), Infrared absorption spectroscopy
(IR), ellipsometry, Atomic Force Microscopy (AFM) and contact angle measurements. Results

reveal that both specific properties are due to the organization of the deposited thin organic films.
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Experimental.

2.1. Materials

All commercially available reagents were used as received.

Tetrakis(4-phenyldiazonium tetrafluoroborate)methane C(ArN;")y:

Tetrakis(4-aminophenyl)methane (0.5 g, 1.3 mmol, 1 eq) was added to a mixture of 10 mL
acetone and 30 mL of aqueous HBF,4 (33%) and stirred for 10 min. After cooling with an ice
bath, sodium nitrite (0.545 g, 7.9 mmol, 6 eq) dissolved in the minimum amount of water was
added dropwise to the solution under stirring. The reaction mixture was stirred 1 hour at 0°C,
then filtered. The precipitate was copiously washed with water, methanol and diethyl ether.
Recrystallization of the diazonium salt was performed in acetonitrile:diethyl ether (1:1), yielding
0.745g of C(ArN;")4 (73%). '"H-NMR (300 MHz, CD;CN): § = 8.53 (d, 8H, J= 9.30 Hz), 7.88

(d, 8H, J=9.06 Hz), ppm. IR (KBr) v = 2285 cm™ (N=N*).

Scheme 1. Preparation of the tetrakis(4-phenyldiazonium tetrafluoroborate)methane C(ArN;").

NH, N,* BF,

HBF4, NaNOZ
OO - sron O
H,O0, acetone
C C

NH, No* BF,

tetrakis(4-aminophenyl)methane tetrakis(4-phenyldiazonium)methane
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1,1’-Di(methylphenyl)ferrocene (PhMe);Fc:

Benzoic acid (787 mg, 6.4 mmol, 2.4 eq) was added to a dichloromethane (CH,Cl,) solution (5
mL) of oxalyl chloride (5 mL, 58 mmol) and stirred 24 hours at room temperature. The following
day, excess of oxalyl chloride was evaporated by vacuum and the resulting chlorine benzoate
was dissolved in 10 mL anhydrous CH,Cl, under Argon. Separately, ferrocene (0.5 g, 2.7 mmol,
1 eq) and AICl; (896 mg, 6.7 mmol, 2.5 eq) were dissolved into 20 mL anhydrous CH,Cl, and
cooled to 0°C. The chlorine benzoate solution was then added dropwise over 1 hour in the
ferrocene solution. The mixture was warmed to room temperature and stirred overnight. The
resulting mixture was poured into water and extracted with ethyl acetate. The combined organic
extracts were washed with brine, dried (MgSO,4) and concentrated under reduced pressure.
Purification was performed on column chromatography using silica gel and hexane:CH,Cl, (1:1)
to pure CH,Cl, as eluent. Both mono- and di-substituted ferrocene derivatives were obtained. 1-
1’-di(benzoyl)ferrocene was obtained in 34% yield (360 mg). "H NMR (300 MHz, CDCl;): &
(ppm): 4.58 (t, 4H, J = 1.82 Hz), 4.92 (t, 4H, J = 1.82 Hz), 7.42 (t, 4H, ] = 7.5 Hz), 7.54 (t, 2H, ]
=7.50 Hz), 7.78 (d, 4H, J = 7.70 Hz).

In a flask equipped with a reflux condenser, AICl; (8.36 g, 63.4 mmol) was dissolved in 20 mL
of Et,0. LiAlH4 (4M solution) was then added dropwise. 1-1’-di(benzoyl)ferrocene (360 mg,
0.91 mmol, 1 eq) was dissolved in 10 mL CH,Cl, and added dropwise into the first solution and
stirred 1 hour. The solution was slowly quenched with water and 1M HCI solution was added.
The resulting mixture was extracted with CH,Cl,. The combined organic extracts were washed
with brine, dried (MgSO4) and concentrated. Purification was performed on column

chromatography using silica gel and hexane:CH,Cl, (9:1) as eluent to obtain the desired

ACS Paragon Plus Environment



oNOYTULT D WN =

Langmuir

compound in 73% yield (245 mg) as an orange powder. '"H NMR (300 MHz, CDCl;): § (ppm):
3.62 (bs, 4H), 4.10 (bs, 8H), 7.17 (t, 6H, J = 7.60 Hz), 7.26 (t, 4H, J = 7.08 Hz).
1-(Biphenylethynyl)ferrocene Ph;EFe:

To a stirring solution of ethynylferrocene (100 mg, 0.446 mmol, 1 eq) dissolved in a mixture
of THF (10 mL) and diisopropylamine (10 mL) was added 4-iodobiphenyl (147 mg, 0.524
mmol, 1.1 eq). After degassing with Argon 15 min, tetrakis(triphenylphosphine)palladium(0) (28
mg, 5 mol %) was added in one portion. After 5 min, copper(I) iodide (5 mg, 5 mol%) was added
and the solution was stirred at room temperature overnight under Ar. The reaction mixture was
filtered and washed with hexane. The combined organic phase was washed with NH4Cl, brine
and water and dried with MgSO,. Purification was performed on column chromatography using
silica gel and hexane:CH,Cl, (9:1) as eluent to obtain the desired compound in 90% yield (156
mg) as a red powder. "H RMN (CDCls): 8 (ppm): 4.23-4.32 (m, 7H), 4.50-4.56 (m, 2H), 7.36 (t,

1H, J = 7.30 Hz), 7.45 (t, 2H, J = 7.30 Hz), 7.60 (t, 6H, J = 7.78 Hz).

2.2. Electrochemical Experiments.

Electrochemical measurements were performed using a conventional three-electrode system
comprising a 1.8 mm gold (Au) and 3mm glassy carbon (GC) disk electrodes (IJ Cambria) as
working electrode, a platinum wire as the auxiliary electrode, and a SCE electrode (Metrohm) as
reference. The potentiostat was an Autolab PGSTAT 302N (Metrohm). The Au/GC electrodes
were polished successively with 1.0, 0.3, and 0.05 pm alumina paste and thoroughly rinsed.
Considering AFM, XPS, ellipsometry and contact angle measurements, all these experiments
need to be performed on flat surfaces. Hence, we used Pyrolized Photoresist Films (PPF), which

present similar reactivity than GC and low roughness and gold substrate on silicon wafer
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purchased from Aldrich. The preparation of PPF follows the previously described methods.”’

The PPF substrates were square surfaces of 15 mm? The gold substrates were thoroughly

cleaned using Piranha solution, ultrapure water and acetone before surface functionalization.
Caution! Piranha solution is a very strong oxidant and is extremely dangerous to work with; it

should be handled very carefully.

2.3. Preparation of the modified substrates.

Surface modifications were performed in a saturated solution (< 5. 10 mol L'l) of C(ArN; "),
+0.1 mol L™ nBuyNPFj in acetonitrile (MeCN) using repetitive cyclic voltammetry (scan rate 50
mV s, five cycles between +0.6 and -0.8 V vs SCE) or fixed potential amperometry deposition
for 300 s at -0.8 V vs SCE. The modified electrodes were rinsed with copious amount of MeCN

and acetone, stirred 20 min in THF solution and dried under argon.

1.4. Contact angle measurements.

The static contact angle measurements were performed on an easy drop goniometer (Kriiss)
with a drop volume of 2 uL ultrapure water. All given values in the text are average of
measurements on six different spots and on two different substrates. The contact angles were

determined using a tangent 2 model.

1.5. Ellipsometry.
The thicknesses of the organic films were measured using a spectroscopic ellipsometer aSE
(J.A. Woollam, Co.) using a model-based analysis approach. Prior to modification with the

aryldiazonium molecule, the SE data of the bare substrate were registered to build a substrate
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optical model which represents the nominal structure of the non-modified material; the refractive
index (n) and the extinction coefficient (k) found were 0.4 and 3.5 for gold, and 2.4 and 1.1 for
bare PPF electrodes respectively. This substrate model was used after modification to establish
the contribution of the substrate to the SE experimental data and thus, estimate the thickness of
the organic layer according to the Cauchy model. Finally the goodness of the fit was quantified
by the Mean Squared Error (MSE) to validate our results. In all cases the fitting reproduced the
structures and features of the SE experimental data (MSE values below 4). All the values given

in the text are average values of ten measurements performed on three different substrates.

1.6. X-Ray Photoelectron spectroscopy (XPS).

X-ray photoelectron spectroscopy data have been collected using a Kratos Axis Nova
spectrometer using the Al Ka X-ray source working at 1486.6 eV and using a spot size of
0.7x0.3 mm®. Survey spectra (0-1000 eV) were acquired with an analyzer pass energy of 160 eV
(0.5 eV/step); high resolution spectra used a pass energy of 40 eV (0.1 eV/step). Binding
energies were referenced to Cls peak at 285 eV. The core level spectra were peak-fitted using

the CasaXPS software, Ltd., version 2.3.18.

1.7. Atomic Force Microscopy (AFM).

Atomic force microscopy (AFM) experiments have been performed on a NT-MDT Ntegra
microscope. Topographic images were obtained in semi-contact mode using ACTA tips
(AppNano Inc.) for which the resonance frequency is around 300 kHz. Scratching experiments
were performed with the same tips in order to estimate the thickness of the organic layers

according to the McCreery AFM “scratch” procedure.”® The term “AFM scratching” is used here
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to describe intentional damage to a modification layer on a relatively hard substrate. These
experiments were obtained by scanning the surface in contact mode on a 500 x 500 nm square
with a force setpoint sufficient to remove the organic layer. After scratching, the damaged
surface imaged in semi-contact mode presented a square-shaped zone surrounded by swept
amounts of matter. The images were treated by Gwyddion open-source software.” The heights
of organic layers were extracted from the depths of the scratched zones averaged on different
profiles. Scratching experiments were also performed on bare Au and PPF surfaces to evaluate
the eventual damaging of the substrate. In this case, the heights of the scratched zones were
measured and were subtracted to those obtained on the modified surfaces, in order to obtain

corrected organic layer heights taking into account the substrate damaging.

1.8. Density Functional Theory (DFT) calculations.
The conformation of all ferrocene derivatives were optimized using density functional theory
(DFT) calculations at the B3LYP/6-31G* level using the Gaussian 09 Revision B.01 package
with the default parameters. *° The molecular volume is computed as the volume inside a contour
of 0.001 electron/bohr3 using a Monte-Carlo method of integration and the SCF density. The
number of points per bohr3 is 100 with a cutoff= 10-4 and used with the “Vol=Tight” option for

a better accuracy that is better than 10%.*'
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2. Results and discussions.

Characterization of the deposited organic thin films. The tetrakis(4-phenyldiazonium
tetrafluoroborate)methane C(ArN;")4 (Figure la) was synthesized in one step procedure from
commercially available tetrakis(4-aminophenyl)methane under classic diazotization conditions
and obtained in good yield (see Experimental section). The electrochemical behavior of
C(ArN;")4 was examined by cyclic voltammetry (CV) on a glassy carbon (GC) electrode (Figure
1b). The electrochemical behavior of C(ArN, ") is characterized by a single reduction peak at
0.08 V vs SCE, indicating that all diazonium functions are reduced at the same potential. This
behavior can be explained by the S4 symmetry of the molecule and the lack of electronic
coupling between each diazonium function in an equivalent chemical environment. Furthermore,
there is no oxidation peak associated to the reduction one as generally observed for diazonium
ion reduction. This corresponds to the cleavage of N, groups concomitant with the formation of
aryl radicals. A strong inhibition of the electrochemical signal is observed after the first cycle
and no more electro-activity of solution-phase species is observed. This is characteristic of the
deposition of an insulating organic film, leading to a blocked electrode.** The electrochemical
behavior of C(ArN;")s was also examined on gold surfaces by CV. (Figure S1) Similar
observations and conclusions can be drawn, excepting that multiple reduction peaks (two) are
observed during the first scan. Multi-peaks in aryl diazonium electro-reduction on gold have
already been observed previously and have been attributed to the reduction of aryl diazonium

ions on different crystallographic facets of polycrystalline gold electrodes.*
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Figure 1. a) Schematic representation of tetrakis(4-phenyldiazonium tetrafluoroborate)methane
C(ArN2+)4. b) Electrochemical behavior of C(ArN2+)4 in an acetonitrile solution containing 0.1

mol L of tetrabutylammonium hexafluorophosphate (#BusNPFg) on glassy carbon electrode.

Both CV and fixed potential amperometry deposition procedures were used to functionalize
carbon and gold surfaces. Using a fresh saturated (< 5 10™ mol L) acetonitrile solution of
C(ArN;"); containing 0.1 mol L' of tetrabutylammonium hexafluorophosphate (nBusNPFy),
gold and carbon surfaces were modified either by cyclic voltammetry with 5 cycles by sweeping
the potential between 0.6 V and -0.8 V vs SCE at 50 mV s™' or by fixed potential amperometry at
-0.8 V vs SCE during 300s. First, Atomic Force Microscopy (AFM) experiments were performed
on modified gold and carbon substrates to characterize the deposited organic films. The organic
layers appear homogenous and compact without any defects or pinholes highlighting the
uniformity of the deposition on gold and carbon materials (Figure S2). The roughness of the
deposited organic layer measured on gold and carbon substrate are 0.510 nm and 0.192 nm

respectively (RMS value), and are similar to the roughness RMS value of the bare materials.
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In order to characterize the deposited organic films, contact angle measurements were
performed on both gold and carbon substrates. As expected for a gold substrate functionalized by
an organic thin film, its hydrophobicity character rises, showing an increase from 58 + 4° for a
clean bare gold surface to 92-95° for the modified surfaces. Similar trend was observed on
carbon surfaces, with an increase of its hydrophobicity character from 58 + 2° for the bare
electrode to 72 + 2° for the modified ones. Estimation of the thickness of the deposited organic
layer can be performed by ellipsometry and AFM scratching experiments. Table 1 gathers all the

results obtain on both gold and carbon modified surfaces.

Table 1. Ellipsometry, AFM scratching experiments and contact angle results obtained on gold

and carbon substrates modified by cyclic voltammetry or fixed potential amperometry.

Gold Carbon
Modification Thickness | Thickness | Contact | Thickness Thickness | Contact
technique (ellipsometry) | (AFM) angle | (ellipsometry) | (AFM) angle
Cyclic 24+£0.1nm | 24+1.0 [ 95+5°| 22+02nm | 1.7+0.4 78 £2°
voltammetry nm nm
Fixed potential | 42+0.1nm | 43+1.1 | 92+3°| 41+0.1nm | 3.6%£0.5 78 £1°
amperometry nm nm

As shown in Table 1, values of layer thickness obtained by ellipsometry were corroborated by
AFM scratching experiments, both techniques showed a good agreement between them for
modified gold electrodes as well as for carbon substrates. What follows next, the values got by
ellipsometry will be used since its higher accuracy. Modification by fixed potential deposition
leads to thicker organic films by comparison with cyclic voltammetry, from 4.2 and 4.1 to 2.4

and 2.2 for gold and carbon electrodes respectively. Regarding the electrochemical properties of
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4445 and, with this

the organic layer, a 2 nm-film should allow the electron transfer by tunneling
value of thickness, differentiate between direct electron transfer by pinholes or defects by only
using outer-spbere redox probes may be difficult. Thus, the discussion will be focus on the
electrochemical behavior of the thicker 4 nm-aryldiazonium layer since, in this case, the
tunneling electron transfer can be neglected.* Experimental data performed on gold and carbon
substrates by CV are shown in the supplementary information section. The molecular structure of
tetraphenylmethane has been already reported in the literature.*® Based on the reported
crystallographic structure, we derived a thickness of 1.1 nm for a monolayer of
tetraphenylmethane. It is clear from these results that multilayered films are obtained both on

gold and carbon substrates, with thicknesses equivalent to two monolayers for the thinnest films

up to 3-4 monolayers for the thickest ones.

The chemical composition of the grafted organic layers was investigated by X-ray
photoelectron spectroscopy (XPS) analyses. (Figure 2) XPS is preferentially performed with gold
electrodes in order to mitigate the large carbon signal due to the substrate itself. Hence we will
present here the results obtained on gold surfaces by fixed potential amperometry. The survey
and high-resolution core level spectra show the presence of carbon C 1s (282-294 eV, 59.9 %),
gold Au 4f (84-88 eV, 38 %), oxygen O 1s (533 eV, 0.9 %) and nitrogen N 1s (398-404.5 eV,
1.2 %). The presence of intense Au 4f photoelectrons peaks is in agreement with the formation of
thin organic layers onto the gold substrate (Figure S3). The N 1s core level spectrum could be
decomposed into 2 components; a main component at 399.7 eV attributed to -N=N- azo

linkage,*****°° and a small component corresponding to a n—n* shake-up satellite transition at

402.8 eV.*?%! There is no signal located at ~ 404 eV, indicating that there is no remaining
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diazonium functions within the layer (Figure 2). The main contribution in the XPS analyses is
due to carbon with a C 1s peak that is fitted with three components centered at 285 eV (C-C/C-
H), 286.5 eV (C-N, accounting for ~ 10 (at.) % of the whole carbon signal) and 291.2 eV (n—n*)
for the shake-up satellite transition. The presence of the C 1s shake-up satellite definitively
supports the attachment of aromatic aryl groups onto the surface. From these experiments, it
could be concluded that the organic films are composed of carbon atoms in aryl groups and that
there is a minimal amount of nitrogen atoms inside the layers. By considering the starting
molecule, the atomic N/C ratio is equal to 32% whereas this ratio decreases to 2 % in the
deposited organic films, corresponding to a very small amount of azo bridges present within the
film. Similar qualitative observations and conclusions can be drawn on XPS experiments

performed on carbon substrates functionalized by fixed potential amperometry. (Figure S4)
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Figure 2. XPS peak-fitted C 1s (a) and N 1s (b) core level spectra for a gold surface modified by

fixed potential amperometry.
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As a complementary characterization technique, Infrared absorption spectroscopy (IR)
experiments were also performed on freshly prepared gold samples (Figure S5 and S6)
confirming that diazonium functions do not remain inside the films. As discussed by Kanoufi et
al ** or Locklin et al.”, the post-functionalization of deposited organic films containing
diazonium functions could be performed using the Gomberg—Bachmann reaction®® allowing
aryl—aryl coupling. The reaction consists of dipping the modified surfaces in a solution
containing an aromatic molecule immediately after grafting. We used ferrocene molecule in
these experiments since it could easily be detected by an electrochemical method. No
electrochemical signal of grafted ferrocene was evidenced after the post-functionalization
experiments (Figure S7) confirming the absence of diazonium functions in the deposited organic
films. In the work described by Locklin et al,” the electro-reduction of p-
benzene(bisdiazonium) ions leads to two irreversible reduction peaks. The authors ascribed these
two reduction peaks to the reduction of each diazonium function. Stopping the reductive
potential during electro-grafting at the first reduction peak leads to the immobilization of
diazonium-functionalized (mono) layers, hence allowing post-functionalization by the
Gomberg—Bachmann reaction. In our experiments, only one reduction peak was observed
indicating that all diazonium functions are reduced at the same potential and explaining why
there are no remaining active diazonium functions constituting the film. Furthermore, no
electrochemical activity in reduction was detected when CV of modified substrates was

performed in a pure electrolytic acetonitrile solution (Figure S8).

The blocking properties of the deposited organic thin films were examined by CV on a

modified glassy carbon electrode in aqueous solution using dopamine and ferrocenemethanol
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(FcMeOH) as redox probes. Dopamine has been chosen since its reversible oxidation to the
corresponding o-quinone is highly sensitive to surface modification.”> Dopamine needs to reach
the substrate to rapidly transfer its charge and thus it is especially suited for probing ultrathin

2657 and for discriminating between direct and indirect charge transfer.”® As shown

organic films
in Figure 3a, after electro-grafting of C(ArN,")s (blue curves), dopamine oxidation is totally
inhibited. This shows that the deposited organic film is homogenous, without defects, and
efficiently blocks the passage of dopamine from the solution to the substrate. However,
FcMeOH oxidation remains observable (Figure 3b) but becomes totally irreversible,
highlighting some unexpected electrochemical current rectification properties of the deposited
organic film towards this redox probe in solution. The behavior difference between these two
redox probes suggests that FeMeOH oxidation occurs via indirect charge transfer (tunneling).
Considering that the layer thickness is estimated to be thicker than 4 nm, this also indicates that
the redox probe must penetrate inside the deposited organic thin film before charge transfer
through tunneling. From these experiments, two specific properties of the ultrathin organic film

were evaluated: (i) molecular sieving properties, where diffusion of the redox probe through the

film is dependent on their size and (ii) current rectification properties.
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Figure 3. Cyclic voltammetry of a) 10° mol L dopamine aqueous solution (+ 0.1 mol L™
H,S04) and b) 10™ mol L™ ferrocenemethanol aqueous solution (+ 0.1 mol L' KNO;) on a bare
glassy carbon electrode (red curves) and on a carbon electrode modified by the electro-reduction

of C(ArN; "), by fixed potential amperometry (blue curves). Scan rate: 100 mV s™.

Molecular sieving properties.

Ferrocene (Fc), dimethylferrocene (Me,Fc¢) and decamethylferrocene (MeqoFc¢) were chosen as
redox probes with increasing steric hindrance to probe the molecular sieving properties of the
deposited organic thin film in acetonitrile. Their molecular volumes were estimated from DFT
calculations.”’ (See experimental section) Their electrochemical behaviors are shown in Figure 4.
As observed for FcMeOH in aqueous solution, totally irreversible oxidation is observed for Fe
(Figure 4a) and Me;Fc (Figure 4b), whereas MejoFe¢ (Figure 4c¢) oxidation is nearly totally
suppressed. Moreover, while the oxidation peak current intensity of Fe at the modified electrode
relatively to the one recorded at the bare surface is closed to unity (0.89, see Table 2 and Table
S1), the Me,Fc relative oxidation peak current intensity decrease to 0.81. Increasing the steric
hindrance of ferrocene derivatives leads to a monotonic decrease of their oxidation peak current
intensities, until total inhibition of electron transfer. However from these sole experiments, such
decrease of current could be explained by the variation of the potential applied to the modified
working electrode as the substitution on the ferrocene probe changes the size but also its
oxidation potential. Indeed, the polarization of the electrode could induce structural changes in
the layer and consequently affects the passage of the redox probes through the film and the

kinetics of the redox processes.” In order to answer this question, two other ferrocene
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derivatives were considered: 1,1’-di(methylphenyl)ferrocene  ((PhMe),F¢) and 1-
(biphenylethynyl)ferrocene (Ph,EFc). Both derivatives have higher steric hindrance than Fc but
the half-wave potential (E,;) value of (PhMe),Fc is 40 mV lower than Fc¢ while the E;; value of
Ph;EFc is 130 mV higher (see Table 2 and Figure 5, red curves). As shown in Figure 5, in both

cases, the oxidations of the redox probes at the modified surfaces are totally irreversible with a

relative peak current intensity lower than that obtained for Fe, being 0.73 and 0.79 respectively.
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Figure 4. Cyclic voltammetry of a) 10° mol L' of ferrocene, b) 10° mol L' of
dimethylferrocene and c) 10° mol L of decamethylferrocene in acetonitrile solution (+ 0.1 mol
L' KPFs) on bare glassy carbon electrodes (red curves) and on glassy carbon electrodes

modified by fixed potential amperoamtry (blue curves). Scan rate: 100 mV s™.

Similar experiments were performed on carbon substrates modified by CV (Table S2 and
Figure S14) and on gold substrates modified by CV (Table S3 and Figure S15) and by fixed
potential amperometry. (Table S4 and Figure S16) Gold and carbon substrates modified by CV
showed slightly less blocking properties than those obtained by fixed potential amperometry as
direct consequence of the differences previously observed in the layer thickness for electrodes

modified by these two techniques. The main difference between gold and carbon surfaces
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concerns the reproducibility of the results; less reproducible data were obtained on modified gold
substrates (SD 3-8%) than on modified glassy carbon electrodes, in which an excellent
reproducibility was achieved (SD 2-3%). Despite of this, both gold and carbon modified surfaces
showed similar trends: (i) a decrease in the oxidation peak current with increasing the size of the
redox probe associated to (ii) an irreversible oxidation. All these results demonstrate that the
decrease of the oxidation peak current intensities is correlated to the size of the redox probes and

not to the potential applied. Thus, the electro-generated organic thin films present sieving

properties.
a) c)
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Figure 5. Cycle voltammetry of a) 10° mol L 1,1 ’-di(methylphenyl)ferrocene, b) 10° mol L™
of ferrocene and ¢) 10 mol L™ of 1-(biphenylethynyl)ferrocene in a acetonitrile solution (+ 0.1
mol L KPFg) on bare glassy carbon electrodes (red curves) and on glassy carbon electrodes

modified by fixed potential amperometry (blue curves). Scan rate: 100 mV s™.

Table 2. Half-wave potential E;/, estimation of the relative oxidation peak intensity (Al) and

steric hindrance of the different ferrocene derivatives.

Redox probes MeoFc | MeFe | Fc | (MePh),Fc | PhyEFc

Ei (V vs Fc/Fc") -0.51 | -0.11 0 -0.04 0.13
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Al - 0.81 |0.89 0.73 0.79
Steric hindrance (A’)* | 740 397 | 382 796 724

* Steric hindrance of each redox probe is calculated by DFT and defined as the molecular
volume of each molecule. It has to be seen as a rough estimation since the geometry of the
probes are different. Optimized geometries of each redox probe are displayed in the
supplementary information section. (Figure S9-S13)

Electrochemical current rectification properties.

Most of electrochemical current rectifiers are based on mediated electron transfer. These are
obtained with surfaces functionalized by redox entities, allowing a unidirectional current of
redox probes in solution. In the present study, the rectification effect has a different origin since
no redox entities are present within the deposited organic thin film as evidenced by the different
characterization techniques (XPS, IR, CV). Additional experiments were performed to identify
the origin of this phenomenon. We have tested a series of solution redox probe (Fc) with
different concentrations up to 10% mol L™, In this concentration range, the peak current intensity
linearly depends on the concentration of Fe¢ (Figure 6a), which confirms diffusion limitation of
the redox probes. Additionally, increasing the scan rate doesn't increase the reversibility of the
system for both thin and thick layers in the range of considered scan rates from 0.1 to 1 V s™",
(See supporting information section, Figure S17) Also the variation of the concentration of the
redox probe was studied; the reversibility of the system is independent of the redox probe
concentration. Figure 6b represents the current peak intensities of a 10° mol L™ Fe acetonitrile
solution at different scan rates at bare and modified GC surface. As expected for a diffusion-
limiting regime, a linear dependency of the current peak intensity (Ipca) as a function of the

12

square root of the scan rate (v') is observed. However, a clear diminution of the diffusion

coefficient of Fc is observed when the modified electrode is used as working electrode. Thus, the

ACS Paragon Plus Environment

20

Page 20 of 36



Page 21 of 36

oNOYTULT D WN =

Langmuir

apparent diffusion coefficient of Fc is found to be nearly 5 times lower (5.7 10° cm? s) in the
organic layer than in acetonitrile solution (2.7 10° cm? s™). (See supporting information section)
The low apparent diffusion coefficient of Fc inside the organic layer suggests that the pore of the

organic layer are close to the size of the redox probe.
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Figure 6. a) Variation of the anodic peak current with the concentration of ferrocene (Fc) redox
probe in solution at a glassy carbon (GC) electrode modified by the electro-reduction of
C(ArN;")4 at 100 mV s'. b) Variation of the anodic peak current with the square root of the scan
rates of a 10™ mol L™ Fe acetonitrile solution at a bare GC electrode (red squares) and at a GC
electrode modified by the electro-reduction of C(ArN;")4 (black squares). Lines are linear fitting

curves.

As evidenced before, the redox probe needs to diffuse inside the pores of the organic layer
prior to the charge transfer. A change of the charge of the redox probe is accompanied by
variations of the electrolyte composition present inside the film as reported for charge/discharge

processes of conducting polymers where it is possible to control the electrochemical response by

ACS Paragon Plus Environment

21


http://pubs.acs.org/action/showImage?doi=10.1021/acs.langmuir.7b03518&iName=master.img-070.jpg&w=468&h=177
http://pubs.acs.org/action/showImage?doi=10.1021/acs.langmuir.7b03518&iName=master.img-070.jpg&w=468&h=177
http://pubs.acs.org/action/showImage?doi=10.1021/acs.langmuir.7b03518&iName=master.img-070.jpg&w=468&h=177
http://pubs.acs.org/action/showImage?doi=10.1021/acs.langmuir.7b03518&iName=master.img-070.jpg&w=468&h=177
http://pubs.acs.org/action/showImage?doi=10.1021/acs.langmuir.7b03518&iName=master.img-070.jpg&w=468&h=177
http://pubs.acs.org/action/showImage?doi=10.1021/acs.langmuir.7b03518&iName=master.img-070.jpg&w=468&h=177

oNOYTULT D WN =

Langmuir

changing the size of the anion in polyaniline.® By analogy with our case, this should create
movements of cations and anions entering or leaving the film by the same pore channels than
those used by the probe. It is thus interesting to evaluate how the size of the supporting salts
constituting the electrolyte could affect the electrochemical response of the probe. In that
purpose, a series of supporting salts presenting different size of cation or anion was considered.
(Figure 7)

In a first series of experiments, the nature of the electrolyte cation was considered when the
anion remaining the same. Potassium hexafluorophosphate (KPFs, Figure 7a),
tetracthylammonium hexafluorophosphate (Et4NPFq, Figure 7b) and tetraoctylammonium
hexafluorophosphate (nOcsNPFs, Figure 7c) were chosen as supporting salts containing
monovalent cations having different size. As previously observed, a decrease of the current peak
intensity and irreversibility of the electrochemical signal are observed for Fe oxidation in all the
electrolytes. Even if the cation size does not seem to have an effect on the irreversibility of the
system, the bulkiest the cation is, the larger is the decrease of the peak current intensity. As
shown in Table 3, this behavior is reproducible on all modified surfaces, on gold and carbon
substrates modified by thin (~2 nm) and thick (~4 nm) organic films. If we consider that
ferrocene is oxidized once it is inside the film, its oxidation should be accompanied by repulsion
of cations that were “trap” inside the film to maintain charge balance. Considering that the pore
size of the deposited organic films is fixed, the bigger the cation is, the more difficult is the
ejection of this cation from the organic film to the solution, resulting in smaller oxidation

current. This phenomenon thus supports the sieving properties of the organic films.
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Figure 7. Cyclic voltammetry of 10 mol L of ferrocene in acetonitrile solution containing a)
0.1 mol L' potassium hexafluorophosphate (KPFg), b) 0.1 mol L' tetracthylammonium
hexafluorophosphate (Et;NPFg), ¢) 0.1 mol L' tetraoctylammonium hexafluorophosphate
(nOcyNPFg), d) 0.1 mol L' tetrabutylammonium chloride (nBuyNCl), ¢) 0.1 mol L’
tetrabutylammonium tetrafluoroborate (7nBus;NBF,4) and f) 0.1 mol L' tetrabutylammonium
tetraphenylborate (nBusNBPhs), on bare carbon electrodes (red curves) and on carbon electrodes

modified by thick organic films (blues curves). Scan rate: 100 mV s,

Table 3. Estimation of the relative oxidation peak intensity (Al,) of a 10~ mol L™ ferrocene
acetonitrile solution on carbon and gold substrate modified by thin and thick organic films with

different supporting electrolytes.

Alox GC thin layer GC thick layer Au thin layer Au thick layer

KPFs 91+2% 89+3 % 97+4% 96 + 3 %
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nEtyNPFs 65+3 % 81 +£8 % 84 +2% 79+4 %
nOcsNPFg 61+4% 76 + 8 % 85+1% 80+ 10 %

In a second series of experiments, the nature of the anion was evaluated keeping the same

cation. Tetrabutylammonium chloride (nBusNCIl, Figure 7d), tetrabutylammonium
tetrafluoroborate  (nBusNBF4, Figure 7¢) and tetrabutylammonium tetraphenylborate
(nBusNBPh4, Figure 7f) were chosen as supporting salts containing monovalent anions with
different sizes. For all electrolytes, we observed for Fe oxidation at the modified electrode (blue
curves) a decrease of the peak current intensity and the irreversibility of the electrochemical
signal, compared to bare GC (red curves). However, the irreversibility of the electrochemical
signal, leading to electrochemical current rectification, is more pronounced for the bulkiest
anion. Table 4 shows the results obtained on both gold and carbon surfaces functionalized by
thin and thick organic films. It was not possible to use nBusNCI as supporting electrolyte for
experiments performed with gold substrates as the chloride anions are oxidized before ferrocene

redox probe. However, on all modified surfaces the same trend is observed, except for gold

surfaces modified by CV where it is difficult to conclude.

Table 4. Estimation of the relative reduction peak intensity (Al;q) of a 107 mol L ferrocene
acetonitrile solution on carbon and gold substrate modified by thin and thick organic films with

different supporting electrolytes.

Fc/Aleq GC thin layer GC thick layer Au thin layer Au thick layer

nBuyNCl 58+2% 70+ 5 % - -
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nBuyNBF, 53+10% 57T+6 % 72+4 % 62+11%
nBusNBPhy 318 % 54+6% 73+ 8 % 58+12%

This series of experiments shows that the reversibility of the system depends on the nature of
the counter-ions transport inside the same pores. It explains why the size of the ions constituting
the electrolyte along with its charge to balance have a strong impact on the current rectification
properties and peak current intensities. The limitation in movement of the ions entering and
leaving the film is responsible of the observed rectification effect. It is clear that the structure of
the deposited organic layer is responsible of this specific property and that molecular sieving

properties and current rectification properties are closely linked.

3. Conclusions

The electro-reduction of a tetrahedral-shape pre-organized tetra-aryldiazonium salts, tetrakis(4-
phenyldiazonium tetrafluoroborate)methane C(ArN;')s, leads to the deposition of ultrathin
organic films on gold and carbon substrates. Various characterization techniques as XPS, IR and
CV shows that all diazonium functions have been reduced in the organic layer, which appears to
be essentially composed of carbon and hydrogen atoms. Molecular sieving properties were
evidenced by cyclic voltammetry of solution-phase redox probe in aqueous and organic solution.
Substrates modified by this technique behave also as electrochemical current rectifiers (ECR).
Due to the lack of redox relay in the layer, it appears to be different from the classical ECR as

described by Murray et al. The transport of the redox molecules and of the counter-ions in the
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layer has been evidenced as responsible of the electrochemical current rectification properties of
the modified materials. Both molecular sieving and electrochemical current rectification
properties are related to the specific organization of the grafted ultrathin organic layer.
Observation of both molecular sieving and electrochemical current rectification properties has
never been observed previously for organic films electro-generated by the reduction of

aryldiazonium ions that do not present this tetrahedral pre-organization.®':*%6%4
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