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As recently reported, the SEEP process (surface electroinitiated emulsion polymerization) is a new
grafting method that provides covalently grafted polymer films on conducting or semiconducting
surfaces by radical polymerization in aqueous dispersed media. It relies on cathodic electroinitiation,
which creates radical species able to start a radical polymerization. Contrary to the formerly
described cathodic electrografting of vinylic polymers (CE), which also delivers submicrometer-
thick and stable polymer films on conducting substrates but requires strictly anhydrous conditions
and organic aprotic solvent, SEEP brings a major improvement in switching from a purely anionic
mechanism to a radical one by adding an aryldiazonium salt in the reaction mixture, while retaining
the same polymer films characteristics. Moreover, SEEP is not restricted to water-soluble monomers
but can be performed even with hydrophobic ones, such as n-butyl methacrylate (BMA). In such
cases, a surfactant is necessary to stabilize the monomer in water emulsion. From this one-pot
electrografting process performed in water at room temperature, in a few minutes, without
restrictions on vinylic monomer water solubility, results a polymer coating strongly grafted to the
substrate. This article aims at completing our first one and focuses on mechanistic aspects of SEEP to
eventually establish a possible “grafting onto” mechanism. To achieve that goal, we have analyzed
grafted polymer films obtained by SEEP on gold substrate from BMA in water as a miniemulsion by
IR-ATR, X-ray photoelectron spectroscopy (XPS), time-of-flight secondary ion mass spectroscopy
(ToF-SIMS), and atomic force microscopy (AFM).

1. Introduction

If we consider that materials properties are often directly
expressed by their surface, organic coatings and more
particularly polymer thin films are nowadays a very attrac-
tive research subject related to many and various fields of
application such as depollution, microelectronics, automo-
bile, biomedical tools engineering, lubrication, etc. Indeed,
surface modification by resistant polymer coatings confer
on materials many properties (antifouling, antisoiling,
adhesion, lubrication, biocompatibilization) targeted by
those industries. In consequence, a large range of coating
methods, including “physisorption” or “chemisorption”
techniques, has been investigated to synthesize organic or
composite layers. Physisorption techniques such as paint-
ing, spin coating, and vacuum evaporation, have no limita-
tion for choosing the substrate—layer couple, but the weak
interactions involved at the interfacial zone result in fragi-
lity of the coating and possible loss of the desired properties
with time. On the contrary, “chemisorption” techniques,
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including plasma polymerization,'* self-assembly,** and in
situ surface polymerizations, seem by far the most con-
venient to get stable films. Among them, the latter appears
to be a method of choice for a strong covalent attachment
of polymer chains as ultrathin films to the surface. Among
in situ surface polymerizations, it is important to distin-
guish “grafting to” from “grafting from” ways. The first
one involves the bonding of preformed end-functionalized
polymer chains to the surface, and the second one, also
called surface-initiated polymerization,” ’ means that the
polymer growth (initiation and propagation) occurs from
the surface. From this, it is possible to adapt any classical
bulk polymerization to form grafted polymer brushes by
modifying the substrate with initiator-bearing monolayer
ina first step.®”'* Obviously, living polymerizations such as
controlled radical polymerizations (CRP) are well suited to
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achieve maximum control over brush density, chain poly-
dispersity, composition, molecular weight, and thickness of
the grafted polymer brushes.”>™'® Especially surface-
initiated ATRP (SI ATRP)™'®'" have become the most
popular route, mostly because of its tolerance to a wide
range of functional monomers and its possibility to form
block copolymers and several architectures.'® Surface-
initiated polymerization and more particularly SI ATRP
proceeds in two steps: (i) immobilization of the initiators by
suitable surface chemistry; (i) polymerization in classical
ATRP conditions. Yet, the presence of copper in the second
step performed at high temperature makes industrial
applications difficult.

In parallel, electrochemical reduction of diazonium
salts has been widely investigated for the past ten years
and become almost ubiquitous for easy surface modifica-
tion.?’ It is a simple and versatile way to graft thin organic
layers onto carbon?'"?° and carbon nanotubes,?¢2®
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noble?*”* or industrial metals,>' —3* and semiconductors

(Si,¥ 7% 1TO,* and diamond* **). The mechanism
involves aryl radicals, resulting from the electroreduction
of diazonium precursors concerted with the cleavage of
dinitrogen. Aryl radicals thus formed are covalently
bonded to the substrate via carbon—metal bonds.*
Furthermore, aryl radicals formed in excess may react
with already grafted aryl groups to form aryl-to-aryl
links.>>2%-364445 That method delivers only very thin
polyaryl coatings, but was already used with halogenated
(brominated) aryldiazonium salts*® that eventually act as
initiators in ATRP. Therefore, by choosing the appro-
priate diazonium salt, “diazonium-based” ATRP can be
performed with many monomers (styrene, methylmetha-
crylate, butylmethacrylate) from several substrates.**~>°

Unlike the previous processes, cathodic electrografting
of activated vinylic monomers (CE)’! is a one-electro-
chemical-step process that relies on a direct electroinitia-
tion of the monomer, reduced under a cathodic current, in
a very unstable radical-anion immobilized on the elec-
trode. Then, the chain growth proceeds from the surface
by purely anionic propagation. The reaction mechanism
of electrografting was in particular described by Bureau
et al.>* and the covalent carbon-to-metal bond was evi-
denced using XPS.™ In spite of significant advantages to
produce thick and resilient organic coatings truly grafted
onto any conducting substrates, CE suffers from several
drawbacks that obviously limit its practical use. The
main disadvantage is its anionic mechanism, which re-
quires strictly anhydrous conditions: use of aprotic or-
ganic solvents and a limited choice of vinylic mono-
mers restricted to (meth)acrylic derivatives.>* CE and
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SI-ATRP techniques have been recently compared> and
although they are valuable tools for the synthesis of
grafted organic coatings on conducting surfaces, both
processes have drawbacks: higher monomer concentra-
tion, longer polymerization time and heating are required
for the SI-ATRP process; more drastic anhydrous condi-
tions, and a narrower choice of monomers limit the
expansion of the cathodic electrografting process.

CE and SI-ATRP drawbacks would obviously be over-
come with an alternative electrografting method based on
a radical mechanism. Recently, aryldiazonium salts have
been shown to be good initiators>®>’ in radical polymer-
ization. Thus, by applying a cathodic current to a mixture
containing both a diazonium salt and a vinylic monomer,
polymer chains are actually found grafted on the cathode.
This led to a new powerful process called SEEP for
surface electroinitiated emulsion polymerization. SEEP
provides various organic coatings strongly grafted on
conducting or semiconducting substrates’® and may be
seen as a very significant improvement from CE and SI-
ATRP. The key point of that improvement versus CE is to
switch from a direct anionic way to a radical one thanks to
outstanding properties of diazonium salts. In that case,
electrografting is accessible to a wide range of monomers
and can be performed in aqueous media, homogeneous or
heterogeneous, according to the monomer water solubi-
lity. Regarding the film structure, as SEEP includes
aryldiazonium salts, the resulting polymer films are actu-
ally polyaryl—polyvinylic copolymers.

Most importantly, as already described in our previous
article introducing this new technique, SEEP is a one-pot
process (unlike SI-ATRP) that works in aqueous dis-
persed media from available reagents without any cata-
lyst and with low reaction times, which makes it perfectly
acceptable from an industrial point of view. The only
described competing method relies on very specific
synthesized amphiphilic monomers that play the role of
surfactant, initiator, and monomer at the same time.>’

Our previous paper’® gave a preliminary description of
this process. Various monomers of different water solu-
bility were reviewed proving the versatility of the process.
Moreover, a brief discussion on a tentative mechanism
had been proposed.

The present work aims at completing and reinforcing
that first SEEP article from the mechanistic aspects. Our
objective here is to bring new information about film
morphology, molecular structure, and initiating species
in order to highlight some unclear mechanistic points. In a
first part, we will describe SEEP through new character-
izations. Then, a fine molecular structure of the coating
will be determined insisting on the ubiquity of nitrophe-
nyl groups originating from the diazonium initiator. In a
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third part, emphasis will be placed on the proton reduc-
tion and the initiation of the polymerization process
by hydrogen radical will be evidenced. Finally, a complete
build-up mechanism will be detailed specifying where
the polymerization reaction takes place in the biphasic
medium.

For clarity reasons, the study is almost entirely res-
tricted to n-butyl methacrylate as a monomer and to flat
gold substrates even if SEEP proved to be efficient on
various electrode geometries, including “pseudo-3D”
electrodes such as carbon nanotubes carpets that were
found homogeneously coated by the selected vinylic
polymer.®® BMA was chosen as a model monomer
because of its low solubility in water and its ability to
undergo radical emulsion polymerization.

2. Experimental Section

2.1. Mixture Preparation. n-Butyl methacrylate (BMA,
Aldrich, 99%) and hydroxyethyl methacrylate (HEMA,
Aldrich, 99%) were distilled under reduce pressure before use
to remove the inhibitors and stored at low temperature. Sodium
dodecyl sulfate (SDS, Aldrich, 98.5%) and 4-nitrobenzene
diazonium (NBD) tetrafluoroborate (Aldrich, 97%) were pur-
chased from Aldrich and used as received.

A master acidic solution at 1 x 107> M (pH < 2) was prepared
from pure sulfuric acid (VWR, 95%) in deionized water (DI water).

For grafting of poly(n-butyl methacrylate) (PBMA), a het-
erogeneous mixture was prepared due to the limited water-
solubility of BMA (2.5 x 10~ M). Miniemulsions were ob-
tained by adding in 50 mL of the master acidic solution, SDS
(0.13g,9 x 107> M = 1.125 CMC (Critical Micelle Concentra-
tion of SDS®! is 8.2.10 > M)) and the insoluble BMA monomer
(4.98 g, 0.7 M). The turbid water/oil mixture was then submitted
to ultrasonication (ultrasonic processor; power 60% x 130 W)
for 10 min. Then NBD (0.0237 g, 2 x 10~* M) was added under
magnetic stirring. The resulting reacting medium was actually a
complex heterogeneous mixture at a microscopic scale, contain-
ing many compounds organized as shown in Scheme 1. Con-
trary to our first paper,”® the biphasic monomer-in-water system
was strongly sheared by ultrasonication similarly to a miniemul-
sion,®? in order to form small monomer droplets and enhance
stability. No hydrophobe such as n-hexadecane typically used to
avoid Ostwald ripening was however added. In these conditions,
the miniemulsion stability was reduced with respect to that
observed in the presence of the hydrophobe and a biphasic
system was recovered in a few hours (4—5 h). Such procedure
was applied because it led to the best grafting results.

2.2. Preparation of Gold Substrates. Gold substrates were
obtained by vacuum evaporation of pure gold (99.99% from
Williams Advanced Materials) at room temperature on 76 X
13 mm? glass plates supplied by RS France. In a Balzers BAK 600
evaporator, a 2—10 nm chromium underlayer was first deposited
to enhance gold adhesion on glass and then 40 — 200 nm of gold
was evaporated under a residual pressure of 1 x 1077 bar, at room
temperature, at an evaporation speed of 5 nm min~'. Gold plates
were used without further cleaning treatment.
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Scheme 1. Composition of the Initial Miniemulsion System in the Electrochemical Cell
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2.3. Electrochemical Procedures. Electrochemical syntheses
were carried out under argon in a three-electrode cell with a
Princeton Applied Research Inc. potentiostat model 263A from
EG&G. The working electrode polarization was achieved under
cyclic voltamperometry ranging from 1 to 10 cyclesat 10 mV s~
scanning rate from the rest potential (~0.5 V) to the final
potential, usually at —1.0 V. A low scan rate was used in all
SEEP experiments because the thickness of the grafted film was
found higher than with faster scan rates in similar conditions.
Working electrode was a smooth Au surface obtained as pre-
viously described, counter electrode was a graphite plate and a
saturated calomel electrode (SCE) was used as the reference.
Thus, in voltamperograms, potentials are given versus SCE and
current values are given for roughly 2.5 cm? of gold surface
dipped into the solution. The reaction time depends on the
number of cycles (~30 min for 5 cycles). The experiments were
conducted at room temperature in acidic deionized water be-
cause of the instability of the diazonium group in presence of
nucleophiles such as hydroxide ions in more basic medium.*?
Miniemulsions were systematically deoxygenated by argon
bubbling under stirring for 30 min before electrochemical treat-
ments to remove dioxygen (radical polymerization inhibitor),
and then a constant blanket of Ar was maintained above the
miniemulsion, whereas magnetic stirring was stopped during the
experiment.

After all experiments, to ensure the covalent character of the
grafting, samples were systematically rinsed with DI water and
acetone and, finally, dipped into dimethylformamide (DMF)
under ultrasonication (40 W) for 30 s in order to both remove
any physisorbed polymer chains and test the strength of the film
attachment.

Free surfactant
O
Na® "0——8——0C3Hs

Sodium Dodecyl sulfate

Electrochemical quartz crystal microbalance (EQCM)
experiments were performed using a 5 mm diameter quartz
crystal (9 MHz) gold metalized on both faces purchased from
BIO-LOGIC and used as received. The quartz crystal was set in
a holder made of Teflon and connected to a three-electrode cell
especially designed to host it, composed of a graphite counter
electrode, a saturated calomel reference electrode and the work-
ing electrode consisting of the gold coated quartz (area 0.2 cm?).
Electrochemical experiments were performed using an EG&G
Princeton Applied Research model 283 potentiostat and a
SEIKO 922 QCM model. The Af out connector was connected
to the external ADC input of the potentiostat. Three calibration
sensibilities are available for the measurements of the eigenfre-
quency shifts.

2.4. Spectroscopic Analyses. Infrared spectra were obtained
on a Bruker VERTEX 70 spectrometer equipped with ATR
(Attenuated Total Reflection) Pike-Miracle device. The detector
was a MCT working at liquid nitrogen temperature. The spectra
were obtained after 256 scans at 2 cm™ ' resolution.

X-ray Photoelectron Spectroscopy (XPS) analyses were per-
formed with a Kratos Axis Ultra DLD using a high-resolution
monochromatic Al Ka line X-ray source at 1486.6 eV. Fixed
analyzer pass energy of 20 eV was used for core level scans. The
photoelectron takeoff angle was always normal to the surface,
which provides an integrated sampling depth of approximately
15 nm. A survey spectrum and core-level spectra of Cls (280—
290 eV), Ols (526—538 eV) and N1s (396—410 eV) regions were
systematically recorded. The energy scale of the instrument was
calibrated by setting Au 4f7,, = 84.00eV, Ag3ds,, = 368.70¢eV,
CuL3M, sMys = 567.90 eV and Cu 2p3; = 932.65eV.** When
charging phenomena occur, the charge is counterbalanced by
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Figure 1. Typical IR-ATR spectrum of PBMA grafted by SEEP of BMA in miniemulsion (5 cycles/—1.0 V/10mV s~ ") on gold substrate (wavenumber in

cm ™! of major absorption bands; see Table 1 for the attribution).

adjusting the Cls (aliphatic carbon) level at 285 eV. However, in
our case of very thin polymer films, the charge never exceeds
1—2 eV. Spectra were treated with Avantage software.

ToF-SIMS analyses were carried out with a ToF-SIMS IV
ION-TOF spectrometer. Surface spectroscopic analyses were
performed with Au™ primary ions at 25 keV on a 150 x 150 gm?
surface area in positive and negative polarity and the acquisition
time was 75 s. Profiles analyses were also carried out in negative
polarity using a Cs* gun at 500 V to dig a 500 x 500 um? crater
area. Acquisition times depend on the film thickness.

2.5. Atomic Force Microscopy (AFM). PBMA films were
imaged by AFM in acoustic mode with a Molecular Imaging
PicoSPMLe commercial AFM microscope (PicoScan 2100 con-
troller, Scientec, France) using a commercial pyramidal Si tip
(mounted on 225 um long single-beam cantilever with a reso-
nance frequency of approximately 75 kHz and a spring constant
ofabout 3Nm™"). The scan rate was in the range of 0.25 Hz with
a scanning density of 512 lines per frame. The AFM is mounted
on a floating table to achieve vibration isolation during inves-
tigations.

3. Results and Discussion

3.1. Poly(n-butyl methacrylate) Film Characterization.
This first part gives a brief reminder of the major char-
acteristics of SEEP, on the particular example of PBMA
electrografted from a miniemulsion. Typical thin PBMA
films (20—50 nm thick) were obtained from 5 voltampero-
metric cycles at —1.0 V. The corresponding voltampero-
gramm (see the Supporting Information, Figure SI-1)
exhibits a reduction peak (0.25 V; 160 uA) attributed to
the diazonium reduction into aryl radicals ("CgHs—
NO,)** that almost disappears after the first cycle. At
lower potentials, the observed current, which remains
quite significant even after several cycles, arises from
the reduction of the solvent—electrolyte (DI H,O—
H>SO,), which starts at —0.4 V, leading to the reduction
of protons to produce dihydrogen (H"/H»). That current
emphasizes that the accessibility of the electrode is not
totally suppressed upon the formation of the grafted film.

As shown in Figure 1, the IR-ATR spectrum of the
grafted film confirms the presence of PBMA, together

Table 1. Major IR Absorption Bands in a PBMA Film Synthesized by
SEEP

wavenumber (cm”~ ')

2958 2932 2870 1730 1600 1530 1350 1240

attribution ez v *cra V'omz Ye—o Ye—c No2 V'No2 Voco
belonging to PBMA nitrophenyl groups PBMA
with nitro moieties originating from the electroreduction
of the diazonium precursor (Table 1). As for previously
described examples,™ no change was observed in the IR
intensity upon ultrasonication, which confirms the covalent
grafting. In conclusion, this spectrum presents all the features
of a poly(nitrophenylene) (PNP)—PBMA copolymer.

The XPS survey spectrum (Figure 2a) of a 10 nm thick
PBMA film got by SEEP displays two peaks at 83.8 and
87.5eV, which can be easily attributed to the gold substrate.
Indeed, as XPS is sensitive only to the outer 10—15 nm of
the coating (mean escape depth of electrons in a polymeric
material), with a very thin PBMA sample (<10 nm),
electrons of the substrate emerge and gold peaks (Au 4f
5/2 and Au 4f 7/2) are more or less visible on the survey
spectrum. In Figure 2a, gold peaks are barely visible,
indicating that the organic layer thickness is close to the
sampling depth of the technique. Consequently, the whole
thickness of the film, from the interface with gold to the
upper part, was actually probed by XPS in the present case.

Figure 2a displays the characteristic carbon and oxygen
peaks of PBMA® respectively centered at 285 and 532 ¢V.
The Ols core level (Figure 2b) is composed of two peaks
of same area attributed to the C—O and C=O groups in
stoichiometry 1:1 in the PBMA. Regarding carbon signal,
Cls core level spectrum (Figure 2¢) presents three peaks.
The smaller one at a higher binding energy (289 ¢V)
corresponds to the carbonyl ester group COO, alkyl
groups (—CH,—, —CH;) appear in the peak centered at
284.9 eV, and the small component at 286.5 eV was
assigned to the ester —C—O— simple bond.

(65) Beamson, G.; Briggs, D. High-Resolution X PS of Organic Polymer:
The Scienta ESCA300 Database; John Wiley & Sons: New York,
1992.
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Figure 2. (a) XPS survey spectrum; (b) Cls core level spectrum; and (c) Ols core level spectrum of PBMA film (10 nm thick) grafted by SEEP of BMA in

miniemulsion (5 cycles/—1.0 V/10 mV s~ ') on gold substrate.

The nitrogen area (around 400 eV) is detailed in
Figure 3. The highest-energy peak at 406 eV was
obviously attributed to the NIs in nitro groups
(—NO,). According to the literature, the first com-
ponent at 399.3 eV can be attributed to amino groups
(—=NH>») and the second one at 400.4 eV to azo groups
(—=N=N-). Those attributions will be discussed later in
the section 3.4.

Hence, the reduction of BMA/NBD mixtures led to
strongly grafted PBMA films that contained nitrophenyl
groups, azophenyl groups, and aminophenyl groups, all
coming from the reduction of NBD.

3.2. Film Structure Determination. To understand the
mechanism of the SEEP process, it was essential to
determine and establish a fine PBMA film structure.
The main point of this task was to localize the nitrophenyl
groups (®-NO,) in the film. We already know that
nitrophenyl radicals from NBD reduction form a poly-
nitrophenylene-like layer according to the mechanism
described in the literature®>3*+%3 and that they are able
to initiate radical polymerization.’®>” Our previous work
gave indications that a PNP-like “primer layer” was
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Figure 3. Nls core level XPS spectrum of PBMA film (10 nm thick)
grafted by SEEP of BMA in miniemulsion (3 cycles/—1.0 V/10mVs™ ") on
gold substrate.

formed on the electrode, because the nitro signature was
detected only with XPS on very thin films. So, the
question is are nitrophenyl groups concentrated only at
the gold interface in that PNP-like sublayer? Detailed
analyses using IR-ATR, XPS, and ToF-SIMS will pro-
vide an answer.
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Table 2. Intensity of Mitrophenyl (®#-NQO,) IR Absorption Bands in a PNP Film and in a PBMA Film Synthesized by SEEP

films compds Vno2 band (1346 cm™") (%) Vo2 band (1522 ecm™!) (%) Veec band (1597 cm™) (%)
PNP NBD 0.70 0.59 0.36
PBMA SDS, BMA, NBD 2.21 1.59 1.05
7000 - C 1 665 -
S N=N
6000 O l1s 660 NO,
5000 655
" 650 - NH,
o 4000 - Z 645 1
© 3000 N 1s é 640 -
2000 - i 635
Au 4f 630 |
1000 1 (a) i 625 (b)
0l e Y 620 - | | | | |
1200 1000 800 600 400 200 0 409 407 405 403 401 399 397 395

Binding Energy (eV)

Binding Energy (eV)

Figure 4. (a) XPS survey spectrum and (b) N1s core level spectrum of PBMA (50 nm thick) grafted by SEEP of BMA in miniemulsion (5 cycles/—1.0 V/

10mV s~ ") on gold substrate.

3.2.1. IR-ATR. Two samples were compared by IR-
ATR (see the Supporting Information, Figure SI-2) with a
focus on the intensity of the nitro group absorption bands,
signature of nitrophenyl moieties. The first sample was a
PNP-like layer made by electrochemistry (5 cycles, —1.0 V,
10 mV/s) from an acidic solution (I x 10~ M) of NBD
(0.0237 g,2 x 10> mol.L™ ") alone without monomer. The
second one was a PBMA film made by SEEP as described
in the Experimental section (acidic miniemulsion contain-
ing NBD and BMA) under the same electrochemical
conditions. The aryldiazonium concentration was the
same in both cases (2 x 107> M). Besides the apparition
of the PBMA carbonyl band at 1730 cm ™' in the second
case, the main differences are the intensity values (Table 2)
of the three nitrophenyl group characteristic bands, which
are three times higher when BMA monomer is present
(second case). Two explanations can be proposed to
elucidate that increase of the nitrophenyl amount in the
film. (i) The PNP sublayer was three times thicker in
presence of BMA; (ii) nitrophenyl moieties were not
located in the PNP sublayer only. The former rationale
was unlikely since NBD electroreduction and PNP graft-
ing should not be significantly influenced by any neutral
species present in the solution. Therefore, the most likely
hypothesis was that nitrophenyl groups were incorporated
into the PBMA chains throughout the entire film.

3.2.2. XPS Analysis. As seen in the first part, for thin
PBMA samples where gold peaks are visible on the survey
spectrum, N1s signals are detected. On the contrary, for
samples whose thickness is significantly higher than the
analysis depth (more than 15 nm), gold peaks are not visible
anymore from the survey spectrum, as seen in Figure 4a. In
that case, N1s peaks originating only from a PNP sublayer
located directly at the gold interface should also be absent
from the spectrum. However, an N1s signal is still present
(Figure 4b), which means that nitrophenyl groups are not
only present at the gold—film interface as a sublayer but are
also present throughout the entire PBMA film.

3.2.3. ToF-SIMS profile. ToF-SIMS profile allows a
detailed analysis of the whole thickness of the film, from

the upper (superficial) part to inner part (interface area).
Indeed, the coating profile (Figure 5) gives the normalized
intensity of the collected ionized fragments resulting from
ion bombardment of the PBMA grafted film versus
digging time (which is directly related to the film
thickness). Time zero corresponds to the top of the film
and at the final time, the substrate is reached. For the sake
of clarity, only one fragment profile from nitrophenyl
moieties (CNO; m/z = 42.0, green line) and two from
PBMA (C,H, m/z = 25.01; C4HsO, m/z = 85.04, purple
lines) are represented. The gray line is the gold substrate
profile. PBMA fragments (purple curves), keep a high
intensity (70 — 90%) during almost all the digging time
(= film thickness) and start to decrease only when the
gold signal is reached. This is consistent with the chemical
composition of the grafted films, which is almost pure
PBMA. On the contrary, nitrophenyl fragments (CNO,
green line) increase when reaching the substrate, with a
slope almost similar to the gold one (gray line), which is
consistent with the presence of a very thin PNP sublayer,
whose thickness is related to the shift in digging time
between the green and gray lines. However, nitrophenyl
fragments are also extracted from the top part of the film:
indeed, the intensity recorded at low digging times is far
from negligible. If nitrophenyl moieties were only located
in a sublayer, the green signal should be zero at low
digging time and should increase progressively in parallel
to the gold one. The significant signal observed at low
digging time (top part of the film) undoubtedly demon-
strates that nitrophenyl moieties are present throughout
the entire film. Therefore, nitrophenyl groups/CNO pro-
file is in perfect agreement with the previous analyses:
nitrophenyl groups are located in high concentration
close to the substrate, forming a PNP sublayer at the
interface with gold and they are also spread in lower
concentration throughout the full polymer thickness up
to the top of the film.

In conclusion of this part, our three analyses converge
on the same film structure. Starting from the substrate, a
pure PNP-like (= (®-NO,),) thin grafted layer, resulting
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Figure 5. ToF-SIMS profile of PBMA film grafted by SEEP of BMA in
miniemulsion (5 cycles/—1.0 V/10 mV s ') C.H,(O.) fragments (red)
from PBMA, CNO fragments (green) from nitrophenyl groups, Au
profile (gray). Insert table gives fragments attribution according to m/z
ratio.

directly from NBD reduction. Then, PBMA chains at-
tached to the PNP sublayer are found with nitrophenyl
groups dispersed regularly in the PBMA part.

The structure of the grafted films provided by SEEP is
thus well established. However, in order to propose a full
mechanism for their formation, we still need to under-
stand which reactions are involved.

3.3. Proton Reduction and Role of Hydrogen Radicals.
Experiments results are reported here to highlight the role
of hydrogen radical as a polymerization initiator.

3.3.1. Without Diazonium Salts. In our previous arti-
cle, we already demonstrated that without NBD in the
starting medium, no polymer was found grafted on the
electrode as suggested by IR spectrum (see the Supporting
Information, Figure SI-3), but polymer chains were
found in solution. This former experiment strongly sug-
gested that (i) radical species issued from the electrore-
duction of protons are able to initiate the radical
polymerization of the vinylic monomers in solution;
(i1) the PNP primer layer is essential to graft the vinylic
polymer onto the substrate. This result assumes that alkyl
macroradicals (from propagation) are less reactive than
aryl radicals (from nitrobenzene diazonium reduction)
toward gold surfaces.

A new experiment was carried out to reinforce those
hypotheses in which a hydrosoluble monomer, hydro-
xyethyl methacrylate (1.0 mol L™ water solubility), was
used instead of BMA to avoid any demixtion of the
miniemulsion during the long-time reaction. HEMA
(6.53 g, 1.0 mol L") was poured in 50 mL of acidic water
(H,SO4—DI H,0, 1 x 1072 mol L") and submitted to
chronoamperometry at —1.0 V for 15 h. The recorded
current decreased from 10 to 3 mA, likely because of
physisorbed matter. At the end, the reaction mixture was
separated, and water was evaporated under a vacuum.
The oily residue was then dried under a vacuum for 30 h.
Finally, 5.193 g of a white solid was collected (80%
conversion). IR spectrum clearly exhibits characteristic
bands of PHEMA with no residue of HEMA (Figure 6).
Hence, HEMA did polymerize, although it could not be
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Figure 6. IR-ATR spectra of (a) PHEMA collected after 15 h of chron-
oamperometry (—1.0 V) from HEMA in acidic medium; (b) Commercial
PHEMA (20 000 g mol~"); and (c) commercial HEMA monomer.

directly reduced at the cathode in those conditions,
because its redox potential (= —2.5 V) was never reached.
In the absence of diazonium salt, hydrogen radicals (H®)
generated from protons reduction are the only species
able to initiate a radical polymerization in the above
conditions. As we already saw that similar currents are
also observed in SEEP conditions in the same potential
window, it is likely hydrogen radicals are also generated
in SEEP when the potential reaches —0.5 V and even-
tually play a role in initiating the vinylic polymerization,
together with aryl radicals issued from the reduction
of NBD.

3.3.2. Variation of Final Potential. Figure 7a gives the
measured thickness recorded on grafted PBMA films
with profilometry together with the transmittance inten-
sity recorded on the carbonyl absorption band in the IR
spectrum for various final potential values. There is
obviously a direct relationship between the final thickness
of the grafted film and the potential window experienced
by the reacting medium: the more cathodic the final
potential, the thicker the grafted film. As the amount
of reduced protons also increases when the potential
becomes more cathodic, Figure 7a confirms that hydro-
gen radicals resulting from protons reduction play an
important role. Moreover, Figure 7b shows that when the
final potential of the cyclic voltamperometry is stopped
before proton reduction regime (i.c., above c.a. —0.4 V vs
SCE), the grafted film is thinner than when protons are
reduced.

3.3.3. EQCM Experiment. EQCM allows simulta-
neous measurement of electrochemical parameters (i.e.,
current, charge, etc.) and mass changes at electrode sur-
faces via changes in the resonant frequency of the quartz
crystal. Thus, decreases in mass correspond to increases in
frequency and vice versa. Considering that the deposited
layer is rigid and that no viscoelastic changes occur at the
electrode interface, the frequency and mass changes are
related by a simple, linear equation: Af = —Ci/Am
(Sauerbrey equation) where Af (Hz) is the frequency
change, Am (ug cm™?) is the mass change, and C; (Hz
cm?® ug ') is the proportionality characteristic constant of
the 9 MHz quartz crystal used (including the shear mod-
ulus, the quartz density and the piezoelectric active area).
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Figure 8. Quartzfrequency variation versus time for successive voltamperometric cycles in SEEP of BMA in miniemulsion (4 cycles/—1.0 V/10mVs ™) on

gold substrate. Insert: zoom of the st cycle.

Quartz was connected as working electrode and cyclic
voltamperometry (4 cycles/—1.0 V/10 mV s~ ') was per-
formed as usual. The frequency change versus time is
reported in Figure 8§ and split according to the four
electrochemical cycles. If we focus on the first one (from
0 to 315 s, see insert Figure 8), two regions can clearly be
distinguished: (i) from 0.25 to —0.4 V, the first mass
increase can be attributed to the diazonium reduction;
(i1) and then from —0.4 to —1.0 V, an important mass
variation occurs within the proton reduction regime, which
almost stops at —1.0 V. At the end of the first cycle, a small
amount of nongrafted matter is desorbed. In the second
cycle, the diazonium reduction effect is still visible but less
important than on the first cycle and from the third cycle to
the end, there is no more observable frequency change
between 0.25 V and —0.4 V. In the same time, frequency
decrease still occurs in the proton reduction regime with
the same intensity at each cycle. This EQCM result means

that during proton reduction there is an important mass
increase at each cycle, even when diazonium reduction is
almost negligible. Thus, hydrogen radicals play an impor-
tant role in the building process at each voltamperometric
cycle, whereas the effect of nitrophenyl radicals from
diazonium cation reduction on the film formation is only
significant on the first two cycles. This is consistent with the
increasing difficulty for diazonium cations to reach the
gold surface when the film thickness increases, while
protons still find their way.

3.3.4. Grafting in Two Steps. SEEP is a one-pot pro-
cess, meaning that all reactions occur simultaneously in
the reactor. For a better understanding, the grafting was
then decomposed in two separated steps: (i) first, electro-
grafting of a PNP-like film by reducing NBD alone from
an aryldiazonium acidic solution; (ii) using this PNP-
modified gold substrate as a working electrode in SEEP
medium without NBD. On the IR-ATR results
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Figure 9. (Left) IR-ATR spectra of PNP sublayer after the first step
(black) and PBMA after the second step (blue). (Right) IR-ATR spectra
comparison of (a) PNP after the first step; (b) PBMA after the second step
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(5 cycles/—1.0 V/I0 mV s~ ).

Table 3. Intensity of the Carbonyl IR Band in PBMA Film Synthesized in
Two Steps or after a Classical SEEP in One Step

two-step experiment one-step experiment

Ve—o intensity (%) 0.5 10—15

(Figure 9), the characteristic band of the PBMA carbonyl
group at 1730 cm™ ! highlights that PBMA is formed and
grafted on the PNP sublayer. Furthermore, from the first
to second step, XPS signals of Cls and Ols core levels
were modified from PNP to PBMA characteristic signals
(see the Supporting Information, Figure SI-4) confirming
PBMA grafting. However, despite the same concentra-
tions being used in both cases, the carbonyl IR band
intensity was 10 times weaker when the grafting was
performed in two steps than in “classical” one step
(Table 3), suggesting that PBMA grafting was clearly less
efficient in two steps (Figure 9). An explanation of this
phenomenon is developed in the next part.

Knowing that no aryldiazonium initiators were present
in solution in the second step, this latter experiment
strongly suggests that PBMA grafted chains were in-
itiated by hydrogen radicals from protons reduction.
However, another likely hypothesis could be that PNP
sublayer was damaged when crossed by a cathodic cur-
rent (~10 mA) in the second step and released some
nitrophenyl radicals entities able to initiate the polymer-
ization of BMA. To discard that hypothesis, we also
performed the second step under chemical activation
instead of electrochemical reduction.®® In this case, a
chemical reducer (iron powder) was added in the medium
to replace the cathodic current. Indeed, the Fe/Fe®"
couple, the redox potential of which is —0.44 V vs NHE
(—0.69 V vs SCE), is able to reduce protons. A PNP-
modified gold substrate was dipped for 1 h in a solution
containing HC1 0.5 M (52 mL), HEMA (2 mL), and iron
powder (1.899 g). After being rinsed in DI H,O under
ultrasound (power 50%) for 5 min, the sample was
characterized by IR (see the Supporting Information,

(66) Mévellec, V.; Roussel, S.; Tessier, L.; Chancolon, J.; Mayne
L’Hermite, M.; Deniau, G.; Viel, P.; Palacin, S. Chem. Mater.
2007, 19, 6323-6330.

Tessier et al.

Table 4. Contact Angle Measured on PNP Sublayer after the First Step
and on PHEMA Film Grafted in the Second Step Using a Chemical
Reducer (Iron Powder)

first step second step
PNP PHEMA
contact angle (deg) 86.62 +£2.91 56.84 +4.39

Figure SI-5), contact angle measurement (Table 4), and
XPS (see the Supporting Information, Figure SI-6). The
IR spectrum exhibits a characteristic major absorption
band at 1729 cm™ ! related to the PHEMA carbonyl
group. The decreasing contact angle from 86° for the
PNP to 57° after the second step confirms that a hydro-
philic layer of PHEMA was grafted. Lastly, Cls and Ols
XPS signals are typically those of a PHEMA film. Ana-
lyses clearly indicate that PHEMA was grafted in the
second step attesting that HEMA radical polymerization
was indeed initiated by hydrogen radicals and not by
nitrophenyl radicals resulting from damage electroche-
mically induced in the PNP sublayer.

3.4. Proposed Mechanism of SEEP. From all analyses
and experimental results detailed above, it was possible to
elaborate a SEEP mechanism including classical radical
polymerization steps, namely, initiation, propagation,
and termination. If initiation and propagation are quite
similar to those in a bulk radical polymerization, termi-
nation reaction leads, in SEEP, to the polymer grafting.
As usual, initiation involves two reactions; first, primary
radical generation by electrochemical reduction and then
initiation by reaction with a vinylic monomer. Termina-
tion corresponds to the “grafting to” step of PBMA
chains on the substrate. Moreover, SEEP mechanism
includes an additional reaction at the beginning, which
is the PNP-like layer formation. Now let us describe a
more plausible mechanism, split in the three classical
polymerization steps.

3.4.1. Initiation. The initiation step starts when radi-
cals are generated by electrochemical reduction in the
vicinity of the polarized electrode. Nitrobenzene diazo-
nium cations and protons are respectively reduced in
nitrophenyl radicals (*®-NO,) and hydrogen radicals
(H®) by a cathodic current:

e_

H* L) H-

One of the key points of the mechanism is that aryl
radicals generated by the electroreduction of NBD play a
double role. (1) On the one hand, they form a primer
polynitrophenylene-like grafted layer on the cathode®’
(see the Supporting Information, Scheme SI-1). However,
if the formation of this PNP layer is incontestable with a
mechanism widely reported in the literature,**** our XPS
results (Figures 3 and 4b) show azo linkages (-N=N-) and
amino groups (—NH>,) leading to quite a complex struc-
ture (see the Supporting Information, Scheme SI-2). The
literature confirms the presence of azo and amino groups
in such films, but the mechanism of their formation is still
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Scheme 2. Chemical Mechanism of (top) Nitrophenyl Radical and (bottom) Hydrogen Radical Initiation and Propagation Steps of
Radical Polymerization
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under debate.®” For the azo linkages, one hypothesis is to
suggest an azo coupling reaction between diazonium
cation and an electron-rich aromatic ring;*"**® a second
one proposes an alternate electroreduction pathway of
the diazonium group leading to a diazenyl radical;** and a
third tentative mechanism, recently offered by Pinson et
al., suggests the attack of the diazonium cation on a
cyclohexadienyl radical.®” Regarding amino groups, they
were for a long time explained by the electrochemical
reduction of nitro groups in an acidic medium,”®~"* but a
second hypothesis implies chemical reduction of NO,
under the X-ray beam during XPS experiment.***"> (2)
On the other hand, as recently reviewed and observed in
our experiments, aryl radicals (*®-NO,) are very good
radical sources to initiate radical polymerization.*-’
Moreover, many results shown in the previous part
indicate the importance of the proton reduction (QCM
and two-step experiment). Even when diazonium salt is
missing, polymer is detected in bulk, proving that hydro-
gen radicals (H") are able to initiate radical polymeriza-
tion too in our conditions. Indeed, although the major
product of proton reduction is dihydrogen, hydrogen
radical intermediates have been shown to act as radical
polymerization initiators.”*”"® Tashiro et al.”’ already
reported that the mechanism of an electrochemically
induced polymerization reaction is assumed to be
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I. Chem. Mater. 2005, 17, 3968-3975.
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initiated by the attack of electrochemically generated
hydrogen radicals onto 4-vinylpyridine monomers. More
recently, Cram et al.*® described a mechanism of electro-
polymerization of methyl methacrylate on stainless steel
in sulphuric acid, which also involved hydrogen radicals.
We assume a similar process occurs in SEEP: there is a
double initiation *®-NO,/H" and oligo-radical chains in
growth thus possess two different extremities according
to their initiator, either O,N—®—-CH,— or H—CH,—
(Scheme 2). An obvious consequence of the above con-
clusion is that initiation very likely occurs in the water
phase within the biphasic system. Indeed, as NBD salts
are more soluble in water than in BMA and protons are
localized in water, initiation is likely to occur in the
continuous aqueous phase with the small amount of
BMA soluble in water (water solubility of BMA at
saturation = 2.5 x 1072 mol/L at 25 °C).%!

3.4.2. Propagation. BMA is essentially consumed by
propagation in the aqueous solution (very probably in the
vicinity of the electrode surface), which is then continu-
ously supplied via monomer diffusion from the droplets
(similarly to what happens in a conventional emulsion
polymerization, with monomer diffusion from the dro-
plets to the particles through the aqueous phase).®'*? For
a hydrophobic polymer such as PBMA, the formed
oligoradicals reach a critical polymerization degree,
DP,, .it» beyond which they cannot stay in the aqueous
phase. They will then diffuse toward the hydrophobic
phase of the medium. The latter can be the surfactant
micelles, if any (after ultrasonication, SDS is usually
adsorbed on the water/droplet interface below the satura-
tion threshold, which prevents micelles from forming®?),
the monomer droplets or the organic interfacial film
grafted to the gold electrode. Because of very small over-
all monomer conversion (4—5%), and the absence of
polymer particles in the polymerization medium, diffu-
sion of the oligoradicals toward micelles or droplets seems
to be negligible. It is then assumed that most of them will
be trapped in the polymer layer at the electrode surface,
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Figure 10. AFM picturesin tapping mode of (a) PBMA films and (b) PHEMA films grafted by SEEP on gold substrate, at different scales (5 x 5,1 x 1, and

0.5 x 0.5 um?).

where grafting will further take place, via termination or
chain transfer reactions, as detailed in the next section.
Because of the presence of a noncharged initiator frag-
ment at the chain-end (see Scheme 2), the DP,, ., value
should be very small (a few units). Actually, PBMA chain
length was roughly estimated by calculating an approx-
imate polymerization degree from XPS results. In this
calculation, we made the approximation that each poly-
mer chain is initiated by a nitrophenyl radical and there-
fore, all the chains bear a nitrophenyl end containing a
nitrogen atom. Hence, the polymerization degree is cal-
culated from the C/N ratio given by XPS results. The
number of monomer units incorporated in the grafted
chains calculated from this approximation, is about
10—12. In contrast, for a polymer with higher water
solubility such as PHEMA, DP, ., should be higher
and films tend to be thicker. This assumption is confirmed
by our results: all conditions being equal (5 cycles/—1.0 V/
10mV s~'/0.7 mol L"), the PHEMA film is 70 nm thick,
whereas the thickness of PBMA film is 20 nm. Further-
more, PBMA films morphology was probed by AFM.
PBMA film pictures recorded at different scales clearly
evidenced a globular morphology which is probably due
to the poor affinity between the solvent (water) and the
polymer chains. As water is a bad solvent for PBMA,
chains tend to aggregate, giving rise to “mushrooms”
structure (Figure 10a). On the contrary, grafted films
prepared from a water-soluble monomer (HEMA) look
smoother and more homogeneous (Figure 10b).

3.4.3. Chain Transfer|/ Termination at the Electrode
Surface. Once they adsorb onto the PNP-like layer at
the electrode surface, the oligoradicals can undergo chain
transfer or termination reactions, which will stop their
growth. In radical polymerization, it has been shown that

(84) Odian, G. Principles of Polymerization; JohnWiley & Sons: New
York, 2004

the presence of aromatic nitro compounds such as nitro-
benzene leads to transfer reactions.®® In a similar way, in
SEEP, radical extremity of oligoradicals may attack aro-
matic rings of nitrophenyl moieties from the PNP layer by
an addition—elimination reaction (Scheme 3). As radical
aromatic substitution is not very sensitive to substituent
directive effects, PBMA chains can add indifferently on
any positions versus NO, on the aromatic ring. However,
because of the steric hindrance due to the aryl—aryl bond
in para position versus NO,, the more likely position to
link PBMA chains may be the ortho position versus NO,,
which is more accessible than the meta position.

When aromatic ring sites of the PNP are no longer
available, the film growth is not yet stopped. Indeed, some
grafted chains present a nitrophenyl extremity, according
to their initiation, leaving new “hosting sites” for macro-
radical chains to terminate and film thickness grows up by
successive termination of propagating PBMA chains on
nitrophenyl sites (Scheme 4a). Obviously, film thickness
(i.e., IR transmittance intensity of vc—o band) depends on
the number of voltamperometric cycles (see the Supporting
Information, Figure SI-7). Consequently, the grafted
PBMA chains, which present a proton end, should tend
to limit the film thickening. This is consistent with our
results in the two-step experiment where the only initiators
in the vinylic polymerization were hydrogen radicals lead-
ing to CHj; extremities only, inefficient for film thickening
(Scheme 4b). The final thickness was found to be 10 times
smaller than in classical SEEP conditions (Table 3). Hence,
nitrophenyl moieties act like nodes or cross-linkers be-
tween PBMA chains, which is in good agreement with the
structure determined before.

4. Conclusion

The new SEEP technique presents several advantages:
experiments are performed in water, in a one-pot process,
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Scheme 3. Chemical Mechanism of PBMA Chains Linkage on the Polyaryl Sublayer by an Addition—Elimination on the Aromatic Ring
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PEMA chains
on any conducting or semiconducting substrates, in one electrografted on conducting surfaces under moderate
fast electrochemical step, at room temperature. The cathodic conditions and act both as initiator for the

method relies on the ability of diazonium salts to be easily conventional radical polymerization of vinylic monomers
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and as primer sublayer. The novelty of this new “grafting
to” process is based on the originality of the mechanism,
with which it seems easy to achieve multilayered polymer
films (i.e., in several consecutive steps with different mono-
mer emulsions) or statistic copolymer films (in one step by
mixing both monomers together in the same reaction
medium). The mechanism can be split in three steps:

Electrochemical initiation giving rise to protons and
diazonium cations reduction.

Radical initiation by nitrophenyl and hydrogen radi-
cals and simultaneously formation of the PNP sublayer,
followed by propagation.

Chain transfer/termination of PBMA oligoradicals on
the aromatic rings of the PNP sublayer.

More results, not presented here, indicate that the
SEEP process can be applied to any conducting substrate,
with any monomer able to polymerize through a radical
mechanism (mainly methacrylates and acrylates). On the

Tessier et al.

other side, additional works are in progress to understand
more precisely the role of the surfactant nature (anionic,
neutral, or cationic) and the donor or acceptor nature
of the substituting group on the aryldiazonium salt
(_O_CH3 or _NOQ)

More generally, SEEP has been successfully used
for applications such as hydrophobic/hydrophilic pat-
terning of gold surface and carbon nanotubes functiona-
lization.®
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