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The possibility of grafting a series of alkyl polyacrylates and
polymethacrylates onto a nickel cathode by electropoly-
merization of the parent monomers has been investigated
and has emphasized the critical importance of the solvent
used. Indeed, the intensity of the inhibition peak, which is
the electrochemical mark of the cathode passivation as result
of the polymer grafting, clearly depends on both the polarity
and the donor-acceptor properties of the solvent. The
Gutmann concept is used to account for these experimental
results. An increase in the donicity of the solvent used for the
electrochemical medium has allowed, for the very first time,
several polyacrylates and polymethacrylates [such as
poly(ethyl acrylate), poly(methyl methacrylate), and poly(2-

trimethylsilyloxyethyl methacrylate)] to be electrografted
onto Ni. This observation is consistent with a competition
process between the monomer and the solvent for being
adsorbed on the cathode and amassing in its very close
vicinity. The outcome of this competition is controlled by the
relative polarity (in case of low donicity) and the relative
donor-acceptor properties (when the difference is high
enough) of the monomer/solvent pair, and by the monomer
concentration (in case of weak competition). A semi-
quantitative relationship has also been observed between
the monomer ability to be electrografted and the electron-
accepting character of the vinyl B-carbon atom as measured
by 13C NMR.

Introduction

Although electrochemistry is a well-known technique for
coating various conducting substrates by an organic poly-
mer, the achievement of a stable polymer-metal association
is usually a challenge, since a poor and short-lived interfa-
cial adhesion is the ruleft[l,

According to the pioneering work by Lécayon et al.[Bl4,
we have confirmed in a previous paper® that polyacrylo-
nitrile (PAN) could be cathodically electrografted onto sev-
eral transition metals (Ni, Cu, Fe), and made clear that
peak I, observed by voltammetry (Figure 1) is the mark of
the grafting reaction. The term grafting, which implies a
chemical bonding of the polymer to the metal, has been
used by these authors on the basis of X-ray emission spec-
troscopy (EXES) analysis®l. This quite unusual and pro-
mising reaction, originally reported in acetonitrile (ACN),
which is a nonsolvent for the polymer (PAN), has been con-
firmed in a good solvent such as dimethylformamide
(DMF)BL. This observation is a convincing evidence for a
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highly stable interaction between PAN and the metal in the
potential range of peak I. When this potential is increased
further (Figure 1, peak I1), the originally “grafted” PAN is
debonded and dissolved in DMF and the polymerization
occurs in solution1®],

Figure 1. Voltammetry of AN on nickel in a 0.05 M TEAP solution
in DMF; [AN] 0.5 M; v = 20 mVs™?
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Until now, only very few monomers are known for their
capability of being grafted onto a metallic cathode. In ad-
dition to polyacrylonitrile that has been most extensively
studied, grafting of poly(p-chlorostyrene) has been reported
some years ago by Deniau et al.®®. This conclusion might,
however, be distorted by the parasitic loss of the chlorine
atom simultaneously observed. A cross-linking reaction™
gives a better account for the intrinsic insolubility of that
polymer in the solvent used (ACN) and thus for the pres-
ence of the deposited film. The case of polymethacryloni-
trile, recently reported by Tanguy et al.*11l'2 js less am-
biguous, since this polymer is known to be soluble in the
reaction medium (ACN). Furthermore, according to these
authors, infrared spectra did not show any structural modi-
fication indicating cross-linking*Y. Nevertheless, they
noted that the electrografting of polymethacrylonitrile in
acetonitrile strongly depended on the monomer concen-
tration, without giving a satisfactory explanation for this
experimental observation.

It is clear from the “state of the art” that the actual weak-
ness of the electrografting reaction is the severe restriction
on the choice of the polymer to be grafted. Discovery of
new monomers prone to electrografting and able to make a
stable organic coating reactive is highly desirable for specific
technological applications (adhesion in composite materi-
als, ...). The purpose of this paper is to search for exper-
imental conditions under which the electrografting reaction
known for acrylonitrile and methacrylonitrile could be ex-
tended to a large set of vinyl monomers. There is indeed a
complete lack of information that could serve as a guideline
for increasing the range of electrografted organic coating.
It is interesting to note that the problem of polymer ad-
hesion on various surfaces in different solvents has been
discussed in terms of acid-base interactions between poly-
mer and solid, polymer and solvent, and solvent and solid,
in order to explain polymer deposition in a particular me-
dium3I4 The problem is, however, more complex when
the polymer is formed in situ by electropolymerization,
since an additional partner has to be considered, i.e. the
monomer. Furthermore, at the very first step of the process,
only monomer and solvent may compete for adsorption on
the metal, which is actually the electrode where electropoly-
merization is initiated. Once a polymer is formed, sites orig-
inally available to polymerization initiation would be pro-
gressively occupied until the complete passivation of the
electrode. Nevertheless, during the whole process, a com-
petitive monomer/solvent adsorption on sites left unoccu-
pied has to be operative and to control the electrochemical
reaction. It is therefore of prime importance to focus on the
monomer adsorption on the cathode, a prerequisite step for
the polymer grafting according to the early works by Lé-
cayon et al.l'®. In line with these considerations, the ad-
sorption of acrylonitrile (CH,=CH3;—CN, the most widely
studied monomer) from gas phase and liquid phase has
been experimentally studied in case of metal substrates, i.e.
copper*8l, gold®™7, platinum8l, silver®, and nickel,
According to theoretical models, acrylonitrile interacts with
the surface of copper, nickel, and iron®2% through both
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nitrile group and vinyl end, whereas it does not interact
strongly with zincl??, These authors have also shown that
formation of a o complex between the B-carbon atom of
the acrylonitrile C—C double bond and the metal atom is
favorable in a moderate electric field, the nitrile substituent
of the monomer being aligned along the field®l. All these
results emphasize the importance of the monomer adsorp-
tion. The voltammetric curves also suggest that an ad-
sorbed species is involved in the charge-transfer step!®3l.
The important role played by the solvent in interfacial ad-
sorption processes has been known for a long time in elec-
trochemical experiments[?4. Displacement of solvent mol-
ecules by an electroactive molecule is the rule®® and com-
petitive adsorption of different species is a phenomenon
commonly observed in these experiments[?6l. Consistently,
we have recently reported on the influence of the solvent
polarity on the acrylonitrile electrografting, in particular on
the monomer concentration in the electrical double layer of
the electrodel”. In this paper, we will discuss the problem
of the competitive monomer/solvent adsorption for a series
of solvent/monomer pairs, in reference to the well-known
Gutmann donor—acceptor concept?711281 which is a widely
accepted criterion in electrochemical processes21B0, It will
be shown, that the adequate choice of the solvent donor—
acceptor properties with respect to the monomer, is a very
powerful tool for qualitatively predicting the electrografting
of a series of polymers widely used for technological appli-
cations [such as poly(ethyl acrylate), poly(methyl metha-
crylate) and poly(2-trimethylsilyloxyethyl methacrylate)]
(Scheme 1), and known as “ungraftable” until now. A se-
miquantitative criterion will be proposed to evaluate the
grafting capacity of new monomers and which solvent
would be most appropriate to this purpose.

Results and Discussion

It has been observed for the first time that an acrylate
other than acrylonitrile, i.e. ethyl acrylate, could be grafted
onto nickel, just by substituting DMF for the commonly
used ACN solvent. This observation has led to the detailed
analysis reported in this paper.

For the sake of completeness, it must be noted that the
widely described behavior of acrylonitrile will serve as a
reference to establish whether the grafting of the monomers
considered in this work, occurs or not. Numerous criteria
have thus to be considered and have been systematically
checked for each monomer considered in this study. Since
the aim of this paper is to report on the critical effect of the
solvent on the electrografting course, this systematic part of
the work is not detailed here, but summarized as fol-
lows®l.(i) Both passivation (peak 1) and diffusion (peak I1)
peaks can be observed in the recorded voltammograms (see
Figure 1 as an example). (ii) When electrolysis is carried out
in the potential range of peak I (Epl), a thin polymer film
is formed on the cathode, even in a good solvent for the
polymer. No cross-linking reaction may account for this in-
solubility. When a second forward scan is carried out in this
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potential range, the current intensity cannot be recovered
as a consequence of the cathode passivation. Except when
mentioned in the discussion, no unbound polymer is
formed in the potential range of peak I, as attested by a
lack of polymer precipitation when the electrochemical bath
is poured into a nonsolvent for this polymer. The intensity
of peak I (ipl) decreases when the monomer concentration
is increased as result of a more rapid formation of an insul-
ating film. No linear relationship between ip1 and v can
be found (v is the potential scanning rate). (iii) ip2 increases
with the monomer concentration and a linear relationship
between ip2 and v confirms the diffusion-controlled ori-
gin of peak Il. Chain propagation then occurs indepen-
dently of the cathode (as confirmed by precipitation of the
polymer from the electrochemical bath).

Ethyl Acrylate (EA) Reduction in Acetonitrile (ACN) and in
Dimethylformamide (DMF)

Cathodic scans have been carried out in an extended
range of EA concentration (51072 to 2 M) in ACN, and
only one reduction peak of high intensity is observed (Fig-
ure 2a). This unique peak has been previously identified
as a diffusion peak, since the peak intensity (ip2) linearly
increases with the square root of the potential scanning
rate®. ip2 is also observed to increase upon increasing EA
concentration, while its potential (Ep2) becomes more ca-
thodic. Polymerization then occurs in the electrochemical
solution.

The experiments have been repeated in DMF. Starting
from the lowest concentration (1072 m), as in ACN, the dif-
fusion peak alone was noticed. Above 0.5 m EA concen-
tration, this unique peak splits in two resolved components
of highly different intensity, as shown by voltammetry on
nickel in Figure 2b. Actually, the resolution of the two
peaks (thus the distance they are apart from each other)
increases and the intensity of peak I (ipl) decreases, when
the monomer concentration is increased (Table 1). As pre-
viously concluded from the AN electrografting®™, the vol-
tammogram strongly depends on the monomer concen-
tration and on the polymerization kinetics. When the EA
concentration is increased, the time required for the forma-
tion of an insulating film onto the cathode decreases, and
so does ipl since the inhibition occurs faster. When elec-
trolysis is carried out in the potential range of peak I, the
current drops down to zero and only a residual current is
observed when the potential scan is repeated. Even though
the experiment was conducted in DMF, a good solvent for
poly(ethyl acrylate) (PEA), a film is clearly bound on the
nickel electrode and is responsible for the cathodic passiva-
tion. Infrared spectroscopy carried out ex situ confirms the
deposition of a PEA film (Figure 3a), since the IR spectrum
is identical to the one recorded for a reference PEA film
prepared by free-radical polymerization (Figure 3b). The
four main bands at 2983, 1740, 1456 and 1183 cm~! have
been assigned to v,s(CH,), v(C=0), 6(CH,), and v(C—0).

As discussed in a previous paperl’, the solvent polarity
has a critical effect on the electrografting and this has been
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Figure 2. Voltammetry of EA on nickel in a 0.05 M TEAP solution
in: @) ACN, [EA] = 51072 m; b) DMF, [EA] = 2 M; v = 20 mVs ™!
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Table 1. Intensities of peak I (ipl) for various EA concentrations
in DMF; v = 20mVs~?!

Solvent [EA] = 0.1um [EA]=05M [EA]=1M [EA]l=2Mm

DMF tal 500 pA 400 pA 300 pA

[@ peak | superimposed to peak II.

explained by a competition between the solvent and the
monomer. Depending on this competition, the actual
monomer concentration at the cathode will be or will not
be high enough for observing the cathode passivation. Since
ACN and DMF have a very comparable polarity
[e(ACN) = 38.0; ¢(DMF) = 36.1], this parameter cannot
explain why EA is not electrografted to the cathode in
ACN, although it is in DMF above a defined concentration,
all the other conditions being the same. The Gutmann do-
nor-acceptor approach7?8 could however be a better
basis for the qualitative comparison of the solvent and the
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Figure 3. Infrared spectrum of a) a PEA film deposited on Ni from
a solution of [EA] = 2 m in DMF at potential of peak I; b) a free-
radically prepared PEA casted onto a Ni plate
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monomer and their possible competition for the occupancy
of the cathode surface. The donor number is characteristic
of the solvation, coordination, and adsorption properties of
the solvent. It is defined for each solvent as the numerical
value of the enthalpic variation that occurs when the donor
is added to the reference acceptor. Quantitative measure-
ments have been carried out by Gutmann et al.[®3, in case
of a number of O- and certain N-containing solvent mol-
ecules added to antimony(V) chloride as the reference ac-
ceptor in 1,2-dichloroethane (the donor number of which
has been assigned to 0). The acceptor number!?l is defined
as a dimensionless number related to the relative chemical
shift of 3P in Et;PO dissolved in the particular solvent.
Hexane and Et;PO-SbCls in 1,2-dichloroethane are the
references, to which the acceptor numbers 0 and 100,
respectively, have been assigned. Antimony(V) chloride has

Scheme 1
H
Chy=c{ —
CN
H
CH=C{ —
COOCH,CHj
CH
CH=C{ " —
COOCH;
CH
CH=C{° —_—
COO(CH,),0Si(CHa)s
CH
CH2=C\/ 3 —_——
COO(CH,),N(CHs),
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been used as a standard for both acceptor number and do-
nor number, in order to emphasize the relationship between
acceptor properties and their conjugate donicity. Table 2
lists the donor number, the acceptor number and dielectric
constant for the solvents which are used in this study. It is
interesting to note that the acceptor number decreases from
ACN to HMPA, thus in the reverse order to that of the
donor number, although this observation is not the rule
within the Gutmann scale. Under these specific conditions,
the tendency of the solvents (used in this study) to be ad-
sorbed may be discussed in terms of either donor numbers
or acceptor numbers. Since the donor number of these sol-
vents (Table 2) extend over ca. half the donor number scale
(0—38.8) whereas the acceptor number (Table 2) cover a
very short range of the acceptor number scale (0—129), the
main discussion will refer to the donor number of the sol-
vent without losing sense. DMF is clearly a stronger donor
and a poorer acceptor than ACN. When AN and EA are
compared (Scheme 1), the ester substituent of the poly-
merizable C—C double bond in EA is less efficient than the
nitrile substituent in AN in triggering an electron delocali-
zation. In the chemisorption model proposed by Lécayon
et al.[®, AN would be properly oriented in the electric field
at the cathode, as a result of the strong electron-with-
drawing nitrile substituent. The acidic extremity (i.e. the -
carbon atom) of AN would accordingly be in an ideal posi-
tion with respect to the reactive sites on the cathode (con-
sidered as a Lewis base). The B-carbon atom of EA has a
lower acceptor capability than AN, which may be a key
issue, since adsorption in electrochemistry (here on the
cathode) is always a competitive process> between the ad-
sorbate (the monomer in this case) and the solvent. Indeed,
for an adsorbate molecule to occupy a surface site, a num-
ber of solvent molecules have to be displaced. It is therefore
quite reasonable to assume that the electrografting of a
monomer can only occur in a solvent which has a lower
tendency to be adsorbed onto the cathode site, i.e. a solvent
which is a poorer acceptor and/or a better donor.

Acrylonitrile (AN)

Ethyl acrylate (EA)

Methyl methacrylate (MMA)

2-Trimethylsilyloxyethyimethacrylate (TMSOEMA)

2-Dimethylaminoethylmethacrylate (DMAEMA)

Eur. J. Inorg. Chem. 1998, 1711—-1720
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Table 2. Donor number, acceptor number, and dielectric constant
of different solvents

Solvents Donor Acceptor Dielectric
number 28] number 28] constant?®!
ACN 141 19.3 38.0
PC 15.1 18.3 65.0
DMF 26.6 16.0 36.1
PY 33.1 14.2 12.3
HMPA 38.8 10.6 30.0

Several series of experiments are proposed in this paper
to support this hypothesis. In a first step, the EA/DMF
solution has been added with ACN in order to check the
extent to which the electrochemical mark of the electro-
grafting is perturbed.

In a second step, the electropolymerization of AN will be
compared in four solvents: ACN, PC, PY, and HMPA, that
are all nonsolvents for PAN. ACN and PC have a low and
similar donicity, but highly different polarity. The donicity
of PY and HMPA is high and quite comparable, whereas
the polarity is very different (Table 2). The same cathode
(Ni) and the same conducting salt (Et,NCIO,, 51072 m)
will be used in all the experiments.

Finally, three methacrylic monomers: methyl methacry-
late (MMA), 2-dimethylaminoethyl methacrylate (DMA-
EMA), and 2-trimethylsilyloxyethyl methacrylate (TMSO-
EMA) will be studied for investigating the possible effect of
the monomer structure on their ability to be grafted onto
the cathode.

Ethyl Acrylate (EA) Reduction in a Mixture of DMF and ACN

Figure 4 compares the voltammetric cathodic scans of a
1M EA solution in DMF modified by an increasing percent-
age of ACN. The monomer concentration is kept un-
changed in all the experiments. When EA is electrografted
in DMF, the intensity of the inhibition peak is ca. —400pA
(Figure 4a). When the relative amount of ACN in the EA/
DMF solution is increased, the intensity of peak I increases,
whereas the resolution between peak | and peak Il de-
creases (Figure 4 b, c). The dependence of ipl on the ACN
percentage in the EA/DMF solution is such that the cath-
ode is more slowly inhibited, in agreement with a lower EA
concentration at the cathode. This observation suggests that
the co-solvent (ACN in this case) competes with the mono-
mer for adsorption on the cathode. Since ACN and DMF
have the same polarity and are both good solvents for PEA,
only a significant difference in the donor-acceptor proper-
ties can explain the experimental observations in Figure 4.

Scheme 2 illustrates this extreme situation where the
monomer (e.g. EA) is a poorer acceptor than the solvent
(e.g. ACN) and is so far unable to displace the solvent mol-
ecules in order to be adsorbed on the cathode sites. No
inhibition peak is observed on the voltammogram but only
a diffusion peak: this indicates that the monomer reduction

Eur. J. Inorg. Chem. 1998, 17111720

Figure 4. Voltammetry of EA on nickel (v = 20 mVs~?!) in a DMF
solution, [EA] = 1 M, Ipl dependence on the addition of ACN: a)
without ACN; b) + 3% of the volume; ¢) + 12% of the volume
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can occur at a more cathodic potential, as confirmed by the
polymer formation in solution.

Scheme 2
Cathode .
S is more acceptor
and / or less donor than M
SSSSSS
Cathode S and M have comparable
donor-acceptor properties
SMSMSM
Cathode S is less acceptor
and / or more donor than M
MMMMMM

where S is the solvent

M is the monomer

Comparative Reduction of Acrylonitrile (AN) in ACN and PC, in
PY and HMPA

Table 3 shows that the intensity of peak | (ipl) increases
when PC is substituted for ACN at constant monomer
(AN) concentration, thus when polarity is increased in case
of solvents of low donicity. Figure 5 shows voltammograms
of AN in PY. The intensity of peak | is much lower than in
ACN and PC for the same monomer concentration (Table
3). As a rule, the cathode inhibition is controlled by the
monomer concentration and ipl systematically decreases as
the AN concentration is increased®. So, the small ip1 value
in PY might be explained by a high local AN concentration
in the electrical double layer and a more rapid formation of
an insulating film. As previously discussed the low polarity
may account for the experimental observations!®, but the
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effect of the solvent donicity may not be ignored. In order
to appreciate the relative importance of solvent polarity and
solvent donicity, hexamethylphosphoramide (HMPA)
which has a high and comparable donicity as PY, but which
is 2.5 times more polar has been used. Table 3 shows that
there is no significant difference in the voltammograms in
PY and HMPA since ipl remains almost unchanged when
HMPA is substituted for PY, all the other conditions being
the same. From Table 3, we can draw the conclusion that
the solvent polarity has a decisive effect on the AN electro-
grafting only when the solvent is a good enough acceptor
and a poor donor (see ACN/PC pair). When the solvent is
a poor acceptor and a good enough donor (PY/HMPA
pair), the polarity has no longer a significant influence,
since that solvent has a small tendency to be adsorbed onto
the cathode. Although neglected until now, the relative do-
nor-acceptor properties of the monomer/solvent pair must
be considered when the monomer electrografting is con-
cerned.

Table 3. Intensity of peak I (ipl) for various AN concentrations in
ACN, PC, PY, HMPA; v = 20 mVs™?

Solvents [AN] =51072M [AN]=0.1M [AN]=05m [AN]=2M
ACN [ 370 pA 30 pA 25 nA
PC fal 650 pA 90 A 60 A
PY  25-30pA  15-20 pA ] ]
HMPA  30-35 pA 15-17 pA [b] [b]
[l peak | superimposed to peak Il. — [Pl Peak | intensity to weak

to be detected.

Figure 5. Voltammetry of AN on nickel in a 0.05 M TEAP solution
in PY: a) [AN] = 2.1072 M; b) [AN] = 5:1072 M; c) [AN] = 0.1 Mm;

v=20mvs?!
-150
100
a
<
=
-50 }
b
c
0}
0 -0.6 1.2 1.8 2.4 -3

Ec (Volt) vs. Pt

Scheme 2 summarizes the main experimental obser-
vations, that lead to the following conclusions: (i) As pre-
viously pointed out, no electrografting occurs when the sol-
vent is a better acceptor than the monomer, to the point
where the solvent is preferably adsorbed on the cathode to
the exclusion of the monomer. (ii) When the monomer and
the solvent have quite comparable donor-acceptor proper-

1716

ties, the adsorption on the cathode is controlled by their
relative polarity, the more polar compound being preferably
adsorbed. (iii) If the solvent is a better donor and a poor
acceptor (compared to the monomer), its tendency to ad-
sorption is low, and any difference in polarity has no re-
markable effect on the inhibition peak. The propensity of
the monomer to be electrografted will be enhanced by in-
creasing its electron acceptor capability compared to the
solvent. Then the inhibition could be so fast that peak I is
no longer observed because of an extremely low intensity.
The only way to observe it, would be to decrease the mono-
mer concentration.

Methyl Methacrylate (MMA) Reduction in ACN and in DMF

Although donor and acceptor numbers are available for
a series of traditional solvents, no pertinent information has
been reported in case of monomers, at least to our best
knowledge. This situation has prompted us to compare
three methacrylate monomers, different by the substituent
in the ester group and accordingly by the acceptor proper-
ties of the B-carbon of the polymerizable double bond
(Scheme 1). The monomers have also been selected on the
basis of the “reactivity” of the ester group in order to pro-
vide the final organic coating with adhesive properties
towards a polymeric matrix, e.g. for producing composite
materials. Methyl methacrylate (MMA), the most widely
used methacrylate, 2-hydroxyethyl methacrylate (HEMA),
and 2-dimethylaminoethyl acrylate (DMAEMA) have been
considered in this study (Scheme 1).

Electroreduction of MMA has been first studied in ACN,
and only one diffusion peak has been observed, indicating
that the solvent is preferably adsorbed onto the cathode
within a monomer concentration range of 0.1 M to 3 M.

In reference to Scheme 2, DMF, i.e. a solvent of a higher
donicity than ACN (Table 2) was substituted for ACN, in
order to increase the probability for the monomer to be
preferably adsorbed on the cathode. At MMA concen-
trations smaller than 2 M, only one reduction peak (dif-
fusion peak) is observed. Beyond 2 M, this unique peak
splits into two steadily resolved components. Figure 6
shows the voltammogram when the MMA concentration is
3 M. Undoubtedly when MMA concentration is increased,
the intensity of the less cathodic peak rapidly decreases
(Table 4) and the resolution between the two peaks in-
creases. This behavior is typical of the inhibition peak ob-
served in experiments conducted with AN and EA. The
main difference with respect to these monomers, has to be
found in the high concentration required to evidence the
MMA electrografting. This observation indicates that
MMA can only successfully compete for adsorption onto
the cathode when its relative abundance with respect to
DMF is high enough. The same experimental observations
have been reported for methacrylonitrile*Y, which is a po-
orer acceptor than acrylonitrile due to the electron donat-
ing effect of the a-methyl substituent.

Figure 7 shows the cathodic response of a 2 M MMA
solution in DMF when the cathodic scan of the potential

Eur. J. Inorg. Chem. 1998, 17111720
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Figure 6. Voltammetry of MMA on nickel in a 0.05 m TEAP solu-
tion in DMF, [MMA] = 3 m; v = 20 mVs™?
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Table 4. Intensity of peak I (ipl) for various MMA concentrations
in DMF; v = 20 mVs™1

[MMA]=05M [MMA]=1mM [MMA]=2M [MMA]=3u

[a) [a) 160 pA 90 A

@ peak | superimposed to peak 1.

range of peak | followed by a 20-s voltage hold is repeated.
In contrast to what happens when this experiment is con-
ducted with acrylic monomers such as AN or EA, the cath-
ode is not fully passivated after one scan. Indeed, ipl de-
creases slowly upon repeated cathodic scans. A film is
clearly seen by the naked eye on the cathode when it is
withdrawn from the electrochemical cell after one scan.
When the number of scans is increased, the PMMA coating
is seen as a thick gel-like layer poorly adhering to the metal.
This result is quite surprising and in contrast with pre-
viously published data for PAN. Indeed the PAN film thick-

Figure 7. Voltammetry of MMA on nickel in a 0.05 M TEAP solu-
tion in DMF carried out in the potential range of peak I,
[MMA] = 2 M; v = 20 mVs~ L a) first scan; b) second scan

210
150 | a
<
= 90 b
230 F
30 e 1 1 1 A 1 A 1 i 1
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Ec (Volt) vs . Pt
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ness measured ex situ by ellipsometry does not change when
the cathodic scans are repeated in the potential range of
peak 134, The IR spectrum of the polymer coating (dried
in vacuo but not rinsed with solvent) (Figure 8a) confirms
the PMMA deposition, the main absorption bands at 3006,
1739, and 1151 cm~* being assigned to v,(CH,), vC=0),
and vC—0), respectively. However, the intensity of the ab-
sorption bands decreases if the electrode is previously
washed with THF, i.e. a good solvent for PMMA, (com-
parison of Figures 8a and 8b). Since only the polymer
chains strongly bound to the electrode remain on it after
the washing step, one may suppose that unbound polymer
chains are produced simultaneously to grafted ones, which
may lead to unreliable film thickness. Consistently, PMMA
is formed in solution as demonstrated by PMMA precipi-
tation from the electrochemical bath in methanol (nonsol-
vent for PMMA, solvent for Et,;NCIO,). This observation
is very similar to that one reported by Tanguy et al. for the
electrografting of methacrylonitrile (MAN)™Y, Measure-
ments performed with a quartz crystal microbalancel*?
have shown that unbound polymethacrylonitrile chains are
embedded in a thin layer of grafted ones. On the basis of
that observation valid for one monomer (MAN), the au-
thors have proposed a mechanism of “oligomer grafting”
instead of the *“monomer grafting” they claimed until
now!*9l, This revision of the grafting mechanism, which is
not essential for the purpose of this paper, might, however,
be hasty, since unbound polymers in the potential range of
peak | (at which the grafting occurs) have never been ob-
served in case of acrylic monomers (such as AN or EA).
This observation is actually confined to the electrografting
of methacrylates, i.e. methacrylonitrile and MMA, and is
certainly not a general behavior. Although the high concen-
tration of methacrylonitrile and MMA which is required
for electrografting is in a qualitative agreement with the
competitive solvent/monomer adsorption concept, it is not
clear yet why unbound methacrylate chains are observed in

Figure 8. Infrared spectrum of a PMMA film deposited on Ni from
a solution of [MMA] = 3 M in DMF at potential of peak I: a)
before rinsing with THF; b) after rinsing with THF
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the potential range of peak I. This problem will be dis-
cussed in a forthcoming paper.

TMSOEMA and DMAEMA Reduction in ACN and DMF

Nowadays an increasing interest is paid to 2-hydroxyethyl
methacrylate (HEMA)BS and the parent poly(HEMA),
which are suitable biomaterials for implants because of
their lack of toxicity and their high resistance to degra-
dation8, Furthermore, hydroxy groups are reactive
towards various topcoats (paint, varnish) that could be used
for imparting specific properties to the metal substrate.
HEMA may, however, not be used as such, because of the
interference of the hydroxy proton reduction. It is the rea-
son why HEMA has to be protected by a trimethylsilyl
group, which is easily removed after polymerization. Elec-
trochemical experiments have been conducted with the pro-
tected monomer (TMSOEMA) in ACN. Within the 0.1 M to
2 M concentration range, only a diffusion peak is observed.
Nevertheless, the classical grafting “signature” has been ob-
served in DMF (poorer acceptor and better donor than
ACN) beyond a 0.1 m concentration (Figure 9). It must be
noted that in agreement with what happens for MMA and
MAN, unbound PTMSOEMA is also embedded in the thin
layer of grafted chains when the electropolymerization is
conducted in the potential range of peak I.

Finally, the grafting of the third methacrylate, DMA-
EMA, remained impossible in ACN and in DMF, suggest-
ing so that this monomer cannot compete with these sol-
vents for adsorption onto the cathode.

Figure 9. Voltammetry of TMSOEMA on nickel in a 0.05 m TEAP

solution in DMF: a) [TMSOEMA] = 0.1 M; b) [TMSOEMA] =
0.2 M; ¢) [TMSOEMA] = 0.5 M; v = 20 mVs™?
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Tentative Prediction of the Cathodic Monomer Grafting

From the experimental results reported in this paper, it
appears that the ability of vinyl monomers to be electro-
grafted onto a metal, strongly depends on the electron de-
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ficiency of the B-carbon atom double bond. In case of rad-
ical copolymerization, the monomer reactivity can be pre-
dicted by the Alfrey-Price Q—e schemel®’l. According to
these authors, the electrostatic factor e is representative of
the monomer polarity and thus of the electron-donor (or -
acceptor) character of the vinyl substituent. A linear re-
lationship 8 has been found between the 3C-NMR chemi-
cal shifts of the B-carbon atom of the double bond [6(C-B)]
and the corresponding e values®°1°l. By analogy the '3C-
NMR spectra of the monomers considered in this paper
have been recorded in mixed DMF/CDClI; solutions. The
experimental 3(C-B) values agree with the previously re-
ported data when plotted against e (Figure 10) and they are
consistent with an electrografting propensity that decreases
when the vinyl B-carbon atom is more shielded, thus less
inclined to accept electrons. AN has clearly the less shielded
B-carbon atom and is thus the best competitor towards the
solvents, since vinyl chloride and vinyl acetate have the
more shielded B-carbon atom and have no chance to be
adsorbed onto the cathode and to be electrografted as con-
firmed experimentally. According to the electrochemical
experiments reported in this paper, EA is more competitive
than MMA towards DMF in agreement with the inductive
effect of the a-methyl group in MMA that counterbalances
the electron-withdrawing effect of the ester group so that
the electron delocalization of the MMA double bond is less
pronounced than in EA. This conclusion agrees with the
relation of 3(C-B) shown in Figure 10 for EA and MMA.
This qualitative consistency is, however, no longer observed
when TMSOEMA and DMAEMA are concerned. In a
similar way, Figure 10 cannot explain why DMAEMA is
not electrografted in DMF. This behavior also remains un-
explained when inductive or mesomeric effects are con-
sidered. It could, however, be explained by the presence of
the silicon group in TMSOEMA and of amino group in
DMAEMA. The silicon atom (electron acceptor) can con-
tribute to the monomer adsorption and thus to the electro-

Figure 10. *3C-NMR chemical shifts [§(C-B)] of monomers vs the
corresponding e values: a) AN; b) EA; ¢) TMSOEMA,; d) MMA;
e) DMAEMA; f) vinyl chloride; g) vinyl acetate
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grafting, whereas the amino group (electron donor) can pre-
vent this adsorption from occurring. These assumptions
will be supported by theoretical calculations in a forth-
coming paper.

Concluding Remarks

The important potentiality of grafting monomers other
than AN has been demonstrated in this paper. We have in-
deed observed that under suitable conditions, ethyl acrylate
(EA), and some methacrylates can be electrografted on e.g.
nickel, thus with creation of a stable polymer—metal in-
terface, although the reaction is carried out in a good sol-
vent for the polymer. It is now clear that the choice of the
solvent for the cathodic grafting of vinyl monomers has a
decisive effect on the issue of the electrochemical reaction
by deciding whether a strong chemisorption of the electro-
polymerized material occurs or not.

The explanation for this solvent effect has to be found in
a competition between the solvent and the monomer for the
localization at the electrode. The issue of this competition
strongly depends on the relative donor-acceptor properties
and polarity of the solvent with respect to the monomer as
confirmed by a great effect on the potential and intensity
of the inhibition peak. The polarity of the solvent is more
important as this solvent is a better electron-acceptor (and
a poorer donor) than the monomer and has thus higher
probability to be adsorbed onto the cathode. Conversely,
the effect of the solvent polarity decreases when the solvent
is a poor acceptor (and a good donor), thus when this sol-
vent has less chance to be in the electrical double layer.
If solvent and monomer have a comparable liability to be
adsorbed at the cathode, then the monomer concentration
has a decisive effect on the grafting issue.

One important criterion for the cathodic electrografting
of a monomer is the choice of a solvent with a weaker ac-
ceptor character and higher donicity than the monomer,
provided that this solvent is not electroactive in the poten-
tial range of interest. As a consequence of this rule, the
more the substituent of the polymerizable double bond de-
creases the acceptor capacity of the monomer, the smaller
the ability of this monomer to be electrografted. The meas-
urement of the 13C-NMR chemical shifts for the B-carbon
atom of the vinyl double bond could accordingly serve as a
preliminary semiquantitative tool for predicting the grafting
ability of new monomers. However, some problems can
arise when the monomer substituent contains atoms or
groups of atoms that do not influence too much the p-car-
bon atom although they can contribute to the cathode ad-
sorption by their electron acceptor or donor capacity.

A theoretical model accounting for the competitive ad-
sorption of monomer/solvent pairs is currently studied and
will be the topic of a forthcoming paper.

The authors are grateful to the Services Fédéraux des Affaires
Scientifiques, Techniques et Culturelles in the frame of the “Pdles
d’Attraction Interuniversitaires: Chimie and Catalyse Supramolécu-
laire”. They thank the R & D groupe Cockerill Sambre for continu-
ous interest and M. Micheels for her technical assistance.

Eur. J. Inorg. Chem. 1998, 1711—-1720

Experimental Section

Acrylonitrile (AN: Aldrich, > 99%), ethyl acrylate (EA: Acros,
99.5%), methyl methacrylate (MMA: Acros, 99%), 2-(dimethylami-
no)ethyl methacrylate (DMAEMA: Acros, 98%), and acetonitrile
(ACN: Acros, p.a.) were dried over calcium hydride (Acros: 93%)
and distilled under reduced pressure. Dimethylformamide (DMF:
Acros, p.a.) was dried over phosphorus pentoxide (Acros 98%) and
distilled at 70°C under reduced pressure. Propylene carbonate (PC:
Acros, 99%) and 2-hydroxyethyl methacrylate (HEMA: Acros,
96%) were dried over molecular sieves 4 A for 24 h and distilled at
85°C and 50°C, respectively, under reduced pressure. Pyridine (PY:
Acros, 99.5%) was dried over potassium hydroxide (Acros: 98%)
for 2 h at 120°C and distilled at 40°C under reduced pressure.
Hexamethylphosphoramide (HMPA: Aldrich 99%) was dried over
calcium hydride for 24 h and distilled at 80°C under reduced press-
ure. Tetraethylammonium perchlorate (TEAP: Fluka, > 99%) was
heated in vacuum at 80°C for 12 h prior to use.

2-Trimethylsilyloxyethyl methacrylate (TMSOEMA) was synthe-
sized by adding dropwise chlorotrimethylsilane (CITMS: Acros,
98%) to a mixture of previously dried HEMA and triethylamine
(Acros, 99%) in tetrahydrofuran (THF: Acros, p.a.)B4. The reac-
tion was carried out in THF at 0°C, under an inert and dry atmos-
phere and stirring for 12 h. Triethylamine hydrochloride was fil-
tered off, and THF distilled off under reduced pressure. The residue
was purified just before use by distillation under reduced pressure
at 50°C. The product was then identified as TMSOEMA by *H-
NMR spectroscopy [i. e. presence of the trimethylsilyl —Si(CHs)s
resonance at 6 = 0.1 and absence of the hydroxy —OH resonance
at 6 = 3.3]. The purity was ascertained to be higher than 99.5%
by gas chromatography.

Voltammetry (CV) experiments were carried out with each
monomer (1072 to 2 M), dissolved in an appropriate solvent con-
taining tetraethylammonium perchlorate (TEAP) as a conducting
salt (5-1072 m).

The water content was measured by the Karl-Fischer method
(Tacussel aqua processor) and ascertained to be lower than 5 ppm.
All the experiments were carried out in a glove-box at room tem-
perature under an inert (lower than 10 ppm in oxygen) and dry at-
mosphere.

The potentiostat used for the voltammetry experiments was a
PAR-E. G&G model 273A. The electrochemical cells are described
elsewhere®l. Potentials were measured against a Pt pseudo-refer-
ence electrode. The nickel working electrodes of 2 cm? area, were
mechanically polished with an alumina suspension in water, washed
with heptane and acetone, and finally treated overnight in vacuum
at 150°C. The residual nickel oxide on the electrode surface was
then electrochemically reduced in an ACN/TEAP solution in the
glove-box just prior to electropolymerization. The oxide layer was
completely removed as assessed by a reduction current dropping
down to zero after several potential scans. The rapid transfer of the
cathode from one solution to the other within the glove box ensures
the absence of oxide at the metal substrate, which is a prerequisite
for polymer grafting (32,

A reference poly(ethyl acrylate) sample (PEA) was prepared by
free radical polymerization of EA in DMF (0.5 m solution) initiated
by 2,2’-azobis(2-methylpropionitrile) (AIBN: Acros, 98%) at 60°C
for 6 h. The polymer was precipitated in methanol, washed several
times with methanol in order to remove the unreacted monomer
and AIBN, and dried in vacuo at 40°C for 24 h. A PEA film was
solvent-casted (DMF) onto nickel plates, such that infrared spectra
could be recorded by the same technique as for the electrografted
films.
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Except for specific treatment mentioned in the discussion all the
electrografted films were carefully rinsed with a good solvent for
the polymer in order to remove any ungrafted chains and con-
ducting salt, and dried in vacuo for 2 h before characterization.

IR spectra were recorded ex situ with a BRUKER (Equinox IFS
66) FTIR spectrometer equipped with a grazing angle accessory
(83°) and a polarizer (Specac KRS-5). — *C-NMR data were re-
corded in a mixed DMF/CDCI; medium with a BRUKER AM
400 apparatus operating at 100 MHz.
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