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This paper presents a tentative extension of the Lewis acid-base concept to the case of an organic
molecule interacting with a polarized metallic surface. Towards this aim, we make use of the Density
Functional Theory (DFT) viewpoint on Lewis acid-base interactions. This theory has been shown
to be relevant to describe adhesion processes at a molecular scale. It allows the introduction of three
key parameters, for the molecule as well as for the metallic surface. These are the DFT chemical potential,
u, the absolute hardness, 1 and the Fukui function, f{7). In the present paper, we show that the DFT
chemical potential, i, of the metallic surface is linearly related to the electrode potential drop, A,
imposed between this surface and a reference electrode in an electrochemical cell. Thus, while the
chemical potential of the molecule is only determined by its chemical structure, that of the metallic
surface can be monitored continuously. This means that the Lewis acidic or basic character of the
metallic surface towards the molecule can, in principle, be chosen. We present experimental results
arguing in the sense of this model by studying the interaction of 2-methyl 2-propenenitrile (methacrylonitrile)
alternatively with a metallic cathode and with a metallic anode. The two different transient molecule/
surface interactions are frozen thanks to an anionic electropolymerization of the monomer on the
cathode and to a {first reported) cationic electropolymerization of the monomer on the anode. A detailed
analysis of the molecunlar structures of the two resulting polymer/metal interfaces shows results which
are in agreement with the theoretical predictions.

This paper is dedicated to Professor Jacques Schultz as an acknowledgement of his constant interest in our
work.

KEY WORDS: Lewis acid-base interactions; Density Functional Theory (DFT); DFT chemical potential;
electrochemistry; organic molecule/metallic surface interaction; regioselectivity; surface analysis (XPS, UPS);
absolute hardness; Fukui function; electropolymerization of methacrylonitrile.
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I. INTRODUCTION

The characterization of molecule/surface interfaces at the molecular scale is of central
importance in the understanding of molecule/surface interactions and, hence, adhesion
processes.! In this field, Fowkes? and Bolger? have pointed out of the relevance of the
Lewis acid-base approach, as developed by Pearson* via the Hard-and-Soft-Acids-and
Bases (HSAB) principle, in the description of molecule/surface interactions ranging
from physical forces to chemical bonds. Fairly recently, the Lewis acid-base concept
has been expressed on a sound theoretical basis through Density Functional The-
ory®~8 (DFT). The indices of reactivity based on this theory have been used success-
fully to describe molecular Lewis acid-base reactions, i.e. reactions of the general type:

A+B->A..B 1)

where A and B are molecules.® !! The results indicate that the DFT formalism
provides the HSAB principle of Pearson* with a theoretical backing. One should note
that reactions of the general type as in Eq. (1) are considered regardless of the a priori
chemical stability of the A...B adduct. Hence, the DFT model of Lewis acid-base
reactions is applicable to thermodynamic® as well as kinetic'®!! studies of molecular
reactions. Recently, Lee!2'13 has demonstrated that the HSAB principle can success-
fully be extended to the case where A or B (or both) are solid surfaces (metals,
semi-metals, semi-conductors or insulators). Relating the chemical hardness of solids to
their average energy gap, he has discussed the reactivity of solid surfaces and the nature
of interactions taking place in adhesion processes.*?

In the present paper, we shall consider the interaction of an organic molecule—
namely, 2-methyl 2-propenenitrile or methacrylonitrile~with a metallic surface. More
precisely, we will describe how this interaction is modified when the metal is polarized,
i.e. serves as the working electrode in a three-electrode electrochemical cell. Our
purpose is to examine both interactions when the surface is polarized either as a
cathode or as an anode. The molecule/surface interaction is a Lewis acid-base reaction.
To describe it, will make use of the DFT formalism mentioned above, of which we will
merely recall the main features. Then we will stress how various relevant parameters
such as the working electrode potential drop (with respect to a reference electrode) and
the molecular chemical potential, y, play a decisive role in the description of the
interaction. Our point will be show that the chemical potential of the metallic surface is
linearly related to the working electrode potential drop and, thus, that the Lewis acidic
or basic character of the metallic surface with respect to the molecule can be chosen
experimently. Finally, we will present the results of two series of recent experiments
carried out in our laboratory which address the cathodic and anodic electropolymeriz-
ation of methacrylonitrile on metalic surfaces. In these experiments, the initial Lewis
acid-base reaction between the molecule and the polarized surface leads to an
intermediate transient species. Its molecular structure is “frozen” as it thanks to the
polymerization reaction it initiates. The molecular structure of the resulting interface is
then characterized by means of XPS and UPS (X-ray and Ultraviolet Photoelectron
Spectroscopies) techniques. These results are then compared with the structures
predicted by the DFT formalism of Lewis acid-base reactions developed in the previous
sections. Finally, we examine carefully the approximations used in this interpretation
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of the experimental results and outline the light this work sheds on the understanding of
surface interactions.

ll. THEORETICAL BACKGROUND :LEWIS ACID-BASE REACTIONS THROUGH
REGIONAL DENSITY FUNCTIONAL THEORY

Density Functional Theory (DFT) is a quantum mechanically based theory aimed at
the computation of the electronic properties of atoms, molecules or solids.’ One of the
important new concepts brought about by this theory is that it defines, for any atom,
molecule or solid, two global properties, namely the chemical potential, 4, and the
chemical hardness, 5. Their definition is*:

(O o _VPEY _Now o
H=\oN ), 2 "T2\aN?),,, T2\oN ).,

where E is the electronic energy, N the number of electrons and v(¥) is the “external”
potential, i.e. the potential due to the fixed nuclei. For a given molecule, these u and 7
can be computed via DFT once the positions of the nuclei are known. The interest of
these two (theoretically defined) parameters is that thay can also be connected with
experimental data. For a molecule, finite difference approximations to Egs. (2)lead to'*:
I+A4 I—A4

p= 2-xandn~2 (3)
where I is the first ionization potential, 4 the first electron affinity and y the absolute
electronegativity of the system. Lee'? has shown that the chemical hardness is closely
related to the average energy gap in the case of a solid surface. For a metallic surface,
finite difference approximations to Egs. (2) are’:

1
U ® and 7 39G) 4
where @ is the work function and g(e;) is the density of states at the Fermi level of the
given surface. Note that Egs. (3) and (4) are limiting forms of Eqs. (2), which are derived
via finite difference approximations in order to exhibit physical parameters relevant to
the specified compounds (molecule or surface). In short, atoms, molecules and surfaces
are described on the same grounds through this theory.

When two molecules A and B come into interaction, one can compute the electronic
structure of the supermolecule A...B through DFT (or any other quantum mechan-
ically based theory). This procedure rapidly becomes too time consuming as the size of
A or B increases. To our knowledge, the largest systems so far studied at this level of
theory are capable of describing the interaction of methacrylonitrile,'® formyl'® or
CH, (x = 1-3) radicals'” on various sites of Ni(111) and Ni(100) nickel surfaces.

One alternative is to make use of Regional DFT. This approach consists in
describing the A...B adduct on the basis of the properties of isolated A and B through
first order perturbational DFT. The formalism of this approach has been developed
elsewhere,’ 8 and we will merely recall the results which are relevant for our purpose.
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Suppose A and B bear N, and Ny electrons, respectively. When A and B come into
interaction, a flow of electrons, dN, occurs between A and B, the total number of
electrons, Ny, = N, + Ny, remaining constant. Upon integrating this flow of elec-

trons all along the reaction path, T, it can be shown that>'8:
Hp — 1y
AN=|oN=_tB"F1 (5)
J r 21, +np)

thus , if AN is conventionally taken positive, the Lewis base in the {A, B} pair is the
compound having the highest chemical potential, and the flow of electrons occurs from
the region of high chemical potential (the Lewis base) to the region of low chemical
potential (the Lewis acid). Moreover, this flow is all the more important as the chemical
hardnesses of the two species are low. The corresponding expression for the stabili-
zation energy accompanying the formation of the AB adduct has been derived
elsewhere.’

Equation (5) evidences the central role played by the electronic chemical potential in
establishing the direction of the charge transfer, i.e. the nature of the Lewis acid-base
reaction.

A higher level of description of the Lewis acid-base interactions may be achieved if
one now takes into account the polarisabilities and mutual perturbations of A and B.’
A first-order perturbation (or linear response) theory has been developed within the
DFT framework.!? It allows the description of the interaction of A and B encompass-
ing: (i) charge transfer between A and B (see above); (i1) electrostatic effects at all orders
(ion-ion, ion-dipole, dipole-dipole...etc); (iii) polarisation and polarisability effects.>-!?
Two important features of this theory are that:’ (i) the overall form of Eq. (5) remains
valid, i.e. the sign and amount of the charge transfer accompanying a Lewis acid-base
reaction is still driven by the relative position of the respective chemical potentials of A
and B. Only the u.’s are replaced by p’s, where i is the perturbed chemical potential of
species i; (i) the mutual perturbation is described via the introduction (for A and B) of a
function, called the Fukui function. For the Lewis acid A for example, the Fukui

function is defined by:?
Sy ou _ 9p (T)
Jn)= [5vA(?)]N, - [ o ©

Thus, this function informs on the regions where the electronic density of A, p (7),
varies when the number of electrons of A changes due to the flow of electrons from B to
A. A similar definition holds for the Lewis base. Hence, the regions where the Fukui
function of the acid (respectively, the base) is intense are indicative of the sites where A
(resp. B) is most reactive. It can be shown that for a molecule, one has the finite-

difference approximate relation:2%-*!

S4F) = pPimo(F) = W Limo (PN M

i.e. the Fukui function of an acid is equal to the electronic density of its LUMO in a set
of molecular orbitals computed within the DFT formalism (via the Kohn-Sham
equations, for instance). Identically, it can be shown that the Fukui function of the
Lewis base is equal to the electronic density of the HOMO in a set of molecular orbitals
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computed within the DFT formalism.?%2! For a metallic surface, the Fukui function
sar
is:

)

Where g(ef, 7) is the local density of states of the metal at the Fermi level. Even though
these orbitals are fundamentally different from Hartree-Fock orbitals,® one sees that
the DFT formalism approach also encompasses the notions brought about by the
frontier orbitals theory.?? In particular, it is capable of describing the regio- and
stereoslectivity of the Lewis acid-base reactions.??

Its original contribution stems from the peculiar role played by the chemical
potential, u, which fixes the sign of the charge transfer, and by the absolute hardnesses,
n, which reveals the underlying nature of the most effective physical contributions to
the interaction (electrostatic or charge transfer). The interest in elucidating such a
partition in the case of interfacial reactions and adhesion processes has been stressed by
Lee.!2'!* Since our purpose is here to examine the interaction of a given molecule
(methacrylonitrile) with two metallic surfaces, we will only focus on the role of the DFT
chemical potential. The absolute hardness of methacrylonitrile is 7 = 5.6eV (Eq. (3))°.
Those of nickel and platinum metallic surfaces are not known precisely but are much
smaller, since these metals have a large density of states near the Fermi level (see
Eq. (4)). Thus, the denominator of Eq. (5) is almost entirely due to the absolute hardness
of the molecule and is, thus, the same in both interactions. Now, the absolute hardness
of methacrylonitrile s fairly large,”* 2! 3 which means that the electrostatic component
may contribute significantly to the overall interaction. As methacrylonitrile has a very
large dipole moment (|ji| ~ 4 Debyes)* this electrostatic component is almost exclus-
ively governed by the interaction between the molecular dipole and the electrostatic
field above the metallic surfaces. The effect of this interaction is merely to orientate the
molecule in the surface field.2® The magnitude of the stabilization energy due to this
orientation is identical in the anodic and cathodic case at identical surface electrostatic
potentials. It corresponds to the following situations: the molecule points its vinylic
bond onto the surface when this surface bears a negative charge and points the nitrogen
of its cyano group when the surface bears a positive charge.*

Hence, we now wish to bring elements to show that besides the HSAB principle, the
role of the chemical potential is central in describing surface reactions.

lil. ELECTROCHEMISTRY AS A TOOL TO MONITOR THE ACIDIC OR BASIC
CHARACTER OF A METALLIC SURFACE

We now focus on the DFT parameters characterizing a metallic surface being polariz-
ed, i.e. being used as the working electrode in a three-electrode electrochemical cell.
Towards this aim, we will recall some elementary electrochemistry equations concern-
ing the thermodynamic definition of an electrode potential.

Tt can be shown, on a jellium model of the metallic surface, that the DFT chemical
potential of a metallic surface is equal to the electrochemical potential, i, of the
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metal, defined as the amount of work necessary to bring an electron from infinity in the
vacuum to the interior of a (possibly polarized) metal (M):2¢

O = pPFT ©

Let us now consider the electrode potentlal drop, Ae, which is imposed between the
working electrode (superscript (M)) and a reference electrode (superscript (Ref)) in a
three-electrode electrochemical cell with solvent S (superscript (S)). This electrode
potential drop is defined by:27

8o = VO — YR = [¢:(§H0 — ¢O) — 0] — [e:(¢*0 — ¢9) — ™ (10)

where V™ is the electrode potential of phase X as defined by Trasatti,?® ®* is the
electrostatic potential inside X (for X = M, this is the co-called Galvani potential of the
metal), and u,* is the chemical potential of an electron in X.2” One can note that this
chemical potential is linked, by definition, to the electrochemical potential, g,
examined in Eq. (9):

#(eX)_ (X)—e.qS‘X) (11)

Hence, Eq. (10) can be rearranged to:
0 = — Do — (e + V) (12)

Combining Eq. (9) and (12), one has:
uP¥T = — Ae + const(S, Ref.) (13)

i.e. one sees that there is a linear relationship between the electrode potential, A, imposed
at the working metallic electrode, and the chemical potential of Density Functional
Theory.?®

This point is of crucial importance, since it shows that the DFT chemical potential of
a metallic surface—an eminently theoretical parameter which drives Lewis acid-base
reactions, Eq. (5)—can be monitored continuously via electrochemistry by imposing
the desired electrode potential—an eminently experimental parameter. An experimen-
tal verification of this result can be found in the linear relationships obtained by Rath
and Kolb between the measured work function (= —uP*", f. Eq.(4)) of a gold
electrode dipping into an electrolytic medium and the potential drop imposed with
respect to a standard calomel electrode.3°

Two points need to be stressed concerning Eq. (13):

(1) thereis a minus sign in front of Ag, which means that the DFT chemical potential
of the surface is raised with respect to the vacuum level as the electrode is polarized
cathodically (i.e. to more negative values with respect to the reference electrode).
Alternatively, it is lowered with respect to the vacuum level when the electrode is
polarized anodically. In short, the electrode is likely to become a more and more
powerful Lewis base when it is polarized cathodically, and a more and more powerful
Lewis acid when it is polarized anodically. A clear distinction must be made between
this behavior and the surface charge of the electrode. The global surface charge of the
electrode is zero when the applied potential drop is -equal to the so-called PZC
(Potential of Zero Charge),?” Ae = Ae¥?€. The PZC can be measured and is characteris-
tic of the metal and solvent in use.?” The global surface charge of the metal is negative
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when the applied potential drop is lower than the PZC, and positive when it is higher.
Thus, when one tries to impose a molecule/surface interaction with, say, the metal as
the Lewis base, one has to check whether the selected potential drop and, hence, the
selected DFT chemical potential (Eq. (13)) has the correct position relative to the PZC.
Indeed, one can anticipate that it will be difficult to make the surface act as the Lewis
base above its PZC, as it bears a global positive charge. This means that the overall
density of Lewis basic sites is low;

(i1) the intercept in Eq. (13) does not depend on the metal, but only on the solvent and
the reference electrode. Since at the PZC (Potential of Zero Charge) the electrochemical
potential of the electrode is equal to its work function,?”*° the constancy of the
intercept with respect to the nature of the metal can be tested by plotting the values of
(AEPZC — @™)) for various metals. The plot is shown for s, p and d metals in water, with
PZC’s measured with respect to a standard hydrogen electrode as the reference, in
Fig. 1 (the corresponding work functions, which are all in quite a narrow range, are also
shown for comparison). The intercept is indeed almost constant at fixed {solvent,
reference electrode} couple. This shows that the overall position of the range of
accessible DFT chemical potentials can be chosen, to a certain extent, through a
relevant choice of the solvent and the reference electrode. In addition, this opens the
way to making a correspondence of the reactivity scales between various solvents.

A Eq.13 for sp metals

-6.0 - O Eq.13 for d metals
A Work Functions for sp metals
1 @ Work Functions for d metals
% -5.5 ‘ Mean value (Eq.13) for sp and d metals
£ ]
= 5.0 ca®%0 .0
. X < ' v

g A
<t ApAASAA L
S ash
N 45
t AL A ®
f A A L AA o ®e @
T 4.0.
=
B .

-3.5

Atoms

FIGURE 1 Values (in eV)of (— ®*)and (— @™ + AEFZ)for various metals.>® All PZC’s are measured in
water with a standard hydrogen electrode as the reference. Metals are in the following order: (sp metals) Hg
(lig), T! (Ga) (liquid alloy), Bi, S, Pb, Cd, In, In(Ga) (liquid alloy), Ga(liq); (d metals) Pd, Rk, Ni, Co, Fe, Nb,
Ta, Ti.
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FIGURE2 Global scheme showing the sign of the charge transfers between methacrylonitrile and a
metallic surface cathodically (1 — the surface acts as a base) or anodically (2 - the surface acts as an acid)
polarized. the position of the chemical potential of the surface at the PZC is also shown. It is assumed, asa
first approximation, that the chemical potential of the molecule is the same in the anodic and cathodic
regimes. The correspondance of 4 (DFT) and AE (electrochemistry) is also shown.

As a conclusion to this paragraph, we see that electrochemistry offers a way to
piloting the basic or acidic character of a metallic surface, in the sense of Lewis concepts
recalled in Section I. If one considers, as a first approximation, that the position of the
chemical potential of a molecule in the solvent, close to the metallic surface, is not
modified upon electrode polarization, then one can choose the sign of the charge
transfer with the proper electrode potential (Fig. 2).

IV. LEWIS ACID-BASE INTERACTION BETWEEN 2-METHYL 2-PROPENENITRILE AND
A CATHODE: EXPERIMENTAL RESULTS AND THEORETICAL INTERPRETATION

Beacuse of the fundamentally “first-order perturbational” nature of the theoretical
framework developed in Section I, the overall molecular description provided by the
regional DFT model of Lewis acid-base reactions is only valid in the early steps of
reaction profiles.!8-2% Thus, the “molecular engineering” view of the molecule/metal
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interaction developed Section in II is only capable of describing the early steps of an
interaction leading to (possibly) transient chemisorbed species.

One should note that while this criterion is somewhat restrictive, it nonetheless
enables a useful rationalization of important reactions. For instance, it has been tested
very recently in the study of initiation reactions of anionic polymerization.'' It has
been shown that AN values computed via Eq. (5) closely parallel the relative reactivity
{(w) of some classical vinylic monomers known to undergo anionic polymerization
(acrylonitrile, methacrylonitrile, methyl acrylate, methyl a-cyanoacrylate..., as well as
that of anionic initiators (methyl lithium, n-butyl lithium, sodium methoxide...). It has
also been shown that the regional DFT model covers all the weak points encountered
in using earlier reactivity scales. The values of the respective chemical potentials show
that the vinylic monomers always constitute the Lewis acid and the organometallic
initiator the Lewis base, as expected.

We now wish to make use of this model to describe the initial steps of the interaction
between 2-methyl 2-propenenitrile (methacrylonitrile, H,C=C(CH,)CN) and a cath-
odically-polarized metallic surface. Previous work in our laboratory has shown that
the initial interaction of methacrylonitrile with a cathode leads to a grafted film of
PolyMethAcryloNitrile (PMAN)*! through an electropolymerization reaction. In
these reactions, the surface of the working electrode in the electrolysis cell is used as the
polymerization initiator3! (Fig. 3): the process is thought to go through an intermedi-

STEP1:
[ 1#
B H
< H
\ k N4
“/@/j <_l._ -c\c\o
] N W
e o

STEP 2:
r " * -
N
|
_\?\J ~ \ﬂ < ...etc.
/% lll
‘C
¥

FIGURE3 Proposed mechanism for the grafting reaction accompanying the electropolymerization of
acrylonitrile on a cathodically polarized metallic surface: the cathodicaily polarized surface acts as a basic
initiator for the anodic polymerization.
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ate step corresponding to a Lewis acid-base interaction between the polarized surface
and the organic molecule (step 1 in Fig. 3). The reaction intermediate thus formed is
unstable, as it corresponds to an anion chemisorbed on a negatively-charged surface.
Our hypothesis is that this intermediate can itself act as a nucleophile towards a fresh

A WW’\\ 4 \\w—w“ww .,-ﬂ"“\“""v\\ J w A\ /\.
99.4082 | \\/
- !
5 ' w
m . >
Lz) 98. 19711 5
Z ,
E I
§ iE: |
Z 96.8022 o .
P! @ oA
i-' - —
5 |
95.5874, E
l
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+ +— ¢ + F :
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WAVENUMBERS {(cm™
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» |
| ‘ 6C-H |
= (-] -l
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E | ‘ -
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é i (|:—CH2 8 §C-H |(bor.kb¢n
CN " vCeN  (asymCH) &
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FIGURE 4 IRRAS spectra of a reference commerical PolyMethAcryloNitrile(PMAN) sample (top) and of
a thin film obtained by electropolymerization of methacrylonitrile on a nickel cathode (bottom).
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methacrylonitrile molecule and start a polymerization reaction (step 2 in Fig. 3).** The
overall process is thus capable of forcing the formation of chemical bonds between an
organic structure (the resulting polymer) and a metallic surface through the initial
interface Lewis acid-base reaction.

The assumption for such a mechanism is based on the elucidation of the molecular
structure of the reaction products close to the interface. Firstly, homogeneous polymer
films having regular molecular structure are formed upon cathodic polymerization on
a nickel electrode, as assessed by Infra-Red Reflection Absorption Spectroscopy
(IRRAS) (Fig. 4). For these experiments, the nickel surface is set at —2.8 V/(Ag*/Ag),
i.e. — 2.8 Volts with respect to the reference silver electrode. With PMAN, the film has
the same structure as the reference commercial sample, and is not soluble in the
traditional solvents for commercial PMAN although it is soluble when the film is
mechanically removed from the surface. This results argue towards grafting vs reticula-
tion of the polymer on the surface. Secondly, Near Edge X-ray Absorption Fine
Structure (NEXAFS) results show that polymer chains indeed have the peculiar
orientation depicted in Figure 3, which is the footprint of the local double-layer electric
field in which the molecules orientate.®>? Thirdly, impedance spectroscopy measure-
ments show a definite decrease in the interface capacitance upon film formation, even
after attempts to dissolve it, a result that points to 10-15% of surface sites being
permanently occupied.>** Finally, XPS measurements on very thin (~ 20 A) PMAN
films show a low energy contribution on the Cls line (283.6-283.8 ¢V) (Fig. 5), which
indicates the formation of carbon/nickel bonds.3*-** A plausible molecular model of
the final state of reaction, involving a grafted monomer and nickel clusters to simulate a
surface site, has been studied on the basis of Hartree-Fock calculations.>* It has
delivered estimations of the Cls chemical shift of those atoms close to the surface, in
good agreement with experiment.**

N(E)
(a.u)

i I 1 I -
283 285 287 289 291BE.(eV)
FIGURE 5 Cls lines in the XPS spectra (with tentative decomposition) of an ultra-thin (~ 20A) PMAN
film obtained by electropolymerization of methacrylonitrile on a nickel cathode: besides the levels of the

polymer, a low energy contribution (shadowed) evidences the carbon/metal interface bond.
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Now let us try to examine the predictions brought about by the regional DFT model
of Lewis acid-base reactions. The work function of the nickel surface is 5.15 eV (with
respect to the vacuum reference).?” This means that at the PZC, the DFT chemical
potential of the surface is equal to — 5.15 eV (vacuum), see Egs. (4) and (9). The DFT
chemical potential of a methacrylonitrile molecule has been computed vig Eq.(3) and is
equal to —5.4eV.2° Thus, as e, > Uobk uies the metallic surface acts as a Lewis base
towards the molecule at the PZC. Now the PZC of the nickel surface is of the order of
—0.54+0.2 V/(Ag*/Ag) with respect to the reference silver electrode. Thus, when one
sets the nickel surface to a — 2.8 V/(Ag ™ /Ag) potential as in the above experiments, the
DFT chemical potential of the metallic surface is raised with respect to the vacuum
(Eq. (13)) to reach the value: u®5Fg = — 5.15 —(— 2.8 + 0.5)~ — 2.9 £ 0.2 eV (vacuum).
As expected, the metallic surface is even more basic (Ut > Unbkeue) With respect to
the molecule. The model, thus, predicts a charge transfer from the surface to the
molecule.

Now let us examine the regioselectivity of this charge transfer. As mentioned in
Section 11, one has to compute the Fukui function of the two reactants. The Fukui
functions of a Lewis base metallic Ni, cluster mimicking a surface site!**'’and that of
the Lewis acid methacrylonitrile molecule (cf. Eq. (7)) are shown in Figure 6 and 7a,
respectively. Figure 6 shows that the nickel atoms on the edge of the cluster bear the
main part of the reactivity of the cluster. This can be interpreted as a result of their
unsaturation and connected with the well-known higher reactively of irregular surfaces
with respect to regular ones.>¢*” Figure 7a shows that the most reactive site of
methacrylonitrile taken as a Lewis acid is the terminal vinylic carbon (= CH,).
Assuming that the non-crossing hypothesis holds along the reaction paths, this
information leads to the prediction that a carbon/metal interface bond is formed and
that the overall resulting structure is that depicted in Figure 3. Thus, it appears that one
may look at the final grafted structure (i.e. the interface region) as the “frozen” proof of
the initial steps of the metal/molecule interaction.

Hence, electropolymerization reactions constitute an interesting candidate to test the
potentialities of the DFT model of Lewis acid-base interactions between an organicand a
metallic surface. Indeed, the polymerization reaction following the grafting step leads
to the formation of a sample which can be analyzed via traditional “post-mortem” surface
techniques (XPS, UPS, Infra-Red Reflection Absorption Spectroscopy (IRRAS), Elec-
trochemical Impedance Spectroscopy (EIS), etc.). There is apparently no need to make
use of ultra-fast spectroscopic methods although we seek information on the formation
of a reaction intermediate. All the difficulty stems from the sound characterization of
the molecular structure of the interface region in the product of reaction.

V. LEWIS ACID-BASE INTERACTION BETWEEN 2-METHYL 2-PROPENENITRILE AND
AN ANODE: EXPERIMENTAL RESULTS AND THEORETICAL INTERPRETATION

Let us now examine the alternative procedure in which methacrylonitrile interacts with
a platinum anode. The work function of a platinum polycrystalline surface is 5.6 eV
(with respect to the vacuum reference).?” Its DFT chemical potential is thus — 5.6 eV
(vacuum) and the platinum surface is weakly acid with respect to a methacrylonitrile
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FIGURE 6 3D-plot of the Fukui functions of a Ni, cluster taken as a Lewis base, in a plane parallel to the
cluster surface (perpendicular to the z axis) and 0.5 A from the closest nickel atoms. The most intense regions
indicate the sites wherefrom charge transfer is likely to occur. The structure of the cluster is shown in the
insert.

molecule (g ~ — 5.4¢V (vacuum)). within the selected experimental conditions, the
PZC of the platinum surface is 1.0 + 0.5V/(Ag*/Ag).*® In the experiments described
below, the pfatinum electrode is set to a + 1.8V/(Ag*/Ag) potential.*® Its DFT
chemical potential is thus lowered with respect te the vacuum reference (Eq. (13)) to
reach the value 57y = — 5.6 — (1.8 + 1.0) & — 8.0 + 0.5 eV (vacuum). Thus, the plati-
num surface acts as a Lewis acid towards the methacrylonitrile molecules. The model
thus predicts a charge transfer from the molecule to the surface.

Now let us examine the regioselectivity of the charge transfer. The Fukui function of
the Lewis base methacrylonitrile molecule (cf. Eq. (7)) is shown in Figure 7b. This



11: 43 22 January 2011

Downl oaded At:

114 C. BUREAU et al.

b

FIGURE 7 [Isocontour plots of the Fukui functions of methacrylonitrile as a Lewis acid (a) and as a Lewis
base (b). Arrows indicate the molecular sites from which and to which the charge transfer occurs, respectively.

shows that the most reactive site of methacrylonitrile taken as a Lewis base is the
nitrogen atom of the nitrile group. Assuming that the non-crossing hypothesis holds
along the reaction paths, this information leads to the prediction that a nitrogen/metal
interface bond is formed and that the overall resulting structure is that depicted in
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FIGURE 8 Proposed mechanism for the grafting reaction accompanying the electropolymerization of
methacrylonitrile on an anodically polarized metallic surface the anodically polarized surface acts as an
acid initiator for the cationic polymerization.

Figure 8. We are now faced with the problem of performing a sound characterization of
the molecular structure of the interface region in the product of reaction. This has been
the subject of a recent paper and we will only summarize the relevant results.*®
Some experimental results have been obtained with acrylonitrile on a platinum
electrode, and they show: (i) the presence of a broad valence band (UPS), characteristic
of an organic semi-conductor, and attributed to conjugate —C=—N— bonds, and
{ii) untouched pendant CH—CH, ethylenic groups (IRRAS) from the acrylonitrile
molecules.*® However, IR spectroscopy on the films obtained also shows that —CH,,
and —O—CH; and —O—CH==CH, groups are present. These features indicate
that acetonitrile, CH;CN, which was used as the solvent, has probably co-polymerized
with acrylonitrile (-——CH,), and that some of the molecular structures obtained at the
end result from an attack of the n bond of the CN groups by an oxidizing radical,
formed under classical Faradaic transfer (—O-—CH, and —O—CH=CH,). Should
these interpretations be correct, as proposed by Tourillon*! in the case of acetonitrile,
there would be no more relationship between the molecular structure of the final film
and the initial steps of the reaction. The possibility of a film being initiated in solution
by some oxidized radical and subsequently precipitating on the surface cannot be ruled



11: 43 22 January 2011

Downl oaded At:

116 C. BUREAU et al.

out, and the results alluded to by Boiziau and Lécayon*® are, thus, not conclusive in
our purpose to examine the actual initial interaction between the vinylic molecule and
the anode surface.

New experiments have been caried out recently, in which anodic potentials of
+1.6V/(Ag*/Ag), + 1.8 V/(Ag*/Ag) and + 2.0 V/(Ag*/Ag) (with respect to a silver
reference electrode) are imposed on a platinum working electrode dippirg into pure
methacrylonitrile*® (platinum is used instead of nickel, because nickel would oxidize in
the anodic regime). The i = f(V) curves show that methacrylonitrile is not electroactive
in the potential range considered.>® Meanwhile, a film of classical PMAN is obtained
upon + 2.0 V/Ag*/Ag) polarization, with no apparent nitrogen/metal bond. Upon
+ 1.8 V/(Ag™/Ag) polarization, a polymer film is obtained, the structure of which is
different from PMAN. A low-energy shift of 0.8 eV is observed for nitrogen lone-pair
structure in the UPS spectrum as compared with PMAN (Fig. 9e), while the energy gap
is reduced, making this sample an organic semi-conductor. The N1s region of the XPS
spectrum evidence a low-energy contribution, ~ 1.6 eV below the major polymer peak,
attributed to a nitrogen/platinum interface bond (Fig. 10c). These results are interpreted
as the result of a non-standard cationic polymerization of methacrylonitrile through its
nitrile groups, initiated by the metallic anode which acts as a Lewis acid towards the
first monomer molecules, leading to a poly-imine type structure (Fig. 8). Upon + 1.6
V/(Ag*/Ag) polarization, spectral characteristics show that the structure of the
interface is intermediate between no polarization at all, and + 1.8 V/(Ag*/Ag)
polarization.38

0=

Binding Energy (eV)

FIGUREY UPS spectra of a reference platinum surface (a), of the same surface dipped into pure
methacrylonitrile (b), dipped into a solution of PMAN in acetonitrile (c), after +2.0 V/(Ag*/Ag)(d) and after
+ 1.8 V/(Ag*/Ag) (e) polarizations.
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FIGURE 10 Nislinein the XPS spectrum of the interface obtained after + 1.8 V/(Ag*/Ag) polarization of
a platinum surface in pure methacrylonitrile. The (b) contribution is related to the bulk polymer nitrogens.
The low energy contribution (c) is attributed to a nitrogen/metal bond. The high energy contribution is
attributed to oxidation products (a).

A theoretical model has been proposed to help ascertain the results obtained in the
+ 1.8 V/(Ag* /Ag) polarization case.??-3® A molecular model is designed which mimics
the result of a nucleophilic addition of methacrylonitrile to a metallic site of the surface,
rendered by three- and seven-atoms platinum clusters, and leading to a poly-imine
structure. This model evidences a bound state when the chemisorption occurs in an
interstitial position, as opposed to on-top bonding (Fig. 11). The structure of the
organics is considerably distorted in the vicinity of a metallic cluster. Both this
distorsion and the proximity of metallic atoms lead to a lowering of the N1s chemical
shift of the nitrogen atoms bound to the surface, which is roughly evaluated to be of the
order of 2-3 eV with respect to the bulk polymer nitrogens.®® We estimate that the
geometrical perturbation caused by the initial interface bond is still detectable up to
about 10A from the cluster, as a consequence of the peculiar structure of the polymer
which presents a partly conjugated (N—C) backbone. A preliminary study of the bulk
polymer structure has also been presented, using an all-organic model trimer. A stable
conformation is found, in which the (N==C) backbone has a third-order helix structure
with pendant ethylenic groups tilted with respect to the plane perpendicular to the
helicoidal axis to overcome steric hindrance (Fig. 12). First attempts at an evaluation of
the valence band characteristics show that nitrogen lone-pair type molecular levels are
shifted downward by about 0.5 to 1.5 eV with respect to nitrile groups, in good
agreement with the 0.8 eV shift measured on the UPS spectra of the + 1.8 V/Ag™/Ag)
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FIGURE 11 Optimized molecular structure of a model mimicking the interface bond formed in the
grafting of methacrylonitrile on a platinum metallic site. The calculation is done at the ROHF/MCP level.
“X” is a mathematical point indicating the centre of the Pt1-Pt2-Pt3 threefold site.

sample.® It is also mentioned that NC group conjugation is still active despite the
non-totally-planar geometry, an element which could account for the reduction of the
gap observed on the UPS spectra.

These elements lead us to the conclusion that an interface bond has actually been
obtained upon + 1.8 V/(Ag*/Ag) polarization, and that the molecular structure of the
interface is compatible with a cationic polymerization of methacrylonitrile through its
nitrile groups, initiated by a nucleophilic addition of a first monomer molecule to a
metallic site (Fig. 8).

However, an examination of the complete set of experimental results obtained at the
various potentials show that the above mechanism is apparent only upon + 1.8
V/(Ag* /Ag) polarization, and that it is overcome by some other mechanism at higher
anodic potentials. Our interpertation is that the major part of the sample formed upon
+ 2.0 V/(Ag* /Ag) polarization is made up of a polymer obtained through an indirect
radical polymerization consecutive to the oxidation of perchlorate ions which act as
radical initiators:*°

ClO, —»ClO; + le” (14)

ClO; + H,C=C(CH;)CN - Cl0,—-C(CH,)(CN)=CHj; ...etc... (15)

This hypothesis is confirmed by the presence of chlorine (C12p levels: traces) in the
global spectrum of the + 2.0 V/(Ag™ /Ag) polarization sample. Hence, one can infer that

the sample obtained upon + 1.8 V/(Ag*/Ag) polarization (no chlorine on the global
spectrum) is formed at an oxidation potential which is not anodic enough to provoke
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NAM.. Tetramer..RHF/3-21G

FIGURE 12 Display of the helix-like conformation of a tetramer of poly-methacrylonitrile obtained via
cationic polymerization through the nitrile groups, which is found after geometry optimization at the
RHF/3-21G level. The helicoidal axis is perpendicular to the plane of the figure, and passes within the
—{N==C),— backbone (arrow). Pendant groups have the structure CH(CH;)=CH,.

an oxidation of perchlorate ions, and that the observed polymer film is the result of a
direct interaction between the metallic surface and the monomer molecules, since
i =f(V) curves show that methacrylonitrile is not electroactive in the anodic range
presently examined. Finally, the sample obtained upon + 1.6 V/(Ag* /Ag) polarization
is intermediate between the above + 1.8 V/(Ag " /Ag) polarization case and the one that
is obtained by simple dipping of the platinum surface into the electrolytic medium, i.e.
methacrylonitrile molecules adsorbed on the platinum surface. The applied potential
would, thus, not be sufficient either to oxidize perchlorate ions, or to force
metal/molecule bond formation.

These results shed some light on those obtained previously upon cathodic polariz-
ation of nickel electrodes, through which a carbon/metal bond and a PMAN grafted
film are formed. In this last case, methacrylonitrile is electroactive. Thus, the question
as to whether interface bond formation and electroactivity are necessarily connected or
not, in the general case of electropolymerization in organic condensed media, is raised.
More work is in progress in order to propose a molecular mechanism which would
examine the relationship between the two.
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VI. CONCLUDING REMARKS

We have shown that the DFT chemical potential, y, of a metallic surface is linearly
related to the electrode potential drop, Ag, which is imposed between the working
electrode and the reference electrode of an electrolysis cell (Eq. (13)). Thus, thanksto the
DFT model of Lewis acid-base reactions, electrochemistry offers a way to monitor the
acidic or basic character of a metallic surface with respect to any given molecule, by
choosing the correct electrode potential. We have presented a first tentative experimen-
tal test of this hypothesis in the instance of the interaction of 2-methyl 2-propenenitrile
(methacrylonitrile). We have monitored the Lewis acidic or basic character of metallic
surfaces (an anode and a cathode, respectively) towards a methacrylonitrile molecule.
These interactions lead to the formation of a presumed transient chemisorbed species
which is frozen as it is, thanks to the polymerization reactions of methacrylonitrile it
can initiate . The structures of the grafted polymer films have been analyzed by XPS,
UPS and IRRAS. We have mentioned the results of this analysis. They show that the
initiating Lewis acid-base reaction leads either to a cationic polymerization (acidic
anodic surface) or to an anionic polymerization (basic cathodic surface) of metha-
crylonitrile, respectively. The resulting molecular structures of the polymer films are
seen as frozen proofs of the initial interaction (i.e. the initiating Lewis acid-base
reaction) as they are in agreement with the regioselectivity predicted by the base and
acid Fukui functions of methacrylonitrile, respectively.

Thus, it appears that the two (i f (7)) parameters we have put forward are indeed
relevant to describe and monitor the course and the extent of electronic charge transfer
between a metallic surface and an organic molecule. In the present paper, we only
compared the reactivity of a given molecule towards two different metallic surfaces.
The latters being very soft, we mentioned that the electrostatic components of the
interaction as well as the effects of absolute hardnesses on the amount of charge transfer
could be set aside in the comparison of both situations. Comparing our approach with
the ones previously proposed in the field of interface reactions, one can notice that this
is generally not true.' '3 Meanwhile, the present work contributes to illustrating the
peculiar role of the DFT chemical potential and Fukui functions in describing surface
acid-base reactions. More work is in progress to take electrostatic effects into account
in order to explain experimental situations involving polarized metallic surfaces. We
hope this will contribute to a better understanding to interface reactions.
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