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ABSTRACT: A Keggin-type POM is attached to gold or glassyboar surfaces by
electro(chemical) or peptidic coupling. In additimndemonstrating the robust attachment of
the POMs (by electrochemistry, XPS and IRRAS),gtdace concentration, layer thickness
and rate constant for electron transfer from théase to the POMs have been measured. The
use of such complementary techniques is mandatoprdperly characterize the modified
electrodes. Whatever the grafting method, experiateoonditions are found to allow
monolayer or submonolayer coverage. Besides coWalegrafted species, additional
electrostatic bonded POMs are present in the fathodic polarization allows removing
them to get a grafted film that is stable with tiemel potential, which is a requisite toward the

design of molecular memories.

Keywords: polyoxometalates, diazonium salts, ebtgptafting, peptidic coupling,

electrochemistry, electron transfer



I. INTRODUCTION

Polyoxometalates (POMs) are molecular metal-oxofethe early transition metals with a
broad range of properties and applications. Cusretiiteir ability to reversibly accept several
electrons attracts growing attention and the pa@kmf POM-based materials is deeply
investigated for solar energy conversién molecular electronics! molecular cluster
batteried or as supercapacitor electrode matefiasyong others. In the field of molecular
electronics, the immobilization of POMs at variosisrfaces is the first step toward their
integration in modified field effect transistors.

The formation of POM-thin films has recently beeviewed® While POMs are known to
spontaneously adsorb on electrofe examples of covalent immobilization of POMs on
surfaces are still scarce, although it could imprthe control over the films features and their
stability, especially under electrochemical polatian of the surface/electrod&*®

Previous examples include the grafting of Lindgwstivatives on silicon or Anderson-type
POMs on gold. Targeting the use of POMs as chatgeage molecules, we have also
reported the covalent electrografting of functiored Keggin-type POMs with pending
alkyne or diazonium functions, respectively oncsiti*” or glassy-carbon electrod¥s.

As robust nano-scaled clusters displaying sewsarete redox states, POMs are promising
candidates for the implementation in n-type comptsef multi-level molecular memories,
providing a parallel to complexes derived from deene or porphyrins that have been
assembled to get p-type componéfits.In the latter case, the surface concentratiorbeas
shown to be a key parameter, strongly impactingdieetron transfer rate and the charge
retention time- >

For POM films to be included in hybrid silicon/ neclle electronics, several conditions have
to be fulfilled : i) the film must be stable withnme, temperature and under electrical

stimulation, ii) its thickness must be controlleda compact monolayer or submonolayer, as
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homogeneous multilayers are more difficult to ohtaii) the electron transfer from the
substrate to the POM must be as fast as possiblehencharge dissipation rate as low as
possible. This prompted us to inspect strategiesawatrol the surface concentration of
strongly bonded POMs on conducting surfaces. Sithee foreseen applications require the
electrochemical activation of anchored POMs, theiash of tethering groups should be
limited to those resistant to reduction, which exels thiols that could desorb from the
surface upon reduction. Functional surfaces witlgoad stability under electrochemical
activation are then preferentially obtained froracglografting procedures. Among them, the
most popular one is the reductive dediazonaticdiafonium species ?

The reduction of diazonium salts fulfils the stapilconditions since it provides covalently
bonded layeré®?’ very stable with tim@ and temperatufé and potential resistafi.
Moreover, the grafted amount can be controlled feai-monolayer to multilayer by varying
the conditions for the electrografting procedtff&® Compton showed that electrografting in a
UM diluted diazonium solution or upon decompositioh pre-adsorbed diazonium layer
allows sub-monolayer surface coverdy& On the other hand, Pedersen and Daasbjerg
showed that thick layers could be grown from swefady using an immobilized
electroreducible group that can act as an elecgiay, as the POMs could do*

Moreover, together with the electrografting of dinmim functionalized POMs, the facile and
strong adsorption of POMs onto electrddeand the formation of multilayers obtained by
layer by layer attachment of POM anions and calfdmsve to be considered. Since it has
already been demonstrated that non covalently bdddayers may lose some material upon
negative electrode polarizatiéh®*the stability of the grafted layers should be coesed.

Here, we examine different experimental routesiexggd in Scheme 1, to immobilize POMs
onto glassy carborGGC) and gold Au) substrates starting from a Nkerminated Keggin-type

POM hybrid, (NBuY)4JPW;:039(GeG4HsNH,)] designated asPOM-NH,. Indeed, this
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platform allows standard bonding to a COOH-termadasurface through peptidic coupling
(route iii). It also opens the route to electrociehor chemical grafting of surfaces through
the generation of the corresponding diazonium PQ#tit, (NBuy)3[PW11039(GeG4HgN>)]
designated aBOM-N,". We will discuss the influence of the experimem@ahditions on the
electrochemical grafting of the latter diazoniumNP@ybrid onGC andAu surfaces (route i).
We will also examine the chemical grafting ®®M-N," through its reduction by ascorbic
acid or its thermal homolytic dediazonation (roiiteAfter a brief description of the grafting
processes, spectroscopic surface analyses andoeleanical characterizations will provide
insights into the stability of the grafted POM lagethe POM surface concentrations, and the

electron transfer rates.

+e

—
(i)
POM-N,* L-ascorbic acid (AA)
or 70°C
—_—
(ii)
N,~{_)-cooH

S=AuorGC
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NHS/EDC
(iii)

Au-CO-NH-POM
GC-CO-NH-POM

Scheme 1.Strategies for covalently modifying surfaces BOM-N," or POM-NH: i)

electrografting, ii) chemical grafting, iii) pepitdcoupling.



Il. EXPERIMENTAL SECTION

Substrates and POMsGold coated (100 nm, Aldrich) Si wafers were cuoifh.1x1.1cm?
plates. Before use, they were ultrasonically rinsgti acetone, water and ethanol and dried
under argon. The plates were further treated inVaokbne cleaner (UVO cleaner, Jelight
Company) just before use in order to remove thamogresidues. The bare polished glassy
carbon GC) plates (1.1x1.tn? from Sigradur HTW) were rinsed with ethanol, wated
acetone, then dried under arg@C electrodes (2 and 3 mm diameter) were polished on
polishing nap with 0.0im alumina (Presipnd sonicated in acetone, water and ethanol.
The polyoxometalates (NBJ4[PW110:9(GeG4HsgN2)] ( M = 3998 g/mol)(POM-N,") and
(NBu4)4[PW11039(GeCisHgNH>)] (M = 3986 g/mol), POM-NH,,) were prepared following

a previously described procedure detailed in thep8rting Information'®

Electrochemical Grafting of POM-N,". The electrodesAu andGC) were modified by the
hybrid POM using cyclic voltammetry in a solutiohROM-N," (generally 1 mM) in ACN +
0.1 M NBwPF;. Two different potential ranges were used by scanbetween i) R1: -0.1
and -0.8 and, ii) R3: -0.1 and -1.8 V/SCE; six egclvere repeated at a scan rate of 100 mV/s.
After electrografting, the electrodes, abbreviatgd Au-POMRg: o r3 (respectivelyGC-
POMR1 or r3), Were thoroughly cleaned in ACN in an ultrasobeth for 5 min, then in
acetone and stored under nitrogen. Multilayers ©VMB on GC surfaces were obtained by
cycling the electrode 20 times in the R3 rangeive GC-POMg3*"

Slightly different experimental conditions based m@ported procedure were also used to
obtain less densely grafted electrodfe¥. Electrografting in the R1 range under identical
conditions as those above except for a IoR&M-N," concentration (100 puM) and a
temperature of 0 °C instead of room temperatures gavor GC- POM,,, Moreover, pre-
adsorption of a 100 uMOM-N," solutionin ACN at 0 °C was carried out for 300 s before

electrografting in pure ACN to giviku or GC-POM 4q4s.



The methods for grafting and characterization ataitéd in the Supporting Information.

I1l. RESULTS AND DISCUSSION

l1l.1. Grafting Modes of Functional POMs onto Gold and Glassy Carbon Surfaces.

I11.1.a. Electrografting from POM-N,". The cyclic voltammogram of a solution BOMN,"
onto aGC electrode exhibits three cathodic peaks (P1, BRaP respectively, Epc = -0.49, -
1.02 and -1.48 V/SCE (Figure 1, A and B). P1 ig@al irreversible, monoelectronic peak,
while P2 is reversible and P3 shows some reveitgibR1 is located in the typical potential
region of diazonium salts and its height decreaseshe second scan, as usually observed
during the electrografting of diazonium salts. Tinidicates that iPOM-N," behaves as other
diazonium salf$?® and, ii) its electrochemical reduction leads $ogjtafting onto the surface;
P2 and P3 correspond to the two successive ongarleceductions of the POM by
comparison with the voltammogram of the same POl wiiodo termination instead of the

tether(NBua)JPW11039(GeCsH4l)] : E° = - 0.99 and - 1.46 V/SCE.
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Figure 1. Cyclic voltammetry oPOM-N,"in ACN+0.1 M NBuPFs;: GC electrode; 0.1 V&



On a 1 crfi Au plate (Figure SI1, Supporting Information), simikematures are observed,
which also lead téu grafting.

The grafting of POM on &C mm disk and au cm plate by reduction d#OM-N," was
conducted by cyclic voltammetry using two potentiahges: R1 between -0.1 and -0.8
VI/ISCE concerns only the diazonium wave P1, while R@n -0.1 to -1.8 V/SCE
encompasses the two waves of the reduction of ©# Rntity, P2 and P3. The grafted
surfaces are abbreviated Ay- or GC-POMRgiorRrs.

Upon repetitive scanning in the R3 range, the witess of P2 and P3 do not increase (Figures
1A and C). This result contrasts with those of Psere and Daasbjer§g>* They have shown
that it is possible to obtain very thick films (@ ~1 pum) if the potential range of the scan
encompasses both systems corresponding to theti@dot the diazonium function and the
reversible system of the electroactive moiety inclvha further electron can be stored (a
nitrobenzene or anthraquinone moiety in their caBeg¢se particularly thick films result from
electron transfers within the layer by electronhatge through the layer electron relays then
to the solution diazonium species for further mestizand catalytic film growtft As stated
above, P2 and P3 (Figure 1A) do not show an ineck&eight of the wave upon repetitive
scanning, indicating that the layer does not gréeadily; this is confirmed below by the
thickness of the film that remains quite low (setei).As POMs can be reduced reversibly,
electron transfers from the surface are possibldenR3 range. It is therefore likely that the
layers remain quite thin because the aryl radieslvedd fromPOM-N," cannot attack an
already grafted POM to form covalently bonded nhyers, which is not surprising
considering that the POM is a bulky inorganic oxide

To modulate the POM surface concentration, we hHaus followed Compton’s strategy
developed during the electrografting of diazoniemtinated quinone¥:** We have either

(i) electrografted &C electrode or au plate in a dilutePOM-N," solution (100 puM), or
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(i) adsorbed a 100 pM ACN solution BIOM-N," onto aGC electrode or amu plate for
300 s, then electrografted the substrate in pur&l AR1 range of potentials in both cases).
These two procedures produte or GC-POM o, and-POM 45, respectively.

I11.1.b. Chemical Grafting from POM-N,". Chemical grafting is illustrated by the reduction
of POM-N;" by ascorbic acidAu-POMaa) or by its thermal dediazonation at 70°8uf
POMa,). The latter method is particularly simple, asnty necessitates depositing a thin layer
of solution on the heated plate.

[11.1.c. Chemical Grafting via Peptidic Coupling from POM-NH,. Carboxylic terminated
surfaces were prepared by electrochemical reductidhe 4-carboxybenzenediazonium salt
(DCOOH) on anAu plate® the thickness of the organic filnAg-COOH) measured by
ellipsometry, th = 0.9 £ 0.3 nm, is close to thaanonolayerPOM-NH , was coupled to the
latter modified surface through an amide bond bySNEDC activation to givé\u-CO-NH-

POM (Scheme 13° The same method was used for the preparati@Ce€O-NH-POM.

[1l.2. Spectroscopic Characterization of Surface-lInmobilized POM Layers.

The thickness of the POM layers immobilized on éampf Au surfaces was obtained by
ellipsometry and their chemical composition by X&f8l IRRAS.

[11.2.a. Ellipsometric Measurements. The values of the thickness of the layers, thftgd on
Au and measured by ellipsometry are representedgur&i2B and thoroughly commented in
the Supporting Information.

The values of th are generally lower than 6 nmy tikepend on the grafting mode employed
and also on post-grafting treatments. Careful sdinication in ACN and acetone allows
getting rid of adsorbed speci€swhilst cathodic polarization allows breaking efestatic
interactions in multilayer¥ It is noteworthy that electrochemical polarizatiohthe films

between -0.1 and -1.8 V/SCE results in a decrebgp to 2 nm of the layer thickness, as will
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be discussed later (compare full and open symiolsgure 2B and see I11.2.c). It shows the

importance of the electrode polarization on theetastructuration. After polarization (see

open symbols in Figure 2B), the highest thickness®sobtained for electrografting and

peptidic coupling (2-4 nm) and the lowest eitherchgmical grafting or by electrografting in

dilute solutions (1-2 nm).
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Figure 2. Comparison of IRRAS and ellipsometry charactelwret of POM-immobilized

surfaces obtained from electrografting, @) Au-POMgs, (¢, ¢) Au-POMg3 and A Au-
POM;o, or Au-POMg,gs, A chemical grafting ore«, ©) peptidic coupling (respectively before
(*, m, @) and after{, o, o) cathodic polarization of the grafted layer). AQr@parison of two
IRRAS bands characteristic of the POM at 1073 a2l &'. B) Comparison of IRRAS

spectroscopy with ellipsometry.



The experimentally estimated thicknesses can bepaoed with that of a monolayer. Since
the length of the -gH,-C=C-CgH,- tether is ~1.1 nm and tHROM has a ~1.0 nm diamefér,

the theoretical thickness for a monolayer with gHEC=C-CiHs-POM  moieties

perpendicular to the surface is th~2.1 nm. Jiarggveld by DFT calculations that the phenyl
groups attached to a gold surface through the teotuof diazonium salts are tilted by 38°
with respect to the surface normiaBy analysis of the IR spectra of azobenzene gidfte
reduction of its diazonium salt, McCreery foundtttiee attached groups are tilted by 2®<

< 30°3" Therefore, the thickness of the monolayer showdwlithin 1.8 < th < 2.1 nm.
However, this estimation does not take into acctb@tNBu" counter ions. If the latter are
located on top of the layer, 0.5 to 1.1 nm (depegdin the geometry of the butyl chains)
must be added to the length of the assembly, wenths for the global thickness to 2.3 < th <
3.2 nm. In the case of the peptidic coupling, themees have to be increased by 0.7 nm to
account for a monolayer of carboxybenzene anch0rs3h < 3.9 nm.

In conclusion, even though the thickness valuesbé&xkome dispersion, films obtained
through standard electrografting procedures areowar than a bilayer and closer to a
monolayer, while all other strategies yield unarbigsly sub-monolayer coverage. A
confrontation with specific spectroscopic signasuséthe grafted layers is then required.
[11.2.b. XPS and FT-IRRAS Characterizations. Thesurvey XPS spectrum of aku-POMg3
plate is shown in Figure SI2A (Supporting Informad presents the signals corresponding to
Cls (~285 eV), O1s (~531 eV) and W4f. High resolutiv4f and C1s photoemission lines
that are depicted in Figures SI2B and C, respdygtivestify for the presence of a POM on the
gold surface (see Supporting Information for a idedainvestigation). An XPS analysis also
confirms the presence of the POMAR-CO-NH-POM through the observation of the WA4f

doublet at a position similar to that describedvabior Au-POMgs (not shown).
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The presence of POM layers immobilized &u surfaces was also revealed by IR
spectroscopy. Figure 3A illustrates the IRRAS sp@eot electrochemically graftetu-POM
surfaces. In the 1200-700 &nregion, the signature of the POM is confirmed loyrf
significant peaks at 1073F-0), 970 {W=0), 890 and 822 cm (vW-O-W)*® that are
similar to those oPOM-NH (KBr pellet: 1073, 964, 887 and 807 {nthis indicates the
integrity of the grafted PONf The characteristic IR signature for the stretclohghe NeN*
bond (2300-2130 cif) in POM-N," was not detectedrhe surfaces obtained by chemical
grafting present the same signatures and the themating is more efficient as it yields to
the immobilization of four times more material thidmat proceeding by chemical reduction
(Figure 3B). Thus, whatever the grafting metho&, $ame unaltered POM species is present
on the surface.

IRRAS was also used to monitor the formationfaFCO-NH-POM through the different
assembling stepsf the peptidic coupling betweelu-COOH and POM-NH, (Figure 3C).
The modification of the gold electrode with DCOOB ¢onfirmed by the presence of
characteristic IR absorption bandg€dH (broad band) at 3300 &h(not shown),vC=0 at
1725 cnit, ring vibration at 1604 cih, andSCOO at 1450 crit (spectrum a). After activation
of the terminal acid groups by NHS/EDC, a new detibppears at 1775, 1741 ¢nassigned
to the C(=0)-NHS-ester vibration (symmetric andnas\etric, respectively) associated with
the disappearance of the C=0 vibration of the serfzhenylcarboxylic groups (spectrum b).
Spectrum ¢ corresponds to the surface obtained rafaetion ofPOM-NH, (24 h, 5x1¢ M

in ACN). It indicates the successful covalent gnaftof POM-NH , through the formation of
an amide bond characterized by the 1655 and 1545 (cespectively amide | and amide 1)
bands. The signature of the POM is also confirmethb four significant peaks at 1073, 970,
890 and 822 cit. While decreasing, the band at 1741 cdue to the carbonyl stretching

vibrations of the activated acidic groups is stiflible, indicating that most carboxylic groups
11



of Au-COOHhave not reactedhis is attributed to the steric hindrance of thékip POM (~1

nm);*® which partially blocks the access to the carbaxigther on the surface.
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[11.2.c. Quantitative Characterization and Stability of POM Layers. Quantitative
interpretation of the different immobilization pesses was also provided from IRRAS
analysis (Figure 2). Figure 2A compares the absorpgbeak heights of two characteristic
bands (1073 and 822 &nof the POM. For all theAu surface-immobilized POM layers,
there is a good correlation between the absorgtidhese two bands over almost one order of
magnitude of absorbance, which points to the sa@ Btructure.

A quantitative assessment of the surface coverbges then obtained from the IRRAS
absorbance of the most intense band for the POM ¢82"). To convert absorbances into
surface coverages, as in Figure 2, a referénc®OMg3 sample was characterized by both
IRRAS and electrochemistry that, as explained lmtefl.3.a., allows estimatinghe surface
coverage (from the electrochemical charge ofAbhePOMRg3s sample considered,=0.4x10

19 mol cm? for a 0.008 absorbance at 822 YmiThe absorbance, Abs, was then converted in
monolayer (ML) units through (1assuming the projection of the POM onto the elegtras a disk
whosediameter ishe distance between two PONtSa compact monolayé&t=1.44 nmy° This
gives a calculatedr™"= 0.92x10"° mol cm? for the theoretical maximum surface
concentration for a compact monolayer.

r/rM (in ML) ~ Abs(@822cri1)/0.018 (1)

Considering the top abscissa axes in Figures 2ABatitat convert the absorbances in ML
using (1), all grafting methods lead to, at maximunonolayer coverage. From (1), IRRAS
can be used to monitor the evolution of the surtamesrage upon grafting conditions and also
upon post-grafting treatments.

For example, IRRAS shows that the layer is stalder dime as there is no significant
difference between the IRRAS spectra over a onetmueriod (not shown).

IRRAS can also be used to monitor the effect adthadic polarization of the electrode on the
layer composition (typically cycled 14 times fron2@o -1.8 V/SCE at a 0.5 V'sscan rate in
ACN + 0.1 M NBuPF;). Cathodic polarization oAu-POM,, and Au-POM,qs electrodes

13



has no significant effect on their low POM surfaao®verage, confirming the absence of
multilayer assembling. For more covered surfacash @asAu-POMgs or Au-POMg;, the
IRRAS spectra and the voltammogramsAorPOMzgs recorded on the same plate before and
after cycling are given respectively in Figures/SEhd B (Supporting Information). Both the
IRRAS (band at 822 ci) and electrochemical (discussed later) signatafebe POMare
still present but have decreased by ~50% (frafrt®0.4 ML) afterhe 14" cycle. The main loss
of POM is detected upon the first three cycles mméurther change is observed in the IRRAS
spectra after all subsequent cycles. This shows #iter three cycles, the POM film is
electrochemically stable up to -1.8 V/ISCE and qomf, as observed by ellipsometry in
II1.2.a., that under cathodic polarization, some POMs Iikeetained by electrostatic
interactions)® are removed from th&u surface.

Comparison of IRRAS, surface coverage and ellipsomes also insightful. Figure 2B
compares the IRRAS absorbance at 822,awhich specifically quantifies the POM from its
chemical signature, with ellipsometry, which givesphysical estimate of the amount of
material immobilized on the surface. For most saspthere is a rather fair correlation
between the IRRAS absorbance at 822' @nd the measured ellipsometric thickness.

The highest optical thicknesses observed suggesprigsence of other immobilized species
(solvent, electrolyte...), which are not revealedthie IRRAS characteristic bands of the
POM. It means that both ellipsometry and IRRASa@mmpulsory to properly characterize the
grafting and the grafted layel$,especially if a monolayer or sub-monolayer coveris
sought.

For example, it is interesting to observe that, tfer Au-POMg3 sample in Figure SI3A, a

detectable amount of PRcontribution at 850 cif) is entrapped within the POM layer. Such

insertion that was observed in some grafted filsisurrently under investigation. It explains

the high optical thickness of that sample (-5 nm &b estimated 0.7 ML coverage).
14



Moreover, the decrease of the POM content (to OL4 iypon cycling is also associated to an
increase of the RFamount within the layer, as a result of the layestructuration by
cleavage of POMs attached by electrostatic intemastand insertion of anions.

The case oAu-CO-NH-POM is also significant (circles in Figure 2B). IRRA50 shows
that the amount of immobilized POM greatly decreaggon electrochemical polarization of
the surface from monolayer coverage before actimatd 0.3 ML coverage after activation,
while no significant change of the optical thickmds detected. This is in line with the
electrochemical investigation &&C-CO-NH-POM in I11.3.a., which indicates the same
effect and gives the same surface coverage. liroamthat upon peptidic coupling, as well as
upon electrografting, the surface presents botlaleotly bound POMs (20-30%) and POMs
attached by electrostatic interactions (70-80%)e Tatter can be removed by cathodic
polarization and probably replaced by electrolgi@sito account for the constant thickness.
Altogether, these experiments indicate that it assible to remove non-covalently bonded
POMs (attached by electrostatic interactions) fittve Au surface by three electrochemical
cycles to -1.8 V/SCE, but that some electrolyte gamain entrapped in the filnT.ogether
with the electrochemically stability achieved after3-cycle polarization, this particularly
highlights the strength of the diazonium procedtoe the immobilization of reducible
functional groups on surfaces. Indeed, a thiol ieated POM derivative would have been
impossible to characterize under electrochemicaVaton and therefore likely inoperative

for the preparation of n-type molecular memories.

[11.3. Electrochemical Characterization of Immobilized POM Surfaces.
We have shown that different strategies can be tsadchmobilize POMs onto electrode
surfaces. However, the layer is sensitive to cath@wlarization, for example during its

electrochemical characterization, which leads tossguent layer reorganization and, among
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others, to the loss of POMs attached by electiigstatteractions. This suggests that proper
electrochemical characterizations of the graftegeda must be performed when all non-
covalently immobilized POMs have been desorbed.

The redox behavior of the grafted POM surfaces avaduated by voltammetric techniques,
here namely cyclic voltammetry (CV) and square wagkammetry (SWV), a differential
technique described in the Supporting Informatiowd anore adapted to the detection of
diluted electroactive speciésThis study allowed both characterizing the surfemeerage of
POM layers immobilized onto electrode surfaces awedessing &, the apparent rate
constant for the transfer of charge to such imnmdal POMs.

[11.3.a. General Behavior of POM Layer and Surface Coverage Estimate. As reported
previously for aGC electrode covered with a monolayer of POM, tweersible redox waves
at E° = -1.01 and -1.50 V/SCdte observed by C¥A similar electrochemical behaviour is
observed at cm largku electrodes, as illustrated in Figure SI3B for i&kerenceAu-POMgs
used, in 1ll.2.c, to convert IRRAS Abs into surfaoeverage (1). The first electrochemical
polarization of the grafted layer (first cathodiea, P2) corresponds to a slightly higher
charge injection than on the reversed anodic pHaik. effect disappears when the scan rate is
increased (v > 0.5 VY or after several CVs {BCV identical to the 14CV, as presented in
Figure SI3B B). It confirms the spectroscopic olkagon of some POM removal from the
layer upon reductive polarization of the electroBem the integration of the first cathodic
peak, such loss of POM is evaluated to ~ 43%, wisich agreement with the ~50% decrease
of the 822 crit IRRAS peak (Figure SI3A). The POM surface concitn, I, is estimated
from the integration of the first system at -1.1SZE after the 3 cycle. For theAu-POMgs
surface in Figure SI3B, it i = 0.4x10" mol cm?(~ 0.4r™"),

As a next step, the impact of the modulation of P@Mface coverage on the POM layer

electrochemical characteristics is studied. To ese the ohmic drop and capacitive current
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contributions and get more precise surface conagoitr estimates, graft€dC mm electrodes
were preferred tAu cm plates whose surface area is less preciselwihkn®he resulting
change in topology was estimated as negligible wakimg into account the dispersion of the
results. The immobilization of a monolayer of POMasvdemonstrated elsewhéfeAs
suggested by the IRRAS characterizatio®ofPOM surfaces (Figure 2), the electrografting
may also generate sub-monolayer coverage. Thispgduced orGC electrodes foiGC-
POMRg; after electrochemical polarization (Figures 4A @&)d The surface concentration of

POM, F“POMRr1 is obtained from integration of the first peak loé tvoltammogram (P2, not

shown) or equivalently from the slope of the lin@ariation of the peak intensity with v
observed on P2 in Figure 4A. It is 0.5xf@nol cm? (~ 0.6™") for the example shown in
Figures 4A and B. More generally, it ranges from50to 1.0x13° mol cm? (~0.5 to ~ 1.1

ML) from different samples. Therefoie®“"°MR1 andr *“P°Mrs gre in the range df"'", and

the electrografting leads to, at maximum, monolaectrode coverage.

As suggested by the spectroscopic characterizatiofiu (Figure 2),GC-POM,, and GC-
POM s electrodes lead to lower surface coverages. CV (Figure 4E left and Figure Si4 in
Supporting Information forGC-POM,4s electrode) is qualitatively comparable to that
obtained for other grafted monolayers, but the amhofiimmobilized POM is 3x18' and 10

1 mol cni? (~0.3 and ~0.T™") for GC-POM,e, and GC-POM s electrodes, respectively.
Working under such conditions allows a better aantoward sub-monolayer surface
coverage. As stated in the introduction, this ipramising strategy since lower surface
coverage of molecular memories is a possible waphtain devices with higher charge
transfer rate§>*

GC-CO-NH-POM surfaces obtained by peptidic coupling were charamed by SWV since

the grafted layer is so thin that the capacitivereant observed by CV screens the
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electrochemical signature of the POM. Figure SISugporting Information) shows an
example of a SWV response GC-CO-NH-POM recorded between -0.6 and -1.6 V/SCE at
different frequenciesf. As during CV characterization of electrograftegrfasces, some
electroactive material has been lost upon the dicahning. Th&C-CO-NH-POM electrode
presents a single and ~ twice broader cathodicctenupeak at the same potential GS-
POMRi, corresponding to the first redox system of &MV (peak P2).

This broad peak suggests that the POM coupled dootiganic layer by a peptidic link
presents a distribution of different chemical eomments or orientations, while the
electrografting generates a more homogeneous anadtsurface. The estimate of an overall
averaged surface coverage is obtained from thatiami of the integrated SWV signal with
the SWV frequencyf, (Figure SI5B) for three different surfaces couphth POMs through a
peptidic bond. An average surface concentratioff, “°NFPM and an apparent charge
transfer rate constantags can be deduced from fitting the experimentallyameed charge
obtained from integration of the voltammograms vifiteir predicted evolution with**
Depending on the sample, the coverage of the sutfgcPOM from peptidic coupling can
vary by a factor of two but is always much loweairtta few tenths of a monolayer.

The different grafting routes investigated allove tinning of the POM surface concentration
from sub-monolayer to monolayer, which gives faftgdGC surfaces:

0.1 I_ML ~T GC-CO-NH-POM _ r GC-POMadS< rGC-POMlOW < O.BFML

0.5MML < [GC-POMR1g3 « — ML
with ™= 0.92x10"° mol cni? for thetheoretical surface coverage of a compact monalayer
If the surface coverage by a monolayer or a subatager of POMs can be obtained by

electrografting procedures or chemical couplingsitlso possible to obtain multilayers of

POMSs on surfaces by performing a higher numbewyolies up to -1.8 V/ECS (here 20 cycles,
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GC-POMRg5?%). A typical cyclic voltammogram obtained for suchrafted electrode is given

in Figure 4E (right). It presents two reduction teyss assigned to the two successive
reversible electron transfers at potentials cloghdse of the species in solution, P2 and P3 or
to monolayer covered electrodes (-1.01 and -1.38GE). As for the other grafted electrodes
with lower surface coverages, the first wave presanshoulder on the cathodic scan that
disappears either when increasing the scan rateeab®V s* or after several reductive
electrochemical polarizations. The integrationhd four peaks observed in Figure 4E (right)
at 0.1 V & shows that the amount of charge transferred duhadirst reduction, 3.3 pC, is
twice higher than that detected on each individiber step, 1.6 uC. The excess of charge
transferred on the shoulder of the first reducpeak (3.3 — 1.6 = 1.7 uC) is likely associated
to an irreversible transformation of deposited ggealong the scanned potential range. As
for that detected at lower surface coverages, dttisbuted to the reductive desorption of
POMs attached by electrostatic interactions.

The 1.6 uC charge exchanged on the other steptatsve to the reversible transfer of ie

the immobilized POMs with a POM surface coverag€ $FFOMrR?% = 5x10%° mol cni? (5

Oc

™Y, pointing to a multilayered POM structure immat®d on GC-POMgs*®.

More
thorough analysis on the formation of multilayessunder current investigation and likely
results from the electrostatic adsorption of furtROM layers atop a covalently grafted
monolayer.

[11.3.b. Charge Transfer Kinetics. Kinetic analysis of the charge transfer propertéshe
surface-immobilized POM layers was obtained frora tibservation of the voltammetric
response at different scan rates, v, or frequendietarge areaAu surfaces are not
appropriate for such investigation as at high feemy activation, it is difficult to extract the

POM signal from the noise level and to compenstieiently the ohmic drop contribution.
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As in the latter study of the modulation of POM faue coverage, the following kinetic
discussion then rather focuses on the behaviorlbfmater GC grafted surfaces.

To perform kinetic analysis, stable systems, wiaighnot prone to desorption of POMs, have
to be addressed. This condition is fulfilled abeveral potential polarizations. The variation
of the peak potentials and peak currents with tbhansrate of reproducible cyclic
voltammograms for scan rates ranging from 0.1 1 B0s* are presented for POM surface
concentrations of 5 x 18" mol cm? (~ 0.5I'™", GC-POMg; in Figures 4A and B) and 16

(~ 0.1, GC-POM g5 in Figure 4C).

The GC-POMg; electrografted surface behaves similarly to thenoteyer covered surface
previously describedthe cathodic and anodic peak intensities for RRemse linearly with v
for 0.5 < v <30V 8, then tend toward a dependency witf at higher v (Figure 4A% This
indicates that at slow v, the reduction processoigtrolled by the electron transfer between
the surface and the anchored POM, while at highelifiusion limitations are encountered.
These diffusion limitations were attributed to hmgpprocesses associated to the transport of
charge in the layer upon electron transfer fromeleetrode.

The cathodic and anodic peak potentials of the ya%em are constant for v < 10 Vs
indicating a fast electron transfer (Figure 4B).léw scan rates, the electron transfer is fast,
however the cathodic and anodic peaks of the P2rsyare not located at the same potentials
and are separatedy 25 to 35 mV. It attests the contribution of thkectrostatic work
associated to the transfer of an electron to tlgatnesly-charged POM. This peak potential
separation is twice higher, 80 mV, for the secoledteon transfer, P3, in agreement with the
even higher electrostatic work needed for furtHecteon injection in the already reduced
POM structure. For v > 10 V'sthe peak-to-peak separation increases, showimg &inetic

limitation by the charge transfer processes (FigdB). The cathodic and anodic peak
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potentials deviations from constancy occur at thmes scan rate, indicating that the rate-
limiting process on both anodic and cathodic scatise same.

The experimental variations of the cathodic anddanpotentials with v for the P2 system
have been compared to theoretical predictions deensible electron transfer to a surface-
confined species. A detailed description of theotb#Bcal interpretation of these peak
potential variations is given elsewhéf@riefly, in Figures 4B and C, the experimental data
are compared with the trumpet-like theoretical atawns for slow electron transfer limitation.
The deviations from the theoretical lines obseraetigher scan rate in Figure 4B cannot be
accounted for ohmic drop contribution. Resitandeat$ generally exalt the peak separation.
The smaller peak separation is rather indicativeahef intervention of diffusion limitation
(hopping with apparent diffusion coefficient,>= 8x10™" cnf s%), as also suggested by the
peak current variations in Figure 4A. However, ppaent limiting charge transfer ratgpk
can be obtained from the fitting at lower v. The@ng apparent charge transfer rate constant
ranges betweengl, = 700 and 1100 sfor differentGC-POM electrodes of 0.6M" < ¢
POMRI1&3 < I\, . For the most diluted POM surfad@C-POM s of [ €¢FOMads = g 1ML the
peak potential variations with the scan rate (FegiC) are similar to those observed Gi-
POMg; and a rate constangd= 600 & is obtained. The peak separation (electrostati&)wo
associated to each electron transfer is also of#nee order (respectivelyfg, = 23 and 80
mV).

For the latter surfaces electrografted with sub-smonolayer of POM, the measureg,k
values do not significantly depend on the POM sugfeoverage, in contrast with porphyrins
(for example for a porphyrin bonded to Si(100), wheincreases from It to 6x10™ mol
cm?, ko decreases from > 5x1@ 5x1G s%).%°?! This indicates that the kinetically limiting
(hopping) process concerns charge transfer fronelerode to the POM and is not related

to lateral diffusion or inter-neighbour interact®onThis is confirmed by the very similar
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values of the peak potential separation withingbhdace concentration range spanned. It is
indicative of an electrostatic contribution, liketlue to charge transfer to the negatively
charged POM structure, which shows similar chaigeening by the counter-ion cloud in
dense or dilute assemblies.

For electrodes covered with multilayers, the Epalgsis (as in Figure 4D for a sample with
= 4.2Ty), shows that kinetic limitation appears at a e lower scan rate than in
Figures 4A-C. The limiting process associated ® ¢harge transfer process is then slower
and kp, = 120 &. The decrease of the charge transfer processikinéth the surface
coverage is clearly evidenced for multilayer cogerarhis is in agreement with observations
on porphyrin systems for which the higher the stefeoverage, the slower the charge transfer
process. In this regime of compact charge stackmntgt-neighbour interaction or transport is
likely operative.

For GC-CO-NH-POM, an apparent charge transfer characterizationbiaireed by SWV
from the fit of the experimental variation of thetagrated SWV signal, with the SWV
frequency,f to the theoretical peak shaped evolution (FigueBy For the three grafted
electrodes off “CONHPOM = 1 3 2 and 2.5x18 mol cm?, kepp= 3, 0.3 and 255 are
obtained, respectively. The charge transfer ratstemt varies along two orders of magnitude.
However, it is always ~ two orders of magnitude éovthan for directly electrografted layers.
This probably results from the length and the mdi{fconjugated nature of the organic linker
coupling the POM moiety to the electrode surfaagechSength is related to the thickness of
the electrografted 4EH,COOH seeding layer. Even though the latter canreotdivectly
accessed for th&C used for the electrochemical characterizationpsimetry shows on a
cm largeAu surface that such layer can vary from monolayds §on) to multilayer (~ 2 nm),

explaining the differences inye
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IV. CONCLUSION

Diverse cm Au and mmi GC surface-immobilized POM layers were prepared,hasfirst
step toward the formation of hybrid (silicon-mol&ay memories.

The modified surfaces have been thoroughly investd) to provide a complete
characterization; in addition to demonstrating ithieust attachment of the POMs, the surface
concentration, the thickness of the layer and #te constant for electron transfer from the
surface to the POM have been measured. It is p&tlg underlined that the use of
complementary techniques is mandatory to improeedéscription and thus to control the
composition of the modified electrodes.

Depending on the experimental conditions, the wgmftis controlled from 0.1 to 5
monolayers. The electrografting BOM-N," is more complicated than that of purely organic
diazonium salts as besides the covalent graftingherelectrode, additional POMs attached
by electrostatic interactions are present in tme.frhis is also true for peptidic coupling on a
seed layer. Cathodic polarization of the graftedase results in the cleavage of POMs
attached by electrostatic interactions and stratitum of the grafted layer, as also evidenced
from ellipsometry and IRRAS. The grafting d8C electrodes is more stable toward
electrochemical polarization than & ones. Cathodic polarization provides a unique tool
get rid of such ionic bonded POMs and stable laydrgovalently anchored POMs are
obtained after several scans, which allows qudivieelectrochemical characterization of
charge storage and kinetics of charge injectioa. rat

From 0.1 to 1 monolayer, the kinetically limitingogess is 600-1100"swith no evident
surface concentration dependence, in distinct ashtwith porphyrin-based materials. A
decrease of the limiting process rate is observhednwincreasing the surface coverage to

multilayers. This suggests that cooperative effastanter-neighbour charge transfer are
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operative in multilayers, while for sub- to monatay, charge transfer from the surface to the
POM moiety is the limiting process.

We are now able to control the formation of monelayor sub-monolayers of covalently
grafted POMs o16C andAu that are stable with time or potential, which iequisite toward
the design of molecular memories. This paper opeasvay to further investigations aiming
at a better understanding of the role of the PONhber cations on the kinetics of the electron
transfer. Attachment of similar diazonium POMs ositacon in dry state devices is also under

work.
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