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Abstract

We explored the conditions of the covalent grafting of organic-inorganic polyoxometalate hybrids onto
gold using two basic reactions: the peptide-type coupling between a functionalized POM and a
preformed organic self-assembled monolayer and the direct attachment of a thiol-terminated POM. We
aimed at demonstrating that the variability of the POM loading is an inherent parameter of chemical
reactions carried out under heterogeneous conditions that should be systematically assessed. Mitigation
measures include a careful preparation and characterization of the substrates at every step before the
final POM anchoring. Moreover, a very fast electron transfer across a gold microelectrode and a POM

layer was achieved in the case of a very short tether.
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1 Introduction
Polyoxometalates (POMs) are photo-sensitive and redox-active molecular oxides of the early transition

metals. They are well-poised to meet the ever-growing demand for multifunctional molecular materials,
provided a preliminary shaping process. Various supports have been used, from porous frameworks to
flat electrodes,' to incorporate POM active layers in applied systems for environmental and energy
related fields up to nano-electronics.” Among all possible supports, Au materials stand out. Pristine as
well as organic-inorganic POM-based hybrids have been shown to stabilize Au nanoparticles for use in

catalytic reactions.>”’ In the field of nano-electronics, metallic gold electrodes have been widely used,



for systems as diverse as single POM transistor or rectifier,’ isolated POMs for resistive-switching

13,14

characterization,'®'? or larger POM modified electrodes'*!* and nanojunctions. '*!' POMs have also

been integrated in (bio)sensors detection interfaces, either on Au nanoparticles or Au substrates.”>*
Various strategies have been developed to incorporate POMs into devices.?* Drop casting or spin coating
on a substrate and embedding in a polymer matrix are the most common. The electrostatic deposition of
POMs onto positively-charged surfaces by counter cations exchange is also a straightforward approach.
Besides, the covalent anchoring of functionalized organic-inorganic POM-based hybrids onto a substrate
ensures a better control on the POM loading density and distribution and a fine engineering of the POM-
substrate interface, as we have previously reported.”>?’ Regarding covalent grafting onto Au substrates,
thiol and diazonium functions are particularly relevant. The diazonium route usually yields high surface
coating, yet it generally requires an electrochemical activation and is prone to form multilayers,” while
the formation of alkyl-thiol self-assembled monolayers (SAMs) has been thoroughly described and is
well mastered.””*° Therefore, a two-step grafting approach is appealing: first a thiolated SAM with
functional headgroups is prepared, which can later be coupled to hybrid POMs bearing a complementary
function. This would guarantee the protection of the electrode and a good quality of the ultimate
molecular layer grown on the seeding SAM. One common reaction is the peptide coupling between
amine and carboxylic acid, in the presence of a metal-free coupling reagent. It is largely used in biology
as well as in molecular electronics, albeit the yield of the heterogeneous process is rarely given. On our
side, we have observed that it can be very low.*' This prompted us to reinvestigate this reaction, working
on Au because it allows the use of various characterization techniques to monitor the different steps. We
have thus followed the two-step covalent grafting of TBA4PW,039{Sn(CsH4)C=C(CsH4)NH>} ]
(KWsa[NH2], TBA stands for the tetrabutylammonium cation) by peptide-type coupling to a preformed
8-mercapto-1-octanoic acid SAM (SAM-COOH) onto gold substrates (see Scheme 1). We used a
statistical approach to assess the coupling efficiency and we have drawn the conclusion that the peptide
coupling can indeed be pushed to the formation of a densely-packed POM monolayer but is also
subjected to surface chemistry variability. We will also underline that the relative position of the reactive
carboxylic acid and amine functions is crucial since the reaction between
TBA4[PW11030{Sn(C¢H4)C=C(CsH4)COOH}] (KWsa[COOH]) and a SAM of 8-amino-1-octanethiol
(SAM-NH;) rather yields electrostatic deposition, probably because of partial protonation of the amine
headgroups to ammonium.

Since POMs are redox-active molecules, electrochemistry is a technique of choice to characterize their
molecular materials. We have shown that cyclic-voltammetry at variable scan rate applied to POM-
modified electrodes not only gives the POM surface coverage but also some insights about the kinetics
of the interfacial electron transfer, from the electrode to the POM layer.*'** Previously, we reported the
spontaneous adsorption of two thioester-terminated Keggin-type hybrids to gold macro-disks, albeit
with a low surface coverage and rather modest interfacial electron transfer rates, between 100 to 170 s

'3 The low surface coverage could be due to the low reactivity of thioester, while the modest transfer



rates could be due to the length of the organic tether. This prompted us to complete these initial studies
by the direct grafting of the POM hybrid TBA3[PW11039{O(Si(CH,);SH),}] KWsi[SH] with thiol-
terminated groups, expected to be more reactive, and short alkyl chains, to speed up the electron transfer.
Indeed, a two order of magnitude higher electron transfer rate constant of 150 000 s was inferred at
gold micro-electrodes but the POM coverage density at the electrode remained low.

Building on these two studies illustrating the POM processing onto gold electrodes and previous reports,
we will discuss immobilization strategies, comparing direct (one-step) versus indirect (two-step)

covalent grafting to identify plausible trends from the broader context.

2 Results and discussion

2.1 Indirect or two-step grafting: peptide-type coupling reaction onto pre-

functionalized electrodes
The direct formation of thioalkyl SAMs onto gold from thiolates has been thoroughly studied and it is

commonly admitted that it proceeds through a large reorganization of the initially formed disordered
layer to maximalize van der Waals interactions between the aliphatic chains.”*** In the case of POM
hybrids bearing terminal thiol groups, this reorganization, crucial to get a well-organized and dense layer,
is expected to be hindered by the POM steric size. The indirect or two-step POM deposition could thus
appear as a valuable alternative. Therefore, we have investigated the peptide-type coupling of the amino-
terminated POM TBA4[PW11039{Sn(C¢H4)C=C(CsH4)NH2}] (KWsa[NHz], TBA stands for the
tetrabutylammonium cation) on a preformed 8-mercapto-1-octanoic acid SAM (SAM-COOH). To test
the coupling from the carboxylic-acid functionalized POM
TBA4[PW11039{Sn(C¢H4)C=C(CsH4)COOH} ] (KWsa[COOH]), a 8-amino-1-octanethiol SAM (SAM-
NH;) has also been prepared. The POM hybrids KWs,[NH;] and KWs,[COOH] were prepared as
previously reported (see SI).*> *° The multi-step grafting procedure has been monitored by ellipsometry,
PM-RAIRS and AFM. Note that two types of substrates have been used depending on the technique’s
requirements: Au on silicon substrates for ellipsometry, while Au onto glass or mica substrates, allowing
flame treatment to reconstruct atomically plane substrate before functionalization, was used for AFM.

They were typically immersed simultaneously in the same solution bath to enable parallel analysis.
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Scheme 1. Schematic illustration of a Au-substrate modification by an activated SAM and subsequent POM
peptide-coupling.

Pre-functionalized electrodes SAM-COOH and SAM-NH; onto Au

The Au substrates were incubated in a 10~ M solution of 8-mercapto-1-octanoic acid in ethanol for one
night, in the dark. The substrates were then gently rinsed and sonicated in ethanol to eliminate extra
molecules deposited by physisorption. After air drying, the thickness of the SAM-COOH layer was first
macroscopically probed by ellipsometry. If the measures obtained at five different points at the surface
did not differ more than 0.2 nm, the SAM was considered to be homogeneous and a mean value was
calculated. On this basis, 30 modified substrates over 35 were found suitable. Their mean thickness
distribution is displayed on Figure S4a. The expected value for a regularly ordered SAM with a tilt angle
of 30° from the normal to the surface is 1.3 nm. Accordingly, more than 67 % of the substrates had a
mean value in the range 1.3+0.2 nm. However, subsequent imaging by AFM has revealed the presence
of large aggregates (100-150 nm large and 15-35 nm thick) dispersed on the surface. The roughness is
comparable to that of the naked gold substrates (see Fig. S5b). Fortunately, subsequent treatment of the
SAM-COOH with the coupling agents (see below) has resulted in the apparent elimination of the
aggregates (see Fig. S5¢).

The SAM-NH; have been similarly prepared by soaking of gold substrates in a 10 M solution of 8-
amino-1-octanethiol hydrochloride in ethanol for 24h, in the dark, followed by thorough rinsing and
sonication in ethanol. The distribution of the mean thicknesses deduced from ellipsometry was in the
range of the expected value (1.3 nm with a tilt angle of 30°, 13 substrates see Fig. S4c). As previously
for the SAM-COOH the AFM images disclosed the presence of dispersed aggregates (see Fig. S5d).
Furthermore, the protonation of the amine functions in the hydrochloride precursor could be detrimental
to the peptide coupling. Therefore, the as prepared SAM-NH; were further treated by immersion in a
solution of TBAOH 1 M in methanol for 45-60s, then thoroughly rinsed with methanol. Characterization
by AFM showed the positive effect on the quality of the SAM with the elimination of the aggregates
and a determined roughness of 0.5 nm on the Au terraces, consistent with the formation of a monolayer
(See Fig. S5d). Comparison of the thickness distribution before and after treatment with TBAOH further
confirmed the preservation of the SAM-NH; (see Fig. S4c). Whereas it was difficult to draw any
conclusion from the evolution of the PM-RAIRS spectra, XPS provided definitive insights about the
deprotonation of the ammonium groups. The high resolution N1s signals before and after treatment with
TBAOH 0.1 M are displayed on Figure 1. They consist in two peaks at 401.6 eV and 399.4 eV, attributed
to ammonium and amine functions respectively. Peak deconvolution gave an ammonium/amine ratio of
45.9/54.1 before the treatment and 17.4/82.6 after. A longer exposition of the SAM to TBAOH was
precluded as it can lead to SAM degradation.
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Figure 1. High resolution N1s XP spectra of a SAM-NH; before (a) and after (b) treatment with TBAOH 0.1 M
for 1 minute.

Peptide-type coupling reaction between SAM-COOH and K"s,[NH;]
The peptide coupling refers to the reaction between an amine and a carboxylic acid in the presence of a

coupling reagent, aimed at activating the acid function. Various coupling reagents are available, with
one commonly used being the N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide (EDC). It is supplied
as the hydrochloride form, which explains that it is often used in the presence of a base
(dimethylaminopyridine DMAP or diisopropylethylamine DIPEA) or N-hydroxysuccinimide (NHS),
generally in aqueous medium. In organic solvent, like acetonitrile, several possible activation systems
have been tested on Dawson-type POMs functionalized with a tin-aliphatic acid tether. Isobutyl
chloroformate, in the presence of a base (potassium fert-butoxide, triethylamine) stood out because it
didn’t require any separation of urea by-products (N,N’-di-isopropylcarbodiimide DIC/NHS, N,N’-
dicyclohexylcarbodiimide DCC/NHS) nor heating (2-ethoxy-1-ethoxycarbonyl-1,2-Dihydroquinoline
EEDQ).*® Following previous reports involving hybrid POMs derivatized with amino groups,’’ >’ we
have chosen the EDC/NHS system. Substrates coated with a SAM-COOH were immersed in an
aqueous solution of EDC/NHS (30/60 mM) for 1.25 hours, then sonicated and thoroughly washed with
distilled water. AFM images recorded on the activated SAMs (SAM-NHS) confirm the disappearance
of most of the aggregates observed on the starting SAM-COOH (see Fig. S5¢) and that the SAM-NHS
are suitable for further reaction with the POM hybrids. A systematic characterization by ellipsometry
was carried out on 19 SAM-NHS and the results are disclosed on Figure S4b. Using the criteria
described above, more than 80% of the SAM-NHS displayed a mean thickness compliant with the
expected value (1.6 £0.2 nm).

Ellipsometry has provided a useful tool to optimize the conditions for the subsequent KWs,[NH;]
covalent grafting, given that a mean thickness above 4 nm is expected for a densely packed POM

monolayer. The organization of the tetrabutylammonium counter cations is still speculative, their



location on top of the POM layer would give a total thickness between 4.1 and 4.6 nm (see Scheme 1).
This was achieved after a 72 hours immersion of a SAM-NHS in a 10 M solution of K¥s,[NH;] in
acetonitrile, followed by sonication and thorough rinsing with the same solvent. Decreasing the POM
concentration (5.10* M) or the incubation time (24 hours) resulted in thinner layers (3.1-3.4 nm and 4.1
nm, respectively). We also found out that a careful preparation of the K¥so[NH>] is essential: when the
final washing with ethyl-acetate had not been carried out at the end of the workup, subsequent grafting
generally resulted in multilayers. On the experiments carried out on 31 SAM-NHS modified substrates
to optimize the experimental conditions, 9 substrates have met all the three optimal conditions for the
peptide coupling (72h-immersion of the substrates, in a 1 mM solution of K%¥s,[NH;], preliminary
washed with ethyl-acetate). These 9 substrates were related to 6 different experiments (1, 1, 1,1, 1 and
4 substrates respectively immersed in a given bath). For these 6 experiments, mono-layers were obtained
in 33% of cases (4.2-5.0 nm), and sub-monolayers (2.5-3.0 nm) in the remaining 66%. From the whole
set of experiments, it is worth pointing out that whatever the number of substrates dipped into a given
POM solution (up to six), the outcome of the grafting, monolayers versus submonolayers, was identical
(see Table S1). It means that the grafting is experiment-dependent but not substrate-dependent. The 1:2
monolayer:submonolayer ratio given above has thus been calculated on the basis of the number of
experiments carried out. Moreover, on each substrate, the thicknesses measured on 5 different points did
not vary more than 0.2 nm, consistent with a uniform distribution. No significant variation in the
thickness was observed upon sonication of the final SAM-POM in the presence of 0.1 M TBAPFs,
confirming both the robustness of the covalent link and the formation of a single POM layer. The
occurrence of densely-packed monolayers consists in a real improvement compared to previous
studies.’’ Moreover, we were also able to monitor the various steps of the SAM-POM elaboration by

PM-RAIRS to confirm the presence of the POMs.

Polarization modulation reflection absorption infrared spectroscopy (PM-RAIRS)
characterization of the SAMs
The PM-RAIRS spectra of the SAM-COOH, SAM-NHS and SAM-POM are presented on Figure 2.

The SAM-COOH spectrum displayed the characteristic asymmetric and symmetric stretching
vibrations of carboxylate groups [1(COO") at 1634-1569 cm™ and 1446 cm’, respectively. After
activation of the acid functions, a decrease of the [1(COQO") bands was observed and the characteristic
features of the O=C-O-NR groups appeared, with a strong [1(C=0) feature at 1744 cm™' and very weak
carbonyl stretching vibrations for the succinimide ring at 1822 and 1788 ¢cm™. These bands weakened
upon reaction with KWs,[NH;], while a broad pattern grew in the 1700-1500 cm™ range, assigned to
amide bands at 1641 cm™ (amide I, [/(C=0)) and 1543 cm™ (amide II, [I(NH)), together with the
characteristic signature of the POM at 1090 (11(P=0)) and 959 cm™ ([J(WO)). Given that the optical
window is limited at low wavenumber (KBr and ZnSe optics, MCT detector) and the small quantity of
POMs on the substrate, a low signal/noise ratio prevented the identification of the other POM vibrational

modes. However, these were clearly observed in the case of a POM multi-layer with a higher POM



coating (see SI, Figure S6). Finally, the [J(CH) stretching bands attributed to the methylene of the alkyl

chain and the tetrabutylammonium cations are clearly present at 2923 and 2846 cm'.
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Figure 2. PM-RAIRS monitoring of the POM coupling : SAM-COOH (blue-bottom), SAM-NHS (green-
middle) and SAM-POM (orangetop).

Immobilization of KYs,[COOH] or KVs,[(CO,).C4Hs] onto SAM-NH,: indication of electrostatic
deposition
In the case of KWsa[NH>] the aromatic amine is less reactive than an aliphatic one towards the aminolysis

of N-hydroxysuccinimide esters.*’ This led us to investigate the reverse grafting, starting with the POM
hybrid TBA44[PW 1039 {Sn(CsH4)C=C(CsHs)COOHy6}] (KWsa[ COOH]) bearing a remote carboxylic
acid moiety. Its ability to form a peptide bond after activation by isobutyl chloroformate, in the presence
of triethylamine, in acetonitrile, was demonstrated by its reaction with hexylamine (conversion 94%). It
was therefore qualified for grafting to a preformed SAM of 8-amino-1-octanethiol (SAM-NH;). To
make the heterogenous reaction as straightforward as possible and avoid the liberation of by-products
that could contaminate the surface, like triethylammonium chloride, we have also isolated the mixed
anhydride POM hybrid TBA4[PW 1030 {Sn(CsH4)C=C(CsH4)C(0O)OC(0)OCsHo} ] KWsn[(CO2)2C4Ho],
resulting from the carboxyl activation of KYsa[COOH] with isobutylchloroformate (see Scheme 2). As
expected, the homogeneous reaction between KWsa[(CO2)2:CsHs] and hexylamine also yielded the
coupling product, with a 83% yield. This non-quantitative yield was explained by the sensitivity of

KWYsa[(CO2).C4Hs] towards hydrolysis (see SI for further details).
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Scheme 2. Activation of KWVs,[COOH] by isobutyl chloroformate in view of its immobilization onto a SAM-NH,.

However, our subsequent efforts to couple either a SAM-NH; and K¥ss[COOH] or a SAM-NH, and
KW sa[(CO).C4Hs] were not conclusive. The SAM was typically immersed in a 2.5.10* M solution of
KWYsa[(CO2):C4Hy] in acetonitrile for 24h. The 0.7 to 1 nm thicknesses measured by ellipsometry were
much lower than expected, with no apparent effect of the POM concentration, nor of the addition of
EtsN (TEA) in excess (5 to 20 equivalents, added to push further the deprotonation of the SAM).
Degradation of KW [(CO2)2C4Ho] was also observed in some cases. Furthermore, a control experiment
carried out with TBA4[PW 11030 {Sn(CcHs)I} ] KWsa[I] yielded a similar thickness of 1 nm. This strongly
supports a competitive electrostatic deposition/physisorption in the reaction between a SAM-NH; and
KWYso[COOH] or KWsu[(CO2)2C4Hy], rather than the formation of covalent peptide bonds. This at
variance with a recent report on the covalent grafting of the related TBA4[PW1039{Ge(CH;),COOH}]
onto Si(111) electrodes chemically modified with Ar(CH,),NH,.*! Yet, in that case, the POM surface
coverage was 102 mol.cm™, which is more than one order of magnitude lower than the value around
107" mol.cm? that we previously determined for a POM covalently grafted onto Si(100) and which was
close to the theoretical value for a densely-packed POM monolayer.*** This suggests that the coupling

reaction was not complete.

Several conclusions on the efficiency of the peptide coupling reaction can be drawn from these studies
run in parallel either with the SAM-COOH/ K%s)[NH;] or SAM-NH,/ KWs[COOH] (or
KWsu[(CO2):C4Hy]) combinations:

- the ellipsometry technique is easy to implement and gives first insights about the progress and
the performance of the grafting. The homogeneity of the POM distribution can be assessed by
measures taken at various locations on the substrate, yet at a macroscopic scale.

- AFM characterization provides information down to a few nano-meter scale but, in turn, is not
representative of the whole substrate, which will be ultimately engaged in the targeted
application. Characterization by complementary techniques, at various length-scales is thus
highly advisable.

- in the literature, the POM packing density is rarely assessed, surface coverage deduced from
electrochemical characterization rather pointing to sub-monolayers. This is the case either for
the coupling between the analogous K¥¢e[NH:] and a SAM-aryl carboxylic acid prepared on

glassy carbon from the 4-carboxybenzendiazonium (one tenth of a closely packed monolayer)®!



or, in the reverse grafting, between [PW;,039{Ge(CH,),COOH}]* and a SAM-amine (see
above).*! In this work, we have demonstrated that we were able to improve the grafting density.
We also underlined that reproducibility in surface functionalization is to be evaluated in terms
of statistics data with a variance higher than in the case of reactions carried out under
homogeneous conditions. This should be more systematically reported in studies dealing with
POM-based device fabrication.

- the transposition of reactions from homogeneous to heterogeneous conditions is never
straightforward: K™s,[COOH] and K"su[(CO2).CsHy] show the expected reactivity towards
amines in solution, which appears to be inhibited at the solid state. This is probably related to
an inappropriate state of the SAM-NHj; such as partial protonation.

- special efforts should be paid to the preparation and characterization of the preformed SAMs.
The high proportion of densely packed POM monolayers obtained through the coupling between
KWYsa[NH;] and SAM-COOH is probably to be attributed to quality of the intermediate SAM-
NHS layers after carboxy activation. This underlines the importance to be paid to every step of
the elaboration of the seeding SAMs and generally to the cleaning of the substrates before
subsequent modifications.

- as POMs are polyanions, electrostatic deposition is a serious competitive path, probably at work
in the case of SAM-NH;, prone to be protonated. Abundant rinsing/sonication, including in the
presence of an electrolyte such as a tetrabutylammonium salt in organic solvent, is therefore
recommended. After such a work-up, observation of low thicknesses is indicative of

electrostatic deposition/physisorption, rather than covalent coupling.

2-2 Direct grafting of KVsi[SH] onto gold electrodes

In the previous section, we came to the conclusion that the combination SAM-COOH/ KWs,[NH;]
prevails over the alternative SAM-NH,/ KWs,[COOH] to achieve an efficient peptide coupling. Another
way to bypass the POM electrostatic deposition is to harness the high affinity of Au for sulfur molecules
through the direct grafting of a thiolated-POM hybrid. This prompted us to investigate the formation of
covalent layers from TBA;[PW11050{(Si(CH2);SH),0}] KW¥si[SH], which we initially prepared for
adsorption on HgSe quantum dots* and Pt nanoparticles.*’ Stabilization of Au-nanoparticles with such
thiol-terminated POM hybrids as capping agents is precedented, in the Keggin® *° or the Dawson series,’
with an enhanced stability compared to electrostatic assemblies reported in the latter case. Covalent

1420 or thioester ' terminated

functionalization of flat Au substrates has been achieved through di-sulfide
POM s with a tight packing in the first case,”® whereas a low coverage was deduced from electrochemical
studies in the latter.'® In both cases, the organic tether of these POM hybrids were rather long because
they were obtained by post-functionalization of primo POM hybrid platforms. Here we preferred short
alkyl chains terminated by the reactive thiol function to steer the SAM formation and to enhance the

electronic communication between the POMs and the electrode. The grafting has been first implemented



onto flat Au substrates to determine the best conditions and then extended to micro-electrodes to

investigate the interfacial electron transfer.

Characterization of K™s;[SH] grafting onto Au planar substrates
Optimization of KVs;[SH] grafting - ellipsometry and AFM monitoring
The thiol-terminated POM hybrid was prepared using a procedure we previously reported.** It was then

immobilized onto Au planar substrates by incubating the substrates in a solution of KW¥s[SH] in
acetonitrile, followed by thorough rinsing. The concentration was varied from 5x10* to 10* and 10> M
and the incubation time from 24 to 48 and 72 hours, in the dark. The efficiency of the immobilization
was first probed by ellipsometry to determine the optimum conditions, which were found to be a 24h
incubation in a 5x10* M solution of KVs;[SH], giving a mean thickness of 1.6 nm for the POM layer
(Au/Si substrates). We also noted that operating under an argon atmosphere did not yield any
improvement. Once the immobilization conditions were fixed, the homogeneity of the layer was checked
by AFM. A representative image is displayed on Figure 3, showing well-identified terraces and an
apparent absence of POM aggregates, with a root mean square roughness of 0.52 nm. The PM-RAIRS
spectrum disclosed vibrational features at 1109, 1040, 998 and 991 cm™', which are in close agreement
with the IR spectrum of KYs;[SH] diluted in a KBr pellet, and respectively assigned to the n(Si-O-Si),
n(PO) and n(W=O0) stretching vibrations (see Figure S7).
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Figure 3. AFM image, zoom of the image (dashed line area) and histogram of heights of KV,[SH] on Au/glass
substrates.

Confirmation of covalent-attachment by XPS
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The PM-RAIRS spectrum confirms the presence of the POMs on the substrate but not their covalent
bonding. This was inferred from the S2p peak of XPS spectrum, as shown in Figure 4. The S2p doublet
observed at 162.2 and 163.4 eV (S 2ps;» and S 2pi2 respectively), corresponds to S bound to Au. The
presence of the POM is further revealed by the W 4f doublet at 36.2 (4f7,) and 38.4 (4f5) consistent

with previously reported values for W(VI) in polyoxotungstates.*®474%7
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Figure 4. High resolution (a) S2p and (b) W4f XPS spectra of the KVsi[SH] layer onto Au/Si substrates.

Interfacial electron transfer at a gold micro-electrode
After determining the optimal concentration of the KWsi[SH] dipping solution for efficient grafting onto

commercial substrates, the protocol was extended to gold-ball ultramicroelectrodes to further evaluate
the POM layer electrochemically. The microelectrodes were thus soaked in a 5x10* M solution of
KYsi[SH] in acetonitrile for 24h and gently rinsed, prior to performing electrochemical measurements
in an acetonitrile solution containing 0.5 M tetracthylammonium tetrafluoroborate as supporting
electrolyte. The choice of small electrodes was dictated by the necessity to reach scan rates larger than
10* Vs in order to efficiently measure the electron transfer rate constant.*>' The electrodes were
produced by melting the protruding part (c.a. 3 mm) of a gold wire sealed in a glass pipet.” This strategy
produces electrodes that can be further cleaned repeatedly in a flame prior adsorption. Importantly, we
could then perform experiments up to 50 000 V.s' under ohmic drop compensation conditions using our

home-made potentiostat.*

The reference electrode was a platinum wire.

Figure 5 presents 3 cyclic voltammograms (CVs) taken at various scan rates v. Two chemically
reversible waves are observed above 200 V.s™', in agreement with the typical expected behaviour of
Keggin POMs and with the CV obtained for K¥si[SH] in solution (see Figure S8). The CVs at 1400 and
14000 V.s™' show a one order of magnitude difference in the currents, in agreement with theory for
adsorbed systems. In these conditions, integration of the voltametric wave provides the number of
adsorbed molecules on the surface. We then deduced a surface coverage G of ca. 2x10™'! mol.cm™, lower

than expected. However, for larger electrodes and at lower scan rates (typically 20 v.s™), the extracted
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surface coverage was higher, indicating that the number of electrochemically responsive POMs
decreases as the rate increases.”’ This suggests the formation of loosely packed layers, as we have also
observed by direct grafting of POM hybrids initially terminated by thioacetate groups.'* In that case, the
organic tether length has little effect. Regardless the choice of the anchoring function, the direct grafting
mode might have an impact: the POM hybrid reported in this work is bi-functionalized. In a previous
study dealing with the grafting of carboxylate-terminated POM hybrids onto Si/SiO; the SAM thickness
determined by ellipsometry was lower (therefore a lower surface coverage) for a bi-functionalized POM
(silyl derivative, analogous to the POM hybrid of this work with an even shorter C2-alkyl chain),
compared to a mono-functionalized POM (tin derivative).?* Note that a low coating was also determined
from electrochemical measurements for ruthenium organometallic complexes anchored through thiol,
carbodithioate or isocyanide groups,** whereas a higher grafting density was inferred from XPS in the

case of Anderson- and Lindqvist-type POMs functionalized with terminal disulfide groups.? (see Table
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Figure 5. CVs of a gold microelectrode modified with KWgi[SH] immersed in a CH;CN solution containing
(NEts)BF4 0.5 M as supporting electrolyte ata) 1400 V.s™! b) 14000 V.s™! ¢) 28000 V.s™. Oscillations at the inversion
potential are due to online ohmic drop compensation. d) Peak to peak potential difference (AEp) for the first (red
circles) and second (blue squares) reduction waves. Theoretical fit for ke = 1.5%103 s7! (bold black line), 1.1x103
shand 1.9x10° s7! (dotted lines).

At small v, the peak positions are unchanged. A small shift between oxidation and reduction of 12 mV

is observed. This slight deviation with theory is frequent in SAMs, previously observed with POM-
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based SAMs,*>* but does not preclude kinetic analysis. Above 1000 V.s™', the peak splitting AEp
increases because the voltametric timescale approaches the one of electron transfer, as observed on
Figure 5d. By recording experimental AEp with the scan rate, and comparing them with the numerical
solution of the Butler-Volmer equation for adsorbed systems, we could deduce a rate of electron transfer
ke= 1.540.4x10° s™! for the two redox couples.”®>’ At scan rates larger than 30000 V.s™', experimental
AEps deviate from the theory for purely instrumental reasons, i.e. limitations of the electronic bandwidth
of the potentiostat.

The present interfacial electron transfer rate constant ke = 150 000 s™' is in the range of those determined
for self-assembled monolayers of fast redox-active systems, like ferrocene or ruthenium complexes
immobilized onto Au.***®* However, it is more than two order of magnitude larger than the ones we
previously determined for other self-assembled POM monolayers on Au (see Table 1). This is apparently
not correlated to the surface coverage, the first three examples in Table 1 dealing with low surface
coverage but very different values ke.."> Under the assumption that the anchoring group has little effect,™
this can tentatively be ascribed to a much better electronic coupling compared to other systems, due to
the very short linker between the POM and the electrode. Indeed, for SAMs with redox active
headgroups such as ferrocene, the attenuation of the kinetics was demonstrated to be directly related to
the linker length increase.’® Another striking feature of this study is the similar ke measured for both
waves. Considering an outer sphere electron transfer, this suggests that the reorganization energies are
the same in the framework of Marcus theory. This is in line with the fact that the electrons added are

delocalized over the whole POM backbone, inducing very little structural change.

(POM)-anchor electrode Surface coverage Interfacial electron Ref
G (mol.cm™?) transfer ke (s™)
micro 2x1011 @ ® 150 000 (1% and 2™ | this
PW) electrode wave) work
11
macro 1.2xX101"@ 170 (1% wave) 13
disk 150 (2™ wave)
(PW11)
macro 3.7X1012® 140 (1% wave) 13
disk 100 (2" wave)
(PW1)
Au™ 1.4X1071°© - 20
(Vo)
Au™ 2.7X1010© - 20
(MnMoy)
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Auplate | 4x101"® - 31

(PWn)
Table 1. Electrochemical interfacial studies on some selected POM-based SAMs on Au. @ Determined from
electrochemistry; ® lower-bound estimate (see text); © determined from XPS by S-peak integration.

3 General survey on the immobilization of POMs on flat surface
Assembling molecules is a critical step in the elaboration of molecular materials-based devices, as it

ultimately strongly influences their performance. Beyond final metrics, long-term stability,
reproducibility issues, and device-to-device variability are significant limitations that hinder large scale
development. This requires to step back and rationalize the various immobilization strategies that have
been used to prepare POM-active layers, enabling the proposal of subsequent improvements and the
identification of layer fabrication - structuring relationships.

Besides conventional methods like drop-casting or spin-coating or use of POM-polymer

composites, ¢!

which typically produce thick layers, electrostatic deposition via dip-coating in a
POM solution is often used to achieve thinner POM layers. While this method is straightforward, it can
yield to the deposition of POM aggregates. Aggregation is a well-known phenomenon in POM chemistry
that may occur, depending on the POM type and the nature of the cations, both in solution®* as well as
on surfaces,® where it has been observed ® and, later on, harnessed ® on modified silicon substrates.
Additionally, we have also shown that a meticulous preparation of modified Au substrates can enable
uniform POM mono-layer coatings.'>%*%” Note that soft landing is a new and promising alternative.**%
The covalent POM anchoring remains the superior approach to achieve precise control over thin layer
formation, ideally a mono-layer, to ensure uniform POM distribution, and to engineer the
POM/electrode interface.?>¢32 3437427071 Whjle it may require a demanding functionalization step, this
method allows for the discrimination between chemi- and physi-sorbed species through rinsing and
sonication.”” However, given the polyanionic nature of POMs, electrostatic deposition remains a strong
competitive path, even when using POM hybrids. For instance, in the case of the reaction between
KWYs,[COOH] and SAM-NH,, it likely hindered the intended covalent bonding. While a vast library of
pristine POMs is available, organic-inorganic POM hybrids are restricted to specific structural types,
which restricts the applicability of the covalent approach. In this work, we performed both the direct
(one-step) grafting of K™s;[SH] onto Au electrodes and the indirect (two-step) grafting of K™sa[NH]
onto a pre-functionalized Au-substrate. Based on our prior experience with direct grafting of highly

232632333542 and relevant literature,*® we anticipated a high

reactive functions (diazonium or carboxylate)
K"si[SH] loading, potentially forming a monolayer. However, the surface coverage derived from the
electrochemical data remained modest, only slightly higher than that obtained with thioacetate-
functionalized POMs, but probably underestimated at high scan rate (see above).'* Further investigation
is needed to determine the likelihood of achieving tight packing through direct POM hybrid grafting.

The indirect peptide coupling reaction seems to be more efficient, though a direct comparison between
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the two approaches is challenging. The chemical reactions involved differ, and KW¥g[SH] is a bi-
functionalized POM hybrid while K™sy[NH] is monofunctionalized. Additionally, the pre-organization
of the organic SAM on the substrate in the indirect method should favor higher structuring, which
remains to be proved. When thicker POM layers are desired, the electrostatic strategy is generally more
suitable, unless bespoke multi-functionalized POM hybrids are used.”

The use of POM hybrids enables fine tuning of the tether or organic SAM design, allowing for the
variation in the length (short/long), and nature (conjugated/aliphatic) of the organic moiety. In this work,
we demonstrated that the short spacer in KWsi[SH] promotes exceptionally fast electron transfer. The
entanglement of the three parameters, surface coverage, interfacial electron transfer rate and tether
length/grafting mode is difficult to unravel and would require more experimental data. For applications
requiring minimal POM/electrode distance, direct coupling is the preferred approach. Conversely,
expanding the organic spacer could electronically isolate the POMs from the electrode, which may be
advantageous for applications like spintronics. XPS experiments on Au nanoparticles coated with
diphosphonate POM hybrids’ have suggested such a shielding, while also revealing enhanced stability
compared to electrostatic assemblies. Another advantage of the covalent strategy, particularly the two-
step covalent grafting, is the ability to study POM-to-POM communication by progressively
transitioning from a densely-packed POM monolayer to isolated POMs, through the dilution of the
reactive headgroups in the pre-formed SAM.

4 Conclusions
In conclusion, we have shown that the peptide coupling reaction carried out under heterogenous

conditions is effective to covalently attach a monolayer of the aniline-terminated POM hybrid
K"sa[NH] to a pre-functionalized SAM-COOH, resulting in densely-packed monolayers in half of the
cases. The reverse reaction, attaching the carboxy-terminated POM hybrid K¥s,[COOH] to a pre-
functionalized SAM-NH; proves more challenging and is likely charge surface dependent. Electrostatic
interactions may dominate the deposition of POM hybrids onto positively charged pre-assembled SAMs.
As an alternative to the peptide coupling, some of us have previously used 1,4-phenylene
diisothiocyanate (PDITC) as a cross-linking agent to achieve the covalent immobilization of aniline-
functionalized POM hybrids on amino-modified SBA-15 mesoporous silica.” In all cases,
reproducibility or experiment-to-experiment- variability is an intrinsic parameter of surface
functionalization, which should be more frequently addressed and discussed.

Characterizing the interfacial electron transfer in a wet electrochemical environment provides valuable
insights into the electronic communication between the electrode and the covalently immobilized POM
layer, which depends on the nature of the organic spacer. For KWVs;[SH], with its short alkyl-thiol spacer,
a high value of 150 000 s™! was determined. However, this does not necessarily predict electron transport
across the molecular junction once contacted by a top electrode, nor of the response time of an electronic

device. Experimental studies bridging electrochemistry and molecular electronics concepts are rare and
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warrant further investigations.”’® Nevertheless, the high interfacial electron transfer rate obtained in
this work underscore the potential of POMs as candidates for electronic devices when integrated into
molecular junctions.”””® With organic or organometallic systems, it has been observed that the energy
levels may be altered by conformational changes once the system is trapped in a junction, as shown by
Ulstrup in scanning tunneling break junctions.” In comparison to other molecules, the rigid backbone
of POMs may better stay unchanged, leading to more predictable properties and better robustness of

potential devices.

6 Experimental part
Chemicals and solvents were supplied by Fischer or VWR and used as received. The POM hybrids

K"su[NH2],>® K¥so[COOH]J?® and KWsi[SH]* were prepared as previously reported and their purity
confirmed by *'P NMR spectroscopy. An additional step in the purification of KVsa[NH2] was assured
by dissolving the solid in a minimum of acetonitrile and the final product was obtained by fractional

precipitation and thorough washing with an ethyl acetate excess.

Synthesis of TBA4[PW11039{Sn(CsH4)C=C(CsH4)C(0)OC(0)OCsHy}] KWsn[(CO2).CsHy]
KWYs,[COOH] (100 mg, 0.025 mmol) and triethylamine (5 uL, 0.034 mmol) were solubilized in 4.8 mL

of dry acetonitrile and the solution placed in an ice bath. Isobutyl chloroformate (7 pL, 0.039 mmol)
was added and the mixture was stirred for 30 minutes. A precipitate appeared by the addition of an
excess of diethyl ether (45 mL) at room temperature and was collected by centrifugation. The solid was
dissolved in a minimum of acetonitrile and a new precipitate was obtained by the addition of a
DCM/Et;O mixture (1.5/25 mL). The solid underwent further washings in suspension in diethyl ether
and a final step in acetonitrile in the presence of TBA enriched Amberlyst® resin for 15 minutes. After
the removal of the resin by a membrane filtration, the filtrate was subjected to the addition of a
DCM/Et;,0 mixture (1.5/25 mL) and KW¥sa[(CO2).CsHs] precipitated as a pale orange powder. Further
washings in suspension in diethyl ether and centrifugation steps lead to pure KWsa[(CO2)2CsHs] (66%,
67.6 mg NMR 'H (400 MHz, CD;CN, ppm) : 5=38,05 (d, *Ju.x=8,69 Hz, 2H, Ar-H), §=7,75 (d+dd, *Ju.
1=8,19 Hz, *Jsni= 93,2 Hz, 2H, Ar-H), §=7,72 (d, *Jun=8,69 Hz, 2H, Ar-H), §=7,67 (d, *Ju.n=8,19 Hz,
2H, Ar-H), 5=4,13 (d, *Ju=6,64 Hz, 2H, O-CH>-CH-(CH3),), $=3,12 (m, 32H, N-CH,-CH,-CH,-CHs),
6=2,02-2,06 (m, 1H, O-CH,-CH-(CHs),), =1,63 (m, 32H, N-CH,-CH,-CH,-CH3), §=1,39 (sex, *Ju.
1=7,40 Hz, 32H, N-CH,-CH,-CH,-CH3), §=0,98 (t, *Ju.n=7,40 Hz, 54H, O-CH,-CH-(CH3)»/ N-CH»-
CH,-CH,-CH3). NMR 3P (121,5 MHz, CD;CN, ppm) : 5= -10,98 (s+d, “Jsn.p=23,64 Hz). IR (KBr,
em™): 2961 (m), 2935 (m), 2873 (m), 1802 (m), 1740 (), 1482 (m), 1380 (f), 1199(m), 1170(m), 1069
(F), 962 (F), 886 (F), 813 (FF), 514 (f), 381 (m).

Surface functionalization
The Au/Si substrates were purchased from Sigma-Aldrich. They consist of a 100 nm gold layer adhered

to the silicon wafer by means of a titanium adhesion layer. To remove any contamination, the substrates
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were treated 2 min in pure sulfuric acid and rinsed abundantly with water and isopropanol and dried
under N». Before immersion in the thiol solution, the substrates were exposed to UV-ozone during 20
minutes and rinsed with ethanol. Thanks to their homogeneous reflective properties, these substrates are

suitable for ellipsometry and for PM-RAIRS characterization.

Au/glass substrates, coated successively with a 50 A thick layer of chromium and a 200 nm thick layer
of gold, were purchased from Arrandee (Werther, Germany). To ensure a good crystallinity of the gold
top layer, the substrates were annealed in a butane flame, afterwards exposed to UV-ozone during 20
minutes and rinsed with ethanol prior to immersion in the thiol solution. Thanks to the thick Au layer
suitable for reconstruction, these flat substrates were used for AFM characterization. As far as possible
and to ensure cross-linked characterization, both types of Au substrates were simultaneously immersed

in the same thiol or POM solution.

Preparation of the SAM-COOH The Au substrates were incubated in a 10 M solution of 8-mercapto-
1-octanoic acid in absolute ethanol (8.8 mg in 50 mL) for one night, in the dark. The substrates were
then thoroughly rinsed with absolute ethanol, sonicated 5 min in absolute ethanol and dried under N,

after a last rinsing with a flow of absolute ethanol.

Preparation of the SAM-NHS To activate the SAM-COOQOH, a solution containing a mixture of N,N -
dicyclohexylcarbodiimide (30 mmol.L™") and N-hydroxysuccinimide (60 mmol.L™") in distilled water
was prepared. One drop of this solution was deposited on the top of the SAM-COOH during 1.25 hour.
The sample was then rinsed successively by a flow of distilled water, sonication (5 min) in a bath of

distilled water and a last flow of distilled water before drying under N,.

Preparation of the SAM-NH; The SAM-NH, have been prepared by incubation of gold substrates in a
1.2x10* M solution of 8-amino-1-octanethiol hydrochloride in absolute ethanol (1mg in 50 mL), for 24h,
in the dark, followed by thorough rinsing and sonication in absolute ethanol (flow/sonication

20min/flow). They were dried under N,.

Immobilization of K”si[SH] The Au-substrates were immersed in a 5x10™* M solution of K¥si[SH] in
acetonitrile (8.9 mg in 5 mL) for 24h in the dark. They were then thoroughly rinsed with a flow of
acetonitrile and dried under a N flow. Most of the time, a clean substrate free of physisorbed molecules

was obtained after solvent-flow rinsing and the sonication step was not necessary.

Characterization techniques
Elipsometry Ellipsometry measurements were performed on the Au/Si substrates with a

monowavelength ellipsometer SENTECH SE 400 equipped with a He-Ne laser at A = 632.8 nm and an
incident angle at 70°. The ns and ks values of the sample with bare Au were systematically measured

just before immersion in the thiol solution, as various optical indices could be measured from one piece
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of wafer to another. The obtained values were around 0.2 for ns and 3.5 for ks. For the 8-amino-1-
octanethiol SAM, typical optical indices of an organic monolayer were used (ns = 1.5, ks = 0). To
characterize the POM layer, ns = 1.48 and ks = 0 were used.’' At least 5 measurements were performed
on a same sample in different zones, to check the homogeneity of the layer. A mean value for the

thickness was calculated when the standard deviation was equal or lower than 0.2 nm.

XPS XPS analyses were performed on using an Omicron Argus X-ray photoelectron spectrometer. The
monochromated AlK, radiation source (hv = 1486.6 ¢V) had a 300 W electron beam power. The
emission of photoelectrons from the sample was analyzed at a takeoff angle of 90° under ultra-high
vacuum conditions (< 10 Torr). Spectra were recorded with a 100 eV pass energy for the survey scan
and 20 eV pass energy for Audf, P2p, W4f, Cls, Ols, Nls and S2p regions. Binding energies were
calibrated against the Au4f,; binding energy at 84.0 eV and element peak intensities were corrected by
Scofield factors.* The spectra were fitted using Casa XPS v.2.3.15 software (Casa Software Ltd., U.K.)
and applying a Gaussian/Lorentzian ratio G/L equal to 70/30.

AFM AFM images were recorded on Au/glass substrates using a commercial AFM (NanoScope VIII
MultiMode AFM, Bruker Nano Inc., Nano Surfaces Division, Santa Barbara, CA) equipped with a 150
x 150 x 5 um scanner (J-scanner). The substrates were fixed on a steel sample puck using a small piece
of double-sided adhesive tape. Images were recorded in peak force tapping mode in air at room
temperature (around 22°C) using oxide-sharpened microfabricated Si3N4 cantilevers (Bruker Nano Inc.,
Nano Surfaces Division, Santa Barbara, CA). The spring constants of the cantilevers were measured
using the thermal noise method, yielding values ranging from 0. 4 to 0.5 N/m. The curvature radius of
silicon nitride tips was about 10 nm (manufacturer specifications). The raw data were processed using
the imaging processing WSxM, mainly to correct the background slope between the tip and the gold
surface. A zoomed-in image of a gold terrace was used to perform a statistical heights analysis using the

software.

Polarization modulation reflection absorption infrared spectroscopy (PM-RAIRS) PM-RAIRS
measurements were performed on Au/Si or Au/glass substrates using a Nicolet Nexus 5700 FT-IR
spectrometer equipped with a nitrogen-cooled HgCdTe wide band detector, with an external beam
configuration as follow: A ZnSe grid polarizer and a ZnSe photoelastic modulator were placed prior to
the sample in order to modulate the incident beam between p and s polarizations (HINDS Instruments,
PM90, modulation frequency = 36 kHz).. Infrared spectra were recorded at 8 cm™ resolution with co-
addition of 128 scans. The sum and difference interferograms were processed and underwent Fourier-
transformation to yield the PM-RAIRS signal which is the differential reflectivity (AR/R°) = (Rp-
Rs)/(Rp+Rs), where Rp is the signal parallel to the incident plane while Rs is the perpendicular

contribution. The measurements were done at two different voltages applied to the modulator ZnSe
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crystal to optimize the sensitivity. Finally, a base line correction was apply using the spline mode and

auto y set-up from ThermoFisher OMNIC software.

Electrochemistry

Ultrafast voltammetry was performed with a home-made potentiostat® allowing online ohmic drop

compensation. The gold-ball electrodes were produced following a procedure previously described.’*>2

Electronic Supplementary Material: Supplementary material (NMR and IR spectra of
KWYsn[(CO2).C4Hy), statistical data for the SAM formation, activation and POM coupling reaction, AFM
images, additional PM-RAIRS spectra, cyclic voltammogram of KWg[SH] in solution) is available in

the online version of this article.
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