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STRUCTURE AND ELECTROCHEMICAL REACTIVITY
OF Si-ORGANIC COMPOUNDS MONOLAYERS ADSORBED
ON SILVER SURFACE

Abstract. In this paper, the results of the research onthe structure and electrochemical reactivity of silicon-
organic compounds monolayers adsorbed on the silver surfaceare given. The compact siloxane films, bringing about
inhibiting effect on the electroreduction of propylene carbonate as well as Li deposition on the Ag electrode, have
been obtained with 3-[Tris(2-methoxyethoxy)silyl]-propancthiol (SiCC). We also obtained 4,7-diazaheptyl-
trimethoxy-silane (SiNN) and vinyl-trialkoxy-silane (SiDD), which could be also interesting in view of corrosion
prevention. The results of a study on the behaviour of these compounds on the silver surface are presented. The
structures of SiCC, SiNN and SiDD and these complexes with cations on the Ag surface were calculated and
visualized by the AM1d semi-empirical method. The structures of the SICC, SINN and SIDD molecules and their
complexes in solution and after the adsorption process on silver are discussed. Some of semi-empirical calculated
HOF (heat of formation) values for uncomplexed and complexed species and the differences between them (AHOF)
are calculated by PM5 method. These values indicate the formation of 1:1 complexes of SiDD with Li" cation and
1:7-8 of SiNN with Li" cations. The respective calculations AHOF on the assumption that these molecules are
bonded by the coordinative interactions between the Ag surface and the electron lone pair at ® N atom of SiDD or
the 7 electrons of the vinyl group of SiNN resulted in the negative AHOF values and demonstrating that this kind of
interactions is very probable. The calculated distances between the Ag atoms from the surface and the respective
coordinating N atom or vinyl group in SiDD and SiNN molecules are 2.35 and 2.50 A, respectively. Silver immersion
into SiCC, SiNN and SiDD solutions in PC leads to the formation of well-ordered and electrochemically inactive
self-assembled monolayers. The AM1d calculations suggest that the SiCC, SiNN and SiDD molecules are physically
adsorbed with the silver surface atoms.

Keywords:Self-assembled monolayers, silicon-organic compounds,electrochemical activity, silverelectrode
surface, adsorption.

Introduction

Organosilicon chemistry is based on the fact that although the energy of Si-O and Si-C bonds is
similar to that of their purely organic counterparts, these bonds are longer and more polarized, which
makes them more flexible in terms of physical and chemical properties [1-3].

The steric hindrance and, therefore, barrier for rotation is far lower in a siloxane backbone than in a
carbon chain, which implies higher gas permeability, lower melting points and glass transition
temperatures along with a wider range of solubility observed for siloxanes [4]. At the same time, the
clectronegativity of silicon atom (1.90, Pauling) is sufficiently low for the siloxane bridge to be cleaved in
alkaline and highly acidic conditions [5]. Condensation of resulting silanol moieties, Si-OH, is the basis
for obtaining a whole class of siliceous materials, from cost-effective amorphous silica gels, to specifically
tailored silica nanoparticles (e.g. Stober silica)[6], to periodic mesoporous organosilicas (PMOs) [7]. All
of those can be easily further functionalized. Taking advantage of the aforementioned reactivity of the
polarized Si-O bond, one can graft specific organic moieties on the surface of a resilient, non-toxic and
well-defined matrix, very often with a large surface area [8].
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Silica-based materials are commonly used in the laboratory and frequently synthesized for purposes
like separation [9], extraction [10], controlled drug release [11], templating [12], sensing [13], powder-
type emulsions stabilization [14], heterogeneous catalysis [15] and many others. Siloxanes, however, are
mainly encountered in polymer science, and the usefulness of smaller compounds comprising siloxane
bridges remains fairly unexplored, with few notable exceptions in supramolecular chemistry of metal
complexes [16-18].

Considerable attention has been drawn during the last few decades to modify noble metal surfaces by
forming ordered organic films of few nanometers to several hundred nanometers thickness [19-22]. One
of the simplest means of forming these ultrathin films is by the mere immersion of the noble metal surface
in a dilute solution (mM) of the organic molecule at ambient conditions and this unimolecular organic film
is popularly known as self-assembled monolayers (SAM). Indeed, SAM formation provides one easy
route towards surface functionalisation by organic molecules (both aliphatic and aromatic) containing
suitable functional groups like —SH, —-CN, -COOH, —NH, and silanes on selected metallic (Au, Cu, Ag,
Pd, Pt, Hg and C) as well as semiconducting surfaces (Si, GaAs, indium coated tin oxide etc.) [23]. These
type of SAM modified surfaces are highly useful for investigating several fundamental phenomena such as
distance dependent electron transfer [24], mechanism of single electron transfer [25], observation of
molecular event such as Coulomb staircase [26] etc. on artificially designed nanostructures.

Due to the highlyordered nature and tight packing, these monolayers on metallic surfaces are also
important for several practical applications such as chemical sensing, control of surface properties like
wettability and friction corrosion protection, patterning, semi-conductor passivation, and optical second
harmonic generation [19].

Molecular engineering is an interdisciplinary area where supramolecular systems are designed
capable of electronic operations like switching, gating, rectification, amplification etc. The primary
objective is to design and synthesize suitable building blocks with novel and potentially useful electronic
propertics. Aside from organizing interesting molecules in two dimensions, development of
nanotechnology also needs suitable size functional building blocks to continue the fabrication of
nanoarchitectures. Colloidal particles or clusters of metal and semiconductors are immensely suitable as
building blocks to tailor these types of nanodevices due to their unique optical [27] and electronic
properties [28]. Flexibility in functionalizing the terminal groups of SAM-modified surfaces allows the
build-up of nanoarchitectures with these nanoparticles. If a single molecule can serve as a switch or a logic
device its size allows the utilization of about 10'° units/cm” compared to the presently used level of 10°
units/cm’. For memory applications, “one bit per molecule” can give unprecedented storage density along
with the other attendant advantages of size reduction. SAM is a simple way to organize 10"
molecules/cm” and hence is immensely suitable for achieving these objectives [29]. In addition, improved
response time and low power, as observed in systems of biological electron transfer, are other benefits.

The word SAM generally denotes a monomolecular thick film of organic compounds on flat (i.c.,
two-dimensional) metal or semiconductor surfaces. SAM formation providesone of the easiest ways to
obtain ordered monolayers through strong chemisorptionsbetween the substrate head group of a desired
compound and the metal surface leading tothe preparation of thermodynamically stable monolayers [20-
22] as compared to LB(Langmuir-Blodgett) and other techniques, where only physisorbed, thermally
unstablemono/multilayer films are obtained. Several studies show that long-chain alkane thiols(containing
more than six to seven methylene units) form more well-ordered defect-freemonolayers than short-chain
alkane thiols, disulphides or sulphides. Aromatic (pi systemslike benzene, naphthalene or diphenylene
systems) or/and hydrogen-bonded moleculeswith multiple contacts, containing functional groups like
thiols, amines, sulphides,selenides etc. provide improved stability [19].

One of the important advantages of SAM is that they can be prepared in the laboratoryby simply
dipping the desired substrate in the required millimolar solution for a specifiedtime followed by thorough
washing with the same solvent and drying, often using a jet ofdry argon. Gas-phase evaporation of the
adsorbant can also form good monolayers,although structural control is difficult. Several factors affect the
formation and packingdensity of monolayers, like nature and roughness of substrate, solvent used, nature
of theadsorbate, temperature, concentration of adsorbate etc. Cleanliness and crystallinity of the substrate
also play a crucial role in determining the compactness, often quantitativelyestimated by the pinhole
distribution.
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Electrochemical techniques like cyclic voltammetry (CV) [30], and impedancemeasurements [31, 32]
are casy techniques for monitoring monolayer characteristics. Theseelectrochemical studies also provide
useful information about the distribution of defectslike pinholes, redox property of attached groups
(ferrocene, ruthenium bipyridine, andsimple bipyridine molecules), kinetics and mechanism of monolayer
formation,quantitative estimate of coverage etc.

In this article, we describe the results of a study on the behaviour of compounds of SiCC, SiNN and
SiDD and these complexes with lithium cations in solution and after the adsorption process on the silver
surface.

Methods

SiCC was synthesized by trans-esterification reaction in benzene of 3-(trimethoxysilyl)-propanethiol
with ethanol or ethylene glycol monomethylether and traces of dibuthyltin oxide as a catalyst in benzene
as solvent.

The obtained product was purified by vacuum distillation. The purity of the product was controlled by
'H NMR spectroscopy. 3-(trimethoxysilyl)-propanethiol was used as commercial product (Aldrich) after
vacuum distillation. The 4,7-diazaheptyl-trimethoxy-silane (SiNN) and vinyl-trialkoxy-silane (SiDD) were
commercial products of ABCR Gelest and were used without any purifications. The purity of the products
were controlled by '"H NMR spectroscopy.

The electrolyte solutions for electrochemical measurements were made using propylene carbonate
(PC) from Merck purified by fractional distillation in dry argon atmosphere and dried over 4 A molecular
lithium sieves. LiClQ,4 (Aldrich) was dried in a vacuum oven below its melting point.

Adsorption procedure

Silver strips (99.999%) were polished with aluminium slurries (Buchler) of successively decreasing
final grades (down to 0.05 um) on polishing cloths (Buehler), rinsed carefully with a dry solvent
(acetonitrile or propylene carbonate). The 3-(trimethoxysilyl)-propanethiol, SICC, SINN and
SIDDadsorbates were formed on the silver strips both from the liquid thiol compounds and from their
acetonitrile or propylene carbonate (PC) solutions (0.2 M). After taking out from the liquid phase, the
adsorbates were rinsed with a pure and dried solvent (acetonitrile or propylene carbonate) and allowed to
dry 12 h in the water free argon atmosphere. Furthermore, the surface layer was subsequently subjected to
hydrolysis and condensation by immersing the SICC modified sample in water for 12 h.

FT-IR spectroscopy

The reflection-absorption spectra for 3-(trimethoxysilyl)-propanethiol, SiCC, SiNN and SiDD
adsorbates on smooth silver strips were obtained in an N2 atmosphere on a Brucker 113 V FT-IR
spectrometer with an FT-80 grazing angle infrared reflection accessory and a liquid N, cooled TGS
detector. Typically, 2000 scans with 1 cm™ ' resolution were performed. Additionally, for comparison, the
transmission FT-IR spectra of the thiol substrates were recorded on the same spectrometer.

Results and discussion

The formulae of these molecules are given in Fig 1. [33].
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Figure 1 - The formulae of 3-[ Tris(2-methoxyethoxy )silyl]-propanethiol (SiCC),
4,7-diazaheptyl-trimethoxy-silane (SiNN) and vinyl-trialkoxy-silane (SiDD)
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AM1d and PM5 semi-empirical calculations. Semi-empirical AM1d and PMS calculations of the
structures of non-adsorbed and adsorbed SiCC, SiNN and SiDD molecules as well as their

complexes with Li" cations and maximum surface packing densitywere made using the WinMopac
program (Figs. 2-5).

Figure 2 - The structure of the surface layer with 60% of maximum packing density of SiCC molecules on Ag; (a) without Li"
cations and (b) with Li" cations.

b)

Figure 3 - a) The structure of the complex of SiNN with Li" cation; b) The structure of the surface layer of SINN complexed with
Li" on Ag with 68.6% of maximum packing

Some of semi-empirical calculated HOF (heat of formation) values for uncomplexed and complexed
species and the differences between them (AHOF) are calculated by PM5 method. These values indicate
the formation of 1:1 complexes of SiDD with Li" cation and 1:7-8 of SiNN with Li" cations. The results
obtained for the SINN molecule are well comparable with the experimental AH data as well as the number
of complexed Li" cations reported previously [34-35].
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The visualization of the representative favourable structures of 1:1 and 1:7 respective complexes are
shown in Figs. 3a and 4. The Li" cation in the structure of the 1:1 complex of SiDD is coordinated by the
oxygen atoms of the methoxy groups. In the structure of SiNNcomplexes the first Li" cation is coordinated
by the oxygen atoms neighboring the silicon atom and every other cation is localized at a maximal
distance from the others. This is visualized in the structure of 1:7 complex of SiNN with Li" cations given
in Fig. 4.

The respective calculations AHOF on the assumption that these molecules are bonded by the
coordinative interactions between the Ag surface and the electron lone pair at @ N atom of SiDD or the ©
clectrons of the vinyl group of SiNN resulted in the negative AHOF values and demonstrating that this
kind of interactions is very probable. The calculated distances between the Ag atoms from the surface and
the respective coordinating N atom or vinyl group in SiDD and SiNN molecules are 2.35 and 2.50 A,
respectively.
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Figure4 - The structure of the 1:7 complex of SiDD with Li" cations.

On the basis of the AM1d calculations, the area per one adsorbed molecule in a densely packed layer
of SiDD and SiNN with the long oxaalkyl chains in an almost perpendicular orientation with respect to the
electrode surface was found to be 0.268 and 0.40 nm’, respectively. The surface concentration of 3.73 x
10" molecules per cm® for SiDD and 2.50 x 10" molecules per cm® for SiNN at a saturation coverage of
the silver surface.
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Further calculations were performed for surfaces with about 60% of the maximum packing density.
On such assumption, the distribution of SiDD or SiNN molecules on the Ag surface has more or less
statistical character. The molecules adsorbed are able to form complexes with Li” cations comparable to
those discussed above for free molecules. The respective structures of the monolayers on the silver
surfaces of non-complexed SiNN molecules and of complexed with Li" cations SiDD molecules are
shown in Figs. 3 b and 5.

The other calculations were performed for surfaces with 60% of maximum packing density. On this
assumption, the distribution of SiCC molecules on the Ag surface has more or less statistical character
(Fig. 2a), but the Fig. 2b shows the structure of the same model after complexation of Li" cations. The
calculations suggest that Li" cations are bonded in a favorable way within each molecule between the
oxaalkyl chains.
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Figure 5 - The structure of the surface layer of SiDD on Ag with 58.0% of maximum packing density.

Conclusions

Silver immersion into SiCC, SINN and SiDD solutions in PC leads to formation of well-ordered and
electrochemically inactive self-assembled monolayers. The AMI1d calculations suggest that the SiCC,
SiNN and SiDD molecules are physically adsorbed with the silver surface atoms. The SiCC, SiNN and
SiDD species alone and after adsorption on the Ag surface form complexes with Li" cations, coordinated
by oxygen atoms of the oxaalkyl chains.
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1 .
[Toznanpmarel Anama Murnkesuy Y Husepeureri, [lonbma,
M. AyesoB aTsigarsl OHTYCTIK Kazakcrar MemekeTTik yHIBepenuTeTl, I IBIMKeHT;
3 3 : .
K.A Slccayn ateiaarsl XaasIKapallblK Ka3aK-TYpIK YHuBepeureTi, TypkicTan

KYMICTIH BETIHAE AJCOPBLUSITIAHF AH SI-OPT AHAKAJIBIK KOCBLIBICTAP
MOHOKABATTAPBIHBIH KYPBLILIMBI ’KOHE 3JIEKTPOXUMUSITBIK
PEAKIMSUIBIK KABLJIETTEPI

Annoramus. YCHIHBUIBIT OTHIPFAH SKYMBICTAKYMICTIH OeTiHfe ajcopOIIsuIaHFaH Si-OpraHUKAaIbIK KOCHLITBICTAp
MOHOKa0aTTaphIHBIH, KYPLUIHIMBI KOHE DIICKTPOXUMISUIBIK, PeAKIHTBIK KablteTTepiH 3eprrey HOTWKeJlepl KeITipUITeH.
[TponmrenkapOOHATTHH TOTHIKCHI3IaHy BIHa, COHAa-aK, KyMIC 3JIEKTPOALIHBH OeTiHe JTUTUHIIH TYHYBIHa HHTHOUPIIEY Il
acep eTeTiH KOMIAKTHUIHI CHIOKcaHAb! xalwmaap 3- [Tpuc (2-mMeTokcmyToken) crmmi|-niponantron (SICC) xeMeriMeH
anbipl. CoHpalf-ak, Kasipri TaHga KOPPO3WSIHBL alIbIH ary OOUBIHITINA KBI3HI-FYMIBUIBIK TYFBI3aTHH 4,7-1Ha3arenTul-
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TpuMeTokcucmiad (SINN) xone BHHHITPHKOKCUCIIIAH (SIDD) anpapgsl. XKympicTa 0CHl KOCBUILICTapABIH KyMic OeTiHmeT
DIEKTPOXMIBITHIK KacHeTTepl 3epTTey HeTI/DKeJIepl kenripitren. SICC, SINNxone SIDD KYPBLIHIM/IAPbI JKOHE KyMic
OeTiHJeTl KaTHOHJIapMeH KOMILTIEKCTepi X(apTBIHaI/I SMIIAPUKAIBIK TaclmMeHAMId ecenrenil skoHe HakThUIAaHABLSICC,
SINNs>kane SIDD sxoHe oapiblH KOMIUIEKCTEPl MOJEKyJIalJaphIHbIH epITIHIIeT] koHe Ag Oerinje ajcopOrusiaHraH
KeHiHT1 KYPBUTBIMIAPHI TaIKBUIAH TBL.

KomrntekeTemereH %aHe KOMIUIEKCTEITSH TYpIIepl %aHe olapblH apachHAarsl altbipbiMel (AHOF) yrmiH skapThinaif
SMIAPUKATBIK ecenTenred HOF (Ty3Uly sKbUTyJaphl) IMaMasapbIHBIH Keitbipi PMS Tacinmimen ecenrenai. by manmep 1: 1
Li karrousmmenSiDDsxone 1: 7-8 Li+KaTI/IOHZ[apBIMeH SiNN kxoMInTeKcTepiHiH TY3uteTiHmria kepeetemi. AHOF colikec
ecemnTeyliepl KopceTKeHAeH, ochl Mollekynanap OeTki KabaTTarbl kymic mmeH SiDD-markl oN aTOMBIHAAFBl 3JI€KTPOH
KYOBIHBIH apachlHAarbl KOOPIWHAIMUILIK OaliranpicieH Hemece SiNN-7arbl BHHWILII TOUTHIH TAJIEKTPOHJAPBIMEH
Gattmanpickan, AHOF Tepic MoHJepiHe SKeNi KOHE OCHI OpPEKEeTTECYIH ©Te BIKTUMal eKeHJIrH KopceTTi.berTik
KabaTTarbl KyMicaTOMBI MeH colikec kexeTiH N aroMbl HeMece SiDD m SiNN MosekynagapblHIarsl BAHIUIBII TONTHIH
ApACKIH/IATHI eCETENTeH apa KAMBIKTHIK coltkecimme 2,35 xone 2,50 A xypaiapL HpOHI/UIeHKapGOHaTraFLI SiCC, SiNN u
SiDD epitininepide KYMICTI 6aTI>Ipy, AKCHI PETTEITCH JKOHE MICKTPOXUMIBLIBIK aKTUBTI eMec ©3/irHeH YHBIM[acaThlH
MOHOKa6a’ITapZ[bIF Ty3utyide akereni. AMI1d ecenrey-nepi, SiCC, SINN skoHe SiDD Morekymamapsl 0eTTik KabaTTarbl
KYMIC aToMapbiMeH (PH3UKAIBIK acopOITHs-TIaHaIbl.

Tyiiin cesxep:o3/iriHeH KMHAKTaIaTHIH MOHOKaGaTTap, KpeMHHHOPTaHUKAIHIK KOCBLUIBICTAp, SIEKTPOXAMUSI-IIBIK
OeJICeHIUTIK, KYMIC DIIEKTPOIBIHEIH OeTTiK KabaThl, ajcopOrus
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1
Yuusepcurer Ajnama Murkesuya B [lozHanu, [losnbmma;
2 " o
1OxH0-Kazaxcranckuii rocy japcTBeHHbIM yHUBepeuTeT uM. M. Ayesosa, [IIbIMKeHT;,
3 - v
Kasaxcko-Typenkuit Mexx IyHapo HBIM yEEBepcuTeT M. X.a. fcaBn, Typkectan

CTPYKTYPA 1 3JIEKTPOXUMHUYECKASI PEAKIITMOHHASI CIIOCOBHOCTb MOHOCJIOEB
SI-OPTAHMYECKHMX COETUHEHWUN, ATCOPBMPOBAHHbBIX HA IITOBEPXHOCTH CEPEBPA

Annotamug. B jaHHON cTaTbe [JaHBI pe3yNbTAaThl IO HCCIEJOBAHMIO CTPYKTYPHL M SJICKTPOXHMHYECKOH
peakIMoHHON CHOCOOHOCTH MOHOCIIOSB KpeMHHIOpraHWYecKHX COCJMHEHMH, ajAcopOMpoBaHHEIX Ha IOBEPXHOCTH
cepebpa. KoMITakTHBIE CHITOKCAHOBBHIC IDICHKH, BBI3BIBAIONINE MHTHOMpYIOIlee Bo3ielicTBHE Ha SIIEKTPOBOCCTAHOBICHHE
polmiieHKapOoHaTa, a Takke ocaxjenne Li Ha cepeOpIHOM dIeKTpoe, ObUTH MONyUIeHH ¢ 3- [Tpuc (2-MeTOKCHITOKCH)
ciwmin|  ppomanTHosNoM  (SICC).  Hamm  Tawke — moiyuensd,7-puazarentwi-tpuMmerokcucwiad — (SINN)  u
BUHIITpHKOKcHcwIaHa (SIDD), koTophle MOTYT OBITh HHTEPECHBI ¢ TOUKH 3peHHS IIpeIoTBpalie s kopposun. B paborte
IIpe/ICTARICHB pe3yIbTaThl HCCIIe JOBAaHUH SIICKTPOXIMHIIECKOTO TIOBeIeHNS STHX COeIMHCHHI Ha TIOBEPXHOCTH cepebpa.
brumn paccunrans! u BuzyanmusupoBassl cTpyKTypsl SICC, SINN u SIDD 1 uX KOMIUIEKCH ¢ KaTHOHAMH Ha IIOBEPXHOCTH
cepebpa momysmmmprdeckmM MeTooM AM1d. O6cyxaeHs! cTpykTyphl Motekyl SiCC, SINN u SIDD 1 ux KOMIUIEKCOB B
pacTBope M Toclie Iporecca amcopbrum Ha Ag. HekoTopkle W3 MONYSMIMPHYECKHX BBRYHCICHHBIX BeamamH HOF
(TeToTH 00pa3oBaHus) I HEKOMIUIEKCHBIX M KOMILIEKCHBIX BHAJOB U pasnuauit Meskay aumMu (AHOF) pacunranst PMS
MeTOIoOM. DTH 3HaveHHs HokasbBaloT obpasopanus 1: 1 koMmekcos SiDD ¢ xaTnoHOM Li" u 1: 7-8 SiNN ¢ xatronamu
Li".Cootsercrpytomue pacdetst AHOF B Tpe/imonioske HIH, 9T0 STH MOJNEKYITH CBA3AHBI TIOCPE ICTBOM KOOPTAHAITHOHHBIX
BlaMMOIeHcTBHH Mex Ay HOBEPXHOCTBIO Ag W 5IeKTPOHHO-0MHOTHON mapoit Ha aTrome ®N SiDD mim m-3leKTpoHaMH
BuHMIOBOH Tpymnel SINN, IprBenH K oTpuIaTenbHbIM 3HaueHMmsIM AHOF m mokasanm, 9To 3TOT BHI B3anMojeiicTBuS
BeckMa BeposTeH.PaccunraHHBIe pacCTOSHUS MeXy aTOMaMH Ag ¢ IIOBEPXHOCTH U COOTBETCTRYIONIEH Koop AMHUPY oMMt
N aToMoM WX BUHAIbHOH rpy1moit B SiDDu SiNN Monekynax coctaBisror 2,35 u 2,50 A, cootsercTBenno. Ilorpykenune
cepebpa B pactBopbISICC, SINN m SiDD B npommieHkapGoHaTe MPUBOIUT K 0OPa30BaHUIO XOPOIIO YIOPSJOUSHHBIX H
SIIEKTPOXUMHUIECKH HEeaKTHBHBIX CaMOOPTaHU3YIOMUXCS MoHocHoeB. Pacuersr AMId mokaseBaroT, 9To Molekysl SiCC,
SINN u SiDD ¢msnuecku aacopOupyroTest aToMaMu cepedpa ITOBEPXHOCTIL

KaroueBble ciioBa:caMoopraHU3VIONIHeCs MOHOCION, KpeMHHHOpraHHYecKHe COeJMHEHHS, SJIeKTPOXUMUIecKas
AKTHBHOCTB, TOBEPXHOCTH CepeOpsSHOTO MIEKTPoAa, aacopOis
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