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Modification of carbon containing electrodes
by aryldiazonium iodate salts for electroanalysis

In the work the method of spontaneous chemical modification of a glassy carbon electrode (GCE) with aryl
diazonium iodate salts was studied. The adsorption of modifier from the solution was applied for GCE modifi-
cation. The modification effectiveness assessment was performed for different modifiers under the conditions
of modifier concentration varying and the time of electrode keeping in the solution. The cyclic voltammograms
of the reversible pair [Fe(CN)s]*/* were recorded in the background KC1 0.5 M electrolyte. Modifier surface
layers form spontaneously without the application of potentials. The control of thickness and the conductive
characteristics of the modified electrode were performed by the adjusting of concentration and the keeping time
of the electrode in modifier solution. It has been established that the oxidation and reduction currents of
[Fe(CN)s]>"* are maximum for the 4-carboxybenzodiazonium iodate modifier of GCE with a concentration of
10 mg-1-" when the time of keeping the electrode in its solution is for 5 seconds. The increasing of the reversible
pair [Fe(CN)s]*>7* current in the indicated conditions after the modification of 4-carboxybenzodiazonium io-
date is associated with an increase in the area of the electroactive electrode surface, by almost 2.5 times. The
study of the morphology of the electrode surface of the GCE by the method of scanning electrode microscopy
confirmed the presence of a polylayer modifier with a carboxy substituent on the surfaces of a glassy carbon
electrode. To confirm the presence of organic functional groups of the 4-carboxybenzodiazonium iodate mod-
ifier on the surfaces of the GCE, the reflection spectra of the electrode surfaces were obtained by IR spectros-
copy. The method of modifying the GCE with iodate salts of aryldiazonium is simple, rapid, has low costs, and
can be used to increase the sensitivity of determining a number of analytes in electroanalyses.

Keywords: aromatic diazonium salts, modifiers, glassy carbon electrode, cyclic voltammetry, IR spectroscopy,
SEM (scanning electron microscopy), potassium ferrocyanide, spontaneous formation of modifier layer.

Introduction

The search for novel electrode materials and surface modifiers, which provide the necessary level of
analytical and metrological characteristics, is on cutting edge of electroanalytical chemistry. One of such ma-
terials are the aromatic salts of diazonium (ASD), because as a result, materials with desired properties are
formed, which are used in various fields of activity (medicine, analytical chemistry, polymer chemistry, bio-
chemistry, etc.) [1-9].

Therefore, ASD are promising electrode modifiers for electroanalysis [9]. As a result of the modification,
new electrode materials are used both for the electrochemical biosensors formation, where the ASD serves as
a linker [10], and as organo-modified electrodes for the quantitative determination of biologically active sub-
stances in different objects [11, 12].

Currently, there are two fundamental approaches to modifying the ASD electrode surfaces: the adsorption
method with the formation of weak physical bonds [13—17] and the method of strong covalent bond formation
between the surface and the organic molecule [18-21], which simplifies the control of modification process
and provides the higher selectivity of further surface transformations of functional groups [22, 23]. It is known
that the implementation of the second modification method is carried out using two approaches: the electro-
chemical modification [24] and the chemical or spontaneous modification [25].

Electrochemical reduction of ASD [26] is an attractive method that was implemented for carbon electrode
materials [27]. However, the issue of controlling the thickness of an organic modifier layer while maintaining
the conductive properties is controversial, since in most cases, electrochemical modification results in the rapid
formation of ASD multilayer, which reduce the activity of the electrode surface. The electrographing mecha-
nism of diazonium salts is well known and detailed described in the work [28]. The mechanism involves the
generation of aryl radicals, followed by the binding of these radicals to the surface via carbon-carbon
bonds [29].

There is a number of works concerned with the spontaneous modification of carbon-containing elec-
trodes. The authors note the simplicity of the spontaneous method of modifying carbon-containing electrodes
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with obtaining thinner and conductive mono [28] or poly [30] layers of ASD modifiers. Generally, the proce-
dure for modifying the electrodes of an ASD consists of simply immersing the electrode for a certain time in
the solutions of the ASD. However, the issue of controlling the thickness of the modifier layer depending on
the concentration of the modifier and the time the electrode is kept in the appropriate solution remains contro-
versial.

In the work, the electrochemical properties of GCE when modifying aryldiazonium iodate salts with dif-
ferent functional groups are studied. For the selection of optimal conditions for the spontaneous chemical
modification of the GCE, a series of concentrations of 10, 30, 60 mg-1"! and a holding time of 2, 5, 10, 30, 60,
120 seconds were chosen. In order to assess the optimal conditions for modifying the GCE in various modifi-
ers, under conditions of varying their concentration and time of maintaining the GCE, cyclic voltammograms
of the reversible pair [Fe(CN)s]*7* were recorded in a background KCl electrolyte of 0.5 M. on the electrically
conductive properties of the electrode surface of the GCE. With respect to each modifier, the conditions for
spontaneous chemical modification, such as time and concentration, are different. To characterize the surfaces
of the electrodes before and after modification, the methods of scanning electron microscopy and IR spectros-
copy were used.

Experimental

The following iodate salts of aryldiazonium were chosen as modifiers of the electrode surfaces of the
GCE: [HOOCC¢HsN,]IO3, [NCCgH4N:]103, [O2NCsHaN2]103,  [CsHsN2]103,  [H33Ci6CsHaN2]1O3,
[HaCsN2CsH4N2]103. Their structures are depicted in Figure 1. All reagents were of analytical grade. The water
was obtained by water purification system Milli-Q Direct; water resistivity was 18.2 MQ cm. Silver chloride
electrodes were used as auxiliary electrode and reference electrode.

To select the optimal conditions for the spontaneous modification of GCE with aryldiazonium iodate
salts, the concentration of the modifier (mg-1"!) and the time of aging of the GCE in the solutions of the corre-
sponding modifiers (sec) were varied. The working concentrations of diazonium salt solutions for modification
were 10, 30, 60 mg-1"!. The holdup time of GCE in the solutions of the modifiers was 2, 5, 10, 30, 60, 120
seconds. To evaluate the reversibility of electrode processes on the GCE, cyclic voltammograms of hexacy-
anoferrate salts [Fe(CN)s]*>”* of concentration 0.25 M (background 0.5 M KC1) were recorded before and after
chemical modification.

N?IO? (A) R = —COOH A — ft-carboxybe?nzod?azonium iodate;
(B)R = —H B — iodate aryldiazonium;
C — 4-cyanobenzodiazonium iodate;
(C)R=-CN D — 4-hexadecylbenzodiazonium iodate;
(D) R=—CqgHy5 E — 4-nitrobenzodiazonium iodate;
(E) R=-NO, F — 4-(phenyldiazenyl)benzodiazonium iodate

R (F)R= —NEN©

Figure 1. Structural formulas of aryldiazonium salts

A universal electrochemical workstation TA-2 (Tomanalyt, Tomsk, Russian Federation) with a three
electrode cell was used. Silver chloride electrodes and glassy carbon electrodes for modification were pur-
chased from LLC Tomanalyt (Tomsk, Russian Federation). Investigations of the cutoffs of the electrode were
carried out using a scanning (raster) electron microscope JEOL JSM-7500FA. To confirm the presence of
organic functional groups on the glassy carbon electrode surface, IR reflection spectra were obtained. The
investigations were carried out using the Cary 660 IR spectrometer (manufactured by Agilent).

Results and Discussion

To assess the effectiveness of modifying GCE with different modifiers under the conditions of changing
the concentration of the modifier and the time of aging of the GCE, the value of Al (%) was calculated:
Al M -100,
0
where Iy is current of [Fe(CN)g]* 7 without modifier; /; is current of [Fe(CN)¢]*”* after aging in the solution
of the modifier.
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In the course of the study (Fig. 2), it was established that the oxidation and reduction currents of
[Fe(CN)g]* 7 are maximal for 4-carboxybenzodiazonium iodate of the GCE modifier at the time of holding
the electrode in its solution for 5 seconds and the modifier concentration 10 mg:1"' (Al = 230 % cathode scan

and Al = 185 % anode scan).
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A — cathode currents; B — anode currents. The background electrolyte is KCl1 0.5 M;
scan rate 80 mV-s~!; concentration 10 mg-1~!

Figure 2. Dependence of the change in the currents of [Fe(CN)s]>7* (AL, %)
on the time of aging of GCE in the solution of the aryl diazonium iodate salts modifiers

To prove the presence of 4-carboxybenzodiazonium iodate on the surface of the GCE, microscopes of
the surfaces of the electrodes were taken before and after the modification by scanning electron micros-
copy (Fig. 3).

The first sample is the surface of pure GCE, before the reversible [Fe(CN)s]** pair is added to the cell.
On the sample surface, selective microporosity is observed (Fig. 3A). The pore size does not exceed 10 um.
On the surface there is a slight contamination with an extraneous phase, which has the form of globular parti-
cles. Presumably, this phase is a particle of salt, which is part of the background electrolyte. The second sample
is the surface of the GCE after introducing a reversible [Fe(CN)s]*** pair into the cell.
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A — GCE without a modifier; B — GCE after the addition of the reversible [Fe(CN)s]*>7* pair to the cell;
C — GCE after modification of the solution of the 4-carboxybenzodiazonium iodate modifier (10 mg-1"") for 5 sec

Figure 3. Scanning electron microscopy of GCE surfaces and corresponding cyclic voltamograms

On a microscopic photograph, [Fe(CN)s]*”* aggregates are observed on the surface of the electrode,
covering the micropores of glassy carbon. Areas with inclusions of a spherical shape are observed (Fig. 3B).
Presumably, this phase corresponds to iron-containing hexacyanoferrate. The third sample is the surface of the
GCE after modification of 4-carboxybenzodiazonium iodate (10 mg-1"! for 5 seconds).

On a microscopic image (Fig. 3C), laminated aggregates of irregular shape are observed confirming the
flow of adsorption on the surface of the electrode substrate, which proves the fact of the chemical reaction on
the GCE surface between the carbon and the diazonium modifier. It is obvious that a covalent modification of
the GCE is possible without imposing a potential in a very short period of time. In addition, after the
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modification, the current-conducting properties of the SEM are increased due to an increase in the currents of
the reversible [Fe(CN)s]*”* pair at the potentials of 0.15 V and 0.35 V under the optimum modification con-
ditions.

From the cyclic voltammograms of the reversible pair [Fe(CN)g]>"*, the electroactive surface areas of
the electrodes were calculated before modification and after according to the Randles-Shevchik equation (Ta-
ble):

]3—/4—

Ip =42.69x10°z°?4D"*CWw"?,

Ip — peak current, A; z — the number of electrons (n = 1); 4 — the area of the electroactive surface, cm?;
D — the diffusion coefficient (7.60x107° cm?/s); C — concentration [Fe(CN)s]*** in solution (1-10-3M).

Table

Areas of the electroactive surface of the GCE (cm?) before modification and after modification

Square electroactive surface Square electroactive surface
of the GCE before modification, cm? of the GCE after modification, cm?
0.00452 0.01054

As a result of modifying the GCE using the spontaneous chemical modification method with a carboxy
substituent (modifier concentration 10 mg-1!, aging time 5 seconds), the area of the electroactive surface in-
creases almost 2.5 times, which leads to an increase in the cathodic and anodic currents of the reversible
[Fe(CN)s]*7* with respect to the unmodified surface of the GCE.

To further confirm the presence of organic functional groups on the GCE surface, IR reflection spec-
tra (Fig. 4) were obtained: 1) 4-carboxybenzodiazonium iodate modifier with a concentration of 10 mg-1™';
2) the initial surface of the GCE; 3) the surface of the glassy carbon electrode after modification. The absorp-
tion bands at 3659, 1685, 1590, 1710, 878 cm™!, corresponding to the carboxyl group and the phenyl nucleus
are observed in the spectrum.
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1 — modifier4-carboxybenzodiazonium iodate (¢ = 10 mg-1""); 2 — the initial surface of the GCE;
3 — surface of the glassy carbon electrode after modification.

Figure 4. The transmission spectrum of the IR surface of the GCE
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If the balance between the concentration of the modifier and the modification time with respect to each
modifier is not observed, blocking of the conductive surfaces of the GCE and reduction of the cathodic and
anodic currents [Fe(CN)g]>"* is observed.

The phenomena of uncontrolled growth of polylayer modifiers on carbon-containing electrodes, leading
to blocking of conductive surfaces after the application of potentials, are described in the literature [28, 29].

Moreover, the mechanism of the formation of different structures of polylayer modifiers is not fully un-
derstood. We noted that the growth of modifier polylayers occurs without the application of potentials under
conditions of spontaneous adsorption.

Controlling the thickness and, accordingly, the conductive characteristics of the GCE is possible by ad-
justing the concentration and the holding time of the electrodes with respect to modifiers of different nature,
which is confirmed by the data in Figure 2.

For different nature modifiers having a concentration of 10 mgl1!, modification time was:
[HOOCC¢HsN2]1I03 — 5 seconds, [NCCe¢HsN2JIO; — 60 seconds, [O.NCsHsN>]IO; — 60 seconds,
[CéHsN2]103 — 5 seconds, [H33C16CO6H4AN2]10; — 120 seconds, [H4Cs N2CsHaN2J103 — 120 seconds.

Conclusions

Thus, it has been established that [HOOCCsH4N:]1O; is used as an electrode modifier for the GEC. The
optimal modification conditions are a concentration of 10 mg-1!, a holding time of 5 seconds. As a result of
the modification of a GCE using the method of spontaneous chemical modification with salts of an ASD with
a carboxy substituent, the area of the electroactive surface increases almost 2.5 times. The presence of organic
functional groups of the 4-carboxybenzodiazonium iodate modifier on the surfaces of the GCE has been con-
firmed by SEM IR spectroscopy. Controlling the thickness and, accordingly, the conductive characteristics of
the GCE is possible, by adjusting the concentration and the holding time of the electrodes with respect to
modifiers of different nature. The method of modifying the GCE with iodate salts of aryldiazonium is simple,
rapid, economical, and can be used to increase the sensitivity of the determination of a number of analytes in
electroanalysis.
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KemipTekKkypamabl 3J1eKTPOATAPAbI APUIAHAZOHUINAIH HOATHI TY3AaPbl
apPKbLIbI 2JIEKTPTANAAY YIIIH MoaupuKanUAIAy

Makanaza mbHbIKOMipTeKTi anekTpoaTsl (LKD) apunanasonuiiniy HOATH TY3AapbIMEH XUMHUSUIBIK MO (DU-
xarusiiay omici 3eprrensi. IIIKD moandukanusnay coiikec Ty3mapbIHBIH epiTiHAUIEpiHEeH agcopOusiay ap-
keubl kyprizimmi. HIKD momudukanusimayaslq THIMAUIITIH Oaranay YIIH opTYpii MOAW(HKATOpIapMEH
OJIapIbIH KOHIEeHTpanusuiaps! xoHe 1K ycray yaxsITe e3repyi xarmainapsiaga, KCl 0.5 M ¢orzsr smek-
tpomutinge [Fe(CN)s]*7* KaWThIMIBI KYNTHIH UK BOJIBTAMIIEPOTPAMMANIAPHI JKa3bULIEL. Mogudukatop-
JapZbIH MONUKA0ATTaPbIHBIH ©CY1 CIIOHTAHIbI acopOLNs KaFaainapblHIa NOTEHIHAIAAPBIHBIH Ka0aTTacybl-
cb13 xypeni. [IIKD KanbIHIBIFBIH jKoHE COMKECIHINE TOK OTKI3eTiH CHIIaTTaMaapbiM 0ackapy KOHLEHTpaLus-
JapbIH PETTeY XoHe TaOuFaThl OpTYPJIi MOAM(HUKATOpIIapFa KAaTBICTBI EKTPOATAP/IbIH YCTAY YaKbIThIH pET-
Tey apkbuibl MyMkid Gonausl. [Fe(CN)s]>”* TOTbIFy oHE TOTBIKCHI3NAHY TOKTaphl 4-KapGoKCHOEH30/1Ma-
30uuyM Homarel [ITKD mMoxubuKaTops! yiiliH OHBIH KOHLIEHTpauuscsl 10 Mrr! skoHe OHBI epiTiHaige ycray
YaKBITHI 5 ¢ GOJIFaH/[a MAKCUMAITBI OONIATHIHEI aHBIKTAMIEL Kaifreimst xynteiH [Fe(CN)s]*7# TokTaps! apt-
KaHJa KOpCeTUIreH xaraailnapaa 4-kapOoKcHOeH30AMa30HHYM HONAaThIHBIH MOAU(UKALMSIAHYbIHAH KeHiH
yAaiibl 3IEKTPOATHIH deKTpOenceHni OeTiHiH aymarsl 2,5 ecere neiiH apTysiMeH OaitmansicTel. IIIKD anmex-
TpoxTHl 6eTiHIH MOP(OJIOTHICHIH CKaHEPJICHTIH CIIOHTAH Il MUKPOCKOITHS 9/[ICIMEH 3epPTTey LIBIHBIKOMIPTEK-
TIK 3JeKTpo] OeTTepiHe KapOOKCHOPHIHOACYIIBICH Oap MoIu(UKaTOPIbIH MoNMuKabaTTapsl 6ap eKeHiH 1o-
aenpeni. OpraHuKaiblk (QYHKIHOHAIIBI TONTAPBIHEIH 4-KapOOKCHOESH301Ma30HUYM HOJAT MOAU(UKATOPHI-
HBIH KypaMbIHIa 60iysH nanenaey yuin [IIKD 6errepinge UK-criekTpockomnus aiciMeH JIeKTPOATH OeTTe-
piHIH HIaFbUIBICY criekTpiepi ka3purapl. 1IIKD apunamazonmiimin HOAAaTTHl Ty3MapbIMEH MOAMGHKAIMSIIAY
omici KapanaibIM, YHEM/Ii )KOHE JICKTPTAIAaya aHATUTTEP KaTapbIH aHBIKTAy Ce3IMTaJIIBIFBIH apTTHIPY YILIIiH
KOJIIAHBUTY Bl MYMKIH.

Kinm coe30ep: nna3oHMIIIH apoOMaTTHl TY34apbl, MOIU(UKATOPIIAp, MBIHEIKOMIPTEKTIK IEKTPOATAp, UK
Bojbramnepomerpust, MK-cnekrpockomus, COM (ckaHepeHTiH IEKTPOH Bl MUKPOCKOIIHS), KaJHHIIH TeK-
caranoepparhl.
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Moaudukauus yriepoacoaepkammux 3JeKTPOA0B
MOCPEeACTBOM HOAMCTHIX COJICH apUIIHA30HUS JJIS JJIEKTPOAHAIU3A

B crarbe m3y4eH croco0 COHTaHHONH XUMHYECKOH MOM(UKAIIIK CTEKIOYTIIepoHOro nnekrpoaa (CYD) io-
JATHBIMU COJISIMU apuiiguasonust. Moaudukamus CYD npoBoaunack aacopOLueil 3 pacTBopa COOTBETCTBY-
tfonx coseit. s ouenku a¢dexruBHocTr Momupunuposanus CYD pasHbIMH MOAU(UKATOPAMH B YCIOBHAX
U3MEHEHUS UX KOHIIEHTPALlMK U BpeMeHH BbliepkiBanus CYD ObUIH 3aMicaHbl HIUKIMYECKUE BOIBTAMIIEPO-
rpammel o6patumoit apsl [Fe(CN)s]*#* B dporosom snekrponure KCI 0.5 M. Poct nonucnoes Moaudukaro-
POB MPOMCXONT O€3 HAJIOKEHHS TOTCHIMAIOB B YCIIOBHSAX CIIOHTAHHOM aacopOLuy. YpaBieHHue TONIIHHOM
U COOTBETCTBEHHO TOKOMPOBOSAIIMMH XapakTepucTukamMu CYD BO3ZMOXKHO MyTeM pEryIHpOBaHHUs KOHLICH-
TpaLMK U BPEMEHH BBIICP)KHBAHUSI SJIEKTPOJIOB B OTHOLICHUH PAa3HBIX 110 MPUPOJIE MOIU(PHUKATOPOB. Y CTaHOB-
JIEHO, YTO TOKW OKHUCIEHHs M BoccraHoBieHus [Fe(CN)s]*”* makcumanbHel mis mMomudukaropa 4-kap-
GokcubenzonuazonuyM ogara CYD ¢ kouuenrpanueii 10 Mror'npu BpeMeHH BbIIEPKUBAHKS SJIEKTPOJIA B
€ro pacTBOpE B TeueHHe 5 ¢. YBenuuenue Tokos oopatumoii napbl [Fe(CN)s]*7+ B yKka3aHHBIX YCIOBHSAX I10CIIE
Mozudukarmy 4-kapOoKkcHOEH301Ma30HUYM HozlaTa CBA3aHO C YBEIIMUYEHUEM IUIOIIAN NIEKTPOAKTUBHOM HO-
BEPXHOCTH 3JIEKTpoAa Moyt B 2,5 pasa. MccnenoBanust Mopdooruu aekTpoaHoit noepxHoct CYD mero-
JIOM CKaHMPYIOIIEH 3JIEKTPOAHOH MMKPOCKONMH HOATBEPIMIN HAJIMYUE IOJMCIOSN Moaudukaropa ¢ Kap-
OOKCH3aMeCTHTEIEM Ha MOBEPXHOCTSIX CTEKIOYIJICPOIHOTO dJIeKTpoaa. i NHOATBEp KACHHUS HAJIMYHUs Opra-
HHYECKUX (YHKLUHOHAJBHBIX rpynn MoxupukaTopa 4-kapOOKCHOCH301Ma30HUYM HOJaTa Ha IIOBEPXHOCTIX
CVYD nosmy4eHs! CIeKTPHI OTPayKeHHS IEKTPOAHBIX ToBepxHocTel MetogoM MK cnekrpockomim. Criocod mMo-
mudukanmn CYD HOTaTHBIMU COJISIMU apHJIMA30HUS IPOCT, SKOHOMHUYEH U MOXKET OBITh MCIIOJNB30BaH IS
YBEJIMYEHHS 1yBCTBUTEIBHOCTH ONPEENICHUS Psi/la QHAIIUTOB B ICKTPOAHAIIH3E.

Kniouesgvie crosa: apoMaTnueckue COJM TUA30HUS, MOAU(PUKATODBI, CTEKIOYTJICPOIHBIC SIEKTPOJIbI, [IUKIH-
yeckas BosbTamnepomMetpust, K-cnektpockonusa, COM (ckaHupyroIas 3JeKTpOHHAss MUKPOCKOINS), FeKca-
nuaHo(eppar Kaus.
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