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1. Introduction

The unique behaviour of carbon nanatubses {CNT) Include their
remarkable electrical, chemical, mechanical and structural proq-
ertles that make them a very attractive material for a wide range
of applications | 1-3] including the successiul enzymatic detection
of pesticides and nerve agents [4). Single walled carbon nano-
tubies (SWICNTs) offer advantages such as high surface area goad
canductance, laveurable electranic properties and electrocatalytic
elfects making them suitable for use as electrochemical sensars and
blosensors [5).

Metallophrhalocyanines {MPcs) are used in the fabrication of
electrochemical sensars dus to their exceptional physicochemi-
cal, electronic and electro-catalytic properties. The combination of
ﬂﬂlindl’ﬂﬂlwlnﬂ.tlmrniﬂl'-'t|m:laln|:-r|.rr¢1.lj-u|:l-l:nln5 upalat
passibilities for their application as mediators in electracatalysis.
SWONTS have been modified with MPcs through electropalymer-
ization |6, elecrrosorption |7], chemical canjugation |8.9) and
simply by adsarption [10]. The Pe-SWONT composites have been
wsed as sensors for the detection of nitrite [11], nerve agents | 12),
pestickdes [BlL 2-mercaptocthanol (9] hydrazine [10] and far gy
Zen and hydrogen peroxide reduction [13,14], Electrodes modified
with SWONTs mixed with MPcs are known ta be stable far analyses
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In this paper we report on the wse of carbowylic acxl funcrionalized simgle walled carban nano-
tubes (SWENT) in the synthesis of 213 |-rerra-{4-oxo-benzamide phthatocyaninato mobalr (M-sirgle
Walled carbon munctube congugates | CoTORR=SWONT,
slecirecalalitic coddation of smitrode, Cyclic voltammescry, chroncamperametry and edecirochemical
impedance spectrascopy were used far the detection of amétrole on the modified glassy carbon elec-
= eravde. The catalytic rate constant was 1,6 « 100 p=1 5!
was 153510~ cms~". The linear dymamic range was 1.0 = 10-5-3.0 » 105

their characterization and applicatian in the

Arvd the apparent electron rate transfer constant
M, with a senstivity of
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[15]) Both MPes and S\WONTs have been observed ta have SyIer-
Bistic effect on each ather in terms of reactivity towards analytes
[810.12) as evidenced by reduction In oxidation owerpatentials
and improved catalytic currents

In this work we repart an the symthesis of (203)-tetra-{ 4-oxo-
benzamide jphthalocvaninate cobalt {1} {CaTOBPe, Scheme 1) and
Its chemnical linking to SWCNTs 1o give CoTORPe-SWONT. Scheme 2.
The Lamer is employed for the electrocatalysis of amitrale [ 3-amino-
L2 d-triazale),

SWCNTS have been linked to the more readily available
tetraaming phthalocyanines, which have low solubility or to
unsymmetrically substituted phthalocvanines contsining one
amine functionalicy [B.9,16 ). The latter are very challenging o syn-
thesize in addition to problems with solubility. Hence, in this work
we report on 4 pew cemiplex CoTOBPE, which ks tetrasubstituted
with d-oxabenzamide groups which increases the stlubility of the
P amd encourage lormation of chemical linkages with carboxylic
acld functionalized SWENTs. Chemical linkages are important in
increasing the dispersion of SWONTs which are not very soluble,
Also the new complex contains imide bonds between Pe and the
SWONT which have never been reparted before.

The Imide linkages formed between CoTOBPe and SWONT
serve as 3 bridge for the smooth transfer of electrons (o
and from the SWONTs, hence the observed Improvements in
electrocatalytic performances. Amitrale is a toxic non-selective
herbicide used to contral weeds in agriculture [17L Multi-walled
carbon nanotubes paste electrodes | 18] combined multi-walled
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(2)

n-pentano, 145 o
AL, 24 h

Scheme 1, Synihess of & 4-pioboscambde ) g nine | 1 and [ 4-fetoie{danmobenzamide phihalooyasinass coblt (5] [ CoTOBRcL

carbon nanotube-iron tetraamino-phthalocyanine electrodes [19)
and nalionflead-ruthenium axide pyrochione chemically modifed
electrodes [20] have been wsed in the electrochemical detection of
amitrole. This wark alms at using amitrole as 2 test molecule for
the effectiveness of the CoTORPe-SWCNT canjugate In lewering

potentials,
2. Experimental

1. Chemilesls and rengenis

Single walled carbon nanotubes (SWCNTs, 2-10nm in diam-
eter and 1-5um In length, purity (40-60% carbon content),
potassium carbanate, 1,8-diazabicyclo|5.4.0|undec-7-ene (DDA,
amitrode, retrabutyl ammonium tetraflusroborace (TRABF, ), 4-
axabenzamide and pH 4 bulfer tablets were abtained from Aldrich,
S0CI; was obtained from Merck, 4-Nitraphthalonitrile was -
pared according to literature |21]. Dimethyiformamide {[XF) angl
tetrahydrofuran [THF) were from Merck and were freshly dried
and distilled before use. Aqueous solutions were prepared using
Millipare water from Milli-Q Water Systems (Millipore Corp., Bed-
fard, MA, LISA, conductivity range = (.055-0.294 15/cmi). All other
chemicals and reagents were of analytical grade and were uied
as recelved. A stock solution of 1 x 107 M amitrale was prepared
by dissolving the pesticide in methanol and later used to prepane
standards using pH 4 buffer, All other reagents were obiained from
suppliers and wsed as received

22 Equipment

All ebectrochermical experiments (eychic waltammelry, square
wave voltammetry, chronoamperometry and  2lectrechemical

impedance spectrascopy ) were performed using Autolab porentio-
stal PGSTAT 302 {Eco Chemie, Utreche, The Metherlands| driven by
the general purpose electrochemical system dara processing soft-
ware (GPES, version 4.9), Square wave voltammsetric analysis was
carried out at a frequency of 10Hz, amplitude: S0mY and step
patential: 5 mv. A three electrode electrochemical cell comprising
of glassy carbon electrode (GCE) a3 the working electrode {geo-
mietric ared = (LOT1 em? ), platinum wire {Pt) as a counter electrade
and & silverisilver chlaride wire IARIARCD Az 3 peeudo-referenee
clectrade was used. The potential response of AglAgC pseudao-
reference in aquecus canditions was less than the AgapCl (1M
KCl] by 0.015 £ 0.003 V. The aptically transparent thin-laver elec-
trechemical {OTTLE) cell connected to a Bioanalytical Systems [BAS)
LV 3T voltammaograph was used in spectroelectrochemical studies.
Shimadzu UV-2550 spectrophatometer, Peckin Elmer FTIR Spec-
trometer and Bruker Vertex 70-Ram Il spectrometer Lequipped
with a 1064 nm Nd-¥AG laser and a Hequid nitregen cocled ger-
manium detector) were used o collect UV-vis, infrared and
Raman data respectively, X-ray dilfraction (ERD) spectroscopic
data were obtained using the Bruker XRD {Mscovery DB MR The
ARD, FTIR and Raman spectral data for the raw SWONTs. lurc-
tonalized SWONTs (SWCNT-COOH ), CoTOBP:, CoT{EPc-SWCNT,
CoTOBPSWCNT were abtained in their salid forms.

2.3, Synchesiz

23 1. Synthesis of 4-(4-oxobenzamdde | phthafenitrile (1,
Scheme 1)

4-Hydroxybenzamide (2.74g, 20mmal} and d-
nitrophthalonitrile [246g 20mmol) were dissalved in DME
(30 mL] and the mixture stirred at room temperature for 30 min
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Scheme 3. Cosdinatin af CaTORR fo SeONT

urler nitrogen. Therealter, finely ground K; 0, (6,85 50 mmel)
was added portion-wise aver a pericd of 4h, The reaction s
ture was then stirred under nitrapen at roam temperature for
36h. The resulting mixture was added 1o water [100mL] and
stirred for 30 mdn. The resultant precipitate was filtered off. thar-
oughly washed with water, dried and recrystallized from ethanal,
M.p.: 220°C Yield: 317 (60X} FT-IR vpufem™': 3400 {MHgz},
J2R6-3065 (Ar=CH], 2236 (Cml], 1646 (=01 1258 {{—0-),
1178, 'H NMR (CDCly ): &, ppm 8.38-8.36 (d, TH. Ar=H), 8.24-8.23
(d, ZH, Ar=H), B.12-8.11 (d, 1H, Ar=H), 7.73-7.71 (d. 1H, Ar—H),
764 (5. 2H, NH;), 740-748 {d 2H, Ar-H) 'C NMR (DMS0);
& ppm 167.58 (C=0), 16098, 157.12, 13707, 13104, 130.79,
124,12, 123.59, 12022, 11752 (C=N)L 11655 11604, 10857
Cale, for CigHaM305: C GH44, H 345 N 15.95: Found: GE 2,
H 280, N 16.17. MS (ESI-MS) m)z: Cale. 2632 Found: 2645
[ M+H]*,

432 Symthests of T 4-tetro-{4-onobenzamide \phehalocyaminmto
cobalr (1) (2], CoTORPe, Schere |

A mixture of 4-{4-oxabenzamide) phthalonitrile (1) (0.26g
I memal L anhydrous cobalt (Il chloride (.07 g, 0.5 mimuol), DR
(015 mL, 1.0mmal) and dry n-pentanol {3 mL) was heared ane
stirred at 100 °C for approximately 0,5 b under nitragen. The reac-
tion tube was sealed and reaction continued at 145 °C for 24k
under nitrogen ammosphere. Alter cooling te ream mixture, the
solution was paured into & methanolwater (1:1) mixture to pre-
cipitate the crude product The dark blue produc was callected
by filtratkon and washed with acetone fallowed with n-hexane,
The pure product was isolated using column chromatagraphy on
silbca gel and methancl { MeQH) as the elisent. The prosuct was fur-
ther purified on silica gel using CHCly MeOH (1:1] as the eluting
s0lvent,

Yiedd: 0,118 39% Mp.> 200 € FT-IR voasfem-': 3414 [P L
J185-28355 (Ar=H), 1658 (C=0), 1602 (C=C) 1227 (C=0=C) 1163,
849, UV-VI5 Anax (N (loge] in DMF: 330 {4.37), 604 (4.19), 666
(4.93). Anal. Caled. for CagHas N3 05C0: C 6481 H, 2.26: N, 15.12.
Found; C, 64.75; H, 3.22; N, 15.01. MALDI-TOF M5 mjr: Cale
11112 ami; Found; [M+H]" 1112.2 amu,

&.3.3, Synthesis af polyimide CoTORRC-SWONT conjupates | 3,
Scherne 2)

SWCNTs were carboxylic acid functionalized according to liter-
anune [ 22 | ard converted to SWONT-CO0 &3 reported [13.23),

The SWCNT-COC was then refluxed with 0.1 g CoTORRE in 15 miL
of DMF for 144 b, The resulting solid was centrifuged for 20 min,
PMF decanted and the solid washed tharoughly with several poirs
tiens of DMF to remove excess CoTORPe, The resultant palyimide
(CoTOBPe-SWICNT) was further washed with ethanol and the selid
product was dried at room temiperature usder vacuum,

24, Electrochemicnl methods

Before use, the glassy carbon electrode (GCE) was polished on
a Buehler-felt pad using alumina (0,05 wm), and then washed with
millipore water, sonleated far 5 min in millipore water, washed
again with millipore water and then with pH 4 buffer solution, The
GCE was modified with SWCNT-COOH, CaTORPe, CoTOBPc-SWINT
and a mixture (without a chemical bond) of CaTOBRP: and
SWCNT-COOH (CoTOBPC/SWONTL represented as SWONT-GCE.
CoTOBMc-GCE, CaTOBPC-SWONT-GCE and CoTOBPLSWENT-GCE,
respectively. The modifiers were dispersed n DMF through ultra-
sanication for 1 h. The drop and dry method was wsed to maodify the
GCE The modified electrode was then rinsed in pH 4 bulfer sole-
tion before analysis. All selutions for voltammetric studies were
prepared in pH 4 buler. Prior to the analyses all the solutions were
purged with argon gas ta drive out cxygen and an atmosphere af
drgan was maintained throughaut the analyses, Before use for anal-
¥3es, the modified electrodes were scanned bétween 0.0V and 1.0V
fversus Az AgCl (306 KCI)) in pH 4 buffer solution to absain stable
cyclic vellammegrams,

I Results and discussion

scheme 1 shows the synthetic pathways for the phthalonitrile
{1} and phthabocyanine (2] used in this work, The phthalncyanine
camplex 2 was formed by cyclotetramerization of compound 1,
Complex 2 was characterized by FT-IR UV-Vis. MALDI-TOF-MS
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and elemental analysis. The results obtained were in agresment
with rhe predicted structure given In Scheme 1, Peripherally sub-
stitutied complexes always ocour as 8 mixture of isomers which are
difficulr to separate. Scheme 2 represents the possible structure
formed between SWONT and CoTOBPE. Becauss af differences In
size between SWIONT and CaTOBPE, the most possible structure i3
the one where the former is the centre and Pes are coordinated to
It The structure wherne more than ane SWCNT is coordinated tathe
Pc is nat viable because of the much smaller size of the latter,

3.1, Apecrrascopic chavacrerizations

The Q-bancds for CoTORPe/SWONT and CoTORPE-SWENT are
red-shifted ar 667 and 670 nm respectively relative o CaTORPe
whase shsorption maximum Iz at 659 nm, Table 1. The red-shifting
of & nm and 11 am for the mixture and the COnjugare respectively,
is a confirmation of the interaction between the CoTORPE and the
SWONTs and has been observed before aned passibily dise ta -
Iimeractions [ 24] for the former and chemical Hinking in the latter
[25],

Fig. 1 {Supporting Information) shows the FTIR spectra for
SWENT-COOH, CoTOBPe-SWONT and CoTOBPE. The Cst) band far
CoTOBPe is observed at 1659cm-1, The shift of C=( strerch far
CoTOBPe (1635 em=! o 1618 cm-! for CaTORPc-SWONT confirms
linking between CoTOBPr and SWCNT-COOH. The C=0 stretch lor
SWONT-COOH is at 1639¢em-!

FIE da-c(Supporting information ) shows the Raman spoctra for
CoTOBPC SWONT-COOH and CoTOBPe-SWENT, respectively, The
C hand was observed in the range 1545-1600cm~" as in other
stucies |26], while the D band was found around 1262 em~! for
CaTOBPc-SWONT and SWCNT-COOH. The D-bane for the CoTOBP:
was observed at 1341 am ! and is in agreement with literature | 26).
There is significant increase in the D- and G-bands Intensities which
are also accompanied by peak shifts for the conjugate relative to the
SWONT-COOH, an indécation of the incarporation of the CoTORPe
in the SWONT structure.

Fig. 3 (Suppoerting information) shaws the XRD spectral daca
Ter CaTOBP, SWENT-C00H and CoTOBPe-SWENT, The XRD L
trurn for CoTOBPe has one peak at around 27.2°, which is typical
of phthalocyanines | 27). while the SWCNT showed three peaks at
2t-values of 26,00, 42.5° and 53,5 [Z8], The shift In peak on con-
|ugatian could be due ta the formation of a new crystal strschure.,
The lormation of & new crystal strscture is further confirmed by
the presence of & new peak ar 29= 18,0,

A Cyelic vedtemmerry and spectrosdecrrochermical
characterization of CoTO®Pe in salutan

Fig. 1 shows the eyelic (a) and Sguare wave wiltammograms
(b} for bare GCE in 1 mM CaTOBPC (DMEF) in the presence of 01 M
TRABF, &5 a supporting electrolyte, Three dustinctly resolved redax
pracesses (1, Il and 1) were ohserved, Fig 1, Couple | has an
Eyja = <042V, while processes Bl and W are at patentials +0.45
{Ep] anel +1 O3V (Bl respectively, versus AgIAECL Couple | and
process Il are metal-based redax processes, while process 0 is
ring-based. in accordance with literature for CaPe complexss in
DMF [29]. In this paper, anly spectral changes far process Il were
undertaken in arder to determine the species thal were involved
in the catalysis of amitrale. Upon oxidation (at potential of process
W), there was a red-shift in Q-band positicon (from G64 to 667 nm,
figure not shown) with ne significant change in Intensity, Such
spectral transformations are in agreement with the oxidation of
Co" to Co¥ species and this confirms the assignment of peak Il to
Co''"Pe-2}CollPe-2 process as observed in ather studies |30,

im‘h‘; s

3 <1 05 1] 0.5 1 15
EiV vs, AglagCl

FIg. 1. (4] Cpelie voMammaogram (sean rabe= 100 mvs) AN b} sgpeare veave voltaes-
mogTam | lrequency= [0Hz, amplicude = 50 and irep galmmibal= 5o\ for bare
CLE i & mM CoTORR. Seppocting clecirel ye =0, W TEASE,,

13, Surface characrerizadion

33.1. Elecrrode befaviours in [RefCN ) 0-4- fedax prode

The comparative CVs for the modifisd glassy carbon clectrodes
used in this work in were done in the presence of the [FelCN g |-
redox probe (fgure not shown, but data in Table 1]. The
cathodic to anodic peak potential separation {AE;] Tar bare GCE,
CoTOBPc-5WICNT-GCE, CoTOBPe/SWCNT-GCE, SWONT-GCE and
CoTOBPe-GCE are 84 mV, 61 mV, 75 W, GOV and S0 mY [versus
AglARCT) respectively at a scan rate of S0mV)s, Table 1, These Ak
values indicate that the electrode modifiers did net inhibic the Naw
af electrons. and as such they could be used as reaction mediatars
inelectrocatakysis, The arder in Lerma af electran transfer efMciency
is therefore CoTOBPc-SWONT-GCE > bare GCE > SW\NT-GCE =
CoTOBPe/SWONT-GCE » CaTOBPe-GCE. canfirming the good elec-
tran transfer kinetics for the linked complex compared ta the rest
af the medified electredes, including the bare GCE. The smaller
AEp value for CoTOBPe-SWCNT-GCE (61 mV) is indicative of the
presence of linkages between the CoTORPe and the SWONTS which
facilitate the easy exchange of electrons between the analyte and
the clectrods, Using the cyclic voltammagrams of [F{CM g 413
in 0.1M of KCI and applying the Randles-Sevelk Eq. (1) for &
reversible system |31] the modified electrode surface area far
CaTOBP-SWONT-GCE was found to be 0,18 e

lp = 2,69 « 1P 34, D 20y 112 i1

where i is the number of electrons transferred (r=1), Dvis che il
fusion coefficient of [Fe{CN) |*~ (7.6 « 108 cms) |31]) & is the
scan rate, A li the modified electrode surface area, © |5 the bulk
concentration of [Fe{CN s |* (1« 107 mal L"),

3.32 Electrade behaviowrs in pH 4 buffer sofurian and surface
coverage

Figz 2 shows the cyclic voltammagrams for  bare
GCE, SWCNT-GCE. CoTOBPe/SWONT-GCE,  CoTO8P: and
COTOBRc-SWONT-GCE, all in pH 4 buler, The exidation al amitrale
was found ta be optimum at this pH, hence it was employed in
these stwdies [19), CoTOBPc-SWENT-GCE, CoTOBPe/SWCNT-GCE,
CaTOBPC-GCE) show broad peaks beoween 0.6 and 0.9 which are
assaciated with Co'l\Co' process In comparisen with lierature
32]. Increases in peak currents and shifts in peak potentials
towards more positive values were chaerved for the COnjugate as
the scan rates increased, A Nipear relationship of the plot of back-
ground corrected current versus sweep rate [ 100-800 mvg) lar
COTORPC-SWONT-GCE was observed, inset Fig. 2. This behavieur |s
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Tahile 1

Summary of specirommpic daca, vl ammsiric and EIS i dmetari.
Electioide oy wama | Tomv ] RAF AF [V | P Ol |4 [y (W1 Amirole Rey 2| " g iomal)
Bare CCE 4 g 540 052 T L
CaTdake 5590 fifn [Ta] i 30,49 hE] ET - §
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CoTOBPSWORNT BGT nim 15 0Eg 5,13 [t 106 = 10 3
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1.50 = 90 #

o
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L L= LTS Be 1 L3

Fig & Oyl yeltammograns In pH 4 e for Bire GOE SWENT-CCE
CoTOBPC SWCNT=COE. CoTOBP - GOE ami CoTOH Pe- SWTNT-GCE Inser; phod of cur-
pent versus soa rale for CoTDRMe -5WNNT. Scan rafe = 1040 mjs.

typical of surface-immaobdlized species, From the slope of chis linear
plot amd using Eq. {2} [33], the surface coverage was calculated,

neFe

r|1'I ﬁuﬂﬂ-ﬂm I:I]

where I 18 the background correctedd peak current, m 18 the number
of transferred electrons, F is the Faralay constant, My is the film
surface coverage, A Is the modifled electrode surface area (0,15 ome?
fram abowe), 12 @8 the scan rate, R is the gas constane andd T is the
temperature. The value of the surfsce coverage was found o be
1.20 = 10° " molem-* and this is slightly higher than a monolayer
surface coverage (34| for Pc modecule lying Mat on the electrode
surface. The higher surface area could be due to the presence of the
SWIONT,

24 Detecrion af emimale

341 Comparative cpole wol tamimelric Fespomies fowards
amiidrole

The bare GCE, CoTORPc-SWONT-GCE. CoTORP/SWCNT-GCE,
SWEMT=GCE and CaTOBPe-GCE were uses inthe oxidaticon of amit-
rale (imset in Fig. 3] for comparative purposes, Fig 3. Since he
complex, CaTOBEPe-SWCNT is a comibination of CaTOBEP: and SWC-
NTs It was reasonabbe to assess [helr individual oxidation potentials
to enable conclusive deductions to be made abowt their catalytic
efficiencies relative to CoTORPC-SWONT electrade. The observed
peaks in the region 0.8-1.0V are due to the oxidation of amitrale
&8 abserved in other studies 18] The cxldathon pesks (Takle 1)
for amitrale were observed at 0,92V, 081V, 084V, 0.B5V and
050V [versus AgiAgCl) far the bare GCE, CoTORPe-SWENT-GCE
CoTOBPc/SWCNT-GCE, SWINT-GCE and CoTORBFc-GCE, respec-
fvely, Compared to the oxidation of amitrole on FeTAPc-SWIONT
[TAPe = tetraaminophthalocyaning) conjugates 8] that contain
amide linkages which occurred around 090V [versus AglAgCl)
there is a huge improvement In the catalysis of the same
compaund an CoTORPe-SWONT-GCE (081 V)L which contains
imide bords, The CaTOBPc-SWOCNT-GCE (Fig, 3}, shows higher

e

0.1 08 a8 11

Fig. 1. Tyclic volkamimegrasd in I mM amitvole (in pH 4 bulfer] for bare GOE
CoTOEPCISWINT-CCE, CoTOlPe-GOR, S¥NT-GOE and CoTO8Pc- SWONT-GCE.
Scanm raspe = 100 e

oxidation currents at reduced axidation overpotentials compares
to Che rest of the electrodes, confirming its better catalytic prapers
ties. The sharp rise in current at the Inception of the axidation of
amitrale I2 a clear indication af the good electrocatalvtic groper-
ties of CoTOBPe-SWONT electrode. Due to the nature of chemical
linking, conjugates form three-dimensional surface arrays on the
electrode surface. These arrays have very large surface areas and
are highly porous, therefore easily acoessed by the analyte, result-
ing in the easy oxidation of amitrole an CaTOBPC-SWINT-GLE.
As shoven from Fig. 3, the axsdation of amitrale oocurs on the
CoTOAP:-SWCNT-GCE &t potentials for the Co™ Pe process, hence it
is catalysed bry these species, Fram Fig, 3 itcan be confirmed that the
CoTORPC-SWENT electrole s superlor relative to the other elec-
erosdes hence It was further used in the exidation kinetic studies of
amitrole.

Fig. 4 [Supporting Information] shows the varations in stabll-
ity of the lollowing electrodes CoTORPE (a), CoTORPe/SWINT (b)),
CaTORPe-3WOCNT [c]. SWONT (d)L. and bare GC (&) in the pres-
ence af 1mM amitrale (pH 4) over 20 continuous cycles, The
order in the deap in current from cycle 1 o 2 i as folbows:
SWONT-GCE (13 8 pA)> CoTORPc-SWONT-GOE (134 wA) > bare
GCE (V1B pA) > CoTOBPe/SWENT-CGCE (9.0 wA)» CoTOBPc-GCE
(8.7 wA)L The fouling of the electrode is a continuous process,
Successful regeneration of CoTOBPe-SWCNT-GCE( Fig. 4 inser, Sup-
porting inlormatkon] was achieved by shaking the electrode In
methanal and szanning (using cyclic voltammetry) in pH 4 buffer
solution. Methanaol dissolves away all the amitrobe axidation prod-
ucts. The regeneration and reproducibility of the voltammograms
confirmed little ar poe beaching of the catalyst, This minimal keach-
Ing is atiribusted tothe dual combination of strong -1 interactions
between the GCE and the CoTORPe and S\WIONT companents af the
conjugace. Under conditions of contineal use and storage in pH 4
bufTer, the electrode has a life span of more than three months, $m-
ikarly ather electrodes could be repenerated though the life spans
wire |ess than that for CoTORFe-SWONT-GCE,
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Fig. 4. (a)] Nyquist ploc af [i} baee GER (1) CoTOBPC-GCE, (ili) SWENT-CCE ()
S TCIP SVWENT -GOE and (v CoTalPe-SWENT-CCE rmcarded in 1OmM ami-
mie [pH 4 buffer]. nset for [a) suggesied Randle equeivalent crculd madel Tor
the impedance spectram (RE=referonos el ecimde, Wi =anrking elecivodi] and
(o] nypical Bode ploes (phase agle wnius log [ obtained Tor [§] bue GOT, K
CoTORPEIWENT-CCE. (il SMAEONT-6GEE, Ire) CoTDBPe aad (v CaTTtRPe-SWCRT
in A mM amiirole {pH 4 Buifaer)

I4.2 Kinerc shudies aof emdtrale on ColOBRC-SWONT-GCE

Fig. Sa (Supporting information) shows the evelved amit-
rele voltammograms on CoTOBRC-SWONT-GCE as the scan rate
increased (from S0mVs to 1000 m¥s) The amitrole exidation
peak shifted towards the positive patential, an Indication af irre-
wersibility of the reaction. A linear plot of current versus root of
scan rate {Fig Sa inset, Supparting information) confirmed that the
rrreviersible catalytic exidation of amitrobe 15 difssian cantrolled.

The relationship betwesn peak patential and scan rate for an
irreversible diffusion-controlled process is given by Fg, (3] [35]:

2.3RT

= 1 —angT
where o is the transfer coefficient, ng i the number of electrons
imvolved in the rate defermining step. © is the scan rate, X is a
constant and the remaining symbals have their usual meaning.
Plot af By versus log v (Fig. 5b, Supporting infarmation) gave a
linear relationship represented by Eg. (4] with a Tafel alope of
200 mV decade.

Ep = 01006V decade ) log v 4 06752V (4]

High Tafel slopes have no kinetic meaning and are caonsistent with
substrate-catalyst interactions in & reaction intermediate [20] or
simply passovation of the electrode surface. Tafel slopes much
greater than the narmal 30- 120 mVdecade-" for one electron rate
determining steps are knawn |36 ] amd have been 3150 been lnked
o chemical reactions coupled (o electrochemical steps | 35),

Ep log v+ K (3

143 Electrochemical impedance specirescony

A three electrode electrochemical impedance Apectroscopy
(EIS) was used to probe the redox and structural features of
the different warking electrodes (WEL Fig. 4a shows the Nyqulst
plots abtained in 1 mM amitrobe, The bare GOE, CoTOBPc-GCE

CoTOBPc-SWONT-GCE and SWONT-GCE displaved identical semi-
clrcular Nyguist plots with a stralght line porticn at lower
frequencies, Semi-circles represent a combinstion of charge trans-
fer resistance and the double layer capacitance of the electrode
modifters and represent kinetically controlled movement of elec-
trans [37], The straight line portion represents the Warburg
impedance which takes into account the frequency dependence on
diffusion transportation to the electrode surface. The represe nta-
tive circuit for the Myquist plats [Fig. 4a] is shawn in Fig. 4a (inset),
where Rg, CPEy, Rer and W orepresent solution resistance, a con-
stant phase element (corresponding to the double layer capacitance
at the electrade surface], the charge transfer resistance amd the
Warburg impedance, respectively.

The diameter of the semi-circle is proportional ta the
charge transfer resistance, hence electron transfer properties
can be determined. The order of decrease of electron trans-
fer efficlencles {in the form of decrease in RBer) s as follows:
COTOBPC-SWCNT-LCE » CoTOBPe/SWENT GO » SWUNT-GOE »
CoTOBPc-GCE > bare GCE {Fig. 4a), Such a trend was also observed
from the cyclic voltammetry of amitrale on different elec-
trodles (Table 1), where CaTOBPC-SWONT-GCE showed reduced
patentials and improved currents,

At the frequency reglon of the Impedance under study, the
charge-transfer resistance (Rey) decreased (Tabde 1) far the elec-
trode modifiers due to facilitation of the electran-tramsfer, an
indicatsan that films form high electron conduction pathways
between the electrode and electrolyte/analyte as abserved else-
where (28], Table 1 summarizes the various parameters abtained
for the different electrodes that were used for the oxidation of
armitrobe

The p-values are greater than 0.6 but <1, an indication of the
nar-capacitative nature of the clectrodes. The apparent electron-
transfer rate constants, Ky, were abtained using Eq. [5)]349],

& NT
==

where Cis the concentration of amitrale (1 « 1075 malem 3%, with
R, T and F having their usual meanings. As reflected in its Kapg
and Rer values, the CoTORPC-SWCNT-GCE has the fastest electran
transfer properties towards amitrole compared to other electrodes
investigated in this work. However, it i interesting to note that
SWONT on their own show a relatively higher electran transfer
rate constant compared to the CoTOBPe and bare GCE. Therelore
it is not surprising that a combination of the CoTOBPC and SWC-
NTs (a5 & mixture or chemically linked ) results in kigher apparent
rate constants, Table 1, confirming the already predicted synengism
between the bwo compounds,

The Bade plot (plot af phase-shift () versus the log frequency |
Fig. 4b, was used 1o obtain frequency related infarmatian. which
cannot be obtained from the Nyquist plot. These Bode plats con-
firmed the structural differences af the various electrades. All the
electrodes showed Bode angles of less than 50°, an indication
of their non-capacitative nature, hence permeable to lans [40).
Changes in the phase angles and freguencies relative ta the bare
GCE chserved on all the electrodes confirmed that the oxidason of
amitrole was taking place at modified surfsces rather than an the
Bare GOE surface

(=]

144 Chromoomperssiertc studies

Catalytic rate constants are measures of how [ast redox prao-
ceszes proceed at the electrosle/analyte interface, The rate of
oxidation of amitrale was evaluated an the CoTOBRc-SWENT-GCE
through chranoamperametric studies, Fig. 5 shows chronoamper-
agrams for (i) Blank, pH 4 buffer only, (i} 5 &M, (i) 10 &M, (iv)
15, (v] 20 kM and (vi) 25 M af amitrole {li-vi in pH 4 buffer)
produced on polarized CaTORPe-SWONT=GCE. Fi. 5, inset, a plat
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of current versus the concentration of amitrode shows a linear rela-
thanship with a sensativity of 113 A mol™ " Lem 2, an indication that
this electrode can be successfully employed in the anabysis of amit-
rale

At intermediate times (= 1=53) used In this study, the catalytic
crrent [fogr ) 15 dominated by the rate aof the electro-catalysed oxi-
dation of amitrode on the redox reaction sites ef the surface confined
CaTOBPc-SWONT speches. The catalvile rate constant can be deter-
mined according to a lterature methosd, Eq, (6135

:m' - pliigia
t“r

wihere [ and Iy are currents in the presence and absence of
amitrale, k iz the catalytic rate constant (M1 51} C i the bulk
concentration of amitrale and ¢ the elapsed chime b deconds
Fig. 6a (Supporting information) shows the lnear plats of La: /gy
wersus ' for amitrole, From the shopes of plots in Fig. Ga (Suppoart-
ing information ), plats of the square of slopes versus concentration
were obitained (Fig. 6b, Supporting informarion) whase slopes are
equal to k. The linear equation is shown by Eq.(7L

= x 12 [kcr) '3 (6

- i : 4 ! -
¥ EI.[IﬁEMrmrrm'ﬂ]{m} 023757, B = 0.58953 (7

The value of k was found ta be 1.6 10°M-'5-1, a value
higher than (but with the same order of magnitude)
1.2 10FM-"5-"  obtained on  CaTCPe-SWONT]linked -GCE
|41] [TCPe=tetracarboxyphthalocyanine) showing that the oxi-
dation af amitrole 15 faster on CoTORPc-SWONT-GCE. A plot af
log Ip versus log|lconcentration] [Rgure not shown) indicated thas
electrocatalysis af amitrale s first order, This implies that ene
analyte molecule interacts with one malecule of CaTORP-SWENT.
Using the alresdy stated arguments and also that Colll)iCalll)
process is implicated in the catalysis, the proposed mechanism for
the catalytic oxldation of amitrode |s by Eqgs. (B) and [9):

ColllTORP: - SWENT 5 [ColIlTOBP 2| -SWONT (8)

2 ColIlTOBPe-2]" " _SWONT + Amitrole ~  2Co{IlTORPe-2
-SWIINT + amitrole oxidation products (9]

The axidation ol amitrole occcurs in the stability range of the
Coll1lTOAPc~ species, hence the latter is Involved inthe mediation
process, Eg. (B shows the axidation of amitrale and regeneration af
the CoTOBPc-SWCNT electracatalyst, The axidation of amitrale is
& known two electron process [ 20]. The SWENT i3 there ta increase
the rate of electron transfer at the electrade surface,

4, Conclusions

CoTOBPC-5WONT conjugates were successfully synthesized
characterized and applied lar the study of the electrochemical
Behaviour af amltrale, Varous kinetic parameters such as the
Apparend rare congtant and Kipelic rabe constand Tor amimole
were determined using electrochemical impedance spectroscopy
ard chronoamperometric studies, respectively. Chemically linking
CaTOBPe to SWICNTs produced very good placforms for the easy
electrocatalytic oxidation of amitrobe, This electrode showed rela-
tively good resistance to passivation from amitrole and [ts oxsdation
products and s easily regenerated through shaking in methancd
and cyclisation in pH 4 bulfer,
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