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3 RESULTS AND DISCUSSION

3.1 2-Dimethylaminoethanethiol Self Assembled Monolayer
3.1.1 Electrode Fabrication and AFM Characterization

Scheme 3.1 represents the self-assembly fabrication from bare-Au
to Au-DMAET-SWCNT-PABS. The build-up and formation of the films
on gold plates were confirmed using AFM technique. Figure 3.1 shows
the comparative AFM images of the (a) bare-Au (b) Au-DMAET and (c)
Au-DMAET-SWCNT-PABS. There was no significant difference between
the thickness of the bare-Au and Au-DMAET, which is expected for this
short-chained alkanethiol SAM as other workers Y also, did not
observe any difference between bare-Au and on modification with
long-chained SAM of 11-amino-1-undecanethiol. AFM features for the
immobilisation of SWCNT-PABS on Au-DMAET show there is clear
evidence of flat lying tubes on the surface of the DMAET molecules
expected for a side walled functionalised CNTs using the negatively
charged sulfonic group to form electrostatic attraction with the

positively charged amino of DMAET (Fig. 3.1c).
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Scheme 3.1: Cartoon showing the schematic representation of the
SAM formation of DMAET and DMAET-SWCNT-PABS.

Figure 3.1: Topographic AFM images of (a) bare-Au (b) Au-
DMAET and (c) Au-DMAET-SWCNT-PABS.
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Furthermore, there is a continuous increase in maximum height
(from a-c) as shown by the data in Figure 3.1. Also, the root mean
square (Rq) of the roughness profile follows the same trend where,
bare-Au (0.81 nm) < Au-DMAET (1.06 nm) < Au-SWCNT-PABS (1.95
nm). These facts provide evidence for the formation of the base
monolayer and the subsequent attachment of SWCNT-PABS onto the

electrode surface.

3.1.2 Protonation / Deprotonation Effect or Cyclic

Voltammetric Behaviour in Various Electrolytes

Figure 3.2 compares the CV profiles of the three electrodes in PBS
(pH 7.4). The reversible voltammogram for the Au-DMAET SAM is
similar to those observed by White and co-workers for
mercaptoundecanoic acid (MUA) SAMs on Ag(III) [?!, Burgess and co-
workers for MUA on polycrystalline gold ! and 4-mercaptobenzoic acid
(4-MBA) SAMs on polycrystalline gold electrode [*!, which I associated
with the electric field induced prototonation/deprotonation of the -

COOH head groups rather than a Faradaic process.
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— - —-Bare-Au
Au-DMAET
Au-DMAET-SWCNT-PABS

-0.2 0.0 0.2 0.4 0.6
E/V (vs. Ag|AgCl, sat'd KCI)

Figure 3.2: Typical cyclic voltammetric evolutions of the bare-Au,
Au-DMAET and Au-DMAET-SWCNT-PABS electrodes in PBS pH 7.4.

I believe that the same process is what is being observed in this
case, i.e., electric field driven prototonation/deprotonation of the -

N(H)*(CHs), head group of the DMAET (Eq. 3.1):

- Ht
%‘S/VN@ %»S/\/N\ 31

Au

Figure 3.2 clearly suggests that the integration of the SWCNT-

PABS via electrostatic interaction leads to suppression of the
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protonation/deprotonation process. To test this hypothesis, 1
conducted a series of experiments in different unbuffered electrolytes
(50 mM K,S04, KCI, NaF, K;S0O4 and KCIO4) with a view to establishing
the impact of cations and anions on the evolution of this DMAET
reversible voltammogram. As exemplified in Figure 3.3, unlike the NaF
and KCl that showed the same reversible process as the PBS, the
K:SO4, and KCIOs (not shown) suppressed the Au-DMAET
voltammogram. Repetitive scanning in any of the electrolyte showed
stable voltammograms (exemplified in Figure 3.4 with NaF). It may be
inferred from the CVs that (i) the appearance of the reversible peaks
in chloride and non-chloride solutions (PBS and NaF) rules out this
possibility adsorption/desorption of chloride ions being responsible for
the peaks; (ii) cations do not have any impact contrary to the report of
Rosentahl and Burgess on 4-MBA ', and (iii) anions have impact but
possibly depend on the size of anion; SO4* and ClO4 are
approximately of the same size and larger than CI" that did not show
any impact. Unlike the SWCNT-PABS, the original Au-DMAET
voltammogram can be regenerated when re-immersed in KCI solution
(Fig. 3.3), meaning that SWCNT-PABS is irreversibly adsorbed onto
the DMAET while the anions are weakly adsorbed. The CV of the SAM
of Sodium 2-mercaptoethanesulphonate (same structure as DMAET,

differing only in the head group) was also examined and no peaks
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were observed in the PBS (Fig. 3.3 inset), which confirms that the

reversible peaks in DMAET SAM arise from its amino head group.

— - —-Bare-Au

0.1pA

I — - — -Bare-Au
Au-MES

Y-

—

~
— — — Au-DMAET-KCI

AuDMAET-NaF
Au-DMAET-K2S04
Au-DMAET-KCI (recovered)
= = Au-DMAET-PBS(no KCI)
s DMAET-PBS(KC)

0.0 0.2 0.4
E/ V (vs Ag|AgCl, sat'd KCI)

0.6

P

0.1 0.2 0.3 0.4
E/ V (vs Ag|AgCl, sat'd KCI)

0.5 0.6

Figure 3.3:

Typical cyclic voltammetric evolutions of Au-DMAET in

50 mM PBS (pH7.4), NaF, KCl and K;SO4; Inset shows the CV of the
Sodium 2-mercaptoethanesulphonate SAM in 50 mM PBS (pH7.4).

Furthermore, the behaviour of the observed peak was also studied

in PBS at different pH values. Figure 3.5 shows that the position of the

peak potentials shifted as a function of the electrolyte’s pH with a

slope of ca. - 51 mV dec™.
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Figure 3.4: Cyclic voltammetric evolutions depicting the repetitive

cycling of Au-DMAET in 50 mM NaF.
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Figure 3.5: Typical cyclic voltammetric evolutions of Au-DMAET in

phosphate buffer solutions at different pH levels.
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3.1.3 Surface Coverage

Next, cyclic voltammetric reductive desorption experiment in 0.5 M
KOH between 0 and -1.2 V (vs. Ag|AgCl sat’d KCI) were conducted.
Equation 3.2 represents the chemistry of such irreversible desorption

of the DMAET SAM:

Au/S\/\N/+ S o AUt M+S_\/\N/ 3.2

\ N\
where, M+ represents the cation from the electrolyte [®). The same
equation holds for the DMAET-SWCNT-PABS. Figure 3.6 shows the
sharp desorption peaks at -0.72 V and -0.68 V for DMAET and DMAET-

SWCNT-PABS, respectively.

Au-DMAET scan 1
— — — Au-DMAET scan 2
Au-DMAET-SWCNT-PABS scan 1
----- Au-DMAET-SWCNT-PABS scan 2

-1 -0.8 -0.6 -0.4 -0.2 0
E/ V (vs. Ag|AgCl. sat'd KCI)

Figure 3.6: Cyclic Voltammetric reductive desorption of DMAET
and DMAET-SWCNT-PABS in 0.5 M KOH.
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From the area (i.e., charge, Q / C) under the respective reductive
peaks, the surface concentrations (/sam /mol cm™2) of the DMAET and

DMAET-SWCNT-PABS were estimated from Equation 3.3:

[ sAam = 3.3

where n represents number of electrons transferred (equals 1), F is
the Faraday constant and A is the experimentally determined area of
the gold electrode. The 'say was approximately 0.53 nmol cm™ for
DMAET and 0.58 nmol cm™ for DMAET-SWCNT-PABS. This similar
surface coverage for both SAMs suggests that the observed
electrochemistry was due to SWCNT-PABS attached onto the surface of

the DMAET molecules.

3.1.4 Electron Transfer Dynamics: Estimation of Surface pK, of
DMAET
The charge transfer resistance (R./Q) values, extracted from the
impedance spectra using the Randles equivalent circuit shown in
Figure 1.5 to fit the data, decreased as Au-DMAET (112 Q) < Au-
DMAET-SWCNT-PABS (115 Q) < bare-Au (730 Q). The slightly faster

electron transfer recorded at the Au-DMAET compared to the Au-
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DMAET-SWCNT-PABS is attributed to the strong electrostatic attraction
between the positively charged DMAET and the negatively charged
[Fe(CN)s]>™/*" species.

The pK, of the surface-confined species is the value of the pH in
contact with monolayer when half of the functional groups are ionized
(791 Figure 3.7 represents typical impedance spectral profiles of Au-
DMAET in PBS solutions of [Fe(CN)¢]>7%. Increase in solution pH from
~4.5 to 9.0 clearly depicts changes in electron transport, signified by
increasing R¢ values shown in Figure 3.8. At low pH (< pH 7.0), the -
N(H)*(CHs), head group is mostly protonated (reverse reaction of
Equation 3.2 favoured) thereby enhancing electrostatic attraction
between the Au-DMAET and the negatively charged [Fe(CN)g]>7*
redox probe. However, increase in solution of pH>7.0 leads to an
increase in R caused by deprotonation process (forward reaction of
Equation 3.2 favoured) resulting in electrostatic repulsion between the
DMAET head group and the redox probe. From the mid-points of the

Ret vs. pH plots (Fig. 3.8), the surface pK, of the DMAET was estimated

as ~7.6, which is about 3 pK; units lower than its solution pK; of 10.8

[10]
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Figure 3.7: Examples of the impedimetric responses of Au-DMAET

at different pH values of [Fe(CN)s]>/ [Fe(CN)s]’* solutions.
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Figure 3.8: Plot of Charge Transfer Resistance (Rc) from the
impedimetric responses of Au-DMAET vs. pH in [Fe(CN)s]®/
[Fe(CN)e]’* solutions.
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The reason for this large shift of pK,, as opposed to the usual
order of < 1 pKj, is not understood at this time. However, the results
are similar to the observation of Saby et al. 11! who reported a shift of
the pK, of benzoic acid from a value of 4.2 in solution to a value of 2.8
when covalently attached onto a glassy carbon electrode, which they
speculated to be due to some specific interfacial effect between the
carbon surface and the carboxylate functionalities or the phenyl ring of
the layer. On the other hand, Abinam et al. [*2! who also observed
such large shifts in benzoic acid proved this to be due to some
thermodynamic effects. Also, interestingly, Abinam et al. [*3! observed
a large shift in the pKj, of “Jeffamine” from a value of 9.7 in solution to
a value of 7.1 when covalently attached onto a carbon substrate and
attributed that to entropic contribution arising from the
ordering/disordering of solvent molecules at the carbon-water
interface. Therefore, these results may be connected with some
specific interfacial effect between the DMAET and the gold surface or

thermodynamic effects playing some interesting role.
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3.2 Single Walled Carbon Nanotubes and Nanosized Iron (II)

Phthalocyanine modified Gold Electrodes
3.2.1 LBL Self-Assembly

Figure 3.9 shows the FESEM images of (a) Iron (II) phthalocyanine
microcrystals and (b) Iron (II) phthalocyanine nanoparticles
(nanoFePc) clearly confirming the successful nanostructuring of the
bulk (crystallite form) FePc molecules to their amorphous,
nanoparticles protected by CTAB particles. The EDX profile of nanoFePc
depicted in Figure 3.9 (c) confirms the presence of iron and the
sulphur peak at 2.4 eV could have arisen from the synthesis.

The multilayer build-up depicted in Scheme 3.2, involving
nanoFePc and SWCNT-PABS follows the well known LBL technique,
where steps (ii) and (iii) are repeated four times for this assembly. To
my knowledge, this is the first time this type of molecular building

involving both SWCNT-PABS and FePc complex is described.
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Figure 3.9: Scanning electron microscopy images of (a) Iron (II)

phthalocyanine microcrystals and (b) Iron (II) phthalocyanine
nanoparticles. (c) EDX profile of Iron (II) phthalocyanine

nanoparticles.
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(i) =Immerse electrode in SWCNT-PABS solution for 1 Hr i
(iii) = Immerse electrode in narfeePc solution for 2 Hrs :
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Scheme 3.2: Schematic representation depicting the layer-by-layer
assembly of nanoFePc and SWCNT-PABS on gold surface. The
fabrication conditions are as stated in the experimental section. Note

that this representation is merely a cartoon, so not drawn to scale.

3.2.2 Characterization
3.2.2.1 Atomic Force Microscopy

The AFM images of the bare-Au, Au-DMAET and Au-DMAET-
SWCNT-PABS are shown and discussed in section 3.1.1. Figure 3.10
shows typical 3-D AFM images of (a) Au-DMAET-SWCNT-PABS and (b)
Au-DMAET-(SWCNT-PABS-nanoFePc);, (c) Au-DMAET-(SWCNT-PABS-

nanoFePc); and (d) Au-DMAET-(SWCNT-PABS-nanoFePc)s.
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Figure 3.10: 3-D AFM images of (a) Au-DMAET-SWCNT-PABS and
(b) Au-DMAET-(SWCNT-PABS-nanoFePc);, (c) Au-DMAET-(SWCNT-
PABS-nano FePc)s and (d) Au-DMAET-(SWCNT-PABS-nanoFePC)s.

As can be seen from the data in Figure 3.10, there is a continuous
increase (from a-d) in the root mean square deviation (Rq) and
maximum height (R;) of the roughness profiles, indicating the
formation of the various modifiers on gold plate. The electrostatic
attraction between the negatively charged SWCNT-PABS and the
positively charged nanoFePc particles resulted in an aggregation of
nanoFePc particles forming clusters in the path of the tubes (Fig.
3.10b). Other important observations here include that the first

SWCNT-PABS layer on the electrode (i.e, DMAET-SWCNT-PABS) is
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much thicker than subsequent SWCNT-PABS layers (nanoFePc-
SWCNT-PABS), suggesting that the interaction between the base
monolayer (DMAET) and SWCNT-PABS is stronger than that between
SWCNT-PABS and nanoFePc. Previous investigations have shown that
MPC and related complexes strongly adsorb on CNT-modified
electrodes %, In addition, nanoFePc is thicker on the first bilayer
compared to the subsequent bilayers, possibly due to the strong
electrostatic interactions between DMAET and SWCNT-PABS. The AFM
images (exemplified in Figure 3.10) show growth and formation of
SWCNT-PABS-nanoFePc films’ root mean square (rms) increasing

proportionally with increasing bilayers (Fig. 3.11).
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Figure 3.11: Plot of surface coverage (I') and Root Mean Square

(rms) of nanoFePc vs. bilayers.
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3.2.2.2 Surface Coverage

Cyclic voltammetric evolutions of the bilayers in PBS (Fig. 3.12)
showed clear quasi-reversible redox couple centered at E;,, = 0.22 V
(vs. Ag|AgCl, sat’d KCl) which, based on redox-active FePc thin fims
reports, is attributable to the Fe!'/Fe' redox couple [**l. Both Au-
DMAET and Au-DMAET-SWCNT-PABS exhibited similar quasi-reversible
processes as for the bilayers (not shown) but these couples are very
weak with current responses much smaller (~ in the nA range) than
the nanoFePc (in the pA), supporting the assumption that the redox
process is due to nanoFePc. As the bilayer increases, the charges
(anodic and cathodic) decreased.

The surface coverage (/wec /mol cm™2) for each of the SWCNT-
PABS-nanoFePc bilayers was obtained by integrating the anodic
charges (Q) and employing the formula given in Equation 3.3. From
the plot of surface coverage vs. the number of bilayers (Fig. 3.11), the
first layer (120 pmol cm™) was higher than the subsequent (2 - 5)
bilayers (ca. 30 pmol cm™), implying that the first nanoFePc layer
mainly assumed standing/vertical orientation while the subsequent
nanoFePc layers lie flat on the underlying SWCNT-PABS layers (as
depicted in the multi-layer cartoon, scheme 3.2). The highest coverage
seen on the first bilayer suggests presence of more nanoFePc than

subsequent layers, corroborating the AFM topographic evolutions.
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Figure 3.12: Typical CV profiles of (i) bare-Au, (ii) 1%, (iii) 3" and
(iv) 5™ bilayers at a scan rate of 30 mV s! in PBS (pH 7.4). Current
response decreases from (ii) to (iv), indicated by the direction of the

arrow as the number of bilayers increase.

3.2.2.3 Cyclic Voltammetry

Figure 3.13 illustrates the CV evolutions of the electrodes in the
same electrolyte conditions (5 mM [Fe(CN)s]* / [Fe(CN)s]*). The
experiment was aimed at answering the question as to what extent do
the modifying species permit the electron transfer of the [Fe(CN)s]* /
[Fe(CN)¢]* to the underlying gold electrode. The CV responses of the
electrodes (including the nanoFePc-SWCNT-PABS (not shown) as the
outer most layer) were essentially the same in terms of (i) the anodic

(Ina) and cathodic (I,) peak current heights, (ii) the peak-to-peak
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separation potential (AE, =70 mV vs. Ag|AgCl, sat’d KCI), and (iii) the

equilibrium potential (Ey/2 =0.25 V vs. Ag|AgCl, sat’d KCI).

Au

= = = Au-DMAET

— — — Au-DMAET-SWCNT-PABS
— - —-Au-DMAET- SWCNT-PABS-nanoFechl

Au-DMAET-(SWCNT-PABS-nanoFePc)2
Au-DMAET-(SWCNT-PABS-nanoFePc)3
SWCNT-PABS-nanoFePc
SWCNT-PABS-nanoFePc

;;;;;;;;;;;; Au-DMAET-
..... Au-DMAET-

a
5

-0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6
E /V vs. (Ag|AgCl, sat'd KCI)

Figure 3.13: Typical CV profiles of the bare-Au, Au-DMAET, Au-
DMAET-SWCNT-PABS and Au-DMAET-(SWCNT-PABS-nanoFePc);-s
assemblies in 0.1 M KCI containing equimolar mixture of [Fe(CN)s]*/

[Fe(CN)s]’* solutions at a scan rate of 25 mV s*.

3.2.2.4 Electrochemical Impedance Spectroscopy

Impedance spectroscopy provides a better description of the
electrochemical system compared to cyclic voltammetry [*®! and was
therefore employed to follow the charge transfer kinetics occurring at
these electrodes. The nyquist plots shown in Figure 3.14 for the bare-

Au, Au-DMAET, Au-DMAET-SWCNT-PABS and subsequent bilayers
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satisfactorily fitted (in terms of low percent errors obtained after

several iterations, Table 3.1) the modified Randles equivalent circuit

(Fig. 1.8a).
300 - & Bare-Au
A Au-DMAET
X Au-DMAET-SWCNT-PABS
250 - - Au-DMAET-SWCNT-PABS-nanoFePc
+ Au-DMAET-(SWCNT-PABS-nanoFePc)2
A Au-DMAET-(SWCNT-PABS-nanoFePc)3
N 200 A X Au-DMAET-(SWCNT-PABS-nanoFePc)4
g ¢ Au-DMAET-(SWCNT-PABS-nanoFePc)5
C
150 A
N
100 -
50 -
0
0 50 100 150 200 250
Z'1Q cm?

Figure 3.14: Nyquist plots resulting from the bare-Au, Au-DMAET,
Au-DMAET-SWCNTPABS and Au-DMAET-(SWCNT-PABS-nanoFePc);-s
assemblies in 0.1 M KCI containing equimolar mixture of [Fe(CN)s]*/
[Fe(CN)s]’* solutions. Inset shows the high frequency area of the

bilayers only.

This equivalent circuit comprised the mixed kinetic and diffusion-
controlled processes with R as the resistance of the electrolyte and
electrode, R as the charge-transfer resistance (domain of Kkinetic

control) and Z,, as the Warburg impedance (domain of mass transport
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control) resulting from the linear diffusion of redox probe ions from the
bulk electrolyte. It is also likely that mass transport is limited by
diffusion within and inside the layered structure. Given the inherent
roughness of the bare and modified gold surfaces (as also seen from
the AFM images), the constant phase angle element, in which the
double layer capacitance is replaced by CPE in the Randles’ model was
used to describe impedimetric data. CPE is ascribed to the energetic
non-homogeneity arising from the surface roughness of the electrode.
The impedance (Zcpe) is a power-law dependent interfacial capacity

given as shown in Equation 1.18:

Zee =Q(jw)™"

As previously mentioned n is an exponent (n<1 for a physically
reasonable situation) equals unity for the case of ideal capacitor. It is
important to note that the n values lie approximately between 0.7 and
0.8 suggesting pseudocapacitive behavior. The Z, values, which
correspond to the diffusion process of the oxidized and reduced
species of the [Fe(CN)s]®>/* couple, are approximately of the same
magnitude for all the electrodes. Ideally, Rs and Z, should not be
affected by modification of the electrode surface [*”2,

From data in Table 3.1, the Au-DMAET gave the fastest electron

transfer, which may be explained as the consequence of the strong
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electrostatic attraction between the positively charged DMAET and the
negatively charged [Fe(CN)¢]*/*~ species. In general, the result
indicates that charge transfer processes between the [Fe(CN)¢]>™/*~
and the underlying gold surface are easier on the initial bilayers than
the subsequent bilayers. This may be due to the build-up of the
negatively charged SWCNT-PABS leading to more repulsive interaction
between the SWCNT-PABS and [Fe(CN)s]*> /% species. The modified
electrode exhibited stable electrochemistry as each of the
voltammograms recorded did not change after several repetitive
cycling. After the fifth bilayer, there was no significant change.

The comparative Bode plots of -Phase angle vs. log f is shown in
Figure 3.15 (a) showing well-defined symmetrical peaks at different
maxima for the different electrodes, corresponding to the different
relaxation processes of the electrode|solution interfaces. In all cases,
the phase angles were less than 90°, confirming the pseudo-capacitive
nature of the electrodes. The bare-Au gave a maximum value of ~41°
at 316 Hz corresponding to the relaxation process of the Au|solution
interface. Upon modification with the DMAET, this relaxation process is
depressed. However when modified with the SWCNT-PABS and the
first bilayer, the relaxations shifts to ~ 50° range and at lower
frequencies (0.1- 10000 Hz range). Interestingly, from the 2™ to

subsequent bilayers, the peaks shift to 43.6° to 60.3° at
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approximately the same frequency (1 kHz). These data clearly confirm
that the [Fe(CN)e]*/*" redox reactions now take place at the surface
of the modifying films rather than directly on the bare-Au surface. The
log |Z| vs. log f type bode plot represented in Figure 3.15 (b) was also

studied.
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Table 3.1: Summary of the electrochemical impedance spectroscopic evolutions of the electrodes (n =

5), percentage errors from fitting the raw EIS data are shown in bracket.

Electrochemical impedance spectral parameters
Electrode

Rs (R cm?) CPE n Rer 10°2,,
(MF cm™2) (2 cm?) (2 cm?)
bare-Au 2.66 (0.6) 19.18 (4.7) (00'?74) 14.68 (2.1)  2.12 (0.3)
Au-DMAET 0.79 (2.1)  18.45 (4.7) (00'_875) 2.25(6.6)  2.21 (0.4)
Au-DMAET-SWCNT 0.61(2.6) 28.7 (11.3) (01'_657) 2.31(8.5) 2.17 (1.2)
Au-DMAET-(SWCNT-nanoFePc);  0.63 (1.1)  29.01 (4.9) (00'.679) 2.45(5.1)  2.03 (1.0)
Au-DMAET-(SWCNT-nanoFePc), 0.69 (2.4)  20.96 (11.8) (02'?55) 3.54 (11.1)  2.28 (0.8)
Au-DMAET-(SWCNT-nanoFePc);  0.60 (2.5)  15.21 (6.2) (Ol'iz) 10.57 (3.6)  2.15 (0.5)
Au-DMAET-(SWCNT-nanoFePc), 0.58 (5.2)  12.58 (8.4) (01'?32) 25.68 (4.1)  2.01 (1.4)
Au-DMAET-(SWCNT-nanoFePc)s  0.52 (4.4)  9.89 (6.0) (%?90) 34.30 (2.9) 2.07 (1.21)

Page | - 148 -



Results and DiSCUSSION........ccooveeeeieiieeeeeeeeeeaeeaann.

604 da j00800,
A 5,
T +++, 4
50 - :‘:.ﬂﬂuﬂmn..! A
—_ AAAAAA‘ A
[@)) + =
g ptisasts mmmmmo% ,mmx o
T 40 - Madddagdl LTV IO St W +a
B AA . +++++""‘Eé++ A -
(5] AAA QI a )K +
= AAA Oo enm X
(o)) AA = (o) A +
c AMAA O oF X
@ 30 - OCoel
) @ Bare-Au e} -‘A X
& © Au-DMAET .QS.A X
< 20 4 A AU-DMAET-SWCNT-PABS JOm4,
- ® Au-DMAET-(SWCNT-PABS-nanoFePc)1 R
X Au-DMAET-(SWCNT-PABS-nanoFePc)2 . .°o
10 - + Au-DMAET-(SWCNT-PABS-nanoFePc)3 *
— Au-DMAET-(SWCNT-PABS-nanoFePc)4
A Au-DMAET-(SWCNT-PABS-nanoFePc)5
0 T T T T T 1
-2 -1 0 1 2 3 4
log f/ Hz
4.5 b
4 _
3.5
3 _
c
~ 25 T
~ w3 I
N & Bare-Au ¢ s 00.....
2 21  oAuDMAET g, o
- A Au-DMAET-SWCNT-PABS h...
1.5 4 m Au-DMAET-(SWCNT-PABS-nanoFePc)1
X Au-DMAET-(SWCNT-PABS-nanoFePc)2
14 + Au-DMAET-(SWCNT-PABS-nanoFePc)3
= Au-DMAET-(SWCNT-PABS-nanoFePc)4
0.5 4 A Au-DMAET-(SWCNT-PABS-nanoFePc)5
0 T T T T T 1
-2 -1 0 1 2 3 4
log f/Hz

Figure 3.15:

|Z] vs. log f for the bare-Au, Au-DMAET, Au-DMAET-SWCNT-PABS, Au-
DMAET-(SWCNT-PABS-nanoFePc);.s bilayer assemblies in 0.1 M KCI

containing equimolar mixture of [Fe(CN)s]*>/ [Fe(CN)g]’* solutions.

Bode plots of (a) -phase angle vs.
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From Figure 3.15 (b) the following slope values: -48 (r*=0.999), -
0.50 (r’=0.999), -0.55 (r’=0.999), -0.58 (r’=0.999), -0.48
(r’=0.999), -0.42 (r*=0.999), -0.48 (r’=0.998) and -0.45 (r’=0.995)
were obtained for bare-Au, Au-DMAET, Au-DMAET-SWCNT-PABS, 1%,
2Md 31 4% and 5% bilayers respectively. These slopes correspond to
Warburg impedances and confirm that the SAMs studied in the work
are redox-active and are not true capacitors as the estimated slopes
are far from the ideal minus one value expected for true capacitors

and usually observed for electro-inactive SAMs of alkanethiols.

3.2.3 Amplification of H,0, Electrochemical Response

The possibility of using the electrode as a potential sensor for H,O
in physiological pH conditions (pH 7.4) was also investigated. Figure
3.16 compares the reduction current responses of 1 mM H,0, in PBS
(pH 7.4) at increasing bilayers (nanoFePc being the exposed layer,
Figure 3.16a) and (SWCNT-PABS as the exposed layer, Figure 3.16b).
The results show that unlike the nanoFePc layers (Fig. 3.16a), when
SWCNT-PABS forms the exposed layer of the electrode (Fig. 3.16b);
there is no significant improvement in the response of H,O, at a
constant concentration. The results suggest that while nanoFePc acts
as the electrocatalyst, the SWCNT-PABS simply acts as the electron

conducting nanowires for the reaction. This electrochemical

Page | - 150 -



RESUIES @NA DIiSCUSSION. ...ttt e e et seeseetsserzeeassazeeennsaseeses

amplification of the current response of H,O, by nanoFePc multilayer is
remarkable as it promises to provide a viable platform for the
development of biosensors. From the current responses of the Au-
DMAET-(SWCNT-PABS-nanoFePc)s to changes in the concentrations of
H,O,, the limit of detection and sensitivity was calculated to be
5.5x107* M and 0.87 m AM™!, respectively. The modified electrode
was stable and repeatedly used for the detection of H,O, without

significant deterioration of current signals.
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-0.5 -0.4 -0.3 -0.2
E / V vs. (Ag|AgCl, sat'd KCI)

<«+—— AU-DMAET-(SWCNT-PABS-nanoFePc),-SWCNT-PABS
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Figure 3.16:

Typical CV profiles showing the impact of increasing

(@) bilayer (nanoFePc being the exposed layer) and (b) SWCNT-PABS

layers (SWCNT-PABS as the exposed layer) on the current response of
1 mM H,0; in PBS (pH 7.4). Scan rate: 25 mV s™..
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3.2.3.1 Chronoamperometric Analysis

Based on the CV results described above, chronoamperometric
technique was employed for the analysis of H,O, (-300 mV) using the
multilayer film electrode Au-DMAET-(SWCNT-nanoFePc)s in pH 7.4
PBS. Figure 3.17 shows the chronoamperogram that was obtained for

a series of H,0, concentrations (0.032-0.268) mM.

_

0.5 A
—>

©ONNBON

y =-0.8689x - 0.5204
<06 > R®=0.9416
S07 *

0.2 0.25 0.3

0 0.05 0.

1 0.15
[H,0,] 7T mM
0 10 20 30 40 50
E /V vs. (Ag|AgCl, sat'd KCI)

Figure 3.17: Chronoamperometric profile analysis of H,O, in pH
7.4 PBS at a Au-DMAET-(SWCNT-nanoFePc)s for a potential step of -
300mV vs. Ag|AgCl. The numbers 1-9 correspond to 0.032, 0.062,
0.091, 0.121, 0.167, 0.211, 0.231, 0.250 and 0.268 mM H,0,

respectively.

From the current responses of the Au-DMAET-(SWCNT-nanoFePc)s

and the changes in the H,0, concentration, the limit of detection (LoD
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= 3.3s/m) 18 where s is the standard deviation of the intercept and
the sensitivity, m, which is the slope of the plot of linear peak current
vs. the concentration of H,0,,(inset Figure 3.17). The calculated values
for the LoD and sensitivity are 5.50 x 10* M and -0.869 m AM
respectively. All data were obtained with the same electrode, rinsing
the electrode prior to immersing it in a new concentration. Au-DMAET-
(SWCNT-nanoFePc)s was used in determining the catalytic rate
constants and diffusion coefficients of H,O, at constant concentration
(at 10 uM in pH 7.4 PBS) poised at -0.3 V using the established

Equation [*%7;

(=)
=y e () + O 3.4
d

where, y = kCt is the argument of the error function and in cases
where y> 1.5, erf(y?) is almost equal to unity and the Equation 3.4
can be reduced to the following Equation 1.14:

Iit — n.uz(kcot)llz

L
where the symbols retain their usual meaning. At intermediate times
(0- 2 s) of the chronoamperometric measurements the catalytic
currents (I.at) were dominated by the rate of the electrocatalyzed

reduction of H,0,, therefore Equation 1.14 was used to calculate the
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rate constant for the chemical reaction between H;0, and the redox
sites of surface immobilized (SWCNT-nanoFePc)s. The plots of I../IL
vs. t¥? (Fig. 3.18a) at different H,0, concentrations for Au-DMAET-
(SWCNT-PABS-nanoFePc)s were linear. The catalytic rate constant, Kk,
calculated from the plot of slopes? vs. H,O, concentration (Fig. 3.18b) is  12.15

M—l S—l

2.0 1 025

194

02 y=08836¢-00399 , ¢
R?=0.9691

' -0.05 T T T T T 1

07 09 11 13 15 0 005 0l 015 02 0% 03
Time %25 (H,0]/ mM

Figure 3.18: Plots of (a) I.a/IL vs. t¥2 and (b) Slopes? vs. [H.0-].
The roman numerals (i) to (vi) correspond to 32.3, 62.5, 90.9, 121,
167 and 250 uM, respectively. Concentration values were selected for

clarity.

Also, from the chronoamperometric data, the diffusion coefficient,
D, was determined using the Cottrell equation represented in Equation

1.13:

| = nFAD ¥2Crv2—"?
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where the symbols retain their usual meaning. The plots of It vs.
time 2 (Fig. 3.19a) at different H.O, concentrations for Au-DMAET-
(SWCNT-PABS-nanoFePc)s were linear, and from the subsequent plot
of the respective slopes vs. H,O, concentration (Fig. 3.19b), the
diffusion coefficient was calculated to be 12.80 x 10 cm? s. The
values vary from one electrode to another; various D values have been
reported in literature 2% 2!, Yang et al. [?% reported a value of 2.0x10°

2

cm? s for epinephrine at GCE-cys-nanoAu while Wang et al. [2!]

reported a value of 7.4 x 10° cm? s! at nano-Au-mixed

dithiothreitol/dodecanethiol gold electrode.

ASEQT h 017

y=0.3794x - 0.2899
RP=09621

S0E074
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-6.0E-07 1
-6.5E-07 -
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Time 25 %2 [H,0,)/ mM

Figure 3.19:  Plots of (a) It vs. t'2 and (b) Slopes vs. [H20,]. The
roman numerals (i) to (vi) correspond to 32.3, 62.5, 121, 211, 231
and 268 uM, respectively. Concentration values were selected for

clarity.
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3.2.4 Comparative Electrocatalytic Responses at Electrodes

towards Epinephrine

The layer-by-layer assembly depicted in Figure 3.20 involving
SWCNT-PABS and nanoFePc showed an increase in bilayer formation
results in a decrease in epinephrine current response. Figure 3.21
compares the cyclic voltammetric evolutions of 10 uM EP at bare-Au,
Au-DMAET, Au-DMAET-SWCNT-PABS and Au-DMAET-SWCNT-PABS-
nanoFePc in phosphate buffer solution. The cyclic voltammetric
evolutions obtained in buffer solution alone have been dealt with and

discussed in section 3.1.2.

Au-DMAET-(SWCNT-PABS-nanoFePc)1

— — — Au-DMAET-(SWCNT-PABS-nanoFePc)2
----- Au-DMAET-(SWCNT-PABS-nanoFePc)3

-0.5 -0.2 0.1 0.4 0.7
E/V vs. (Ag|AgCl, sat'd KCI)

Figure 3.20: Cyclic voltammetric profiles of Au-DMAET-(SWCNT-
PABS-nanoFePc);-3 assemblies in 10 uM epinephrine in PBS (pH 7.4).

Scan rate: 25 mV s,
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bare-Au

------- Au-DMAET

Au-DMAET-SWCNT-PABS

- —--Au-DMAET-SWCNT-PABS- )
nanoFePc : DO

A ey

0.05 LA

-0.5 -0.2 0.1 0.4 0.7
E /V vs. (Ag|AgCl, sat'd KCI)

Figure 3.21: Cyclic voltammetric evolutions in the presence of 10
UM epinephrine in PBS (pH 7.4) at bare-Au, Au-DMAET, Au-DMAET-
SWCNT-PABS and Au-DMAET-SWCNT-PABS-nanoFePc. Scan rate: 25

mV st

The observed CV evolutions are characteristic of epinephrine redox
process 22231 involving an irreversible anodic peak at the anodic
potential window (corresponding to the oxidation of epinephrine to
epinephrinequinone), and at the reduction window, a pseudo-
reversible couple corresponding to processes due to
epinephrinequinone/ leucoadrenochrome and leucoadrenochrome/
adrenochrome. It can be seen from the comparative CV profiles in
Figure 3.21 that Au-DMAET-SWCNT-PABS shows greater catalytic

response towards the detection of 10 uM epinephrine compared to Au-
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DMAET-SWCNT-PABS-nanoFePc, Au-DMAET and bare-Au. However, it
has been documented that Au-cys-SWCNT and Au-cys-SWCNT-CoTAPc
show similar catalytic response in terms of current response towards
the detection of epinephrine 2%l Therefore, the effect of electrode

passivation was investigated.

3.2.4.1 Passivation Studies

Electrode passivation occurs when the surface of the electrode
becomes 'blocked' by the species in solution. This implies that the
electrodes may demonstrate a similar current response after a few
scan as apposed to only after the initial scans. The extent of
passivation for the electrodes in relation to each other can be
measured from the plot of epinephrine peak current, I, vs. number of
scans shown in Figure 3.22. The percentage decrease in the peak
current, I, after the first scan for Au-DMAET is ~35% greater than the
percentage decrease in the current after the first scan of Au-DMAET-
SWCNT-PABS and Au-DMAET-(SWCNT-PABS-nanoFePc);. After the
second scan it can be seen that Au-DMAET-SWCNT-PABS is very stable
whereas  Au-DMAET-(SWCNT-PABS-nanoFePc); and  Au-DMAET
continue to show further decrease in peak current response upon

subsequent scans. These results prove that Au-DMAET-SWCNT-PABS is
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the best electrode and will therefore be used for the remaining

electroanalytical studies in this section.

020 1 —%— A-DMAET
0.19 ~ —— Au-DMAET-SWCNT-PABS
---m--- Au-DMAET-(SWCNT-PABS-nanoFePc)
0.18 -
< 0.17 -
3
~ 0.16 -
0.15 -
0.14 -
0.13 . : . . .
0 2 4 6 8 10
Number of Scans

Figure 3.22: Plot of EP peak current (I,) versus number of CV

scans.

3.2.4.2 Rotating Disc Electrode Studies

Figure 3.23 shows the RDE data obtained at different rotating
speeds (w) for 10 M epinephrine electro-oxidation in phosphate
buffer pH 7.4 using Au-DMAET-SWCNT-PABS. Figure 3.23 inset (a)
shows the plot of limiting current (I.) vs. w'? (Koutecky-Levich plot)

and (b) Tafel slope for the oxidation of epinephrine.
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Figure 3.23: RDE voltammograms obtained at different rotating
speed (w) for 10 M epinephrine electro-oxidation in phosphate buffer
pH 7.4 using Au-DMAET-SWCNT-PABS. Inset (a) shows the plot of I,
versus w2 and (b) shows the Tafel slope for the oxidation of

epinephrine from the RDE experiment. Scan rate = 50 mV s™..

The Koutecky-Levich plot was found to be linear with positive
intercept; this indicates that the electrode reactions are controlled by
both kinetics at the electrode surface and the mass transport of
epinephrine species at the electrode surfaces. Using Equation 1.15

above the k¢, value obtained from the intercepts of the regression lines
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was found to be 2.2x10” mollcm3s?, a value much higher than that
reported in literature %

Inset (b) in Figure 3.23 shows the plot of the Ep vs. the log of the
kinetic current and the Tafel slope which represents the slope of this
plot was approximately 70 mV dec! at all the potentials. Tafel slope
value close to 60 mV dec! suggest a catalyst fast redox process as the
first step followed by a non-redox (chemical step) rate-determining
step (rds) such as analyte binding with the catalyst or possible
deprotonation of the analyte 27! as a possible mechanism. The
involvement of a chemical step in the rds is in agreement with the
Koutecky-Levich plot which was found to be linear with positive
intercept. The rate determining chemical step could be due to possible
pi-pi interaction between SWCNT-PABS and EP molecule since CNTs
are known for their ability to interact with organic aromatic compounds

through pi-pi interaction and possibly also by hydrophobic interaction

(28]

3.2.4.3 Chronoamperometric Analysis

Double potential step chronoamperometric experiments were
recorded at the Au-DMAET, Au-DMAET-SWCNT-PABS and Au-DMAET-
(SWCNT-PABS-nanoFePc) by polarizing the potentials to 0.18 V and

0.0 V. Figure 3.24 shows  well resolved  double-step
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chronoamperometric evolutions obtained at the Au-DMAET-SWCNT-
PABS electrode in the absence (buffer alone) and presence of

consecutive addition of 1 ml of 1 uM epinephrine in phosphate buffer.

y=52.147x - 45.631
R%=0.947

25 3.0 35 4.0

[EP]/ mM

)
'
l
.
N
~ .
r.
]
'
]

0 10 20 30 40 50
E/V (vs. Ag|AgCl, sat'd KCI)

Figure 3.24: Typical double potential step chronoamperometric
transients at Au-DMAET-SWCNT-PABS in PBS solution (pH 7.4)
following addition of epinephrine. (i) to (ix) correspond to, 1.67, 2.00,
2.31, 2.59, 2.86, 3.10, 3.55, 3.75 uM, respectively. Inset shows the

plot of chronoamperometric current att = 1.6 s vs. [EP].

As previously shown the LoD and sensitivity were calculated from
the linear relationship between transient catalytic current (measured
at 1.6 s) and epinephrine concentrations. The LoD and sensitivity at
Au-DMAET-SWCNT-PABS were calculated to be 3.35 x 107 M and 66.9

m AM™ respectively. In order to investigate the real sample analysis
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potential of the DMAET-SWCNT-PABS, the same experiment was
carried out using a screen printed gold electrode (SPAUE); SPAUE is
good for once off detection and ideal for real sample analysis. The LoD
(4.52 x 10”7 M) value obtained is similar (within experimental error) to
that obtained for Au-DMAET-SWCNT-PABS. When compared to
presently available literature reports 237! on Au based electrodes
towards the electrocatalytic detection of epinephrine (Table 3.2) it is
observed that these results show comparable sensitivity and lower
detection limits in some cases. Equations 1.13 and 1.14 were used as
previously to calculate the diffusion coefficient (1.52 x 101° cm? s1)
and catalytic rate constant (1.11 x 10’ M s') of epinephrine at
constant concentration (at 10 uM in pH 7.4 PBS) poised at +180 mV
versus Ag|AgCl. However, for this analyte n = 2 in the Cottrell
equation (Eg. 1.13) as expected for the oxidation of epinephrine to

epinephrinequinone [21,22,37]
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Table 3.2: Comparative analytical

data for the detection of epinephrine using electrochemical

techniques.
Electrode! Analytical Parameter

Electrolyte LCR Sensitivity LoD Ref
Au-DMAET- 0.1 M PBS pH 3.3x10%-1.4x |66.9 mAM! 3.35x 107 M This work
SWCNT-PABS 7.4 107 M
SPAE-DMAET- | 0.1 M PBS pH 4,22 - 3.57 x 10" |6.57 m AM! 4,52 x 107 M | This work
SWCNT-PABS 7.4 &M
Au-DMAET- 0.1 M PBS pH 0.143 - 0.388 x | 2.45m AM™ 24x 10 °M This work
SWCNT-PABS/ |7.4 10° M
FeTSPc
Au-Cys-SWCNT | PBS, pH 7.0 Up to 130 uM 9.4x102AM? |6x10°M 24
Au-DTT/DDT- PBS, pH7.0 107 - 10° M, 0.3261 pApM?t, | 60x 10° M 22
nano Au (10™ - 2x10™% M) | (0.0233 pA

uM™)

Nano Au-ITO 0.1 M PBS pH 5x 107 - 1.3199 p)AmM?! [ 1.8x10°M 29

7.4 2x103M
Au-Cys-FeOCPc | PBS, pH 7.4 300 - 425 nM 0.53 m AM™! 0.138x 107 M |30
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Au-Mascorbic PBS, pH 7.2 107 - 10° M, 0.50 x 10'M 31

Acid (107 - 2x10™ M)

Au-Pen PBS, pH 7.0 5x107 - 10°M, |0.0517 pApuMt, |0.1x10°M 32
(10 -2x10° M) | (0.0233 pA uMY)

Au-DMSA/PCA | PBS, pH 7.7 5x107 - 0.00534 pA pM! [ 0.39x 10° M 33
8x10™* M (0.25 x 10° M)

Au-3MPA PBS, pH 6.8 2x107 - 10°M, |- 1.0x 107 M 34
(1x10°® -
5x10™* M)

Au-LCys-FcAl PBS, pH 7.4 1.7x107 - 10*M | 0.9202 pApM! [0.18 x 107 M 35

Au-TA SBB pH 4.4 107 - 107 M, 0.083 AM, 10 x 10° M 36
(10° - 6x10* M) | (0.012 AM)

1. DTT/DDT: dithiothreitol/dodecanethiol, FeOCPc:

single-walled carbon nanotubes-cobalt(II)tetra-aminophthalocyanine,

acid, Pen:

penicillamine,

iron octacarboxy

DMSA/PCA: meso-2,3-dimercaptosuccinic

acid/penicillamine,

phthalocyanine, SWCNT-CoTAPc:

Mascorbic Acid: mercaptoacetic

3 MPA: 3-

mercaptopropionic acid, LCys-FcAl: Lcysteine/aminylferrocene, TA: triazole. The values in parentheses

were obtained at higher concentration ranges.
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3.3 Colloidal Gold and Nanosized Iron (II) Phthalocyanine
modified Gold Electrodes

Following the interesting LBL results seen in the previous section

using nanoFePc and SWCNT, I was curious to test the impact of the

integration of nanoFePc and colloidal gold (AuNP).

3.3.1 Layer-by-layer Self Assembly Process

The layer-by-layer assembly involving colloidal gold and nanoFePc
follows the similar fabrication process shown in Scheme 3.2. However,
the SWCNT-PABS is obviously replaced by AuNP and four bilayers are

used instead of five.

3.3.2 Atomic Force Microscopy

Figure 3.25 shows the topographic AFM images of (a) Au-DMAET
and (b) Au-DMAET-AuNP, (c) Au-DMAET-(AuNP-nanoFePc) and (d) Au-
DMAET-(AuNP-nanoFePc)4. The AFM feature of the Au-DMAET has
previously been discussed and added to Figure 3.25 merely for
comparative reasons. Subsequent to the deposition of nanoFePc onto
the surface of the AuNP there is an increase in the topographic height
as well as the mean roughness profile, indicating the change in surface
morphology. Also, the base monolayer seen in Figure 3.25 (a) and (b)

becomes less visible in Figure 3.25 (c) indicating a complete coverage
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of nanoFePc onto AuNP. Consequently in Figure 3.25 (d) the base
monolayer can no longer be seen and the Au-DMAET-(AuNP-
nanoFePc)4 the AFM feature can be described as a bunch of globular
particles clumped together. The substantial growth in Figure 3.25 (d)
is further confirmed by the dramatic increase in the root mean square
deviation and maximum height of the roughness profiles. The grooves
in some of the panels may indicate surfaces whose morphology was

modified by the lateral movement of the tip.
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Figure 3.25: Topographic AFM images of (a) Au-DMAET and (b)
Au-DMAET-AuUNP, (c) Au-DMAET-(AuNP-nanoFePc) and (d) Au-DMAET-
(AuNP-nanoFePc)4,
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3.3.3 Cyclic Voltammetry

Figure 3.26 shows the CV profiles of the (AuNP-nanoFePc)
individual bilayer assemblies in 0.1 M KCI containing equimolar mixture
of [Fe(CN)s]>/ [Fe(CN)s]’* solutions. The CV profiles of the layer-by-
layer build up illustrated in Figure 3.26 shows the electrode’s ability to

14/-3 solution. The

impede and promote electron transport in [Fe(CN)g
electron transport ability of the electrode was impeded or blocked
following the attachment of AuNP to nanoFePc. This is not surprising
considering gold nanoparticle films can behave as conducting or
insulating material depending on the size and mutual distance of the
metal cores. 38 However, phthalocyanines are well known for their
excellent electrocatalytic abilities 1****) and this can be seen from the
CVs in Figure 3.26 (b -d) where the electrodes electron transport

ability is increased subsequent to the attachment of nanoFePc onto

AuNP at each bilayer.
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Figure 3.26:

Typical CV profiles of (a) bare-Au, Au-DMAET, Au-

DMAET-AuNP and Au-DMAET-(AuNP-nanoFePc);, (b) 2™ Bilayer, (c) 3™
Bilayer and (d) 4™ Bilayer assemblies in 0.1 M KCl containing
equimolar mixture of [Fe(CN)s]*/ [Fe(CN)s]* solutions at a scan rate

of 25 mV s

The AuNP acts as an

insulator that slows down the electron

transfer rate between the electrode and the AuNP. Contrastingly,

Bethell et al. %! showed that the thiol layer restricts the electrodes

ability while the gold clusters deposited onto the thiol layers promotes

the electrode. Although the nanoFePc promoted the electrode, the
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current was not restored to the previous current response. Also, the
peak-to-peak separation potential (AEp) increases from the first to
fourth bilayer. Therefore, the rate of electron transport is the fastest at
the first bilayer since it decreases with increasing (AEp). The blocking
of the electrode by the AuNP can be attributed to the repulsive
interaction between the negative charges of the AuNP and negative
redox probe. The nanoFePc is positively charged and therefore attracts
the negatively charged [Fe(CN)s]™¥3, thus promoting the electrode,
resulting in an increased current response compared to the AuNP. It
should be noted that this was not observed in the previous section
involving negatively charged SWCNT-PABS and positively charged
nanoFePc possibly because the SWCNT acts as nanowires and readily

accommodate the electrons movement along the tube.

3.3.4 Electrochemical Impedance Spectroscopy

The nyquist plots shown in Figure 3.27 for the bare-Au, Au-
DMAET, Au-DMAET-AuNP, Au-DMAET-(AuNP-nanoFePc);, Au-DMAET-
(AuNP-nanoFePc);+ AuNP and Au-DMAET-(AuNP-nanoFePc),
satisfactorily fitted (in terms of low percent errors obtained after
several iterations) the modified Randles equivalent circuit (Fig. 1.8a).
The charge transfer resistance was only measured up until the 3™

bilayer since additional bilayers resulted in scattered points. The
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nyquist plot of the 3™ bilayer was omitted in Figure 3.27 for clarity.
However, the R values for all the bilayers were included in the bar
graph illustrated in Figure 3.28. The charge transfer resistance values
showed the same trend for the rate of electron transport as the AE,
values showed in cyclic voltammetry; where the attachment of AuNP
increases the resistance to flow of electrons while the attachment of

nanoFePc reduces the resistance.

12 - # bare-Au
X Au-DMAET
— Au-DMAET-AuNP
10 A A Au-DMAET-(AuNP-nanoFePc)1

+ Au-DMAET-(AuNP-nanoFePc)1+AuNP
O Au-DMAET-(AuNP-nanoFePc)2

-Z' kQ

0 2.5 5 7.5 10 12.5 15

Figure 3.27: Nyquist plots for the bare-Au, Au-DMAET, Au-DMAET-
AuNP, Au-DMAET-(AuNP-nanoFePc);,, Au-DMAET-(AuUNP-
nanoFePc);+AuNP and Au-DMAET-(AuNP-nanoFePc),. Successive

bilayers were omitted for clarity.
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Ry /Q

Bare-Au
Au-DMAET

Au-DMAET-AuUNP
Au-DMAET-(AUNP-
nanoFePc)1
Au-DMAET-(AuNP-
nanoFePc)+AuNP
Au-DMAET-(AUNP-
nanoFePc)2
Au-DMAET-(AUNP-
nanoFePc)2+AuNP
nanoFePc)3

Au-DMAET-(AUNP-

Figure 3.28: 3-D Bar graph representing the R values of the bare-
Au, Au-DMAET, Au-DMAET-AuUNP and the underlying bilayers.

3.3.5 Electrochemical Response towards H,0>

The electrode was further tested at each bilayer to determine its
ability as a potential sensor towards H,0, detection in physiological pH
conditions (pH 7.4). Figure 3.29 compares the reduction current
responses of 1 mM H;O, in PBS (pH 7.4) at increasing bilayers
(nanoFePc being the exposed layer). From CV profiles in Figure 3.29 it
can be seen that the current response decrease upon increasing
bilayers. A similar trend is observed when AuNP is represented as the

outer most layer (nanoFePc-AuNP). Therefore, Au-DMAET-(AuNP-

Page | - 173 -



RESUIES QNG DIiSCUSSION. ...ttt e e e e e e s e eeeasseeeeeaseezennsssszeennnsenenns .

nanoFePc); is the best electrode in terms of current response for the

detection of H,0,.

In general,

increasing number of bilayers decrease electron

transport and voltammetric response of H,0,.

oy}
5
@
|
|

Au-DMAET-(AuNP-nanoFePc)1

Au-DMAET-(AuNP-nanoFePc)2
— — — Au-DMAET-(AuNP-nanoFePc)3

----- Au-DMAET-(AuNP-nanoFePc)4

-0.6 -0.4 -0.2 0
E/ V vs. (Ag|AgCl, sat'd KCI)

Figure 3.29:

Typical CV profiles showing the impact of increasing

(a) bilayers (nanoFePc being the exposed layer) on the current
response of 1 mM H-0- in PBS (pH 7.4). Scan rate: 25 mV s™%.
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3.4 Single Walled Carbon Nanotubes and Iron (II)
Tetrasulphophthalocyanine Modified Gold Electrodes
Following the use of positively charged phthalocyanine, I was now
curious to learn the impact if any, of negatively charged
phthalocyanine in particular the  water-soluble iron (II)
tetrasulfophtalocyanine (FeTSPc). However, due to the similar charges
of SWCNT-PABS and FeTSPc, I formed a hybrid mixture
(SWCNT/FeTSPc) of the two. As a result of their individual
competitiveness for the positively charged base monolayer I had to
ensure complete coverage of the base gold electrode. Therefore,
longer deposition times (~36 h) and slightly higher concentration (5

mM) of DMAET were employed.

3.4.1 Electrode Self Assembly Process

Scheme 3.3 represents the self-assembly fabrication of the various
electrodes via strong electrostatic interaction between the positively-
charged DMAET and the negatively-charged FeTSPc and SWCNT-PABS

species.
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DMAET
>

Bare-Au Au-DMAET

\\ Au-DMAET-SWCNT-PABS-FeTSPc

Scheme 3.3: Schematic representation showing the fabrication
route for Au-DMAET-FeTSPc, Au-DMAET-SWCNT-PABS and Au-DMAET-
SWCNT-PABS/FeTSPc.

3.4.2 Characterization
3.4.2.1 Atomic Force Microscopy

The build-up and formation of the films on gold plates were
confirmed using AFM. The AFM images of bare-Au, Au-DMAET and Au-
DMAET-SWCNT-PABS have been identified earlier as previously stated.
However, since 5 mM DMAET was used in this experiment, Figure 3.30
represents the topographic AFM images of (a) Au-DMAET, (b) Au-
DMAET-FeTSPc, (c) Au-DMAET-SWCNT-PABS, (d) Au-DMAET-SWCNT-
PABS/FeTSPc. The Au-DMAET depicted in Figure 3.25 (a) shows
increased roughness and height profiles than the Au-DMAET discussed
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above. This could be as a result of the higher depostion times and

increased concentrations of DMAET used.
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Figure 3.30: Topographic AFM images of (a) Au-DMAET, (b) Au-
DMAET-FeTSPc, (c) Au-DMAET-SWCNT-PABS, (d) Au-DMAET-SWCNT-
PABS/FeTSPc.

The presence of flat lying tubes is clearly visible in Figure 3.25 (c).
Furthermore, there is an increase in root mean square (Ry) and height

roughness (R;) profiles compared to that of Au-DMAET. Upon
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immobilization of Au-DMAET with FeTSPc, there is clear evidence of
growth judging by (i) the bigger globular-like features on the image
(Fig. 3.30b) which can be attributed to the FeTSPc aggregates, and (ii)
increase in both Ry and R,. The AFM features in Figure 3.30 clearly
show the immobilization of both FeTSPc and SWCNT-PABS on Au-
DMAET judging by mixed tubular and globular features of the images
in an irregular arrangement. In addition, the Rq and R, increased yet

again.

3.4.2.2 Cyclic Voltammetry in Aqueous (pH 7.4) Conditions
Figure 3.31 compares the cyclic voltammograms of Au-DMAET,
Au-DMAET-SWCNT-PABS, Au-DMAET-FeTSPc and Au-DMAET-SWCNT-

PABS/FeTSPc in PBS (pH 7.4) recorded at 50 mV s
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------- Au-DMAET
- - - - AU-DMAET-SWCNT-PABS
Au-DMAET-FeTSPc ,
AU-DMAET-SWCNT-PABS/FeTSPc .-

-0.3 -0.1 0.1 0.3 0.5 0.7
E /V vs. (Ag|AgCl, sat'd KCI)

Figure 3.31: Comparative cyclic voltammograms in phosphate
buffer pH 7.4 solutions obtained at Au-DMAET, Au-DMAET-SWCNT-
PABS, Au-DMAET-FeTSPc and Au-DMAET- SWCNT-PABS/FeTSPc. Scan

rate = 50 mV s

The weak reversible process shown by the Au-DMAET is attributed
to the electric-field driven protonation/deprotonation process described
earlier. It should be pointed out here that the CV of Au-DMAET is well-
defined only when less deposition time (< 24 h) and/or slightly lower
concentration of DMAET (< 5 mM) is used in the fabrication as
observed earlier. Both Au-DMAET-FeTSPc and Au-DMAET-SWCNT-
PABS/FeTSPc showed well-defined reversible peaks, attributed to the

Fe?*/Fe®* redox processes 3°1. The ratio of the anodic and cathodic
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peak current densities (I,a/Ipc) are approximately equal, indicating
electrochemical reversibility.

Figure 3.32 (a) and (b) shows the cyclic voltammograms obtained
at different scan rates (25 - 1000 mV.s™ range) in phosphate buffer
pH 7.4 solution obtained at (a) Au-DMAET-FeTSPc and (b) Au-DMAET-
SWCNT-PABS/FeTSPc respectively. The formal potentials (Ei2 = [Epa +
Epc]/2) of Au-DMAET-FeTSPc and Au-DMAET-SWCNT-PABS/FeTSPc are
170 and 220 mV, respectively. Ideally, at small scan rates, the peak-
to-peak potential separation (AE, = |Epa — Epc|) in @ monolayer should
be zero. However, the AE, values for the Au-DMAET-FeTSPc and Au-
DMAET-SWCNT-PABS/FeTSPc are 78 and 112 mV, respectively. The
electron transport (signified by the magnitude AE;) is fastest at the
Au-DMAET-FeTSPc and Au-DMAET-SWCNT-PABS/FeTSPc. Also, the
width at half the peak current (Efvnm / mV) slightly deviates from the
ideal value of 90.6/n mV for n = 1 0% \where, the Au-DMAET-
FeTSPc and Au-DMAET-SWCNT-PABS/FeTSPc are 122 and 127 mV,
respectively. The deviation of the AE, and Eqvnm from their ideal values
is typical of redox species being in located in different environments
with different formal potentials [***?1, Thus, it may be said that the
FeTSPc molecules are located at different environments with different
formal potentials. Simply stated, the FeTSPc species have different

formal potentials when immobilized at the DMAET and/or SWCNT-
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PABS, and thus the effective voltammetric wave consists of a
superposition of distinct electrochemical responses, resulting in the
observed non-ideal voltammograms. In all cases, the electrochemical
parameters of the DMAET-FeTSPc are slightly better than those
recorded for the SWCNT-PABS/FeTSPc, which can be attributed to the
different environments and complexities of the SWCNT-PABS platform.

At higher scan rates where the voltammetry is controlled by the
rate of electron transport, the AE, increases with scan rates. The plots
of the peak currents (I,) against the scan rate (v) are shown in Figure
3.32 (c), where Figure 3.32 (c) i-iv are respectively the I, for SWCNT-
PABS/FeTSPc, I, for DMAET-FeTSPc, I. for DMAET-FeTSPc and I. for
SWCNT-PABS/FeTSPc versus scan rate (v). The plots are all linear

which is characteristic of surface-confined redox species.
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Figure 3.32: Cyclic voltammograms obtained at different scan
rates (25 - 1000 mV s! range) in phosphate buffer pH 7.4 solution
obtained at (a) Au-DMAET-FeTSPc; (b) Au-DMAET- SWCNT-
PABS/FeTSPc and (c) Plots of I, vs. v for I, for (i) SWCNT-
PABS/FeTSPc, (ii) I, for DMAET-FeTSPc, (iii) I. for DMAET-FeTSPc and
(iv) I. for SWCNT-PABS/FeTSPc.
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3.4.2.3 Surface Coverage

The surface coverage (7/ mol cm™) of the FeTSPc at both (Au-
DMAET and Au-DMAET-SWCNT-PABS) platforms were established from
the slopes of the plots according to Equation 3.5 [3%:

_ n2F2AFV
Y 4RT

I 3.5

where n = number of electrons involved in the redox process, F is the
Faraday constant, and A is the area of the electrode, R is the ideal gas
constant and T is the ideal temperature (K). The surface coverage was
calculated to be (4.14 £ 0.21) x 108 mol cm™ using the average slope
values from both the I, and I. vs. v plots for Au-DMAET-FeTSPc and
(4.08 £ 0.28) x 10® mol cm™ for Au-DMAET-SWCNT-PABS/FeTSPc.
The estimated values indicate multilayer coverage rather than

monolayers expected to be (for MPc molecules) in the ~ 107° mol cm™

[46,47]

3.4.2.4 Stability Studies

The electrochemical stability of the Au-DMAET-FeTSPc and Au-
DMAET-SWCNT-PABS/FeTSPc was conducted by repetitively scanning
each electrode in PBS (pH 7.4). Figure 3.33 (a) shows the repetitive
cycling of Au-DMAET-FeTSPc and Figure 3.33 (b) compares the CVs of

the freshly prepared Au-DMAET-FeTSPc and Au-DMAET-FeTSPc after
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one week of use in PBS. It can be seen from the repetitive cycling (Fig.
3.33a) as well as the comparative CVs (Fig. 3.33b) that in terms of I,
and Ep, there is so significant changes in CV patterns. The Au-DMAET-
SWCNT-PABS/FeTSPc (not shown) showed a similar stability profile to
that of the Au-DMAET-FeTSPc. Such remarkable stability is important
for their electrochemical studies as well as their potential applications
in aqueous conditions. This result is significant for the fact that FeTSPc
is highly soluble in water but upon attachment to Au-DMAET film,
there is a strong bond by electrostatic attraction between SO; of
FeTSPc and NH"(CHs), of DMAET, and this bond is stable even when

the electrode is used in aqueous media.

b Au-DMAET-FeTSPc (Freshly prepared)
a - -—- Au-DMAET-FeTSPc (After 1 week)

40 pA
40 uA

0.3 0.1 0.1 0.3 0.5 0.7

0.3 0.1 0.1 0.3 05 0.7
E/Vvs. (AglAgCl, sat'd KCI) E/Vvs. (Ag|AgCl, sat'd KCI)

Figure 3.33: (a) Repetitive cyclic voltammograms obtained in PBS
(pH 7.4) at Au-DMAET-FeTSPc and (b) CVs obtained at freshly
prepared Au-DMAET-FeTSPc and a week later after use.
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3.4.2.5 Cyclic Voltammetric Evolutions in [Fe(CN)g]>/+

Next, the extent to which the modifying species permit the

electron transfer of the [Fe(CN)s]*/[Fe(CN)s]*>" redox probe to the

underlying gold electrode was investigated. From Figure 3.34 it can be

seen that with the exception of the Au-DMAET-SWCNT-PABS/FeTSPc

which showed the highest anodic and cathodic peak currents, the CV

responses of the electrodes otherwise were essentially the same in

terms of (i) peak-to-peak separation potential (AE, = 70 mV vs.

Ag|AgCl, sat’d KCI), and (ii) the equilibrium potential (E1/, =0.25 V vs.

Ag|AgCl, sat'd KCI).

----- bare-Au

Au-DMAET

= = Au-DMAET-SWCNT-PABS

— — — Au-DMAET-FeTSPc

Au-DMAET-SWCNT-
PABS/FeTSPc

-0.1 0.1 0.3 0.5 0.7

E /V vs. (Ag|AgCl, sat'd KCI)

Figure 3.34:

Cyclic voltammograms obtained in 1 mM Fe(CN)g

3-/4-

in 0.1 M KCI at bare-Au, Au-DMAET, Au-DMAET-SWCNT-PABS, Au-
DMAET-FeTSPc and Au-DMAET- SWCNT-PABS/FeTSPc.
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3.4.2.6 Impedimetric Studies in [Fe(CN)s]>/*

For further understanding of the electronic behaviour of the
electrodes, EIS studies were carried out in [Fe(CN)s]>*7* solution at the
equilibrium potential of the redox couple (Ei2 = 0.25 V). Figure 3.35
(a) compares the nyquist plots of bare-Au, Au-DMAET, Au-DMAET-
SWCNT-PABS, Au-DMAET-FeTSPc and Au-DMAET-SWCNT-PABS/
FeTSPc.

The bare gold electrode was satisfactorily fitted using the modified
Randles’ equivalent circuits (Fig. 1.8a). However, attempts to fit the
modified electrodes with the ideal or modified Randles circuit or a
simple one-reaction RC time constant circuit were unsuccessful as they
led to very large fitting error values. The longer deposition times and
slightly higher concentration of DMAET are believed to be reasons for
the Au-DMAET and Au-DMAET-SWCNT-PABS not fitting the modified
Randles’ equivalent circuits as previously shown. The observed
experimental data for Au-DMAET, Au-DMAET-SWCNT-PABS, Au-
DMAET-FeTSPc and Au-DMAET-SWCNT-PABS/FeTSPc were
satisfactorily fitted (judged by the low values of relative % errors in
Table 3.3) with the electrical equivalent circuit two voigt RC element
(Fig. 3.35b) involving solution resistance (Rs), double-layer

capacitance (Cq), electron-transfer resistance (R.) and CPE.
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3 A A AU-DMAET-SWCNT-PABS .
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Figure 3.35: (a) Nyquist plots obtained in Fe(CN)s>/* 0.1 M KCI at
(i) bare-Au, (ii) Au-DMAET, (iii) Au-DMAET-SWCNT-PABS, (iv) Au-
DMAET-FeTSPc and (v) Au-DMAET- SWCNT-PABS/FeTSPc and (b) the
equivalent circuits used for fitting (ii) - (iv). Figure 1.8 (a) was used to
fit (i).

The apparent electron transfer rate constant (kapp) values of the

electrodes were obtained from the equation !#8-491;
RT
k =k®=z=—— ]
P n’F?AR,C 3-6
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where n is the number of electron transferred (1), C is the
concentration of the [Fe(CN)s]*>" (in mol cm™, the concentration of
[Fe(CN)s]>* and [Fe(CN)s]* are equal), A is the experimentally-
determined area of the electrode, R, is obtained by the series
connection of the two charge-transfer resistances (i.e., R, = Rex +
Ret2).

The following features shown by the impedimetric data of the
modified electrodes should be emphasized. First, from data in Table
3.3, the Au-DMAET-SWCNT-PABS/FeTSPc gave the highest kapp value,
indicating that charge-transfer processes between the [Fe(CN)g]>™4"
and the underlying gold surface are made a lot easier by the
synergistic combination of the FeTSPc and SWCNT-PABS. The reason
for this is not fully understood but may be related to such factors as
the high surface area of the SWCNT-PABS that permits diffusion of the
redox probe as well as its ability to act as efficient electric conducting
nanowires.

Second, equivalent circuit models suggesting physico-
electrochemical phenomena involving more than one RC time
constants, as seen from the circuit model (Fig. 3.35b), are mainly due
to multiple or coupled reaction sequences, to roughening of the
electrode, and to frequency-dependent ohmic resistances caused by

non-uniform charging of the electrode/electrolyte double layer. The
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impedance of CPE is defined by Equation 1.18. As mentioned above
the capacitive nature of CPE can be deduced by the magnitude of n.
Table 3.3 shows n > 0.70, indicating pseudocapacitive behaviour. Also,
from the bode plots (Fig. 3.36a) of log |Z| vs. log f the slopes are
approximately similar (ca. -0.60) at the mid frequency region,
indicative of pseudocapacitive behaviour.

Third, impedance spectra are known to contain features that could
be directly related to microstructures, with the grain boundary phases
of microstructures having a dominant blocking effect on the impedance

spectra [P051,

Since electron transport processes occurring via
permeation of the redox probe through the spaces created by the
assembled species is expected to be faster than that arising through

the layers [

, the first Voigt element (Rc1/Cq) may be associated to
the polarization phenomenon due to electron transfer occurring
through the layers of the molecules and/or the grain boundaries, while
the second voigt element (R.2/CPE) to processes that occur through
the spaces amongst the self-assembled molecular layers.

Finally, an attempt to replace the ideal C4 with a CPE (a real
application situation) in the modelling circuit proved unsuccessful. The
explanation of this observation may be found from the relationship

between Cq and CPE. It has been elegantly described by Orazem and

Tribollet [°1, that frequency dispersion leading to CPE behaviour occurs
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as a result of distribution of time constants along either the area of the
electrode surface (involving a 2-dimensional aspect of the electrode)
or along the axis normal to the electrode surface (involving a 3-
dimensional surface). A 2-D distribution presents itself as an ideal RC
behaviour, meaning that impedance measurements are very useful in
distinguishing whether the observed global CPE behaviour is due to a
2-D or 3-D distribution or both. Thus, the observed impedimetric
behaviour seen at the modified electrodes likely involves 2-D and 3-D
distributions. Also, note that despite the fitting of the spectra with
ideal RC element (1 Voigt element), the phase angles seen on the
Bode plots (i.e., —phase angle () vs. log f, (Fig. 3.36b) are in the
range of 48 - 56° which are less than the 90° expected of an ideal
capacitive behaviour, thus further confirming presence of the 2-D
distribution arising from CPE behaviour and the pseudocapacitive

nature of the modified electrodes.
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Figure 3.36:

PABS/FeTSPc.

Bode plots of (a) log |Z| vs. log f and (b) -Phase angle
vs. log f obtained in Fe(CN)s>/* 0.1 M KCI at bare-Au, Au-DMAET, Au-
DMAET-SWCNT-PABS, Au-DMAET-FeTSPc and Au-DMAET- SWCNT-
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Table 3.3: Comparative EIS paprameter data obtained for Au-DMAET, Au-DMAET-SWCNT-PABS, Au-
DMAET-FeTSPc and Au-DMAET-SWCNT-PABS/FeTSPc.

Electrode?
Electrochemical
impedance
parameters® Au-DMAET Au-DMAET-SWCNT-PABS | Au-DMAET-FeTSPc | Au-DMAET- SWCNT-

PABS/FeTSPc

Rs/ Q cm? 0.98 (1.06) 0.99 (1.93) 0.78 (2.24) 0.81 (1.19)
Retr / kQ cm? 0.16 (4.62) 0.15 (5.77) 0.13 (5.93) 0.07 (8.22)
Ca/ UF cm™ 1.22 (3.31) 1.05 (4.19) 1.17 (4.65) 3.36 (7.05)
Retz / kQ cm? 0.041 (4.38) |0.038 (4.89) 0.038 (5.42) 0.037 (7.09)
CPE/ pF cm™ 0.94 (3.02) 0.58 (5.40) 0.75 (5.18) 2.44 (3.05)
n 0.75 (0.60) 0.77 (0.99) 0.74 (0.97) 0.65 (0.71)
10° kapp / cm st [ 1.32 £ 0.08 | 1.44 +0.10 1.54 + 0.11 2.30 £ 0.22

- value in parenthesis is the estimated percent errors in fitting the experimental impedance spectra.

2: Bare gold electrode was fitted with the modified Randles equivalent circuit (Fig. 7b(i)) with estimated
values of Rs =2.8 Qcm?, R =15 Q cm?, Z,, =2 x 10° Q cm?, CPE = 21 yF cm™, n = 0.9 and kapp = 18x10°
3 cm sl. Estimated percent fitting errors < 4%
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3.4.3 Electrocatalytic Detection of Epinephrine

Electrocatalytic detection of EP was used to test the ability of the
surface-confined FeTSPc to detect biologically significant analytes.
Figure 3.37 compares cyclic voltammetric evolutions of 10° M EP in
phosphate buffer solution (pH 7.4) at bare-Au, Au-DMAET-FeTSPc and

Au-DMAET-SWCNT-PABS/FeTSPc.

———-bare-Au
------- Au-DMAET-FeTSPc
Au-DMAET-SWCNT-PABS/FeTSPc

-0.5 -0.3 -0.1 0.1 0.3 0.5 0.7
E/V vs. (Ag|AgCl, sat'd KCI)

Figure 3.37: Cyclic voltammograms obtained at bare-Au, Au-
DMAET-FeTSPc and Au-DMAET-SWCNT-PABS/FeTSPc in 10* M EP PBS
(pH 7.4) Scan rate = 50 mV s™..

The relatively enhanced current response at the Au-DMAET-
SWCNT-PABS/FeTSPc compared to Au-DMAET-FeTSPc is attributed to

synergic properties arising from the co-existence of FeTSPc and
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SWCNT-PABS. Hence, Au-DMAET-SWCNT-PABS/FeTSPc was further
used for chronoamperometric detection of EP.

Double potential step chronoamperometric experiments were
recorded at Au-DMAET-SWCNT-PABS/FeTSPc by polarizing the
potentials to 0.35 V and 0.0 V. Figure 3.38 shows a well-resolved
double-step chronoamperometric evolutions obtained in the absence
(buffer alone) and presence of consecutive addition of 1 ml of 1 uM
epinephrine in phosphate buffer solution (pH 7.4) to 20 ml phosphate
buffer. Figure 3.38 (inset) clearly shows the corresponding plot of
transient catalytic current (measured at 4 s) and epinephrine
concentrations, a linear relationship (R? = 0.990) was obtained. The
sensitivity of the plot of transient catalytic current (measured at 4 s)
and epinephrine concentrations was found to be 2.45 AM™L, The limit of
detection was calculated to be 24 nM. From equations 1.12 and 1.13
the diffusion coefficient, D, and the catalytic rate constant, k, of 10 uM
epinephrine in phosphate buffer (pH 7.4) were calculated to be 22.4 x
103 cm? st and 5.49 x 10° M! s7! respectively. For reasons previously

mentioned n = 2 in the Cottrell equation.
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0 10 20 30 40
t(s)

Figure 3.38: Typical double potential step chronoamperometric
transients obtained for epinephrine electro-oxidation at Au-DMAET-
SWCNT-PABS/FeTSPc. Inset: Plot of I, vs. [EP] in phosphate buffer pH
7.4; 0.143, 0.167, 0.211, 0.231, 0.268, 0.302, 0.333, 0.362 and
0.388 uM are the concentrations from outer to inner. Inset shows the

plot of chronoamperometric current at t = 1.6 s vs. [EP].
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3.5 Monolayer-Protected Clusters of Gold Nanoparticles
modified Gold Electrodes

The final part of this dissertation investigates the impact of
different ratios of the protecting —-OH and -COOH based monolayer
ligands of redox-active gold nanoparticles on the dynamics of electron
transport between solution species, in organic and aqueous media, and
the electrode surface. The popular electrostatic self-assembly strategy
technique was used for the immobilisation of MPCAuNPs onto the gold

electrode. [°3-5°]

. Considering the low concentration (~ 15 x 10™'° mol
L) of the MPCAuUNPs, longer period adsorption (18 h) was adopted to
allow for the electrostatic integration of the MPCAuUNPs with the
positively-charged DMAET SAM (Scheme 3.4). To my knowledge, this
is the first time this type of architecture involving different ratios of

carboxylated and hydroxyl containing ligands is fabricated and

described.
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x.

+4+ 4+ 4+ + W A 8
DMAET MPCAUNPs
— _—
C 4.5mM EtOH water
18 Hours
24 Hrs
Bare-Au Au-DMAET Au-DMAET-MPCAUNPs

Scheme 3.4: Schematic of the self-assembly process via
electrostatic interaction between the positively-charged DMAET
monolayer and the negatively-charged monolayer-protected clusters of

gold nanoparticles.

3.5.1 Spectroscopic and Microscopic Characterization

The preparation of the MPCAuNPs (summarized in Scheme 1.2)
was adopted from the previous work by Tshikudo et al. [*°!, The PEG-
stabilized MPCAuUNPs are extremely stable in the water. They can be
centrifuged, dried and re-suspended in aqueous solution without any
loss of materials. Unlike their citrate-stabilised counterpart that
changed colour from red to colourless solution after about 2 months
storage, the PEG-stabilised MPCAuNPs have not shown any detectable
change in their ruby-red solutions even after 8 months. Also, unlike
most other hydrosols, the PEG-stabilized MPCAuNPs do not show any
detectable aggregation in 2 M NaCl solution. Their size is similar to

their precursor citrate-stabilized gold nanoparticles (14+1 nm) as
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confirmed by their TEM images, exemplified in Figure 3.39 with

MPCAuUN P'COOHQQO/O.

" -
-y L]

e
F

e Fa

St 200 nm

Figure 3.39: Typical TEM image of Au-DMAET-MPCAUNP-COOHggo,.

Figure 3.40 shows the comparative 3-D AFM images of the bare-
Au, Au-DMAET, Au-DMAET-MPCAUNP-COOHspy and Au-DMAET-
MPCAUNP-COOHggo,.

As previously mentioned for an ultra thin film monolayer, there is
very little difference between the thickness of bare-Au and Au-DMAET
[1} which is also identified from the very small change in their
roughness root mean square deviation (rms) values. However
integration with the PEG-stabilized MPCAuUNPs, the topographic heights
increased to ~ 5 nm (with roughness factor of ~2.2 nm) for the Au-
DMAET-MPCAuUNP-COOHji¢ (not shown), ~ 8 nm (with roughness
factor of ~2.9 nm) for the Au-DMAET-MPCAuUNP-COOHs509, and to about
10 nm (with roughness factor of ~3.2 nm) for the Au-DMAET-

MPCAUNP-COOHgg,. There is a slight increase in the topographic
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height subsequent to adsorption of PEG-stabilized MPCAuNPs which
may be attributed to the chain length of the ligands. The PEG-
stabilized MPCAuNPs assembled as bundles with needle-like
protrusions, presumably due to the strong van der Waal’s attractive
forces existing between carbon chains. In general, all the PEG-

Stabilized MPCAuUNPs show similar surface morphology.

a b

ErMean Height i 1.44 nm Mean Height i 1.47 nm

e—————————————— e ————————————
1

i Roughness 1 0.59 nm Roughness 1 0.69 nm

C d

irMean Height i 8.07 nm Mean Height 1 9.91 nm

| e
1

i Roughness | 2.89 nm Roughness 1 3.16 nm

Figure 3.40: Typical 3-D AFM images of (a) bare-Au, (b) Au-
DMAET, (c) Au-DMAET-MPCAuUNP-COOHspy, and (d) Au-DMAET-
MPCAUNP'COOHQQO/O.
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3.5.2 Cyclic Voltammetric Evolution and Electron Transfer in

Non-Aqueous Solution

Figure 3.41 (a) shows the CV profiles of bare-Au, Au-DMAET, Au-
DMAET-MPCAuUNP-COOH;¢, Au-DMAET-MPCAUNP-COOHsgy, and Au-
DMAET-MPCAuUNP-COOHggy, in CH)Cl, containing 0.1 M tetra-n-
butylammonium perchlorate (TBAP). Some well-defined voltammetric
peaks are observed in the potential range of -0.8 and +1.1 V (vs.
AgCl). The activities in the negative potential region (0.0 to -0.8 V)
may be attributed to the presence of the DMAET molecule since the
bare gold electrode is the only electrode that shows no peak at -0.45
V. For clarity, the voltammetric evolutions in the positive potential
region (0.0 to +1.1 V) are shown for the activities of the Au-DMAET-
MPCAuUNP-COOH;q, (Fig. 3.41b), Au-DMAET-MPCAUNP-COOHS5sqe, (Fig.

3.41c) and Au-DMAET-MPCAUNP-COOHsgs, (Fig. 3.41d).
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—Bare-Au
——Au-DMAET

—— Au-DMAET-MPCAUNP-COOH1%
—— Au-DMAET-MPCAuUNP-COOH50%

—Bare-Au

—— Au-DMAET

—— Au-DMAET-MPCAUNP-COOH99% — AU-DMAET-MPCAUNP-COOH1%
-0.9 -0.6 -0.3 0 0.3 0.6 0.9 1.2(| 0 0.3 0.6 0.9 1.2
E/V (vs. Ag|AgCl) E/V (vs. Ag|AgCl)
— Bare-Au
d —— Au-DMAET
—— Au-DMAET-MPCAUNP-COOH99%
813
]

— Bare-Au
— Au-DMAET
—— Au-DMAET-MPCAUNP-COOH50%

T T T T 1 T T T T 1
0 0.3 0.6 0.9 1.2/ |0 0.3 0.6 0.9 1.2
E/ V (vs. Ag|AgCl) E/ V (vs. Ag|AgCI)

Figure 3.41: (a) Cyclic voltammograms of bare-Au, Au-DMAET, Au-
DMAET-MPCAUNP-COOH;¢, Au-DMAET-MPCAuUNP-COOHsg9, and Au-
DMAET-MPCAUNP-COOQOHgge, in CH>CI> containing 0.1M TBAP at a scan
rate of 25mV/s. The amplified area between 0 - 1.2 V (vs. Ag|AgCl) of
Au-DMAET-MPCAUNP-COOH1o,, Au-DMAET-MPCAUNP-COOHs50, and Au-
DMAET-MPCAUNP-COOHgyg9, are exemplified in b, ¢ and d respectively.

All the three PEG-stabilized MPCAuUNP exhibit three well-defined
redox processes at equilibrium potential (Ey» = 0.53, 0.78 and 0.96 V
vs. AgCl wire). From previous works on ligand-protected gold

nanoparticles [61°63

, these redox processes may be ascribed to the
discrete charging of the adsorbed particle double layers **®1, The
observation of the discretized double-layer charging is dependent on

the nanoparticle potential change (AV) incurred upon a single electron
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transfer to/from the working electrode or any other electron-
donor/acceptor. AV is the space between any two neighbouring peak
voltages. These nanoparticles are usually described as ‘quantum
capacitors’, with their stored-charge potentials changing by values that
are easily seen upon single-electron transfers. From Figure 3.41, it can
be seen that the charging peak around 0.5 V (I) appeared broad for all
three electrodes, suggesting the occurrence of a two-electron transfer
process arising from two close AVs. In fact, a closer look at the scan
rate studies, exemplified for the Au-DMAET-MPCAuUNP-COOH;¢, (Fig.
3.42a) and Au-DMAET-MPCAuUNP-COOHggy, (Fig. 3.42b), clearly prove
that the broad peak at the I is two peaks. Thus, the two close peaks
are assigned to MPC!*/% and MPC?*/1*, while processes II and III may

be ascribed to the MPC3*/2* and MPC**/3*, respectively.
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E /V (vs. Ag|AgCl)

0 0.3 0.6 0.9 1.2
E /V (vs. Ag|AgCl)

Figure 3.42: Scan rate studies at (a) Au-DMAET-MPCAuUNP-COOHj9,
(25 mV - 200 mV) and (b) Au-DMAET-MPCAUNP-COOHgg, (25 mV -
300 mV).

Electrochemical impedance spectroscopy represents a crucial
technique for probing the heterogeneous electron transfer kinetics at

gold electrodes modified with self-assembled MPCAuNPs. EIS
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experiments were carried out for each of the modified electrodes.
Figure 3.43 presents typical comparative Nyquist plots obtained for the
three modified electrodes, based at different potentials (~0.53, 0.78
and 0.96 V vs. Ag|AgCl). The experimental data were satisfactorily

fitted with the modified Randles electrical equivalent circuit (Fig. 3.39).
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Figure 3.43: (a-c) Nyquist plots resulting from Au-DMAET-
MPCAUNP-COOH1¢,, Au-DMAET-MPCAuUNP-COOHsqy, and Au-DMAET-
MPCAUNP-COOHgg, respectively, in CH,Cl, containing 0.1 M TBAP. (d)
Typical bode plot of Au-DMAET-MPCAUNP-COOHggy in the same

solution.
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Figure 3.44: Modified Randles electrical equivalent circuit.

In the model, the Rq is the solution or electrolyte resistance, Rq
represents the electron-transfer resistance, Ca, is double-layer
capacitance of the gold electrode, while C,4s is the capacitance of the

adsorbed MPCAUNP species, defined as Equation 3.7:[°¢],

F°Al

S ART

3.7

where F is the Faraday constant, A is the area of the electrode, T is the
surface coverage, R is the gas constant, and T is the Kelvin
temperature. From this equation, the values of surface coverage
(determined using the one-electron processes II (MPC3*/2*) and III
(MPC**/3*) in Figure 3.42 are: Au-DMAET-MPCAUNP-COOH;, (ca. 9.2 X
107? mol cm™ or 5.54 x 10'? molecules cm™), Au-DMAET-MPCAuNP-
COOHsge (ca. 8.5 x 10712 mol cm™ or 5.12 x 10** molecules cm™) and
Au-DMAET-MPCAUNP-COOHggy, (ca. 10.7 x 10712 mol cm™ or 6.44 x

10%? molecules cm™).
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Table 3.4: Comparative EIS data obtained for the electrodes in CH,Cl, containing 0.1 M TBAP.

Electrodes Potentials | Rs Cal Rct Cads r Ket
(V) (kQ cm?) | (u/F cm™) | (kQ cm?) | (uF cm™) | ( mol cm™) | (s?)
Au-DMAET-MPCAuUNP- | 0.532 3.06 9.50 8.56 12.43 9.17 x 10*? |4.69
COOH 19, (0.870) (4.164) (8.964) (7.839) 0.45
0.784 3.01 9.93 7.38 13.05 9.63x 10'? |5.19 +
(0.832) (4.271) (8.928) (7.019) 0.47
0.955 2.96 11.07 9.57 11.79 8.7x 101 |4.43+
(0.760) (3.644) (9.370) (8.010) 0.41
Au-DMAET-MPCAuUNP- | 0.532 3.34 10.01 11.56 8.67 6.4 x 10?2 [4.98
COOHsq, (0.640) (3.114) (9.425) (6.763) 0.41
0.784 3.25 10.98 9.49 12.05 8.89 x 107!? |4.37 +
(0.648) (3.293) (8.156) (6.925) 0.42
0.955 3.25 12.83 11.13 10.98 8.1 x10% |4.09 +
(0.584) (3.022) (9.320) (7.746) 0.38
Au-DMAET-MPCAuUNP- | 0.532 9.67 10.50 56.65 14.54 1.07 x 107! |0.61 +
COOHggo, (1.106) (3.684) (8.605) (7.665) 0.07
0.784 9.61 11.02 63.08 13.94 1.03x 10!t |0.57 +
(1.067) (3.478) (8.842) (8.044) 0.06
0.955 9.56 12.83 60.31 15.09 1.11 x 107! |0.55 +
(1.075) (3.678) (9.767) (8.776) 0.08
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Assuming a closed-packed structure of the surface MPCAuUNP
assembly, this corresponds to a (centre-to-centre) inter-nanoparticle
distance of approximately 4 nm. This value is smaller than the physical
diameter of 14 nm (core + mixed ligand monolayers), and represents
a surface coverage of about a magnitude higher than the expected
monolayer for 14 nm (i.e., 8.47 x 10** mol cm™ or 5.10 x 10
molecules cm™). The reason for this higher coverage is possibly due to
relatively higher assembling time used in this work. However, attempts
at using short assembling time did not produce noticeable voltammeric
response, necessitating the longer assembling period (18 h) used in
this study.

For all the MPCAuNP-modified gold electrodes, the slopes of the
Bode plots (log |Z]| vs. log f, Figure 3.43d) are approximately similar
(ca. -0.62, ¥ = 0.992) at the mid frequency region, indicative of
pseudocapacitive behaviour. At high frequency regions, the slopes are
almost zero, indicative of resistive behaviour at these high frequency
regions. The phase angles seen on the other Bode plots (i.e., —phase
angle (@) vs. log f, Figure 3.43d) are in the range of 49 - 60° which
are less than the 90° expected of an ideal capacitive behaviour. These
results indicate that both Ca, and Cygs used in the fitting are constant
phase elements (CPE), not true double-layer capacitances. CPE arises

from such factors as (i) the nature of the electrode (e.g., roughness
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and polycrystallinity), (ii) distribution of the relaxation times due to
heterogeneities existing at the electrode/electrolyte interface, (iii)
n [67-69].

porosity and (iv) dynamic disorder associated with diffusio

The electron transfer rate constant (ke / s') of each of the

electrodes was obtained from [6%1:
1
k = ——
et R ctCads 3.8

From Table 3.4, it is seen that the average k¢ value decreases as
the concentration of the surface-exposed -COOH group in the
protecting monolayer ligand increases: Au-DMAET-MPCAUNP-COOH1¢,
(~ 5 s1) > Au-DMAET-MPCAUNP-COOHsgy, (~ 4 s') >> Au- DMAET-
MPCAUNP-COOHgge, (~ 0.5 s!). Considering that the ionisation
constant (pK;) values of alkanols are inherently higher than their
corresponding alkanoic acids 7%, Thus, this trend may be interpreted
in terms of the hydrophobicity or affinity of the terminal functional
groups (-COOH and -OH) with organic solvent such as CH)Cl,.
Considering that the pK, of —-OH based monolayer ligands will be
higher that their —-COOH counterparts, the extent to which these
MPCAuUNPs will associate with the organic solvents will decrease as
MPCAUNP-COOH;¢, > MPCAUNP-COOHs5g9, > MPCAUNP-COOHggy.

Next, the same cyclic voltammetric experiment was carried out in

0.5 M H,;S0O,4 for the three MPCAuNPs (Fig. 3.45) and made three
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important findings. First, the quantized charging processes of the
MPCAuUNPs seen in the non-aqueous solution (Fig. 3.41) are not seen
or clearly defined in aqueous solution (Fig. 3.45). This observation is in
agreement with other workers who carried out similar experiments in
aqueous PBS solution. The observation may be interpreted using the
proposed equivalent circuit (Fig. 3.44). In organic solutions, the overall
electrode double-layer capacitance is governed by the adsorbed
MPCAUNPs (i.e., Cags > Cau, Table 3.4) 8471 while the measured
current response is the collective quantized charging of individual
surface-confined MPCAuUNP. In the aqueous solution, however, the
inverse is the case (i.e., Cags << Cay) [®*71,

Second, from the comparative cyclic (Fig. 3.45a) and square wave
voltammograms (SWV) (Fig. 3.45b), only the MPCPCAuUNP-COOHggv,
showed a weak redox peak at a formal potential (Ey/2) of about 0.22 V,
attributed to the MPCAuUNP redox process. Also, the three gold-
modified MPCAuUNPs, including the bare gold and Au-DMAET, showed a
broad peak at ~0.45 V, which was ascribed in section 3.1.2 to surface
reactions of the bare gold and/or the electric field-induced
protonation/deprotonation redox processes of the DMAET SAM.

Third, it is clearly seen in Figure 3.45 that the Au-DMAET-
MPCAUNP-COOHgge, showed slightly higher capacitive/background

current than the Au-DMAET-MPCAuUNP-COOH;is or Au-DMAET-
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MPCAUNP-COOHsg9,. This is also confirmed from the EIS experiment

(Fig. 3.46, Table 3.5) where the Cyq value decreased as MPCAUNP-

COOHgge, (0.51 PF) = MPCAUNP-COOHsge, (0.51 pF) > MPCAuNP-

COOH 19, (046 |JF)

‘= = =bare-Au

A7 - - AU-DMAET
AU-DMAET-MPCAUNP-COOH1%

Au-DMAET-MPCAUNP-COOH50%
Au-DMAET-MPCAUNP-COOH99%

-0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.5
E/ V (vs. Ag|AgCl, sat'd KCI)

= = = bare-Au
b Au-DMAET
Au-DMAET-MPCAUNP-COOH1%
Au-DMAET-MPCAUNP-COOH50%
Au-DMAET-MPCAUNP-COOH99%

0.05 pA

-----

-0.1 0.0 0.1 0.2 0.3 0.4 0.5
E /V (vs. Ag|AgCl, sat'd, KCI)

Figure 3.45: (a) CV and (b) SWV plots of bare-Au, Au-DMAET, Au-
DMAET-MPCAUNP-COOH;¢,, Au-DMAET-MPCAuUNP-COOHs09, and Au-

DMAET-MPCAUNP-COOHgge, in 0.5 M H3S04.
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Figure 3.46: Nyquist plots resulting from bare-Au, Au-DMAET, Au-
DMAET-MPCAuUNP-COOH;14, Au-DMAET-MPCAUNP-COOHspy and Au-
DMAET-MPCAUNP-COOHgge, in 0.5 M H3S04.

Table 3.5: Comparative EIS data obtained for the electrodes in

H>SO04.

Electrodes Rs Cai Rct Cads Ket
(Qcm?) | (WF cm™) | (kQ ecm?) | (WFem™@) | (s™)

Bare-Au 0.63 66.63 2.44 60.31 3.40
(9.524) |(3.425) |(23.488) |(13.616)

Au-DMAET- 0.94 13.50 1.22 22.84 17.89

MPCAUNP- (33.465) | (6.134) | (24.429) | (12.471)

COOH o,

Au-DMAET- 1.10 15.97 0.98 23.48 21.80

MPCAUNP- (20.416) | (5.144) | (20.125) | (10.46)

COOHsq9

Au-DMAET- 1.10 19.46 0.88 24.08 23.11

MPCAUNP- (16.168) | (4.654) | (21.889) | (7.665)

COOHggo,
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It is well established that the capacitance of any thiol-SAM is
dependent on its terminal functional group, and increases as —-COOH >
-OH > -CHs 79, In addition, the hydrophilic terminal groups are by
nature quasi-liquids, while the hydrophobic groups are quasi-solids 7%
72741 'meaning that the SAMs of the —~COOH terminal groups (in this
case, the MPCAUNP-COOHgg,) should be more permeable to solution
ions than those of the -OH terminated MPCAuNPs (notably the Au-
DMAET-MPCAuUNP-COOHi¢). The charge transfer constants, also
estimated from Equation 3.8, decreased as follows: Au-DMAET-
MPCAUNP-COOHgge, (23.11 s') > Au-DMAET-MPCAUNP-COOHsg
(21.80 s!) > Au-DMAET-MPCAuUNP-COOH;s, (17.89 s™!). The higher ket
value of the MPCAuUNP-COOHgy9¢, may also be explained by the quasi-
liquidity of these materials that allow the penetration of the solution
species. Such penetration may be enhanced by (i) the electrostatic
interactions between the negatively-charged carboxylic head group of
the MPCAUNP-COOHgg9, and the H3O" of the electrolyte solution, and/or
(i) the repulsive interactions between the neighbouring ionised -COOH
head groups that could create some interparticle voids or pinholes that
permit the penetration of the solution ions [”*), As a contrast, the
relatively lower ke of the more hydrophobic MPCAUNP-COOH;¢, is due
to the unfavoured interaction of the solution ions with the unionised,

quasi-solid terminal -OH groups.
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3.5.3 Electron transfer Kinetics in an Aqueous Solution of
[Fe(CN)e1>/*
Electron transport properties of the electrodes were studied in 0.1
M KCl containing equimolar (1 mM) mixture of K4Fe(CN)es and
KsFe(CN)e. Typical comparative CVs are shown in Figure 3.47. The
modified electrodes exhibited stable electrochemistry as the
voltammograms recorded did not change after several repetitive

cycling.

—— Bare-Au

—— Au-DMAET

—— Au-DMAET-MPCAUNP-COOH1%
—— Au-DMAET-MPCAuUNP-COOH50%
—— Au-DMAET-MPCAUNP-COOH99%

-0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6
E/ V (vs. Ag|AgCl, sat'd KCI)

Figure 3.47: CV profiles showing bare-Au, Au-DMAET, Au-DMAET-
MPCAUNP-COOH1o,, Au-DMAET-MPCAUNP-COOHspy, and Au-DMAET-
MPCAUNP-COOHggy, in 0.1 M KCI containing equimolar mixture of
K4Fe(CN)s and KzFe(CN)g at a scan rate of 25 mV s™..
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From the CV, the current responses of the modified electrode are
essentially the same as that of the bare gold electrode. This type of
behaviour has been elegantly described by the theoretical framework
of Davies 76771 and Compton 7678 as the type 4 behaviour (i.e.,
planar / linear diffusion, wherein the diffusion layer thickness, g, is
much larger than the insulating layer leading to a complete or heavily
overlapping of the adjacent diffusion layers and a linear concentration
profile).

Also, the cyclic voltammograms in Figure 3.47 shows that the
peak-to-peak separation potential (AEp) approximately follows this
trend, MPCAUNP-COOH;¢, (0.081 V) > MPCAUNP-COOHsqe, (0.079 V) >
MPCAUNP-COOHgge, (0.070 V), suggesting that the electron transport
at the MPCAuUNP-COOH1, is slowest compared to the other electrodes.
All the electrodes showed almost same formal potential (Ei; = 220
mV).

Electrochemical impedance spectroscopy experiments were carried
out for further insights into the electron transport properties. Figure
3.48 shows typical Nyquist plots obtained for the electrodes in 0.1 M
KCl containing the [Fe(CN)¢]*/ [Fe(CN)s]*> solution at the formal

potential of the electrodes (0.22 V vs. Ag|AgCl sat’d KCI).
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Figure 3.48: Nyquist plots resulting from bare-Au, Au-DMAET, Au-
DMAET-MPCAuUNP-COOH;y, Au-DMAET-MPCAuUNP-COOHsoy and Au-
DMAET-MPCAUNP-COOQOHgge, in 0.1 M KCI containing equimolar mixture
of K4Fe(CN)g and KsFe(CN)e.

The EIS data were satisfactorily fitted with the modified Randles
equivalent circuit model (Fig. 1.8a), wherein the true capacitance is
replaced by the CPE. In this model the Z, is the Warburg impedance,
while other parameters retain their usual meaning. The apparent
electron transfer rate constant (kapp / cm s™') of each of the electrodes

was obtained from Equation 3.6 *°!, However, in this experiment R, =

Rct .

RT
k =k®=—
app nZFZARpC
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where the R value is obtained from the fitted Nyquist plots and
all other terms retain their usual meaning. From Table 3.6, the kapp
value decreases as the concentration of the surface-exposed —-COOH
group in the protecting monolayer ligand decreases: Au-DMAET-
MPCAUNP-COOHgg0, (12.2 x 103 cm s?) > Au-DMAET-MPCAuNP-
COOHsg9 (5.3 x 103 cm s1) > Au-DMAET-MPCAUNP-COOH ¢, (2.7 X 10

3cm s™).
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Table 3.6: Comparative EIS data obtained for the electrodes in 0.1 M KCI containing equimolar mixture
of K4sFe(CN)g and KsFe(CN)g

Electrodes Rs CPE n Rct 10%z, 10° Kapp

(Q cm?) (uF cm™?) (Q cm?) (uUF cm™?) | (cm s™?)
Bare-Au 4.96 47.26 0.86 46.50 0.12 (5.7£0.04)

(0.851) (3.308) (0.466) (0.700) (0.545)
Au-DMAET-MPCAuUNP- 6.17 84.89 0.83 96.67 0.10 (2.7£0.04)
COOH0, (1.367) (4.991) (0.793) (1.577) (1.556)
Au-DMAET-MPCAUNP- 4.76 18.91 0.89 50.0 0.11 (5.3£0.05)
COOHisgo (1.992) (6.102) (0.783) (1.017) (0.960)
Au-DMAET-MPCAuUNP- 4.44 20.24 0.89 23.11 0.12 (12.2£0.12)
COOHago, (1.741) (6.910) (0.876) (1.033) (0.536)
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Also from the bode plot (-Phase angle vs. log. f, Figure 3.49) the
frequency synonymous with rate of reaction [’®7° at which the phase
angles were observed decreased as follows: Au-DMAET-MPCAuUNP-
COOHggo, (2511.9 Hz) > Au-DMAET-MPCAUNP-COOHsg0, (1513.6 Hz) >

Au-DMAET-MPCAUNP-COOHj¢, (316.2 Hz), corroborating the kapp trend.

60 - - Bare-Au
55 - ® Au-DMAET-MPCAUNP-COOH1%
- - - 0,
50 - A Au-DMAET-MPCAUNP-COOH50% ..I.. AAAA
& AU-DMAET-MPCAUNP-COOH99% = e S
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Figure 3.49: Bode plots showing the -phase angle vs. log. of
frequency for the bare-Au, Au-DMAET, Au-DMAET-MPCAUNP-COOHq,
Au-DMAET-MPCAUNP-COOHsgpq, and Au-DMAET-MPCAUNP-COOHgge, in
0.1 M KCI containing equimolar mixture of K4sFe(CN)e and KsFe(CN)e.

The kapp for this outer-sphere redox probe in aqueous solution
follows the same trend as in the 0.5 M H>S04, but the reverse of the
results obtained in the non-aqueous electrolyte already discussed. The

high kapp value for the MPCAuUNP-COOHggq, is interpreted as for the
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experiment in the 0.5 M H,S04, that is, in terms of its quasi-liquid

nature as opposed to the quasi-solid nature of the MPCAUNP-COOH ;.

3.5.4 Surface pK; of the MPCAuUNPs

The pK, of a surface-immobilized species is the value of the pH in
contact with monolayer when half of the functional groups have been
ionized 8%, Surface pK, is easily determined with EIS strategy using
solutions of [Fe(CN)s]*/[Fe(CN)s]* of different pH values 818, Figure
3.50 represent typical impedance spectral profiles of (a) MPCAuUNP-
COOHjo, (b) MPCAUNP-COOHggy, and Figure 3.51 shows (c) plots of
the R« vs. pH for MPCAUNP-COOHjiy, MPCAUNP-COOHsgy, and
MPCAUNP-COOHoqq9, obtained obtained in PBS solutions of [Fe(CN)g]*
/[Fe(CN)6]> (pH 1.91 - 10.0 range). There are four main findings in
this experiment. First, at the pH < 8.0, the resistance to electron
transport (Rq) follows as MPCAUNP-COOH;io > MPCAUNP-COOHsg9, >
MPCAUNP-COOHggy, which means that at low pH the redox species
experiences more difficulty in penetrating the MPCAuUNP monolayer as

the concentration of the —-COOH group decreases.
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Figure 3.50:

plots of (a) MPCAUNP-COOH;q,,
PBS solutions of [Fe(CN)e]*/[Fe(CN)s]*".

Typical impedance spectral profiles showing nyquist
(b) MPCAUNP-COOHgg9, obtained in
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Figure 3.51: Plot of charge transfer resistance (R / kQ) against pH
for MPCAuUNP-COOH;jo MPCAUNP-COOHspy, and MPCAUNP-COOHggo,
obtained in PBS solutions of [Fe(CN)s]*/[Fe(CN)s]*" (pH 1.91 - 10.0

range).

Second, the electron transport of the MPCAuUNPs are much higher
at pH > 8.0 than at pH < 8.0, indicating that the surface groups are
more deprotonated at pH > 8.0, resulting in electrostatic repulsion
between these negatively-charged head groups and the negatively-
charged [Fe(CN)s]*/[Fe(CN)s]*>". Note that at the pH > 8.0 the
resistance to electron transport is more difficult at the MPCAuUNP-
COOH ¢, compared to the MPCAUNP-COOHs5g9, and MPCAUNP-COOHgg,,
which means that the penetration of the redox probe at the terminal -

OH group is more difficult compared to the -COOH groups. The
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efficient electron transport observed for the MPCAuUNP-COOHsq, and
MPCAUNP-COOHggy, may be related to the enhanced repulsive
interactions amongst the neighbouring deprotonated groups that
create wider spaces (pinholes) for the penetration of the redox probe
into the films. Third, unlike the MPCAuNP-COOH;.,, both MPCAuUNP-
COOHspey, and MPCAUNP-COOHgg9, exhibit a sigmoidal shape with a
midpoint at ~ pH 5, signifying an initial pK; of ~ 5. Fourth, at pH > 8,
the three MPCAuUNPs gave well defined sigmoidal curves; pK, of ~8.2
for the MPCAUNP-COOH;, while both MPCAuUNP-COOHsg and
MPCAUNP-COOHgge, showed two pK; values of ~5.0 and ~8.0. These
two pKa’'s may be related to two possible locations of the -COOH
groups, presumably the well surface-exposed -COOH groups that
easily access the electrolyte, and the slightly ‘buried” -COOH groups
that are somewhat less easily accessible to the electrolyte solution.

In general, the electronic communication is strongly influenced by
the hydrophobicity / hydrophilicity of the head groups (-OH and -
COOH); in aqueous solution the electron transport of the -COOH
based ligand is favoured, while in the non-aqueous medium the
electron transport of the —OH based ligands is favoured. Unfortunately,
there is no accessible literature for surface pK, of MPCAuUNP with which

to compare the present data.
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3.5.5 Voltammetric Detection of Ascorbic Acid and

Epinephrine

Figure 3.52 shows comparative cyclic voltammetric evolutions at
Au-DMAET-MPCAUNP-COOH;¢, Au-DMAET-MPCAUNP-COOHsq9, and Au-
DMAET-MPCAuUNP-COOHgge, in @ PBS solution (pH 7.4) containing 10
MM ascorbic acid. Clearly, Au-DMAET-MPCAuUNP-COOH;i¢ shows a
significantly greater peak current response than the MPCAuUNPs with
higher carboxyl content. While the terminal -COOH group of the PEG-
ligands and ascorbic acid are expected to be fully deprotonated at this
pH 7.4 (pK. of ascorbic acid = 4.17 84), the deprotonation of the
terminal —OH group is highly unlikely considering the inherent high pKj
values of alkanolic compounds. Thus, the excellent suppression of the
voltammetric response of the ascorbic acid by the Au-DMAET-
MPCAuUNP-COOHggy, may be attributed to the repulsive interaction
between the negatively-charged ascorbic acid and the -COOH groups

of the PEG-ligands.
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----- Au-DMAET-MPCAUNP-COOH1%
— — — Au-DMAET-MPCAUNP-COOH50%

Au-DMAET-MPCAUNP-COOH99%
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Figure 3.52: Cyclic voltammetric evolutions in 10 uM ascorbic acid
at Au-DMAET-MPCAuUNP-COOH;1¢,, Au-DMAET-MPCAUNP-COOHS5sq and
Au-DMAET-MPCAuUNP-COOHgg9.

Figure 3.47 shows the voltammetric response of epinephrine in
PBS solutions of different pH (pH 7.4 and 9.68) using the electrodes
with two extreme mixtures (i.e., 1:99 and 99:1 ratios of PEG-COOH to
PEG-OH ligands). Considering that epinephrine has different pKa's
(8.7, 9.9 and 12.0 #5871 identical experiments in pH 7.4 and pH 9.68
were conducted. Figure 3.47 (a) and (c) shows comparative CV
evolutions of Au-DMAET-MPCAuUNP-COOH;¢ and Au-DMAET-MPCAuUNP-

COOHggo, in 10 UM epinephrine pH7.4 and 9.68 respectively.
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Figure 3.53: (a) and (c) shows comparative CV evolutions of Au-
DMAET-MPCAUNP-COOH;¢, and Au-DMAET-MPCAUNP-COOHggy, in 10
uM epinephrine pH7.4 and 9.68 respectively. (b) and (d) represent

their corresponding CVs in their respective buffer solutions only.

Figure 3.40 (b) and (d) represents their corresponding CVs in their
respective buffer solutions only. At pH 7.4, the onset potentials of the
epinephrine were obtained at 0.10 and 0.15 V for the Au-DMAET-
MPCAUNP-COOHggy, and Au-DMAET-MPCAuUNP-COOH;, respectively.
The peak potential at the Au-DMAET-MPCAuUNP-COOHgg¢, was at 0.3 V,

while at the Au-DMAET-MPCAuUNP-COOH;¢, it was observed at a more
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positive value (0.5 V). Also, in the alkaline medium (pH 9.68), Au-
DMAET-MPCAuUNP-COOQOHgge, and Au-DMAET-MPCAuUNP-COOH;¢, showed
onset potential of 0.0 and 0.07 V, respectively. The current response
at the Au-DMAET-MPCAuUNP-COOHgqe, is better defined than that at the
Au-DMAET-MPCAuUNP-COOH;¢. These results clearly indicate that the
Au-DMAET-MPCAUNP-COOHgy, exhibits more electrocatalytic activity
towards the detection of epinephrine than the Au-DMAET-MPCAuUNP-
COOHj1o. Also, unlike the Au-DMAET-MPCAuNP-COOH;y, the Au-
DMAET-MPCAUNP-COOHgge, showed two oxidation peaks for
epinephrine in pH 9.68 at 0.1 and 0.3 V (inset of Figure 3.47). The
occurrence of these two oxidation peaks may be related to the
oxidation of the different forms of the epinephrine in this pH
conditions.

From the results in pH 7.4, considering peak current responses, it
seems that for a simultaneous detection of the AA and EP in
physiological pH medium, the Au-DMAET-MPCAuUNP-COOH;¢ may
prove to be the best electrode. Further experiments are required to
prove this concept, and will be the subject of future engagement.
However, the key finding in this experiment is that one can possibly
tune the ability of the gold nanoparticles to electrochemically recognize
AA or EP in agueous medium by smart manipulation of the ratios of

their monolayer-protecting PEG-ligands.
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