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Abstract

The surface functionalities of commercial sulphonate-modified carbon nanoparticles
(ca. 9-18 nm diameter, Emperor 2000) have been converted from negatively charged
to positively charged via sulphonylchloride formation followed by reaction with
amines to give suphonamides. With ethylenediamine, the resulting positively
charged carbon nanoparticles exhibit water solubility (in the absence of added
electrolyte), a positive zeta-potential, and the ability to assemble into insoluble
porous carbon films via layer-by-layer deposition employing alternating positive and
negative carbon nanoparticles. Sulphonamide-functionalised carbon nanoparticles
are characterised by Raman, AFM, XPS, and voltammetric methods. Stable thin film
deposits are formed on 3 mm diameter glassy carbon electrodes and cyclic
voltammetry is used to characterise capacitive background currents and the
adsorption of the negatively charged redox probe indigo carmine. The Langmuirian
binding constant K = 4000 mol“dm?® is estimated and the number of positively

charged binding sites per particle determined as a function of pH.

Key Words: voltammetry, carbon nanoparticles, adsorption, thin film, modified

surface, sulphonamide, layer-by-layer, surface immobilisation, sensor.



1. Introduction

Nano-carbon based electrodes e.g. based on carbon nanotubes,* carbon
nanofibers,® grapheme,* or carbon nanoparticles’ are of interest in electrochemical
processes due to their often highly active surface characteristics® and their ease of
functionalisation.”® Carbon nanoparticles are of particular interest in sensing
applications.? A solvent evaporation based deposition method for negatively charged
Emperor 2000 carbon nanoparticles in combination with a positively charged
chitosan binding agent has been proposed for the formation of stable carbon
nanoparticle films on glassy carbon electrodes.' It has also been shown that a layer-
by-layer deposition process allows carbon nanoparticles to be deposited onto tin-
doped indium oxide (ITO) electrodes using a poly-(diallyldimethylammonium

chloride)™ or chitosan®? binder.

The introduction/modification of functional groups at carbon surfaces provides an
important tool for achieving chemical selectivity or a high level of charge at the
surface.” The oxidative treatment of carbons is known to introduce negative surface
functionalities.”® Diazonium salt chemistry, either spontaneous™®' or
electrochemically assisted,® has been widely applied for the introduction of various

types of surface functionalities. Also the Kolbe-decarboxylation of carboxylates has

been used to functionalise carbon electrode surfaces.’
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Figure 1. Two amines tested for attachment to the sulphonyl functional group of the
carbon nanoparticles and the expected surface functionalised products.

In this study sulphonate-functionalized carbon nanoparticles (Emperor 2000, Cabot
Corporation) are employed as a precursor material. These nanoparticles possess
negatively charged sulphonate functional groups which can be modified by attaching
amines to give sulphonamides with single or multiple positive charges (see Figure 1).
The resulting particles are complementary in charge to the Emperor 2000 precursor
particles and of interest in a wide range of sensor and electrode modification
application. It is shown here that the positively charged particles bind to negatively
charged silica surfaces and that a combination of positive and negative carbon
nanoparticles can assemble into novel nano-composites of mixed surface charge.
The anionic redox probe indigo carmine is shown to bind electrostatically to the
positively charged carbon particles, which allows characterisation of surface

properties as a function of pH.



2. Experimental

2.1. Reagents

Emperor 2000 carbon nanoparticles used as the starting material were obtained
from Cabot Corporation. Other regents were used without further purification:
sodium nitrate (Sigma Aldrich, 99.0%), indigo carmine, certified (Aldrich), acetic acid
(Aldrich, 99.7+%), ortho-phosphoric acid (Fisher Scientific), boric acid (Aldrich,
>99.5%). Britton-Robinson buffer was prepared from 0.04M of each of boric acid,
phosphoric acid, and acetic acid and adjusting with sodium hydroxide to the desired
pH. Demineralised and filtered water was taken from a Thermo Scientific water
purification system (Barnstead Nanopure) with not less than 18.2 MQcm resistivity.

Experiments were conducted at 20 + 2°C.

2.2. Instrumentation

For voltammetric studies a microAutolab Il potentiostat system (EcoChemie,
Netherlands) was employed with a Pt gauze counter electrode and a saturated calomel
(SCE) reference electrode (Radiometer, Copenhagen). Atomic force microscopy (AFM)
was conducted in tapping mode under ambient conditions using a Nanoscope IlIA
(V6.14) and a Nanosensors NCH-16 tip. Raman spectroscopy studies were carried out
with a Renishaw Raman microscope system with a resolution of about 2 cm™ and
using an excitation energy of 5.08 eV (244 nm) provided by a frequency-doubled

continuous-wave argon ion laser (reference diamond = 1332 cm™). X-ray



photoelectron spectroscopy (XPS) was conducted using a VSW hemispherical
analyser, excited using a monochromatic Al Ka X-ray source at 1486.6eV. Spectra
were background corrected using a Shirley background scan and peak fitting was
conducted using the XPSPEAK (ver. 4.1) software package. A Malvern Zetamaster S
(Malvern Instruments) was used for zeta potential measurements. Each sample was

measured 10 times, and each of these measurements took ca. 30 seconds.

2.3. Procedure I.: Surface Modification of Carbon Nanoparticles

For step (A) (see Figure 2) typically 1 g of carbon nanoparticles (Emperor 2000) were
sonicated in dry dichloromethane in a round bottom flask for 30 minutes. The flask
was degassed with nitrogen gas at 0°C and 10 cm® of thionyl chloride was added
dropwise under continuous stirring. The flask was then allowed to warm to room
temperature whilst stirring for 2-3 hours. Excess thionyl chloride and solvent were

removed by rotary evaporation.

For Step (B) (see Figure 2) 10 cm® of ethylene diamine was added into a 250 cm®
round bottom flask with 30 cm? of dry dichloromethane and the temperature cooled
to 0°C. The sulphonylchloride functionalised carbon nanoparticles were added in
small portions, and then the reaction was allowed to warm to room temperature
whilst stirring for 2 hours. Excess amine and dichloromethane were removed by
rotary evaporation. Aqueous 1 M HCl was then added and a black solid was collected

by Blichner filtration.



2.4. Procedure Il.: Deposition of Carbon Nanoparticle Films Onto Glassy Carbon

Electrodes

For deposition 3.5 mg of the sulphonamide-functionalised nanoparticles were added
into 1.5 cm? distilled water. The resulting solution/suspension was initially sonicated
for 1 hour and then shaken vigorously prior to each use. Aliquots of this
solution/suspension were pipetted directly onto a clean 3 mm diameter glassy
carbon electrode and allowed to evaporate at 80°C in an oven. The resulting film
exhibited good adhesion to glassy carbon and was used directly in further

experiments.

2.5. Procedure Ill.: Indigo Carmine Adsorption into Carbon Nanoparticle Films

For modification by indigo carmine the carbon nanoparticle films on glassy carbon
electrodes (see above) were dipped into solutions of indigo carmine in distilled
water of varying concentration and left to equilibrate for 5 minutes. The electrodes
were then rinsed with distilled water and placed into aqueous 1 M sodium nitrate for

electrochemical experiments.



3. Results and Discussion

3.1. Synthesis and Characterisation of Sulphonamide-Modified Carbon
Nanoparticles

Precursor carbon nanoparticles in this study are sulfonate-modified “Emperor 2000”
particles with ca. 9 to 18 nm diameter.”® These negatively charged particles are
readily soluble in agueous media and they have been employed in nanoparticle
deposition processes with positively charged poly-electrolyte binders.?! The key idea
for this study is based on the conversion of the sulfonate into sulfonyl chloride end-
groups which are then functionalised with amine functionalities (see Figure 1) to
provide a positively charged carbon nanoparticle complementary in charge to the

original Emperor 2000 particle but identical in size.
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Figure 2. (A) Conversion of sulphonate to sulphonylchloride with thionylchloride at
0°C. (B) Formation of sulphonamide by reacting sulphonylchloride with amine at 0°C
in dichloromethane.



It was expected that the ethylene diamine derivative would lead to a number of
positive surface charges equivalent to the number of negative charges on the
Emperor 2000 precursor nanoparticles. Theoretically, for the tris-(2-
aminoethyl)amine) derivative a three times higher surface charge would be possible
(see Figure 1). The ethylene diamine derivatised nanoparticles were obtained as
black powder and they slowly dissolved into pure water to give dark-yellow solutions
of low concentration. After sonication a black solution/suspension of 2.3 mg per cm’®
was obtained and this was employed for deposition onto electrode surfaces. The
tris-(2-aminoethyl)amine derivatised nanoparticles appeared completely insoluble in
water (possibly due to stronger interaction between particles). In the presence of
buffer or electrolyte both types of amine derivatised carbon nanoparticles remained

completely water-insoluble and resisted homogenisation.
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Figure 3. XPS data for (A) Emperor 2000 nanoparticles and (B) ethylenediamine
sulphonamide functionalised nanoparticles.

Surface composition characterisation of the modified carbon nanoparticles was
achieved by x-ray photoelectron spectroscopy (XPS). Figure 3 shows survey scans for
(A) Emperor 2000 particles and (B) ethylene diamine derivatised particles. It can be
seen that Emperor 2000 material has no nitrogen functionalities (no N1s signal). In
contrast, the ethylene diamine derivative shows a pair of N1s peaks (possibly
protonated and un-protonated amine). The sulphur peak (S2p) appears to be split in
the ethylene diamine derivative possibly indicating some protonation of the
sulphonamide. From the ratio of the sulphur S2p peak at ca. 169.4 eV and nitrogen

N1s peak at ca. 394.5 eV a roughly 2 : 1 nitrogen to sulphur ratio is estimated. A
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chlorine peak (Cl1s) is likely to be linked to chloride counter anions associated with

the protonated surface amine.

The presence of amine functionalities is further supported by zeta potential data
obtained in pure water which show that Emperor 2000 nanoparticles in solution
exhibit a zeta potential of ca. -44.5mV whereas the ethylene diamine derivatised
sulphonamide nanoparticles exhibit a zeta potential of ca. +29.8mV. Raman
spectroscopy (see Figure 4A) is not surface sensitive but does provide a well defined

-1 22

G mode peak at 1576 cm™ (expected for graphite 1581 cm™ %) consistent with a

ordered graphitic material with a low level of defects.

Due to the positive surface charge ethylene diamine derivatised nanoparticles show
different adsorption behaviour compared to negatively charged Emperor 2000
particles. For example, ethylene diamine derivatised particles (in contrast to
Emperor 2000) readily adsorb onto glass (or silica) slides. When a first layer of the
positively charged carbon nanoparticles has been applied alternating dip and rinse
cycles using negatively and positively charged carbon nanoparticles in water can be
used to build up carbon nano-composite deposits. These layer-by-layer deposits
become visible to the naked eye after ca. 20 to 40 deposition cycles. An AFM image
of a 20-layer deposit is shown in Figure 4B. Globular deposits with 40-50 nm height

can be observed.
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Figure 4. (A) Raman spectrum () for ethylenediamine sulphonamide functionalised
nanoparticles and (B,C) AFM image and profile for a 20-layer film formed by
alternating deposition of positively and negatively charged carbon nanoparticles

3.2. Voltammetric Characterisation of Carbon Nanoparticle Sulphonamides I.:

Capacitive Charging

Initially cyclic voltammograms were obtained for films of ethylene diamine
derivatised nanoparticles deposited onto glassy carbon substrate electrodes (see
Experimental). The capacitive current response was measured as a function of the

amount of applied carbon nanoparticles in agueous 1 M sodium nitrate. Data in

12



Figure 5A shows well-defined capacitive current responses over a potential range

from 0.0V to -0.8 V vs. SCE.
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Figure 5. (A) Cyclic voltammograms (scan rate 100 mVs™) obtained for films of (i) 4.6
ug, (ii) 7.0 ug, and (iii) 11.7 pg ethylene diamine derivatised nanoparticles deposited
onto a 3 mm diameter glassy carbon electrode and immersed into aqueous 1 M
NaNOs. (B) Plot of the capacitance (at -0.3 V vs. SCE) versus mass of carbon
nanoparticles.

A linear relationship between the capacitance and the amount of deposited carbon
material is observed (see Figure 5B) and the resulting specific capacitance is 3.3 Fg'l.
The tris-(2-aminoethyl)amine derivatised carbon nanoparticles exhibit the same type
of capacitive charging currents (not shown) with essentially identical specific
capacitance. This specific capacitance is consistent with that observed for other

- 2
types of nano-carbon materials.”
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3.3. Voltammetric Characterisation of Carbon Nanoparticle Sulphonamides II.:

Adsorption and Redox Cycling of Indigo Carmine

The terminating amine present at the surface of the carbon nanoparticle was
expected to be protonated over most of the aqueous pH range. Experiments were
therefore conducted by adsorbing the anionic redox probe indigo carmine®® into the
positively charged carbon host followed by voltammetry in aqueous 1 M NaNOs.
Indigo carmine is a water soluble molecule with a well defined two-electron two-
proton reversible reduction (see equation 1) with a reversible potential of -0.43 V vs.

SCE at pH 7.2%

Ho 0

= Cr- O
N SO0; +2¢ +2H S0;

\

(1)

Electrodes were modified first with a film of sulphonamide-functionalised carbon
nanoparticles and then immersed into an adsorption solution of indigo carmine in
water (see Experimental). After adsorption of indigo carmine for 5 minutes and
careful rinsing with 1 M NaNOs, voltammetric measurements were conducted in
aqueous 1 M NaNOs. Voltammograms shown in Figure 6A are typical for a surface
immobilised indigo carmine and show good reversibility and relatively good stability
over multiple potential cycles. The signal remains clearly visible up to 20 consecutive
scans (not shown). The scan rate dependence of the peak current shows direct

proportionality which is characteristic for a surface immobilised redox species.
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Therefore, the charge under the peaks is directly representative of the amount of
indigo carmine immobilised at the carbon nanoparticle electrode. Varying the
concentration of the indigo carmine dipping solution allows the construction of a
Langmuir-type adsorption isotherm (see Figure 6D). From this plot of anodic charge
versus indigo carmine concentration an estimate of the binding coefficient and
number of active binding sites can be gained. The binding constant is estimated as K
= 4000 mol*dm?® and compares favourably to the previously observed values for
carbon nano-composites with chitosan binder and Emperor 2000 nanoparticles.™
The tris-(2-aminoethyl)amine derivatised carbon nanoparticles formed more uneven
deposits (from a 50:50 water:ethanol mixture) and were tested in a similar way (data
not shown). The Langmuirian binding constant was estimated to be essentially
identical to that for the ethylene diamine derivatised particles. The charge under the
peak was not significantly higher which suggests that the tris-(2-aminoethyl)amine
derivatised carbon nanoparticles may be chemically less well defined without the
anticipated increase in positive charges. There could be multiple sulphonamide
bonds of tris-(2-aminoethyl)amine to the surface causing less free amine

functionality.

15
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Figure 6. (A) Cyclic voltammograms (scan rate (i) 50 mVs™, (i) 100 mVs™, (iii) 200
mVs™?, and (iv) 500 mVs™') obtained with a deposit of 7 pg of ethylene diamine
derivatised carbon nanoparticles at a 3 mm diameter glassy carbon electrode in 1 M
NaNOs; (after dipping into 1 mM indigo carmine for 5 minutes). (B) Plot of anodic
peak current for indigo carmine reduction versus scan rate. (C) Plot of the anodic
peak charge for indigo carmine reduction versus amount of carbon nanoparticles
deposited. (D) Plots of the anodic peak charge for indigo carmine reduction versus

the concentration in the indigo carmine dipping solution for (i) 7 ug and (ii) 16 ug
carbon nanoparticle deposit.

From the indigo carmine adsorption limit (see Figure 6D) it is possible to estimate
the number of cationic binding sites per carbon nanoparticle. The distribution of
carbon nanoparticle diameters is 9 — 18 nm, but it is possible to use the modal
average of 12 nm, and thus by using the approximate density of the carbon
nanoparticles 2.2 gcm™, it is possible to calculate a charge (or active binding sites) of
typically 600-700 per carbon nanoparticle. This results in a realistic molecular “foot-

print” per sulphonamide of 75 A?,
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3.4. Voltammetric Characterisation of Carbon Nanoparticle Sulphonamides lll.: pH

Effects on the Redox Cycling of Indigo Carmine

Since the protonation of the terminating amine groups on the carbon nanoparticles
is essential for the electrostatic binding properties of the surface, the effect of pH
was analysed next. Figure 7A shows typical voltammetric responses obtained at
acidic and alkaline pH. Both, the peak position and the magnitude of peak currents
can be seen to vary systematically. Even up to pH 13 a reversible signal for indigo
carmine reduction is clearly observed, however, the charge under the peak is
diminished (see Figure 7C). The effect of the pH on the adsorption of indigo carmine
is shown in Figure 7B. It was observed that between ca. pH 4 and pH 8 there was no
significant change in the surface concentration of indigo carmine. However, at lower
pH the charge under the voltammetric peaks is increasing possibly due to the
additional protonation of sulphonamide. At more alkaline pH values the number of
cationic binding sites decreases. The transition to lower binding appears to occur
around pH 9 suggesting that the pKa of the surface bound terminating amine groups
is approximately 9. However, the transition is very broad and deprotonation

incomplete even in more alkaline conditions which may indicate some interaction.

An approximate Nernstian shift was observed for the midpoint potential (see Figure
7B). The gradient for this Nernstian shift is ca. 59 mV for pH 2 to pH 7. After this the
gradient is ca. 30 mV for pH 7 to pH 13. This change in gradient is indicative of the
reduced form of indigo carmine becoming deprotonated and the electrochemical

process changing from a 2e /2H" (pH 2 to pH 7) to a 2e’/1H" (pH 7 to pH 13) process.

17



The pKa of leuco-indigo carmine can thus be estimated to be about 7.7 which is very

close to literature value for the pKa of leuco-indigo carmine (pKa = 8.0).%’
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Figure 7. (A) Cyclic voltammograms (scan rate of 100mVs™?) for the reduction of
indigo carmine (adsorbed from 1 mM solution of indigo carmine in Britton-Robinson
buffer onto 16 pg carbon nanoparticles at a 3 mm diameter glassy carbon electrode)
immersed in 0.12 M Britton-Robinson at pH (i) 2, (ii) 4, (iii) 8, and (iv) 10. (B) Plot of
the midpoint potential (Emg = % E,°* + % E,"°) versus pH. (C) Plot of the anodic
charge for the indigo carmine reduction versus pH.

18



4. Conclusions

A versatile synthetic procedure for the preparation for sulphonamide functionalised
carbon nanoparticles has been described. The functionalised nanoparticles have
been characterised by x-ray photoelectron spectroscopy and zeta potential
measurements showing that the amine functionalised particle exhibit a positive
surface charge in aqueous solution at neutral pH. The positively charged carbon
nanoparticles have been employed (i) for assembly onto glass surfaces and (ii) to
electrostatically bind redox active indigo carmine anions. The binding process was
studied using cyclic voltammetry. The number of binding sites was estimated to be
600-700 per nanoparticle and the Langmuirian binding constant for indigo carmine is

ca. 4000 mol™dm?.
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