ChemComm

Accepted Manuscript

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been

accepted for publication.
ChemComm

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's

standard Terms & Conditions and the Ethical guidelines still

g;mm apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript

or any consequences arising from the use of any information it

contains.

ROYAL SOCIETY
OF CHEMISTRY WwWW.rsc.org/chemcomm


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 4

ChemComm

Chemical Communications

SOCIETY

ROYAL S
OF CHEMISTRY

Manipulation and Measurement of pH sensitive Ligand-Metal
Binding Using Electrochemical Proton Generation and Metal

Received 00th January 20xx,
Accepted 00th January 20xx

Detection

DOI: 10.1039/x0xx00000x

www.rsc.org/

Generator-detector electrodes can be used to both perturb
and monitor pH dependant metal-ligand binding equilibria, in-
situ. In particular, protons generated at the generator locally
influence the speciation of metal (Cu®") in the presence of
ligand (triethylenetetraamine), with the detector employed to
monitor, in real time, free metal (Cu®") concentrations.

Many important chemical processes, such as acid-base;
hydrolysis; complexation; extraction, redox; solubility and
precipitation, are governed by a pH dependent chemical
equilibrium.! Experimentally, analysis of the change in species
concentration (or activity) with pH is often carried out using
different solutions of varying (and known) pH. However, for
certain reactions it is advantageous not only to be able to
investigate the process in-situ but also to locally manipulate
solution pH; pushing the pH dependent equilibrium in a
preferred direction.

pH dependent metal-ligand complexation is of importance
in a wide range of fields, including medicine® e.g. chelation
treatments for cancer therapy,’ waste water treatment,’
environmental research e.g. toxic metal availability in aqueous
solutions and human function,” for example the binding of
oxygen to haemoglobin in blood.® To illustrate the concept of
pH manipulation and show how by careful control of local
solution pH we can control the extent of metal-ligand binding,
in-situ, we focus on aqueous heavy metals, a key concern due
to their toxicity.7 For many cases, the free (labile) species is
bioavailable and therefore more toxic than the complexed
species and is often of primary interest.® However, as the bound
species acts as a reservoir of free species that can be released
when the equilibrium shifts, due to e.g. a pH change,9
understanding the pH dependent relationship and manipulating
it during measurement can be important.

Concentrations of free and complexed metal species are
often measured using techniques such as UV-Vis
spectroscopy'’, inductively coupled plasma mass spectrometry
(ICP-MS) or optical emission spectrometry,'' voltammetry'?
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and potentiometry, > thermometry'* and conductometry.'> The
majority of these techniques do not provide information on the
individual concentrations of both the free species and the ligand
bound metal species. For example, ICP-MS will measure total
metal concentration, whilst voltammetry and related techniques,
measure only the free metal ion concentration (at the given
measurement pH).'®

Electrochemistry is a popular method for detection of
aqueous species,’ due to its relative ease of use and low cost,
and its potential for application in situ; removing the necessity
to take samples away from the real environment for analysis,
which can affect the equilibrium of the sample and give false
measurements of free vs. bound species.!” Interest in pH control
via electrochemical methods is evident,'®,'” with applications
such as pH titration,” chemical species quantification’' etc
already highlighted.

For this study we focus on copper,”> a heavy metal
identified as being of key concern worldwide due to both its
prevalence as a trace metal and its toxicity.” Although
necessary in small quantities in the body copper is also
extremely toxic when absorbed in excess, causing oxidative
stress damage to organs; copper has also been linked to
Alzheimer’s disease.”® For pH dependent ligand binding
studies, triethylenetetramine (TETA), serves as a model system
for Cu®" complexation. TETA is a therapeutic molecule used in
the treatment of Wilson’s disease, the latter characterized by
copper accumulation in vital organs of the body.?

Cu*' (aq) + TETA 5 Cu[TETA]* [1]

TETA has four protonation constants, log K, (log K; =
9.79, log K, = 9.11, log K5 = 6.68, and log K; = 3.28).*° The
un-protonated (TETA) and singly protonated (HTETA) can
bind to Cu?', whilst the two, three and four pronated (Hp,Hs,Hy)
TETA ligands cannot. The pH dependent speciation curves for
the Cu*" TETA system can be determined using MINEQL+
chemical equilibrium modelling software in conjunction with
known values for §*° the complex formation constant and K,,
where:

log B =Y logK, 2]

Figure 1(a) shows the speciation curves, expressed as % of
total copper concentration, for free Cu®" (black line),
Cu[HTETA]*" (blue line), Cu{TETA]*" (red line) and combined
Cu[TETAJ]*" + Cu[HTETAJ*" (purple line) as a function of pH
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over the range 1 — 10, for 100 uM Cu®" and 100 uM TETA. At
pH values < 2.5, all Cu®" exists in the free form, whilst for pH
values >4.46, all the Cu*” is bound to TETA ligands and
therefore not freely available.
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Figure 1. (a) Simulated speciation curves for 100 uM Cu** (Cu(NOs),) and
100 uM TETA (ionic strength = 300 pM) across the pH range 1 - 10,
expressed as % of total copper for free Cu** (black), Cu{HTETAT*" (blue),
Cu[TETAJ*" (red) and total Cu{HTETAJ** + Cu[TETAJ* (purple). (b) UV-
Vis data, corresponding to CufHTETA]*" + Cu[TETAT*" for a pH titration of
100 uM Cu** and 100 pM TETA mixture via 25 dropwise additions of HCI
(starting pH = 5.23, end pH = 1.69). Peak maxima / peak maximum (for
maximum absorbance) x 100 % (m) is plotted on (a).

To verify the modelled speciation data, UV-Vis (Varian,
Cary 50 Bio UV-Visible Spectrometer) titration data was
obtained by dropwise addition of 0.1 M HCI to a mixture of
100 uM Cu®" and 100 uM TETA in a stirred solution. Between
additions the pH value was measured using a pH probe (Mettler
Toledo) and a ~3 cm® sample taken for UV-Vis absorbance
measurements in a quartz cuvette (1 cm? cross-section, optical
path length 1 cm). The resulting absorbance data, over 200 nm -
400 nm, for pH’s in the range 1.69 — 5.23, is shown in Figure
1(b). An absorption maxima is observed at ~250 nm which is in
good agreement with that seen previously for the Cu[TETA]*"
ligand-metal complex (absorptivity ~ 3900 M cm™).2® The
absorption characteristics for CufHTETA]*" are expected to be
very similar to those for Cu[TETAJ]*" and therefore the peak
maximum is likely to represent the absorption characteristics of
both species (vide infia). Note free (hydrated) Cu®>* should be
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visible in the range 500 - 900 nm,>’ however given its low
absorption coefficient,?” in combination with the concentrations
employed here, a measurable signal was not discernible. The
absorption data is presented as (peak maximum for a given pH
value) / (peak maximum for 100 % bound Cu*" ie. for pH
values > 4.46) x 100 % (m) and displayed on Figure 1(a). As
shown there is a good fit between the experimental UV-Vis
data achieved and the simulated speciation curve for combined
Cu[TETA]*" and Cu[HTETAJ**, confirming that the
experimental UV-Vis peak maximum most likely represents the
absorption of both Cu[TETA]*" and Cu[HTETAJ*".

In order to be able to generate local pH changes in-situ the
use of a dual electrode system is proposed. We use conducting
boron doped diamond (BDD) as it has recently been shown that
BDD is ideally suited to galvanostatic generation of proton or
hydroxide fluxes.'” Moreover, a BDD electrode is stable (does
not degrade or show surface instabilities due to erosion or
oxidation/reduction of the surface) under the required high
applied current densities, for long periods of time, in contrast to
thin film metal electrodes.”® The concept employed herein is
illustrated schematically in Figure 2 and uses the outer (ring)
electrode to controllably generate a quantitative flux of protons
by the oxidation of water in the presence of Cu[TETA]*' to
systematically change the position of equilibrium from fully
bound Cu*" to free Cu**. The central detector (disc) electrode,
works on voltammetric principles and thus only detects free
Cu**, by electrochemical reduction to metallic Cu, and
subsequent electrochemical dissolution (stripping) from the
electrode surface (anodic stripping voltammetry; ASV).”

&
N8 o

L

Figure 2. Schematics showing (a) generation profile of protons at the ring
electrode of the ring-disc, dual electrode system. The increase in solution pH
in the vicinity of the disc perturbs the Cu** - TETA equilibrium, releasing
free Cu®" into solution for subsequent reduction at the disc electrode. (b) The
electrodeposited Cu is subsequently detected on the disc electrode via re-
oxidation (dissolution) using anodic stripping voltammetry.

Fabrication of the BDD dual (ring-disc) electrode is
described in further detail in Electronic Supporting Information
Section 1, but briefly involved laser machining a 500 um radius
cylinder and a 50 pm width hollow cylinder (outer radius = 810
um and inner radius = 760 pm) from a 600 pm thick wafer of
freestanding i.e. not attached to a growth substrate, high quality
(minimal sp” content) conducting BDD.'** The electrodes were
assembled in insulating epoxy and the top surface polished flat,
using silicon carbide, to ensure a co-planar arrangement of
electrodes and insulator. The separation between the ring and
disc was ~260 pm.

The electrochemical set-up is described in detail in ESI,
Section 2. Initial “bulk pH” experiments used the BDD detector
(disc) electrode to detect Cu?* using ASV, in solutions
containing 100 pM Cu®" and 100 uM TETA with 0.1 M KNO;
added as a supporting electrolyte, to suppress migration effects.
In these experiments, the pH of the solution was changed by
deliberately adding either HNO;3; or KOH to produce solutions
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with pH values in the range 2.50 — 5.01 For each solution, the
electrode was held at -0.5 V versus SCE, for 60 s, sufficient to
provide a large enough overpotential for copper
electrodeposition, but not negative enough to reduce protons in
solution. Note, electro-generated oxygen reduction, for the pH
range investigated, was found to be minimal, at this potential,
on Cu celectrodeposited BDD. ASV experiments were
performed immediately following electrodeposition by
scanning in a positive potential direction using linear sweep
voltamnlletry from -0.25 V to +0.5 V at a potential scan rate of
0.1 Vs

Figure 3(a) shows the ASV current-voltage signals for
stripping voltammetry experiments in 100 uM Cu®>" and 100
uM TETA solutions adjusted to bulk pH values of 2.5, 2.99,
3.52, 4.05, and 5.01. At pH 5.01, no electrochemical signal is
seen, as expected based on the fact that Cu?" is fully complexed
with TETA and electrochemically inaccessible. As the pH is
decreased and TETA becomes protonated, forming first
HTETA then increasing in protonation, until fully protonated
(H4TETA), Cu®" ions are released from the metal-ligand
complex and are freely available for electroreduction. The
lower the pH the more Cu®" available for electroreduction (until
it has all been released), this manifests itself in an increasing
peak height (and area under the curve) as the pH of the solution
is lowered.
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Figure 3. (a) ASV curves for Cu®" stripping for solution pH values in the
range 2.50, 2.99. 3.52, 4.05, 5.01, in a 100 uM Cu®" and 100 uM TETA
solution with 0.1 M KNOj; added as supporting electrolyte, scan rate = 0.1 V
s, (b) ASV (ip / ipmax % 100 %) data (#) plotted as a function of pH. Also
shown are the simulated speciation curves for the equivalent solution
experimental conditions for free Cu** (black), Cu[HTETAT" (blue),
Cu[TETAJ*" (red), ionic strength = 0.1003 M.

This journal is © The Royal Society of Chemistry 20xx

The simulated Cu®>" TETA speciation curve is shown in
Figure 3(b), adjusted to account for the change in ionic
strength of the solution due to the presence of supporting
electrolyte (KNOj3) in the electrochemical experiment. Note
NO;™ shows a characteristic absorption at ~210 - 220 nm*° in
the UV-Vis spectra and therefore cannot be added to the
solutions in Figure 1(a). The peak current, i,, (¢) normalized
with respect to the maximum, i, recorded under acidic
conditions, where the Cu®" is completely unbound, x 100 %, is
shown also on Figure 3(b). It is clear that for the ASV
experiments recorded in the different pH solutions there is good
agreement between the electrochemical signal which relates to
free Cu®" and the speciation curve for free Cu*" under these
solution conditions.

Experiments were then carried out under bulk pH = 6.4
conditions. A constant current (in the range 0.10 — 2 mA cm™)
was applied to the generator electrode (versus a Pt counter
electrode) for a period of 300 s to generate a steady-state flux of
protons (via oxidation of water); the higher the current density
the greater the flux. Note higher than 6 mA cm™ causes
significant bubbles (oxygen) to form which can be problematic
for copper electrodeposition and stripping. With the current still
applied, the potential at the detector electrode was then
switched on (-0.5 V for 60s, versus SCE) to electrodeposit any
free Cu®" onto the electrode surface and then swept anodically
between -0.25 V and +0.5 V at 0.1 V s' to remove
electrodeposited Cu from the surface. The resulting (i / i, max X
100 %) data, derived from the recorded ASV’s (normalised and
shown in ESI, section 3) during in-situ pH generation is
displayed in Table 1.

Importantly, the same trend can be observed in Table 1 as
for Figure 3(a), where increasing the applied current density,
which causes a decrease in the local solution pH, causes the
ASV stripping peak currents to increase in size. The maximum
peak current was recorded for a galvanostatic current of 1.98
mA cm™. Applied current densities greater than this gave
similar peak currents. Currents of > 1.98 mA cm? were
therefore assumed to have made the local solution sufficiently
acidic to free the Cu®>" and fully protonate the TETA. Using the
speciation curve in Figure 3(b) and by plotting the observed (i,
/ iy, max X 100%) it was possible to estimate the local pH at the
electrode surface for the different applied galvanostatic
currents, also shown in Table 1.

In summary, we have shown that using an electrochemical
proton generator coupled to an electrochemical measurement
(detector) system it is possible to both change and monitor the
speciation of a pH sensitive metal-ligand complex, in-situ.
Importantly, for the complex Cu[TETA]*" it was possible to
switch between Cu”’ in the 100% bound form (pH > 5.01) to
100% free Cu®" (pH < 2.50), in situ, simply by generating
sufficient protons in the vicinity of the Cu®" detector electrode.
This is of interest as it offers the possibility of investigating a
wide range of pH dependant equilibrium processes in-situ;
provided one of the species in the equilibrium is
electrochemically active. Moreover, for pH-dependant metal-
ligand binding it provides the opportunity to quantify both total
and free metal ion concentrations in one measurement,
provided the metal can be electrodeposited and subsequently
stripped from the surface. This can be performed by simply
making a voltammetric measurement of metal concentration at
the native solution pH and then by sufficiently lowering the pH
to release all the bound metal, making a measurement of total
metal concentration. Finally, to achieve low levels of detection
(~ ppb) it would be necessary to optimise the generator-
detection electrode geometry to provide sufficiently high
detection sensitivity, e.g. dual microband electrodes in flow.'*®
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Table 1. Comparison of experimentally recorded ASV (i, / iy max % 100 %)
data as a function of the applied generator current in 100 uM Cu®* and 100

uM TETA solution with 0.1 M KNOs.
Current Density % (i p /iy max) Generated pH from
(mA cm™) Speciation Curve
0.10 0 50<
0.20 35 3.8
0.395 79 34
1.98 100 <25
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