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Abstract Poly[Cu(3-MeOsalpd)] films with good physical,
chemical and electrochemical stability may be potentiody-
namically electrodeposited with high deposition efficiency
from acetonitrile solutions of the monomer. Comparative cou-
lometric assays with the Ni-based analogue show that the metal
in the salen motif does play a role in the electronic structure of
the polymer, but that the electroactive response is ligand (not
metal) based. The dynamics of redox switching are ultimately
limited by coupled electron/counter ion diffusion, but this
process is sufficiently rapid that it influences the voltammetric
response only for thick films (">420 nmol cm ?) at high scan
rates. Redox cycling in monomer-free electrolyte shows a
voltammetric signature that responds, via interaction with the
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pseudo-crown ether receptor sites, to the presence of Li", K,
Mg*" and Ba®" ions in solution. The most prominent change is
associated with the first anodic peak in the i-£ signature. For
each of the metal ions considered, this peak potential responds
logarithmically to concentration in a manner that varies with
individual complexed cation and film thickness and to an
extent greater than predicted by the Nernst equation. The film
characteristics offer some analytical promise, including a trade-
off between sensitivity and dynamic range and signal amplifi-
cation, possibly due to supramolecular effects.

Keywords Electroactive polymer - Thin film - Salen -
Sensor - lon recognition - Pseudo-crown ether

Introduction

Over the last few decades, the quest for novel materials based
on electroactive polymers has motivated research in many
areas, including electrocatalysis, [1], chemical sensors [1-5]
and optoelectronics [1, 5, 6]. Among the vast range of molec-
ular materials studied, promising systems include polymers
based on metal complexes, in which the presence of the metal
centres allows additional manipulation of electronic and
chemical properties in comparison with organic-based poly-
mers [7-13]. One of the categories of metal complexes that
has attracted considerable attention is that based on the M
(salen) motif [14, 15], for which the particular example
studied here is shown in Scheme 1.

The attraction of the M(salen) motif lies in the ability
separately to influence performance by variation of the metal
(M) in the spine (Scheme 1, region I), by introduction of
functionality in the imine bridge (region II) and by introduc-
tion (or not) of a second functionality in the aldehyde moiety
(region III). In the present instance of a chemical sensor, the
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Region I

|

Region III

M = Cu(II) and Ni(IL)

Scheme 1 Molecular structure of poly[Cu(3-MeOsalpd)] indicating
the spinal reporter, imine bridge and pseudo-crown receptor compo-
nents (regions I—III, respectively)

functionality is a receptor; more generally, other functionalities
could be introduced for other applications. To anticipate some
of the discussion below, when the motif is polymerized (as in
Scheme 1), the receptor is to one side of the spine, which acts as
a reporter via changes in the electrochemical response of the
“molecular wire” resulting from extensive charge delocalisa-
tion in the polymer spine. The latter is analogous to the situation
in a conducting polymer, such as polypyrrole or polythiophene,
although the presence of the metal means that the underlying
chemistry is somewhat different.

Recently, a number of studies involving electroactive poly-
mer films have explored their application to ion recognition [3,
4, 16, 17]. The first example involving organic conducting
polymers for ion recognition purposes was reported by Roncali
et al. [17], who demonstrated that a polythiophene derivative
showed specific interactions with Li" cations. Since then,
studies of polypyrrole [18-21] and polythiophene [22-26]
films functionalized with ether-based (O donor) functionalities
have been reported. An advantage of using polymeric (cf.
molecular) electroactive sensing moieties is that even minor
molecular-level interactions with the analyte may impart
changes in collective properties at the supramolecular level,
e.g. transport of species and/or conductivity [8]. This has the
important effect of amplification of the recognition signal.

Viewed strategically, our early work on this class of materi-
als focused on identification of the site of electroactivity
[27-29]. FTIR and EPR spectroscopies, in conjunction with
coulometry, showed this to be the ligand, not the metal [27,
30]; schematically this corresponds to region I of the monomer
structure in Scheme 1. Subsequently, attention shifted to stru-
ctural variation by substitution at the imine bridge (schemati-
cally, region II in Scheme 1). Based on established solution
chemistry, we chose benzo crown ether substituents as metal
ion receptors [31]. For complexes with methoxy substituents in
the aldehyde moiety (see Scheme 1, region III), there is then
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ambiguity regarding the receptor site: is it the benzo crown
ether (in region II) or the pseudo crown (in region III)? Ex-
tended X-ray absorption fine structure (EXAFS) determination
of the local environment around complexed barium ions
showed that the crown ether was the receptor [31-33]. How-
ever, an important outcome is that in the spatially restricted
film environment, the normal solution selectivity pattern
(based on crown size) was lost [33]. Additionally, one might
anticipate that sensitivity is diminished by the relatively large
distance between the receptor and the reporter.

The generic aim of the present work is a means of identify-
ing and quantifying ion binding for diverse alkali and alkaline
earth ions; obvious variables are ion size and charge. Particular
ions of interest are Li" and Mg**. However, for these lighter
(low Z) elements, our previous approach of using EXAFS to
identify receptor location (which worked well for the high Z
element Ba®* [32, 33]) is not feasible. For this latter case, since
the synthetic accomplishment of attaching a crown ether was
not rewarded by control over selectivity based on crown size
(see above), the strategy in the present work is to use the
pseudo crown involving the methoxy groups. This shift in
location of the receptor (from region II to region III in
Scheme 1) places it closer to the reporter site (the polymer
spine). An important question is whether this more intimate
electronic coupling of receptor and reporter functionalities
enhances sensing capability. One might hypothesise that the
identity of the metal ion in the monomer complex may be more
significant. Thus, although we focus on the Cu(salen) motif,
we make comparison with the Ni analogue.

To summarise, the objectives are (1) quantitation of ion
binding to a new salen-based polymer for group I and group 11
metal ions, (2) determination the effect (if any) of the imine
bridge (e.g. through non-planarity effects on pseudo-crown ge-
ometry and spinal planarity) and (3) determination of the effect
of the metal centre. The monomer from which the films are
derived is [(bis(3-methoxysalicylidene)-2,3-propanodiiminato)
M], henceforth abbreviated as [M(3-MeOsalpd)]. This work is
distinct from our previous studies in three important respects:
diversification from barium as target analyte, extension from a
Ni- to a Cu-based complex and, in pursuit of possible sensing
applications, quantitation of the electrochemical response to
analyte concentration. The outcomes will be used to inform
future DFT modelling of the complexes and their interactions
with metal ions as a guide to synthetic effort.

Experimental
Materials
Acetonitrile (Romil, HPLC grade), tetrabuthylammonium

perchlorate (TBAP, Fluka, puriss., electrochemical grade),
tetracthylammonium perchlorate (TEAP, Fluka, puriss.,
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electrochemical grade), LiClO,4, KCIO4, Mg(ClOy4), and
Ba(ClOy), (Aldrich +99.99%) were used as received. The
monomers [M(3-MeOsalpd)] (M=Cu, Ni) were prepared by
standard methods [34] and recrystallized from CH;CN.
Warning! Perchlorate salts are hazardous because of the
possibility of explosion.

Instrumentation

Cyclic voltammetry was performed with an Autolab
PGSTAT30 potentiostat/galvanostat. The electrochemical cell
was a standard three-electrode cell. A Pt disk electrode with an
area of 0.0314 cm® was used as working electrode and a Pt
wire as a counter electrode. All potentials are referred to an
Ag/AgCl (1 mol dm > NaCl) reference electrode. Prior to use,
the Pt working electrode was polished with an aqueous sus-
pension of 0.3 um alumina (Beuhler) on a Master-Tex
(Beuhler) polishing pad, then rinsed with water and ethanol,
dried and finally rinsed with acetonitrile. All measurements
were made at room temperature, 7=20 (£2) °C.

Procedures

Poly[M(3-MeOsalpd)] films were deposited by immersing the
electrode in a CH3CN solution of 1 mmol dm > monomer/
0.1 mol dm® RyN"CIO,  (R=ethyl or butyl; see figure
legends) at a scan rate, v=0.1 V s '. The potential range was
—0.20 to 1.3 V for M=Ni and —0.40 to 1.40 V for M=Cu.
Film thickness was varied via the number of potential cycles
(see below for coulometric assay).

After electropolymerisation, the modified electrode
was thoroughly rinsed with CH3;CN and transferred to
0.1 mol dm > Ry;N'CIO, /CH5CN solution. Film coverage
and electroactivity were explored by potentiodynamic studies
in the potential range —0.4 to 1.4 V at scan rates in the range
0.01 to 1.0 V s~ ', Interpretation of the coulometric data for
polymerization and film deposition (via coupling of the
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Fig. 1 Sequential cyclic voltammograms during potentiodynamic po-
lymerisation at a Pt electrode of [Ni(3-MeOsalpd)] (a) and [Cu(3-
MeOsalpd)] (b). In each case, the monomer concentration was
1 mmol dm >, the background electrolyte was 0.1 mol dm > TBAP/

phenyl rings; see Scheme 1) (Op1) and for redox switching
(Oredox) 18 based on the established fact [27] that polymeriza-
tion involves 2e per monomer unit. Reversible redox switch-
ing of the polymer is characterised by the transfer (in the
parlance of electroactive polymers, “doping level”) of y elec-
trons per ring (i.e. 2y electrons per monomer unit) and z
electrons per metal site. For simplicity, we will assign the
symbol n to 2y. The ratio of anodic charges passed in poly-
merization/deposition and subsequent voltammetry is O,o/
Oredox=(2+n+z)/(n+z). Since z can only take the integer
values 0 or 1 and 7 is positive, it turns out that the ratio Qpo/
Oredox allows unique evaluation of n and z [27]. As discussed
below, in the Ni case this procedure was restricted to very thin
films due to deposition efficiency issues; no such restrictions
arose for the Cu system of primary interest here.

Film responses to metal ions were determined by addition
to background electrolyte of LiClO4, KCIO4, Mg(ClOy), or
Ba(ClO,),; see figure legends for details. Evolution of i-E
response was recorded after each addition until no further
change occurred. At this point, the i-E response was deter-
mined as a function of scan rate.

Results and discussion
Film deposition

Figure 1 shows voltammetric responses acquired during
representative [Ni(3-MeOsalpd)] and [Cu(3-MeOsalpd)]
electropolymerization and deposition experiments, here us-
ing five polymerisation cycles. For [Ni(3-MeOsalpd)], the
current starts to increase in the first half cycle at 0.65 V and
two anodic waves at Ep,,;=0.71 V and Ep,,;;=0.96 V can be
observed. On the reverse sweep three cathodic waves occur
at £,;;=0.14 V, E,;;=0.36 Vand E,,¢;;;=0.60 V. The second
anodic half cycle shows a new broad anodic wave at E,=
0.57 V, which is attributed to the oxidation of the previously
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CH;CN and the scan rate, v=0.1 V s . The total deposition process

comprised five scans; the bold line in each case represents the response
to the first scan
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deposited film. In subsequent cycles, the features at £y, Epyp
and E,y increase progressively in amplitude with the num-
ber of potential cycles.

In the case of [Cu(3-MeOsalpd)], the first half cycle of
polymerisation shows a sharp increase in current at 0.68 V,
two anodic waves at £,,;=0.76 V and Ep,;;=1.04 V, and an
incompletely resolved wave at E,,rv=1.28 V. On the reverse
sweep, three cathodic waves occur at E,;=—0.05 V, Ep, .=
0.54 Vand E,.;;;=0.92 V, with E,; attributed to reduction of
the previously deposited film. When the second cycle
begins, a new anodic wave occurs at E,,;=0.05 V, which
is attributed to the oxidation of film previously deposited
during the first cycle. The current intensity associated with
all these features increases as the number of deposition
cycles increases.

Inspection of the working electrode surfaces at the end of
the electrodeposition in both systems revealed the presence
of insoluble films, yellow-greenish in colour for poly[Ni(3-
MeOsalpd)] and green for poly[Cu(3-MeOsalpd)]. In the
case of the Ni-based films, there was also visual observation
of appreciable amounts of coloured particulates dispersed in
solution; the relevance of this is discussed below in the
context of coulometric assay of film deposition.

Film redox switching

In order to characterise the electrochemical properties of the
deposited polymer films, the modified electrodes were im-
mersed in monomer-free solution, to ensure that current fea-
tures were attributable solely to the surface-bound structure.
Figure 2 shows representative electrochemical responses for
poly[Ni(3-MeOsalpd)] and poly[Cu(3-MeOsalpd)] films,
namely those of Fig. 1.

Poly[Ni(3-MeOsalpd)] shows two anodic waves (at
Epar=0.54 Vand E,,;;=0. 82 V) and three cathodic features
(at EpCI:0'18 \/, EpCII:0'39 V and EpaIH:O-Sg V), whilst
poly[Cu(3-MeOsalpd)] shows four anodic waves (at E,q=
0.14V, E,,i=0.64 V, E,,;n=0.91 Vand E,,;v=1.09 V), and
four cathodic waves (at E,;;=0.09 V, E,c;=0.35 V, Epen=
0.77 V and E,rv=1.12 V). As is common for electroactive

polymer films, the i-E response during the first voltammetric
cycle is anomalous (the so-called first-cycle effect). Assign-
ment of the origin of this effect—most commonly to oxida-
tion of residual monomeric/oligomeric species trapped into
the polymeric matrix [35] or undefined “conditioning” of
the film [36]—is outside the scope of this study; we focus
on the properties of films once this process is complete.

Qualitative comparison between the voltammetric
responses of poly[M(3-MeOsalpd)] films illustrates that poly
[Cu(3-MeOsalpd)] shows a larger number of redox processes,
spread across a wider potential range. Referring back to the
objectives, this immediately signals that changing the metal
centre from Ni to Cu influences film electrochemical response.

This change in electrochemical response requires confir-
mation (or otherwise) that, like poly[Ni(salen)]-type films,
the Cu analogue electroactivity is ligand based. This may be
inferred through coulometric determination of the oxidation
degree, n (number of electrons per monomer unit involved
in reversible film redox switching); see Experimental. For
poly[Ni(3-MeOsalpd)], we find z=0 and »=0.38, and for
poly[Cu(3-MeOsalpd)], we find z=0 and »=0.21. In both
cases, the z values confirm the ligand-based nature of the
redox processes. The n values correspond to delocalization
of one charge over ca. three and five monomeric units,
respectively. Inter-relation of these observations is beyond
the scope of this experimental study, but will be the subject
of a future DFT study.

The issue of attributing the current response of delocalised
systems such as conjugated aromatic systems (“conducting
polymers”) into Faradaic and capacitive components has been
the subject of longstanding debate [37]. The measurements
made here do not contribute to this philosophical discussion.
The practical distinction is that capacitive contributions will
yield relatively flat (potential independent) responses, where-
as the focus of our interest (see below) is the parameterization
of current peaks (e.g. peak potentials). Hence, the presence or
otherwise of capacitive effects will not influence the analytical
utility of the film responses.

Coulometric estimates of surface coverage (I7/mol cm 2,
where “mol” refers to moles of monomer units, determined

Fig. 2 Voltammetric responses .
of the films prepared in the 0.6 a)
experiment of Fig. 1, following
transfer to monomer-free back- 0.47 *
ground. v=0.1 V s~'. a Poly[Ni |
(3-McOsalpd)]; b poly[Cu(3- < 02 —
MeOsalpd)]. Asterisks indicate = 0.0-
features referred to in the main ’
text 0.2 /
-0.41 * * !
-0.2 OI.O OI.2 OI.4 OI.G OI.8 1I.0 -0.4 OI.O OI.4 OI.8 1I.2
E /V (vs Ag/AgCl) E/V (vs Ag/AgCl)
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using the n values discussed above) are shown in Fig. 3 as a
function of the number of deposition cycles for the two
polymer types. For both films, I" increases linearly until
the ca. 50th deposition cycle, after which it increases less
rapidly and ultimately reaches a limiting value after ca. 100
scans. The question of whether this represents a genuine
limitation of coverage or is due to charge transport limita-
tions is now addressed.

The I'variations with number of deposition cycles (Fig. 3)
imply that poly[Cu(3-MeOsalpd)] films grow ca. 100 times
faster than poly[Ni(3-MeOsalpd)] films. Despite the similar
polymerization charges (Qpo1) for the two complexes, the
redox charges (QOreq0x) Were very different. As noted above,
visual observation of extended poly[Ni(3-MeOsalpd)] depo-
sition was accompanied by the generation of significant
amounts of coloured material (oligomer and/or polymer) in
the solution phase; this was not seen for the Cu case. This
meant that the coulometric determination of n-values for
poly[Ni(3-MeOsalpd)] was only possible for very thin films,
for which no colouration of the solution in the vicinity of the
electrode was observed; this was interpreted to signal minimal
loss of material to solution. In practice, for the Ni-based films,
we took the conservative approach of restricting use of this
assay to film deposition by a single cycle. Thus, at least the
majority of the difference in I"values for the two systems (note
the different coverage axis scales in Fig. 3) is attributable to
film adherence—strong for the Cu polymer and weak for the
Ni polymer.

Subsequent visual observation of the two film types, for
similar numbers of deposition cycles, showed a much more
optically dense deposit for the Cu system. Since the two
monomers have broadly similar optical properties, this quali-
tatively supports the notion of low deposition efficiency for
the Ni film, rather than charge transport limitations in its assay.
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Fig. 3 Coulometrically estimated values of I" (see main text for meth-
odology and significance) as functions of the number of potentiodynamic
polymerisation cycles for: black square (left hand axis) poly[Ni(3-MeO-
salpd)] and blue circle (right hand axis) poly[Cu(3-MeOsalpd)]. Lines are
merely a guide to the eye. Note the different scales for the two systems

For Cu films of high coverage, we postulate that the curvature
in the plot of I"vs. number of deposition cycles is attributable
to charge transport limitations. This hypothesis is tested in the
following section.

The end result of these preliminary experiments is that
poly[Cu(3-MeOsalpd)] is the most promising system for ion
recognition. We therefore focus on this system.

Film dynamics

The influence of experimental timescale on the voltammetric
response of poly[Cu(3-MeOsalpd)] films was studied by poten-
tiodynamic measurements in the range 0.01<v/V s '<1.
Figure 4 depicts representative data for poly[Cu(3-MeOsalpd)]
films prepared with 5 and 50 polymerisation scans. The
responses are representative of two classes of behaviour ob-
served, according to film thickness, parameterized by I values
(here, 66.5 and 510 nmol cm 2, respectively). For thin films
(<420 nmol cm ?), both anodic and cathodic peak currents
increased linearly with scan rate. Data for these and other
examples within this class are summarised in Table 1, using
the diagnostic parameter d(log i,)/d(log v): a value of 1 is the
signature of a diffusionless system, commonly referred to as
thin layer or surface-type behaviour [38]. In this case, irrespec-
tive of the underlying electron coupled ion motions, charge
transport occurs on a shorter timescale than the experimental
timescale. Other characteristics of this thin layer regime are
symmetrically shaped redox waves and peak potentials inde-
pendent of scan rate and scan direction (Ep,~E,.), as seen in
Fig. 4a.

For thick films (I>>420 nmol cm ), the situation is more
complicated, since the diffusionless characteristics are seen
at slow scan rates but not at high scan rates. Although the
coalescence of individual peaks at high scan rate makes
interpretation less easy, nonetheless it is clear that the evo-
lution of voltammetric response with scan rate is different
for thick films: at higher scan rates the cyclic voltammo-
grams show tailing, typical of diffusionally controlled sys-
tems. Generally, when the diffusion of species is slower than
the experimental timescale, the peak current changes linear-
ly with v!""%. This is identified through the diagnostic value
of 0.5 for d(log i,)/d(log v) [39-41]. The transition towards
this regime is clear in Fig. 4b, although the slopes collected
in Table 1, with values of d(log 7,)/d(log v)~0.70, do not
attain the limiting value of 0.5 within the accessible range.
The break point for the film of Fig. 4b (I"=510 nmol cm ?)
occurs at v¥~0.31 V s~ for the anodic process and v*~
0.24 V s~' for the cathodic process. These points also
coincide with an increase in peak separation, AE,>0.

The data of the previous paragraph allow some estimate of
the diffusion coefficient (D/cm® s™') associated with charge
transport in the film (thickness, #/cm) as follows. The charac-
teristic timescale for diffusion in the film is TD:hZ/D. The
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Fig. 4 Timescale dependences 8
of voltammetric responses of _ 6 b)
poly[Cu(3-MeOsalpd)] films <
to redox cycling in = 4 M oaic|=1-06
0.1 mol dm > TBAP/CH;CN. 5 ol
Panels a and b are for a film =
prepared by five deposition g 07
cycles (I'=66.5 nmol cm™?). B 2
Panels ¢ and d are for a film “’% 4] M, oqc|=1-06
prepared by 50 deposition ==
cycles (I'=510 nmol cm ?). g 61
Panels a and ¢ show raw data, -80.07 . -8 , , , , ,
name]y i-E responses as a -04 -0.2 0.0 0.2 04 06 08 1.0 12 14 -2.0 -1.5 -1.0 -0.5 0.0
function of potential scan rate, E/V (vs Ag/AgCl) logv(v/ Vs'1)
0.01<v/V s '<1.0 (as
annotated). Panels b and d 8
show plots of log (ipan) and log 600.0 — 6 d)
(ipernn) V8. log v. Lines represent 400.0 - f 4l
least squares fits, with = =
magnitudes of slopes, |m| 200.0 - & 21 1™l =07 L e
< 0.0 § 01
= 'E -2 |manodic|=o'7o
~200.0 - = 1 m %ﬂ_
-400.0 2 ]
-600.0 =

observational timescale of the experiment is 7cy=RT/Fv*.
The break point occurs when m=7cv. Inserting the value
of v* for the anodic process, we find #%/D=0.083 s. Based
on monomer molar mass, an assumption that the density of
pure (unsolvated) polymer is the same as that of the mono-
mer (1.4 g cm ) and a typical situation that a relatively
soft film is swollen by a factor of 25-50% by solvent [29,
42, 43], we estimate the thickness of this particular film to
be 2~1.5 um. On this basis, the effective diffusion coeffi-
cient for charge transport (representing coupled electron/ion
motion) is D~2x10"7 em® s~', which is typical for electro-
active polymer films based on the M(salen)-motif and
conducting polymers [27-29, 44]. At the level of precision

-0.4 -0I.2 0:0 0:2 0:4 0:6 0:8 1I.0 1I.2 1.4
E/V (vs Ag/AgCl)

1.8 -1.6 1.4 1.2 -1.0 -0.8 0.6 -0.4 -0.2 0.0 0.2
log v(v/Vs")

available, notably as limited by our knowledge of film
swelling, the effective diffusion coefficients associated with
polymer oxidation and reduction are essentially the same.

Identification of anion (here, perchlorate) as the transferred
charge-balancing ion during redox switching in tetraalkylam-
monium salt solutions has been made gravimetrically for
poly[M(salen)] films using the electrochemical quartz crystal
microbalance (EQCM) [29, 31, 42, 43]. Solvent transfer also
occurs, but the essential point in terms of electroneutrality is
that anion transfer is dominant. XPS analysis of the Pd ana-
logues [45] also shows that charge balance in the outer regions
of such films is dominated by anion; it is unlikely that this
dominance would be reversed in the film interior.

Table 1 Values of the slopes

(dlogi,/dlogv) for poly[Cu(3- No. of o r 5 Slopes (dlog i,/dlogy)
MeOsalpd)] prepared with dif- polymerisation (nmol cm™) - —
ferent number of polymerisation scans Anodic® Cathodic®
scans
Low  High  Break point Low  High  Break point
% % (W% sfl) % % (A% sfl)
1 19.0 1.05 - - 1.04 - -
5 66.6 1.06 - - 1.06 - -
10 143 1.07 - - 1.04 - -
30 421 0.94 - - 0.93 - -
“Refers to annotated peaks in 50 510 092 0.70 031 097  0.70 0.24
Fig. 4
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Film response to metal cations

Exploitation of functionalised poly[M(salen)] to sense metal
cations in solution involves receptor (pseudo crown) chemis-
try, reporter (ligand) redox chemistry and appropriate polymer/
solution counter ion uptake (to maintain film electroneutrality).

Introduction of cationic species (here, Li", K, Mg2+, Ba2+)
into solution then offers the possibility of partition into the
film and binding to the pseudo-crown functionality (Scheme 1,
region III). Our goal is to parameterize this process. The
question then is the extent to which the presence of metal (in
additional to tetraalkylammonium) cations may modify this
situation.

Preliminary EQCM studies (Carneiro et al., unpublished
work) show that there is redox-driven metal cation transfer
when the solution concentration of these species is high.
Although there is the obvious complication of the coordina-
tion chemistry, this is in many respects reminiscent of the
phenomenon of permselectivity failure (exchange of co-ions
as well as counter ions) that is well known in the ion-
exchange literature [46]. From the perspective of ion sen-
sing it is worth pointing out that ligand design focuses on
moieties (here, pseudo-crown ethers) with high complexa-
tion constants, in order that the film can be used for low
concentration analyses; in such situations, permselectivity
failure will not occur. In other words, one can always
impose permselectivity failure on the system by use of
unrealistically high concentrations in a fundamental study,
but it is not likely to be problematic in practice.

Figure 5 shows successive voltammetric responses of
four nominally identical films (deposited by 5 cycles, final
I'=6.6-7.8 nmol cm ?) to the addition of a given metal ion.
The film responses evolve over a period of 10-15 redox
cycles, more so for the anodic (cf. cathodic) features, depen-
dent to some extent on the charge type of the cation. The
common feature is the anodic shift of £,,;. In the case of alkali
metals this shifts positively to 0.64 V, with an increase in peak
current. For the alkaline earth cations, £y, also moves towards
more anodic potentials, but the corresponding peak current
decreases. The most notable feature upon addition of Mg*" or
Ba”" is the progressive increase of the peak current iparn for the
anodic peak at Ep,,y=1.09 V.

Turning to the cathodic features in the i-E curves, the
peak currents at Ep; and Epcry (fper and ipepy, respectively)
decrease upon addition of all the cations studied. The mag-
nitude of i,y increases upon addition of alkali metal cations
and decreases upon addition of alkaline earth metal cations,
while that of i increases upon K and Ba>" addition and
decreases upon Li" and Mg®" addition. Nevertheless, the
changes in peak positions and amplitudes are much smaller
than for their anodic counterparts.

To proceed further, it is necessary to select some specific
feature(s) to quantify. As indicated above, the analyte-driven

changes in cathodic signature are too small to be of diag-
nostic or analytical value. Focusing on the anodic features,
three candidate electrochemical parameters were chosen for
more detailed evaluation of the ion recognition properties of
poly[Cu(3-MeOsalpd)] films: Epar, Zpan and ipapr. The situa-
tion is summarised by Fig. 6, which collates the outcomes of
the data in Fig. 5. (This collation of data for different films is
made possible by the reproducibility of film deposition and
response prior to metal ion addition; see Electronic supple-
mentary material, Fig. S1.). Although iy, and iy, do
change with added metal cation identity and concentration
(see above and Electronic supplementary material, Fig. S2),
in practice, their value is largely limited to qualitative de-
termination of the cation type. i, changes in the presence
of alkali metal cations but not alkaline earth cations and vice
versa for i,,;1. Beyond this, the relatively small changes and
the challenge of estimating baseline currents reliably make
quantitation difficult. In the light of the above, we focus
primarily on changes in E,;.

An encyclopaedic exploration of the variations of film
response with film thickness, cation concentration and cat-
ion identity is beyond what can be shown here; a fuller
exposition is given in the electronic supplementary material
(see Figs. S2 and S3). Here, we explore in greater detail the
most useful aspects. Figure 7 shows the variation of £, as a
function of concentration of added cation for films prepared
with ten deposition cycles (I'~1.0x10~ nmol cm?). As
can be seen, this variation can be divided into two distinc-
tive concentration regimes. The low concentration regime is
characterised by a metal-dependent electrochemical re-
sponse: the slopes d(E,,.)/d(log [cation]) vary dramatically
in the order Li*>Ba®" ~Mg*">K". Interestingly, there is no
obvious systematic variation with ion charge type. The high
concentration regime has d(Epar)/d(log [cation]) slopes that
are rather less diverse. This pattern of behaviour was ob-
served for films prepared with one, five and ten deposition
cycles (18<I/nmol cm 2<150). We note that, for thicker
films, the responses to Mg®" and Ba®" concentration are
very similar.

The potentiodynamic experiments of Fig. 7 do not, by
definition, yield potentiometric (equilibrium) measurements.
Nonetheless, the most obvious way to consider variation of
the intensive parameter £, is as a function of log ¢, ic. a
pseudo-Nernstian response. In so doing, we make no thermo-
dynamic assertion, but simply seek a practical way to consider
the data. If the response were Nernstian and the films perfectly
selective, then d(E,,1)/d(log [cation]) would be 0.059 V/decade
for the alkali and 0.029 V/decade for the alkaline earth cations
[47], across the entire concentration range. We now explore the
extent to which the films do (not) conform to this.

The full spectrum of responses, spanning variations of not
only analyte concentration but polymer coverage (receptor
population) and analyte type, is complex. Looking first at the
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Fig. 5 Voltammetric responses of (v=0.1 V s ') of poly[Cu(3-MeO-
salpd)] films to the addition of metal ions: a Li"; b K"; ¢ Mg2+; d Ba>".
Each panel is for a separate, but nominally identical, film prepared by
five potentiodynamic deposition cycles (as in Fig. 4a). The initial
response (red trace; marked “film”) represents the response in metal
ion-free background electrolyte (0.1 mol dm > TBAP/CH;CN). Suc-
cessive traces represent responses to sequential additions of 2 ul ali-
quots of 0.1 mol dm™ solution (for Li", Mg*" and Ba®") or 5 pl

variations with polymer coverage for a given anion (see Elec-
tronic supplementary material, Fig. S3), we find that the vari-
ation of E,, with log c is simpler (closer to a single straight
line) for thicker films. Although we have no direct structural

10.0 { == before addition

—— Li" addition

8.0 1 k- addition
6.0 { —— Mg™ addition
40l — Ba” addition
2.0

= 0.0
-2.0
-4.0 -

-6.0 1
-8.0 1

-0.4 -OI.2 O.IO 0:2 0.I4 0.I6 0:8 1.IO 1:2 14
E /V (vs Ag/AgCl)

Fig. 6 Compilation of the final (high metal ion concentration) voltam-
metric responses of poly[Cu(3-MeOsalpd)] films deposited by five
potentiodynamic cycles. Added metal ion (as the perchlorate salt) is:
Li" (red trace); K™ (blue trace); Mg2+ (grey trace); Ba>* (green trace).
The reproducible nature of the deposition process means that the
“empty” receptor response (“before addition”; black trace) is essential-
ly the same in all cases (see Electronic supplementary material,
Figure S1). Data from Fig. 5
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aliquots of 2.5 mol dm > solution (for K*), in each case as the per-
chlorate salt in CH;CN. Based on simple arguments of added aliquot
concentration and initial background electrolyte solution volumes, the
final solution metal ion concentrations were: a [Li"]=0.5 mmol dm >;
b [K'1=1.37 mmol dm>; ¢ [Mg>']=0.5 mmol dm>; d [Ba>']=
0.5 mmol dm >. Typically, five cycles of evolution were taken for the
steady state response to be established after each addition

evidence, it would appear that the receptor sites are more
heterogeneous in nature (variable binding energetics) in the
thinner films and closer to homogeneous in the thicker films;
the latter are more tractable to describe. Although there is no
obvious fundamental reason for so doing (in the case of an

0.25 - L
0.119 ° Wz+
A Mg
0.20 - . Ba®
>
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Eo 0.15 013
S 0.326
luﬂ.
0.10 4 0153 0.137
0.165
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-4.0 -3.8 3.6 -3.4 -3.2 -3.0 -2.8 2.6 2.4 2.2
log |Cation| (|Cation| / M)

Fig. 7 Variation of E,, (at steady-state response) as a function of
added cation concentration (in logarithmic format) for poly[Cu(3-
MeOsalpd)] films. Data acquired using experiments analogous to those
in Figs. 5 and 6, except that the films were prepared using ten depo-
sition cycles. Annotations adjacent to least squares fit /ines indicate
slopes (in V/decade)
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intensive response parameter, £,,), we did consider attempting
to normalise the response curves for films of different coverage
(see Electronic supplementary material, Fig. S3) with respect
to polymer coverage. However, even though such a manipu-
lation does bring the curves closer together, there is no quan-
titative normalisation.

One interesting observation relates to a trade-off between
sensitivity and dynamic range, as follows. For any given
analyte cation, the range of observed E, values (running
from the value for the empty receptors to saturation) is
broadly the same. For thin films, the potential responds
more sharply to analyte concentration, i.e. shifts across the
dynamic range over a relatively narrow range of concentra-
tion (¢<0.5 mmol dm >), while for thick films the same
response range is traversed over a concentration range
around an order of magnitude larger.

Focusing on the thick film data (Fig. 7), the Nernst-like
slopes at low concentration vary by a factor of ca. 6 (Li",
0.326 V/decade; K, 0.049 V/decade; Mg”*, 0.139 V/de-
cade; Ba", 0.153 V/decade) and their relative values do not
follow the variation of cation charge. (We consider only the
slopes, i.e. relative changes in response; as is common,
practical application would involve a calibration to place
these responses on an absolute concentration scale.). Addi-
tionally, with the possible exception of K, the absolute
values are not in accord with any simple prediction. At high
concentration, there is greater uniformity of behaviour, al-
though there is still no conformity to the Nernst equation.
Interestingly, the greater slopes (by a factor of ca. 2 for the
alkali metals and ca. 4 for the alkaline earth metals) imply
greater sensitivity.

To rationalise the observed behaviour, we note that the
present situation can be likened to one category of three phase
electrode [48], in which the three phases are the substrate
electrode (phase I), the polymer film (phase II) and the elec-
trolyte solution (phase IIT), where the nomenclature follows
that used by Scholz et al. [48]. In the physical case considered
here, phase 11 is redox active, so there can be electron transfer
between phases I and II and ion exchange between phases 11
and III. These electron and ion-exchange equilibria are cou-
pled by the electroneutrality constraint. At equilibrium, one
can write logarithmic (Nernstian-like) expressions linking the
potential and the activities of the species. This may be done for
the individual processes, i.e.:

RT Q0x
EI/IIZE(O)X/Red—i_Fln{aRd} (1)
e

for an n-electron Ox/Red redox couple in phase II and

RT ooy
Fum = B+ n] e} 2
i

for the exchange of the counter ion C between phases II and
I, where in each instance a represents the activity of the
subscripted species. These expressions may be unified in a
single, more complex expression:

RT Q0x a’é
E = ES jpeajc +—= Ing ——1 3
Ox/Red/C nF {aRed Ol'é”} ( )

This predicts the classical 59/n mV per decade slope for
E vs log a plots. It is clear from the data in Figs. 5, 6 and 7
that there is not a simple—or indeed even a single (for a
given charge type)—relationship of this form between the
peak potentials and the concentrations of the exchanged
metal ions. One may postulate a number of reasons for the
observed deviations from the simple behaviour represented
by the above expressions. We consider five physically plau-
sible possibilities: two kinetic, two thermodynamic and one
supramolecular in nature.

The first consideration is the rather obvious point that a
potentiodynamic experiment is, by definition, not associated
with a static boundary condition. The complexities of kinetic
effects are well appreciated [48]. Notwithstanding this, it is a
common practice to interpret data from voltammetric experi-
ments according to these equilibrium expressions. The crite-
rion for doing so is that the timescale of the experiment is
sufficiently long that kinetic (and transport) phenomena do not
dominate the response. In the present context, this is addressed
by using sufficiently potential slow scan rates that the peak
potential does not vary with scan rate. Data of the type shown
in Fig. 4 (and analogues) show that this can be accomplished
using a suitable combination of (low) film thickness and
(slow) scan rate. We therefore reject this possibility.

The second possibility invokes what has been referred to as
phase-like behaviour [49], in which there is a very different
relationship between redox site population (as determined by
film charge) and its activity. In one scan direction, the film
consists of a spatially homogeneous mixture of Ox and Red
sites (with the corresponding counter ion populations), such
that the activities of both species vary continuously (though not
necessarily linearly; see below) with film charge. In the other
scan direction, there is a region of pure Ox or Red, which
grows or shrinks (according to the species involved) with
injected charge. The activity of this region (as a pure phase)
is unity, creating the unusual situation that the amount (popu-
lation) varies with charge but the activity is constant until a
dramatic change upon complete consumption of the species at
the end of the process. This situation was described for poly-
vinylferrocene films in selected solvents [49] and was identi-
fied by characteristic i-E signatures, of a form we do not see
here. We therefore reject this possibility.

The third possibility is associated with the difficulty of
quantifying the Gibbs energy of ion transfer between phases
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IT and III (in the nomenclature of ref. 41). One might
consider attempting to gain insight via separate measure-
ments of the Gibbs energy of transfer between water and an
organic solvent. The difficulty here is that plausible organic
solvents for such a measurement are unlikely to mimic the
characteristics of the redox active polymer: the former are
small saturated molecules carrying no charge, while the
latter comprises large molecules with extended conjugation
and relatively high (and variable) charge density. Although
this source might well contribute to the response, there is no
direct evidence for it doing so. Furthermore, pursuit of this
speculation would require an experimental and theoretical
study that is beyond the scope of the present work.

The fourth candidate explanation is based on the fact that
the Nernstian-type expressions above involve the activities
of the various species involved but, aside from the ions in
the solution (phase III) these are not accessible quantities.
Rather, probes of these other species yield populations (or
changes therein) that relate directly to concentrations. For
example, coulometric assays of redox species (using Fara-
day's law) yield populations of electroactive species and
gravimetric assays (using acoustic wave devices such as
the QCM) yield population changes of transferred species.
Relating these to activities requires knowledge of the rele-
vant activity coefficients. That the activity coefficients of
both fixed sites and the species that permeate them (ions and
solvent) deviate significantly from unity in media of the type
represented by an electroactive film is well appreciated in an
extensive classical ion-exchange literature [46] and has been
considered in the context of electroactive films [50]. Con-
sequently, there is no question that this will be a major
contributor to the potential responses generated by ion up-
take of the films. The practical limitation is that, while some
trends might be rationalised a posteriori at a qualitative
level, there is no generally applicable model for a priori
calculation of activity coefficients in media of this type.

The final possibility is a more overtly chemical feature of
the interaction of the metal ion with the reporter moiety. The
postulate is that the delocalized nature of the electroactive
probe results in a supramolecular effect that acts as a chemical
amplification.

In conclusion, under the conditions employed, we reject
kinetic factors as significant contributors to the supra-
Nernstian slopes, recognise that partition energetics may
be a modest factor and deduce that non-ideality effects
(activity coefficient variations) are likely to be a major
factor in this respect. We also postulate that supramolecular
effects might be significant.

This last possibility raises the question of the nature of
the interaction of the coordination metal ion with the poly-
mer and its influence on redox activity of the polymer via its
electronic structure. Interrogation of the latter is best
addressed spectroelectrochemically. We have shown for
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poly[Cu(salen)] and poly[Pd(salen)] films [45, 51] that even
Cu or Pd vs Ni replacement within the delocalized system
does not change the ligand-based spectroelectrochemical
response; in some respects this is surprising, but it is the
observed result. Aside from minor changes in coordination
bond lengths, EXAFS data [32, 33, 45] show that poly[M
(salen)] film structures are generally insensitive to metal ion
coordination, both within the polymer spine and, even for
jons as large as Ba**, within the pseudo-crown functionality
[32, 33]. This body of evidence suggests that metal ion
coordination within the pendant crown ether functionality
is unlikely to exert a large perturbation on the spinal elec-
tronic structure and thence electrochemical response. The
question of the influence of crown-complexed metal ions on
film redox response is more subtle. Although the above
observations show that the basic polymer structure is
retained, complexation may modulate the electron distribu-
tion within this framework: any such changes are manifested
via changes in voltammetric peak potentials. These will be
more significant when the complexation site is the pseudo-
crown pocket (region III in Scheme 1), due to the proximity
of the metal cation to the redox “reporter” functionality
(region I in Scheme 1). In systems where the complexation
site is a pendant crown ether functionality in region II [33],
tethered at some distance from the “reporter” by a saturated
alkyl linkage, the effect will be small. To conclude, although
there is no change in the ligand-based oxidation mechanism,
the presence of complexed metal cation sufficiently close to
the polymer spine may significantly influence the electron
density there and thence shifts the £,,. Although we do not
attempt to quantify such effects, the presence of the metal
cation might be expected to make removal of electrons from
the film more difficult, i.e. to cause a positive shift in redox
potential: commonly this is observed.

In Fig. 4 and Table 1, we considered the dynamics of film
redox switching in the absence of added metal cation. We now
consider the analogous data following the addition of metal
cation, with the goal of determining whether the uptake of
metal ions by the receptor inhibits ligand-based electron trans-
port or (more likely) coupled counter ion transport. The results
of potentiodynamic studies acquired for films after cation
uptake are summarised in Table 2. The log i, vs log v plot
slopes are, within experimental uncertainty, unity, i.e. typical
of a thin layer (surface-type) regime for charge transport.
Therefore, although the presence of the small cations induces
modifications in the electrochemical response of the modified
electrodes, they do not observably inhibit coupled electron/
counter ion transport. Expressed slightly differently, uptake of
the solution cations modifies the shape of the i-E curve—
indeed, this is the basis of their detection—but not its area, i.e.
not the total charge encompassed by it.

The one exception to this behaviour was obtained for a film
prepared with one deposition cycle upon Mg>" addition,
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Table 2 Values of the slopes ] ]
(dlogi,/dlogy) for poly[Cu(3- Cation  No. of o r . Slopes (dlogi,,/dlogv)
MeOsalpd)] prepared with dif- polymerisation (nmol cm™™) . .
ferent number of polymerisation scans Anodic’ Cathodic
scans, after cation additions
Low High Breakpoint Low High Break point
v v Vsh v v Vsh
Li 1 18.3 1.01 - - 1.02 - -
5 78.5 .13 - - 1.02 - -
10 146 090 - - 099 - -
K" 1 20.9 099 - - 1.02 - -
5 65.8 092 - - 096 — -
10 146 087 - - 092 - -
Mg** 1 23.5 0.83 0.76 0.037 093 - -
5 67.0 1.07 - - 095 - -
10 130 1.08 - - 095 - -
Ba" 1 20.3 0.96 - - 0.99 — -
5 71.1 1.06 - - 097 - -
Refers to most intense peaks in 10 145 089 — _ 091 — _

Fig. 5

where the beginnings of transport limitation were observed.
We have no clear explanation for this anomaly, although it
may be due to loss of electroactivity in the outer region of the
film, inhibiting interfacial ion transfer.

Conclusions

Poly[Cu(3-MeOsalpd)] films with good physical and (elec-
tro)chemical stability and of controllable coverage may be
potentiodynamically electrodeposited from acetonitrile so-
lution of the monomer. Subsequent film redox cycling in
monomer-free electrolyte shows a complex, but reproduc-
ible, voltammetric signature. Coulometric assays of the de-
position and redox cycling processes show that film
electroactivity is ligand based and that the highest oxidation
state corresponds to one positive charge delocalized over ca.
5 monomer units.

Redox switching of relatively thin poly[Cu(3-MeO-
salpd)] films (I'<420 nmol cm %) is complete on the time-
scale of typical voltammetric experiments. For thicker films
(I">420 nmol cm 2, typically deposited by >50 potentiody-
namic cycles), diffusionless characteristics are seen only at
low potential scan rates. At high scan rates, the peaks
broaden, show diffusional tailing and start to coalescence.
The transition between these two regimes can be used to
estimate a coupled electron/ion diffusion coefficient, D~2 x
107° cm? s,

Voltammetric signatures of poly[Cu(3-MeOsalpd)] films
respond to addition of Li*, K*, Mg”" and Ba®" and evolve
over 10-15 redox cycles. The common feature is an anodic
shift of the first anodic peak, parameterized via the peak

potential (£,,;). The cathodic features in the i-£ curves show
much smaller changes in position and amplitude with added
metal cation; they are not diagnostically or analytically useful.

Although potentiodynamic experiments are not (by defini-
tion) equilibrium measurements, it turns out to be useful to
consider the variations in peak potential in a pseudo-Nernstian
mannet, i.e. via Epy; vs. log ¢ plots. Such plots can be divided
into two distinctive concentration regimes. The low concentra-
tion regime is characterised by a highly metal-dependent elec-
trochemical response, with slopes decreasing in the order Li">
Ba®"~Mg>">K". The high concentration regime has d(Epar)/d
(log c) slopes that vary rather less. The variation of £, with
log c is simpler for thicker films; this suggests that the receptor
environments in thicker films are more homogeneous.

There is an interesting trade-off between sensitivity and
dynamic range. For addition of a given analyte cation, the
span of £, values is broadly the same, but for thin films the
potential responds more sharply to analyte concentration
(higher sensitivity, but narrower dynamic range); the reverse
is true for thick films. For thick films, the £, vs log ¢ slopes
are generally much greater than a Nernstian-type response. We
suggest that this may be a supramolecular effect, based on the
interaction of the receptor with the reporter spine. Irrespective
of its origin, this has the practical value of signal amplifica-
tion. Exploration and optimization of these parameters is the
natural future development of the present fundamental study.
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