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Conducting Polymers

Charge-Specific Interactions in Segmented
Conducting Polymers: An Approach to Selective
Ionoresistive Responses™*

Hsiao-hua Yu, Anthony E. Pullen, Michael G. Biischel,
and Timothy M. Swager*

Conductivity-based sensory devices built on electrically
conductive polymers have proved to offer great promise
towards the detection of a wide variety of analytes."! Selective
chemoresistive responses have been demonstrated with
charge localization,” planarization/twist of the polymer
backbone to modify conjugation length,”! and segmental
energy matching/mismatching of the polymer backbone.l We
have been interested in developing new chemoresistive
methods to determine blood electrolyte levels that are
diagnostic in determining the physiological condition of
individuals. In particular, the determination of Ca®* ion
concentration has attracted interest as a growing number of
ionochromic sensors for this ion have been developed.”
However, in view of the importance of this analyte new
systems with enhanced specificity, better signal/noise ratios,
and alternative sensory platforms remain a topic of interest.
Herein, we report a new approach to produce a selective
ionoresistivity resulting from a charge-specific interaction
between the segmented conducting-polymer backbone and
the bound metal ion.

We have previously reported a proton-doped calix[4]ar-
ene-based conducting polymer, formed by oxidative polymer-
ization of monomer 2.1 The conductivity of the polymer film
relies on rapid self-exchange between the discrete electro-
active units attached to the upper (wider) rim of the
calix[4]arene. To have this process be sufficiently fast, a
condition for high conductivity, all of the phenolic oxygen
atoms need to be maintained in their protonated state to
ensure that the redox centers have equivalent energy levels
and chemical structures. The high sensitivity of the resistivity
to the chemical state of lower-rim phenolic oxygen atoms
suggested to us that new sensory materials could be produced
by designing specific cationic interactions with these centers.
Herein we report our investigation of related polymers
derived from monomer 1 (Scheme 1) which integrate a
recognition site through the calix[4]arenecrown-5 moiety, a
motif that has been demonstrated to provide differential
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Scheme 1. Structures of calix[4]arene-based monomers 1 and 2.

binding of metal cations.'%) Monomer 1 was synthesized by a
pathway similar to that we reported for 2 by using palladium-
catalyzed cross-coupling methodology.*'"?) To determine
the binding of various metal ions, we treated monomer 1 with
10 equivalents of the respective salts, and the proton NMR
spectra of the solutions revealed significant changes, as
summarized in Table 1. To assert that these effects are the

Table 1: Proton NMR signals from bridge -CH,- of the calix[4]arene
moiety and free O-H of monomer 1 in the presence of different Group 1
and Group 2 metal salts.”

Metal lons Bridge Ar-CH,-Ar [ppm] O-H [ppm]
chemical shifts AoM

noneld 3.50, 4.43 0.93 8.42

Li* 3.60, 4.32 0.72 8.28

Na* 3.65,9 4.22 0.57 7.86

K+ 3.65, 4.251 0.60 nonel®
Mgt 3.51,4.39 0.88 8.16

Ca?* 3.67, 4.34 0.67 7.96

[a] The spectra were obtained in the presence of 10 equivalents of the
corresponding PF,~ or CIO,” salt. [b] The difference between the pairs of
high and low resonance signals. [c] Addition of the electrolyte,
(nBu)4NPFg, resulted in no difference in the NMR spectrum. [d] The
resonance signals overlap with the signals assigned to the ethylene-oxo
bridge (-OCH,CH,O-). [e] No NMR signal associated with free OH is
observed.

result of metal-ion binding, we confirmed that there was no
change to the proton NMR spectra of 1 on the addition of
(nBu),NPF,, a non-binding electrolyte. In addition, we
observed that solutions of 2 displayed no spectroscopic
differences with these metal-ion salts, which indicates that
the difference in the NMR shifts is not simply due to an
enhanced ionic strength.

The resonances assigned to the -CH,- bridge (Ar-CH,-Ar)
of the calix[4]arene remain a pair of doublets in the presence
of alkali-metal ions, but their relative chemical shifts (Ad)
changes. The initial A for the ion-free calix[4]arenecrown is
0.93 ppm. When metal ions are introduced, we observed a
diagnostic decrease in Ad ranging from 0.57 to 0.88 ppm,
suggestive of a “flattened-cone” conformation.” The char-
acteristic shifts of the ethylene-oxo bridge resonances
(-OCH,CH,0-) between 6 =3.50 and 4.50 ppm confirm that
the alkali-metal ions bind to the crown moiety at the lower
rim. This is further supported by the fact that there are no
significant changes of the upper-rim aromatic-ring resonance
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signals on ion binding. In contrast, we found that for free
phenol the § =8.42 ppm 'H NMR signal shifts upfield and
decreases in intensity or completely disappears in the case of
K™, indicating rapid proton exchange.

Monomers 1 and 2 were subjected to anodic electro-
polymerization to form films of Poly(1) and Poly(2) on the
surface of the electrode.' Both films display a quasirever-
sible two-electron wave with a half-wave potential (E,))
around 0.55V (E' and E? in Figure 1a).>!! While non-
bonding Poly(2) films are completely insensitive to the
presence of metal ions, the voltammetric responses of
Poly(1) films in solution containing the different metal ions
(PF,~ or ClO,™ salts) display significant differences. Smaller
ions (Na*, Li*) only produced minor shifts of the cathodic
peak potentials (E,,.) and this limited response is attributed to
the low binding constant between these ions and the
calix[4]arenecrown-5 system.! In contrast, cycling in an
electrolyte containing K* ions transforms the voltammogram
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Figure 1. Cyclic voltammograms and in situ conductivity measurement
of Poly(1) film in 0.1m (nBu),NPF¢/CH;CN containing 10 mm K* or
Ca’* jons at a scan rate of 50 mVs™'. a) Comparison of the original
cyclic voltammogram (dotted line) and voltammetric responses toward
K* (dashed line), and Ca®* (solid line) ions. I°_ is the maximum cur-
rent obtained in the initial scan (e.g. marked with an X in Figure 1b).
Inset: In situ EPR spectroscopy of Poly(1) after the film is saturated
with K* ions. b) Scan-by-scan transformation of Poly(1) film on Pt
button electrode (2 mm? surface area) as the K™ ions diffuse into the
binding sites of the polymer film; X marks the initial scan. c) In situ
conductivity measurements for Poly(1) films with K+ and Ca®" ions.
Measurements made on a 5 um interdigitated microelectrode at a
sweep rate of 5 mVs ™' with a 40 mV offset potential between adjacent

electrodes.
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from a single two-electron wave to two new waves with Ei'/f =
028V and E})f=-026V (Figure la). The steady-state
voltammogram evolves with continued cycling (Figure 1b).
The development of electroactivity at more negative poten-
tials is probably the result of proton loss from the oxidized
phenol units to give an extended p-diquinone-like redox
system.['-81 We had previously observed small amounts of
proton loss in Poly(2) in CH;CN, however it appears that in
the case of Poly(1) the deprotonation is driven to completion
by the presence of K* ions under oxidizing potentials and the
resulting dianions are stabilized by the binding of the metal
ions. Therefore the evolution of the voltammograms not only
can be explained by the coupling between electrochemical
process and proton-metal-ion exchange but also suggests that
the exchange is accelerated by the applied potential
(Scheme 2). This explanation is also consistent with the
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Scheme 2. Coupling equilibria between electrochemical process and
proton—ion exchange of Poly(1) and Poly(2). The exchange occurs fast-
est once the complex has undergone a two-electron oxidation.

transient more negative reduction wave at —0.67 V (E, ) that
is present in the initial cycles before shifting to a less negative
potential at —0.33 V. The —0.67 V wave in the initial scans is
attributed to an incomplete distribution of K* ions through-
out all of the receptor sites, which leads to the formation of
higher energy anions. When Poly(1) films are immersed in
electrolyte solution containing Ca’*, we see a similar behav-
ior, however, both waves (E}7*=0.06 V and E{;7*=0.41V)
are shifted to values that are positive relative to the Kt
complex, consistent with the higher charge of the Ca®" ion.

In situ EPR spectroscopy revealed a maximum signal (g =
2.005 and constant peak-to-peak width of ca. 5G) at E=
0.11 V, which is positioned midway between the two principle
redox waves (Figure 1a, inset). This profile is consistent with
weakly interacting electroactive segments that undergo
single-electron redox processes. A similar profile is observed
for material complexed with Ca** ion. To find further support
the proton—-metal-ion exchange mechanism, a small amount
of methylviolet was added to the solution."”! After cycling in
electrolyte solution containing K™ or Ca®" ions, an increase of
absorption intensity from the indicator’s acid form (4., =
442 nm) was displayed (see Supporting Information), identi-
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fying the release of protons from the polymer to the solution.
In addition, K*-ion recognition of Poly(1) film is also
examined in the presence of trifluoroacetic acid, which
hinders the deprotonation of the calixarene. In contrast to
the negative shift observed without the acid (Figure 1a), the
incorporation of metal ion results in a positive shift of the
oxidation potential of the extended p-dihydroquinone (E;, =
0.77V, see Supporting Information), which is due to the
positively charged ion bound to the protonated phenol unit.

Given the localized behavior of the redox segments of
Poly(1) in the presence of K* and Ca®" ions, it is clear that
electrical conduction is best considered to be by a hopping
(self-exchange) mechanism. The hopping rate will be optimal
when each segment has the same environment to ensure
isoenergetic character. The maximum conductivity (0, of
Poly(1) is 0.6 Scm™" (not shown) when oxidized in CH,Cl, or
acidic CH,CN solutions,” however, upon addition of K* ions,
the conductivity is reduced to <1% of its original value
(Figure 1c¢). In contrast, subjecting Poly(1) films to similar
conditions but in the presence of Ca** ions gives very different
results. The maximum conductivity raises to 5.2 Scm™", almost
an order of magnitude increase over the as-synthesized film.

There are several ways in which Ca’*-ion complexation
can influence the rate of electron transfer (conductivity). The
conductivity maximum at 0.41 V (E}5?) for the Ca**~Poly(1)
complex corresponds to a state where there is an equal
amount radical anion segments and neutral p-diquinone
segments (Figure 2, boxed section). As is the case with
bound protons in the conductive Poly(2) film, bound Ca®*
ions located near the p-diquinone units enhance the electron
delocalization of these electroactive segments. Therefore a
lower energy barrier for electron hopping results. However, in
the case of the K* ions, the fact that the calix[4]arenecrown
receptor can only precisely bind one monovalent cation
creates a situation wherein there are net negative charges on
the polymer backbone (Figure 3). To compensate the charges,
there are unbound K* and/or small numbers of protons in the
K*Poly(1) film. The presence of disordered unbound ions
results in nondegenerate energy levels of individual electro-
active segments. In addition, the dissociation of unbound K*
ions with partial oxidation results in even greater inequiva-
lence and hopping becomes a more activated process. It is also
possible that the interaction of the receptor with ions can
produce a geometry change in the calix[4]arene that places
the redox-active segments closer to each other and thereby
increases the intersegment electron-transfer rate. As was
mentioned above, solution '"H NMR spectroscopy measure-
ments suggest a flattened-cone conformation that potentially
reduces the interchain distance between redoxactive seg-
ments.

Of all the potential mechanisms by which Ca®" ions can
enhance the conductivity of Poly(1), we believe that charge
balance between the polymer backbone and the bound metal
ion is dominant. Our rationale for this statement is supported
by the general trends observed when Poly(1) is exposed to
different monovalent and divalent metal ions. Specifically,
treatment of Poly(1) films with solutions containing mono-
valent cations Na® and Li", similar to K*, resulted in
insulating films, even though NMR spectroscopic measure-
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Figure 2. Schematic representation of the conducting mechanism of
Ca”*-Poly(1) film.

Figure 3. Schematic representation of K*-Poly(1) film at fully reduced
state.

ments suggest similar perturbations to the calixarene’s con-
formation. To further support our charge-balancing model we
found that treatment with 10 mm of divalent Mg** and Ba**
also provide high conductivity films (0= 0.48 Scm™ for
Mg** and 1.71 Scm™ for Ba®").

In summary, we have demonstrated a new conceptual
approach to selective ionoresistive sensing. Although the
binding of monovalent Kt and divalent Ca’** ions to the
calixarenecrown produces extremely similar NMR spectro-
scopic and cyclic voltammetric behaviors, the conductivities
show more than three orders of magnitude difference. We
propose that this profound sensitivity to the charge state of
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the metal ion is related to the need for charge balancing
between the redox segments and the metal ions, which is
essential for efficient hopping conductivity. This charge-
balancing principle is general and will be applied to other
sensor designs.
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