Coaxially Conductive Organic Wires through Self-Assembly
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ABSTRACT: Here, we describe the synthesis of the hexameric macrocyclic aniline (MA[6]), which spontaneously assembles
into coaxially conductive organic wires in its oxidized and acidified emeraldine salt (ES) form. Electrical measurements re-
veal that ES-MA[6] exhibits high electrical conductivity (7.5 x 10-2 S-cm1) and that this conductivity is acid-base responsive.
Single-crystal X-ray crystallography reveals that ES-MA[6] assembles into well-defined trimeric units that then stack into
nanotubes with regular channels, providing a potential route to synthetic nanotubes that are leveraged for ion or small mol-
ecule transport. Ultraviolet-visible-near-infrared absorbance spectroscopy and electron paramagnetic spectroscopy show-
case the interconversion between acidic (conductive) and basic (insulating) forms of these macrocycles and how charge-

carriers are formed through protonation, giving rise to the experimentally observed high electrical conductivity.

This manuscript describes a new design motif to create
macrocycles that assemble into wires that support both
electrical and ionic transport. Materials that possess elec-
trical and ionic conductivity are particularly attractive be-
cause of their potential uses in many critical technologies
such as electrochemical energy storage,? catalysis,3*
adaptive electronics,>6 or chemical sensing.”8 The utility of
these motifs is in their coaxial modes of transport: heavy
carriers such as ions or protons move through one portion
of the material while electrons or holes move through the
other portion. The motif that we create here is a macrocy-
cle constructed from para-linked anilines, known as poly-
aniline (PANI). PANI is a polymer that exhibits high con-
ductivity depending on its oxidation- and protonation-
state (Fig. 1A).° In its oxidized and neutral emeraldine
base (EB) form, PANI is found to be diamagnetic and
demonstrates low bulk conductivity (10-1° S.cm-1).10.11
When proton doped, PANI converts to a highly conductive
(10-2-10° S-cm1) poly-radicaloid state.” However, struc-
tural and electronic inhomogeneity present in PANI and its
derivatives produces several orders of magnitude of varia-
tion in the bulk conductivity.10-13 Theoretical studies sug-
gest that macrocyclic oligo-anilines will exhibit delocaliza-
tion of their frontier orbitals and thus will have more uni-
form electron distribution and enhanced stability.1415

There are several studies that create functionalized deriva-
tives of N-containing macrocycles,#16-22 but these macro-
cycles, due in large part to the tertiary substitution of the
heteroatoms or bulky substitution of their backbone, lack
the rich redox and pH sensitivity inherent to PANL.14

Here, we prepare and study for the first time the macrocy-
clic versions of the oligoanilines, which we have named
Macrocyclic Anilines (MAs). The hexameric version of
these macrocycles, MA[6], is a prototype of this new motif,
containing six para-substituted aryl rings each bridged
with secondary nitrogen atoms (Fig. 1B). By using a ther-
molytic Boc deprotection strategy in the final synthetic
step, we circumvent solubility issues that complicate pre-
vious synthetic routes. We find that MA[6] can be convert-
ed to its “emeraldine salt” (ES-MA[6]) form in the presence
of trifluoroacetic acid (TFA) under aerobic conditions, sim-
ilar to PANI. Crystals and thin films of ES-MA[6] exhibit
both ionic and electrical conductivity. Moreover, we find
that the conductivity is responsive to pH. X-ray crystallog-
raphy and electron paramagnetic resonance (EPR) spec-
troscopy reveal that ES-MA[6] can be isolated in a stable
radical state with the charge evenly distributed throughout
the backbone. These radicaloids further assemble into
well-defined trimeric units that then stack into nanotubes
with regular channels.
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Figure 1. A) Oxidation/reduction and acid/base switchability of linear polyaniline. B) Oxidation/reduction and acid/base switch-

ability of MA[6].

We synthesized MA[6] through an iterative approach with
high-yield and purity (Scheme 1). The linear precursor
was prepared by a sequential SnAr, Boc-protection, and
hydrogenation route. The macrocyclization was performed
under dilute (5 mM) conditions via a Buchwald-Hartwig
cross-coupling with a 28% isolated yield. Finally, we ther-
molytically cleaved the Boc protecting groups by heating
Scheme 1. Synthesis of MA[6].
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Solid-state cyclic voltammograms of MA[6] (Fig. S1)
demonstrate significant overlapping of oxidation peaks as
opposed to the distinct redox features observed in previ-
ously studied N-substituted macrocycles.1417.192122 We
attribute the differences in the CV’s to strong coupling of
redox events in MA[6] and the presence of amine protons
that become mobile/immobile upon oxidation/reduction,
which is a common feature of PANI electrochemistry.l!
There is also a scan-rate dependence on the number of
observable redox events as the three oxidation features
observed at 20 mV/s converge with increasing scan rate,
which suggests that there is some structural/chemical
change occurring during the slow scan rate studies such as
isomerization/planarization/de-planarization after the
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the solid Boc-protected MA[6] at 150 °C in vacuo for 9
hours. The supporting information contains the details for
the characterization of MA[6] and its precursors. This ex-
peditious synthesis is both scalable and provides high-
purity MA[6], which facilitates its electronic, optical, and
magnetic characterization.
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first oxidation event which enables a second oxidation. We
also note that the voltage difference between oxidations
and reductions are large (250 mV for the first reduc-
tion/oxidation pair) which is likely due to diffusion-like
transport of electrons through the molecular film, a com-
mon occurrence for electroactive polymer films.1123

Single-crystals of MA[6] were produced by slow evapora-
tion of heptane into 5% trifluoroacetic acid/acetonitrile
and solid zinc over the course of three days. Single-crystal
structures reveal that MA[6] is a hexagonal, rigidly planar
macrocycle (Fig. 2A), consistent with 'H and 13C nuclear
magnetic resonance spectroscopy (Fig. S4 & S5) and high-
resolution mass spectrometry characterization. Having
produced these crystals under acidified conditions with



zinc, the doubly oxidized “emeraldine salt” version of these
materials was isolated as a co-crystal with Zn[CFsCOz]a.
Both the macrocycles and zinc are oxidized to the 2+ state
by oxygen present under acidic aerobic conditions, con-
sistent with the well-studied polyaniline systems. Based on
the bond lengths between observed by single-crystal X-ray
diffraction, it appears that the positive charges are shared
evenly amongst the six nitrogen centers in each macrocy-
cle (Fig. 2B & S6). This observation is consistent with pre-
vious theoretical calculations that suggest the frontier or-
bitals in macrocyclic polyanilines should be evenly spread
amongst the electronically coupled nitrogen centers.1415
This is in contrast to linear oligo[n]aniline systems, which
have an uneven dispersion of charge density due to the
different on-site energies of N-sites in a linear chain (e.g. at
chain ends). Doubly oxidized macrocycles assemble into
trimers in the solid-state. We hypothesize that these six

charge-carriers are delocalized across the trimeric assem-
bly, which likely further improves the stability and elec-
tronic mobility of this system. This hypothesis is consistent
with the tight m-m stacking distances (3.68-4.27 A cen-
troid—centroid separations) observed in these trimeric as-
semblies (Fig. 2C & S7). ES-MA[6] trimer assemblies are
further stabilized by a network of hydrogen-bonding in-
teractions with the carboxylate group of inner channel TFA
anions sandwiched by neighboring trimers and by outer
channel TFA anions surrounding the zinc clusters (Fig. 2A
& 2D). Together, these interactions lead to the formation
of synthetic nanotubes in the long-range with well-defined
channels (Fig. 2A & 3D). Single-crystal X-ray diffraction
resolves that covalent and non-covalent interactions lead
to spontaneous structural ordering at the molecular, few-
molecule, and long-range length scales.
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Figure 2. A) Top-view X-ray structures of ES-MA[6] and outer channel zinc clusters. Hydrogen atoms and inner channel TFA ani-
ons omitted for clarity. C, N, O, F, and Zn atoms are colored in gray, blue, red, green, and purple, respectively. B) Top-view of ES-
MA[6] and its Van der Waals surface. C) Side view of ES-MA[6] trimers with m-m interactions highlighted by red lines. D) Side-view
X-ray structures of ES-MA[6] and inner-channel TFA anions. Hydrogen bonds between ES-MA[6] and TFA anions are highlighted by
yellow lines. Hydrogen atoms and outer channel Zn clusters omitted for clarity.

The presence of charge-carriers and nanotubular stacking
observed in the ES-MA[6] crystal structure encouraged us
to investigate its electronic and ionic transport properties
as films and as single crystals. Techniques including pow-
der x-ray diffraction (Fig. S11), atomic force microscopy
(Fig. S12), and scanning electron microscopy (Fig. $14),
confirm the formation of nano-wires in thin films of ES-
MA[6] and reinforce that the nanotube assembly is the
dominant motif in this material, promising the potential
for charge transport.

We fabricated devices by spin casting films of ES-MA[6], on
Si/Si02 wafers, followed by deposition of Ag or Au contacts
with a shadow mask. Two-contact conductivity measure-
ments determined the bulk conductivity of the devices
with Ag contacts to be 7.0 x 105 S-cm! and the devices
with Au contacts to be 1.7 x 10-5 S-cm! (Fig. S20). Higher
currents were observed for devices made with Ag contacts
compared to Au contacts, which we attribute to a lower
interfacial resistance and stronger interaction between Ag

and the film. Additionally, four-contact measurements on
devices with Ag contacts revealed an even higher conduc-
tivity value of 4.7 x 10-¢ S-cm-! (Fig. $22).

We prepared single crystal devices by growing crystals of
ES-MA[6] on Si/SiO: wafers, followed by deposition of Ag
contacts with a shadow. Comparing the dimensions of the
crystals used for X-ray diffraction with those grown on
Si/Si0z confirmed conductivity measurements through
stacked macrocycles. Although there are gaps between the
macrocycle trimers, there is also tight packing between
neighboring trimers in the diagonal direction that can still
allow for anisotropic charge transport. Single-crystal de-
vices prepared this way had a measured conductivity of
7.5 x 10-2 S-cm! (Fig. 3A), which is over two orders of
magnitude higher than our four-contact conductivity val-
ues and approximately three orders of magnitude higher
than comparable two-probe thin film devices. Using the
crystal structure calculated density of 1.33 g-cm3, we de-
termined that ES-MA[6] has a charge-carrier density of 1.1



x 102! carriers.-cm3. These measurements demonstrate
that significant electronic conductivities can be achieved
by concurrently controlling multiple length scales. The
conductivity of ES-MA[6] rivals that of other well-
established polymeric conductors such as polythiophene
(10°-103 S-cm™), polyaniline (10-2-10° S-cm-1), or
polypyrrole (10°-10! S-cm1).° However, these macrocy-
cles feature a well-defined size and structure, affording
greater precision in the self-assembly into films or crystals.

A B
50

Ia (HA)

| 0=75%x102S-cm™

_50 1 1 1
-1.0 0.5 00 05 1.0
C Va (V)
200
—~0.1M 5.5
150 | --05M
— < -6.0 }
3 L =—1.0M E [
F\‘100 - » 65 |
50 | 70 -©-Zn
. 8 I 2 TFA
0 7.5 R ——
0 50 100 150 200 0.0 0.2 04 0.6 0.8 1.0
Z' (Q) [Electrolyte]

Figure 3. A) Plot of current vs. voltage for single crystal con-
ductivity measurement of ES-MA[6] with Ag contacts. B) Con-
ductivity of an ES-MA[6] device when alternatively immersed
in aqueous solutions of trifluoroacetic acid (green diamond)
and ammonia (blue squares) over 7 cycles. C) Nyquist plot
showing impedance of ES-MA[6] at various concentrations of
Zn[CF3CO0z]2. D) Plot of concentration vs. ionic conductivity for
ES-MA[6] at various concentrations of Zn[CF3CO:]2 (turquoise
circles) and CF3COzH.

We next explored the pH dependence of MA[6]'s electrical
conductivity. Given that proton-doping leads to high con-
ductivities, it was hypothesized that de-doping using base

would cause a decrease in conductivity. After exposing an
Au contact thin film device with an initial conductivity of
1.6 x 105 S:cm! to a 1.0 mM aqueous solution of NH3 (pH
= 10), we observed over a 400-fold decrease in conductivi-
ty (3.0 x 10-8 S-cm) (Fig. 3B). Following re-exposure of
the basified device to a 1.0 M aqueous solution of trifluoro-
acetic acid (TFA) (pH < 1), we observed a recovery of the
electronic conductivity (1.5 x 10-5 S-cm!). This process
was generally reversible for at least 7 cycles, demonstrat-
ing that the conductivity of MA[6] is both switchable and
reversible, opening up future possibilities of incorporating
these molecules in applications such as chemical detectors
or neuromorphic memory devices.

High electrical conductivities in an inherently tubular
structure inspired studies into the movement of ions in
MAs. In particular, we were interested in studying the in-
teractions between MA[6] and zinc due to the presence of
Zn2+ in the exterior pores of the macrocycles as observed
through x-ray diffraction. We utilized a 3 electrode system
consisting of ES-MA[6] on ITO glass as the working elec-
trode with an Ag/AgCl reference electrode and a Pt coun-
ter electrode (Fig. $25). An aqueous electrolyte solution
was added to the cell and electrochemical impedance spec-
tra (EIS) were collected from 100 kHz to 0.1 Hz ata 10 mV
amplitude (Fig. 3C). Impedance measurements were ob-
tained at three different concentrations of Zn[CF3CO:z]z,
which was compared to the same concentrations of TFA.
Nyquist plots for all TFA solutions formed a semicircular
curve (Fig. S26) whereas those containing Zn[CF3COz2]2
(Fig. 3C) had the distinct shape of a Warburg element of-
ten associated with ion diffusion.2* Using a transmission
line model,25-27 we obtained conductivity values as high as
1.8 x 10-¢ S-cm! in 1.0 M Zn[CF3COz2]2 compared to 3.4 x
10-7 S:cm! in 1.0 M TFA (Fig. 3D). Although a solution of
Zn[CF3C02]2 should have approximately 1.5 times more
solvated ions compared to TFA at a given concentration,
Zn[CF3CO02]2 provided higher conductivities at both 0.5 M
and 1.0 M than TFA which support the hypothesis that Zn
ions are diffusing through ES-MA[6]. Together, electronic
and ionic conductivity studies confirm the mixed-ionic
electronic behaviors observed in macrocyclic anilines and
highlight the significance of these materials for applica-
tions in electrochemical devices.
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Figure 4. A) UV-vis-NIR absorbance spectrum of MA[6] in DMSO in the presence of TFA (green) and triethylamine (blue). Photo
insert visually demonstrates the color difference between acidified ES-MA[6] (right) and basified EB-MA[6] (left). B) EPR spectra



of ES-MA[6] in neat DCM (green trace) and in a 1:1 (vol) mixture of DCM and toluene (black trace) together with their correspond-
ing simulations (blue trace - neat DCM; red trace - DCM/toluene mixture). C) Calculated spin densities with a-spin density in or-

ange and 3-spin density in blue.

We use spectroscopic measurements to follow the ac-
id/base response of the electronic properties of MA[6].
Ultraviolet-visible-near-infrared (UV-vis-NIR) absorption
spectroscopy demonstrates that in the presence of an acid,
ES-MA[6] has an absorbance maximum at 1270 nm that is
indicative of a polaronic transition (Fig. 4A) as has been
observed in previous highly conductive linear polyaniline
systems.8-30 Addition of triethylamine induces a new ab-
sorption band centered at 600 nm, indicating that the
bandgap of the material has increased. When modulating
the acid/base concentration of the solution, isosbestic
points are observed at 490 nm and 690 nm, demonstrating
an interconversion between two different species, which is
in agreement with our observations regarding the ac-
id/base switchability of MA[6].

Electronic paramagnetic resonance (EPR) spectroscopy
reveals that unpaired charge-carrier densities are en-
hanced upon protonation and diminish with deprotona-
tion. EB-MA[6] in basic solution of dichloromethane (DCM)
had no measurable EPR signal, consistent with the pres-
ence of the expected diamagnetic species (Fig. $27). In
contrast, upon TFA addition, a strong signal with a g-factor
of 2.002 and a multiplet hyperfine structure is observed,
consistent with the presence of an organic radical (Fig. 4B
& S28). When ES-MA[6] is placed in a DCM/toluene mix-
ture small microcrystals form (Fig. $29). This changes the
EPR spectrum dramatically, revealing a single Lorentzian
line at the same g-value due to the presence of strong spin-
spin coupling in the solid state (Fig. 4B). The spectrum of
ES-MA[6] in neat DCM is a composite of individually dis-
solved cation radicals with a broad hyperfine resolved EPR
signature and small microcrystals with a single EPR line
(Fig. 4B). DFT calculations reveal that the six amines are
the main contributors to the resolved hyperfine coupling
in the spectrum (Fig. 4C). The calculations predict a slight-
ly rhombic g-tensor with the principal values of 2.001978,
2.00326, and 2.00342 which averages to an isotropic g-
value of 2.00289. The predicted isotropic hyperfine cou-
pling constants of the six nitrogens are 4.25 + 0.02 MHz
and of the six hydrogens bonded to the nitrogens -6.96 *
0.03 MHz (see supporting information for atomic coordi-
nates of the DFT optimized structure of ES-MA[6] and the
calculated hyperfine coupling constants to all magnetic
nuclei, including 13C). These values were found to be only
qualitatively consistent with the experimental spectrum
and as such a least square fitting routine (function esfit
within the Easyspin toolbox for MATLAB)3! was used to
optimize the fit which yielded hyperfine coupling con-
stants of an = 5.69 MHz and au = -6.71 MHz. Our EPR spec-
tra and DFT calculations are in general agreement with
those of previously studied N-containing macrocycles
which demonstrate that radical charges are evenly distrib-
uted throughout the macrocycle backbone.'*19 Taken to-
gether, spectroscopic characterization demonstrates that
ES-MA[6] hosts a high charge-carrier density and a small
and broad optical bandgap, both of which are consistent
with the high experimentally observed conductivities.

In conclusion, this work describes a molecular macrocycle
that stacks into tubular structures and demonstrates high
conductivity, making it useful in many electrochemical
applications. These macrocycles demonstrate acid/base
responsiveness, forming stable polyradical systems in their
acidified state and diamagnetic systems in their basified
form. This switchability can be used to tune the conductivi-
ty of the material. Moreover, the synthetic route outlined
in this paper enables the formation of a family of different
sizes of macrocycles with different ion selectivity.
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