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ABSTRACT: Organic Faraday rotators have gained significant
attention in recent years as a promising alternative to traditional
inorganic magneto-optical (MO) materials as a result of their lower
cost, superior mechanical properties, and potential for large-scale
deployment. This interest is peaked by the fact that a number of
high symmetry, rigid, strongly optically absorbing organic
chromophores display Verdet constants an order of magnitude
higher than commercial inorganic Faraday rotators. Critical to the
development of new generations of organic materials is the ability
to organize them in optimal structures for optical coupling/
measurements. We report herein the synthesis of a dodecyl-
substituted hexapyrrolohexaazacoronene (C12-HPHAC) displaying
discotic liquid crystalline (LC) properties and large Faraday
rotation. Thin films with a redox mixed C12-HPHAC/C12-
HPHAC+2 composition display a discotic columnar LC phase, are stable to air and moisture in the solid and solution states,
and achieve a maximum Verdet constant of 3.36 × 105 deg T−1 m−1 at 700 nm. This result is consistent with Serber’s model of
magnetic circular birefringence and displays one of the largest reported Verdet constants for organic materials in the UV−Vis range.
The LC phase aligns the molecules and leads to gains in Verdet constants of up to 105% through the favorable orientation of the
molecules’ magnetic and electric transition dipole moments with respect to the applied magnetic field.
KEYWORDS: Faraday rotation, azacoronene, polycyclic aromatic hydrocarbons, liquid crystals, Verdet constant

■ INTRODUCTION
Pyrrole-fused compounds are molecular scaffolds containing
several pyrrole rings that are fused together or annulated with
other aromatic or heterocyclic ring systems. These heterocyclic
nanographene motifs1,2 offer unique electronic, photophysical,
redox, and biological properties and therefore are potential
candidates for applications ranging from organic elec-
tronics,3−6 sensing,7−9 and even as substructures of potential
drug candidates.10−12 Additionally, they often exhibit high
thermal stability and are chemically robust.6,7,13−15 Azacor-
onenes, a subclass of pyrrole-fused compounds, are of
particular interest for their optical and redox properties.2,13

These molecules are characterized by a structure that consists
of a central benzene core substituted by six fused pyrrole rings.
The synthesis of unsubstituted hexapyrrolohexaazacoronene
(HPHAC) (Figure 1) was initially attempted by Lazerges et
al.16 via the oxidation of hexapyrrolylbenzene with iron(III)
perchlorate; however, only partially oxidized species were
observed by matrix-assisted laser desorption/ionization time-
of-flight (MALDI-TOF) mass spectrometry. A subsequent
study by Takase et al.13 demonstrated that alkyl substitution at
the periphery increased solubility, prevented intermolecular
couplings, and allowed for the isolation and characterization of

both the neutral and dication species. Chemical modification
of the peripheral substituents, the inner core, and via π-
extension have since led to many other analogs.7,14,15,17−22

These studies highlighted the aromaticity of HPHAC
derivatives and their ability to display multiple stable oxidation
states.

The Faraday effect, which results in the rotation of the plane
of polarization of linearly polarized light after passing through a
magnetized medium,23 has not yet been reported for
HPHACs. This phenomenon occurs through the interaction
of the magnetic field with the medium, causing the light wave’s
electric field vector to rotate. The extent of the rotation is
characterized by a material’s Verdet constant (deg T−1 m−1),
which is proportional to the magnetic field strength and the
optical path length through the medium. For a discussion of
molecular systems, we refer the reader to the published
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perspective on Faraday rotation by Nelson et al.23 Faraday
rotators have found utility as a probing tool in the fields of
radio astronomy24−26 and plasma physics.27−29 Additional
applications include remote magnetic-field sensing,30−32 MO
imaging,33−35 optical communication technology,36,37 and
optical isolation.38−40 Currently, inorganic materials rich in
paramagnetic heavy elements dominate commercial applica-
tions and fundamental research.41,42 However, organic
materials are potential materials that could further diversify
applications with demonstrated Verdet constants roughly one
order of magnitude larger than their inorganic counter-
parts.43−46 One approach to achieve high Verdet constants in
organic materials is to create high symmetry, rigid π-electronic
systems exhibiting narrow absorption bands with large
extinction coefficients. In these types of materials, the large
Verdet constants are understood to mainly originate from an
A-term Faraday rotation mechanism.23 Nitrogen-rich PAHs
such as HPHACs fulfill these molecular requirements when
oxidized and possess multiple stable oxidation states displaying
strong absorption bands,15 making them ideal candidates as
Faraday rotators. The rich and robust redox properties of alkyl-
substituted HPHACs could also allow for tunable, wavelength-
dependent Faraday rotation based on the oxidation state. The
mechanism by which such molecules display large magneto-
optical rotation is in essence a resonance-enhanced process,
which means it will likely be associated with large UV−Vis
absorption as well. Nonetheless, we believe that these
molecules may find utility in certain applications such as
magneto-optical imaging and magnetic-field sensing where
optical output is not paramount.
The synthesis of HPHAC derivatives that can yield high-

quality optical films is essential. The study of the optical
properties of HPHACs in the solid state has not been reported
to date, but previous reports mentioned their low solubility as a
limitation for the fabrication of thin films.15,47 Furthermore,
the crystallinity of previously reported HPHAC derivatives,
which is enhanced in the ionic oxidized states, further
complicates formation of optical quality (non-scattering)
films.46 To address this issue, we synthesize a peralkylated
HPHAC substituted with dodecyl alkyl chains (C12-HPHAC),
which achieves two purposes. First, it increases solubility of the
compound in organic solvents and allows for the fabrication of
thin films by spin-coating and drop-casting. Second, the
installation of long alkyl chains lowers the melting point of the
materials and imparts liquid crystallinity. Other alkyl chain
lengths would likely be adequate and lead to liquid crystalline
properties; however, we chose dodecyl as a starting point as we
intuitively hypothesized that it would lead to both great
solubility and liquid crystalline properties at room temperature.
Liquid crystalline organizations have been reported to increase

Faraday rotation via the molecular alignment of thin film
samples.44,45,48 We find that the neutral C12-HPHAC and
dication C12-HPHAC+2 do not display a liquid crystalline
(LC) phase; however, thin films with a mixed C12-HPHAC/
C12-HPHAC+2 composition display a columnar LC phase.
When thermally annealed above the isotropic transition and
slowly cooled down to 20 °C, samples of C12-HPHAC/C12-
HPHAC+2 show a significant increase in Faraday rotation over
spin-coated thin films. Specifically, slow cooling of the isotropic
phase (1°/min) results in a 30% increase in Verdet constant at
700 nm, reaching 3.36 × 10−5 deg T−1 m−1. This organization
produces an even larger increase in the Verdet constant at 730
nm (105%), corresponding to the shoulder of the A-term
Faraday response and at the edge of the optical band reaching
−1.1 × 10−5 deg T−1 m−1. We attribute the increases in Verdet
constant to a homeotropic alignment of the columns with
respect to the glass substrate. The semi-quantitative
expressions of the Faraday A-term in Serber’s model of
magnetic circular birefringence (MCB)23 refer to a coordinate
system, suggesting that the orientation of the magnetic dipole
moments and the electric transition dipole moments can
impact Faraday rotation in solid-state samples. Therefore,
optimally ordered chromophores show enhanced Verdet
constants relative to materials with randomly ordered
molecular axes. The orientation and LC properties of the
samples were confirmed via polarized-light optical microscopy
(POM). The Verdet constant of 3.36 × 10−5 deg T−1 m−1

displayed by the annealed C12-HPHAC/C12-HPHAC+2 thin
film is among the largest reported to date for an organic
material.

■ RESULTS AND DISCUSSION
The synthesis of alkyl-substituted HPHACs involves a 6-fold
nucleophilic aromatic substitution addition of the pyrrole
anions to hexafluorobenzene followed by a 6-fold oxidative
cyclodehydrogenation reaction (Scholl reaction).13,15 This
synthetic route has been used for a number of fused polycyclic
aromatic hydrocarbons containing heterocycles and is used
here for the synthesis of C12-HPHAC. We first synthesized the
permethylated analog of HPHAC before embarking on the
synthesis of the more challenging C12-HPHAC to validate our
hypothesis regarding the Faraday rotation potency of the
structure. In a recent report, Oki et al.15 measured the
magnetic circular dichroism of ethyl-substituted HPHAC,
indicating that such a molecule could exhibit large Faraday
rotation. The synthesis of pyrrole monomers substituted
exclusively at the β-positions requires multiple steps as
electrophilic substitution of the pyrrole ring occurs preferen-
tially at the more reactive α-positions.49 Selective β-
substitution on pyrrole is not feasible as it will also lead to

Figure 1. Hexapyrrolohexaazacoronene (HPHAC) and peralkylated analogs.
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some extent of substitution in the α-positions and mixtures of
regioisomers are hard to separate. The use of sterically bulky
protecting groups on the pyrrole nitrogen can impede
reactions at the α-position but leads to mixtures of 3- and
3,4-substituted products, which also results in difficult
separations and provides low overall yields of the di-substituted
products.50

3,4-Dimethyl-1H-pyrrole 1 was efficiently synthesized
following a previously reported literature procedure by
Ichimura et al.51,52 wherein 2,3-dimethylbutadiene undergoes
a Diels−Alder reaction with sulfinylcarbamic acid methyl ester.
The latter is readily prepared in situ through the reaction of
methyl carbamate with thionyl chloride and pyridine. The
cycloaddition yielded 2-methoxycarbonyl-3,6-dihydro-4,5-di-
methyl-1,2-thiazine 1-oxide (see Figure S1), which was used
without purification as a result of its moisture sensitivity. The
target 3,4-dimethyl-1H-pyrrole 1 was obtained in 30% yield via
a reaction cascade induced with potassium hydroxide in
methanol at reflux to give reduction in ring size (6- to 5-
member ring) to the aromatized pyrrole (Figure S1). The six-
fold SNAr addition reaction of the anion of 3,4-dimethyl-1H-
pyrrole 1, generated by reaction with sodium hydride in
dimethylformamide, with hexafluorobenzene, produces
1,2,3,4,5,6-hexakis(3,4-dimethyl-1H-pyrrol-1-yl)benzene 2 in
81% yield. In a final step, 1,2,3,4,5,6-hexakis(3,4-dimethyl-1H-
pyrrol-1-yl)benzene 2 was subjected to a 6-fold oxidative
cyclodehydrogenation using a combination of 2,3-dichloro-5,6-
dicyano-1,4-benzoquinone and triflic acid in DCM at 0 °C for
3 h to produce permethylated HPHAC 3 in a 79% yield. The
mechanism by which the reaction proceeds through likely
involves the formation of cationic intermediates.53,54 Although
the purity of permethylated HPHAC 3 could not be confirmed
by NMR due to the insolubility of the compound in all
solvents tested, spectroscopic measurements of the absorption
and Faraday rotation of the oxidized species were possible due
to the increased solubility of the cation radical and dication in
many organic solvents. The solution-phase Faraday rotation of
the permethylated HPHAC was confirmed, yielding an A-term
Faraday rotation for the largest absorption band of both the
cation and dication (Figure S16). This result was sufficient to
move forward with the synthesis of HPHAC analogs with
longer alkyl chains.

Longer alkyl chain 3,4-dialkyl-substituted pyrrole monomers
are synthesized using a four-step process in approximately 15%
yield.55,56 Most synthetic methods to install shorter alkyl
chains at the β-positions are not suited for the installation of
longer alkyl chains.51,57−59 One viable method involves 2,3-
alkyl-substituted butadiene intermediates60 that can be used as
a dienophile in the same procedure as employed for 1 to yield
the desired pyrrole. This preferred method reduces the number
of synthetic steps by half with regard to the previously reported
synthesis of 3,4-didodecyl-1H-pyrrole 556 with higher yields
(Figure 2).

Butadiene 13,14-dimethylenehexacosane 4 was synthesized
via a two-fold SN2′ reaction of 1,4-dichloro-2-butyne with
dodecylmagnesium bromide. It is reported in the literature that
such a reaction does not proceed efficiently using primary alkyl
magnesium bromides,60 but we found that the use of catalytic
copper iodide provides the desired product in 81% yield. The
formation of pyrrole via Diels−Alder in this two-step method
gave 3,4-didodecyl-1H-pyrrole 5 in 25% overall yield, which is
higher than those reported for other 3,4-dialkyl substituted
pyrroles with alkyl chains longer than hexyl. 3,4-Didodecyl-1H-
pyrrole 5 was deprotonated in dimethylformamide using
sodium hydride and then reacted with hexafluorobenzene
overnight at room temperature to produce 1,2,3,4,5,6-hexakis-
(3,4-didodecyl-1H-pyrrol-1-yl)benzene 6 in 65% yield. In the
last step, 1,2,3,4,5,6-hexakis(3,4-didodecyl-1H-pyrrol-1-yl)-
benzene 6 was subjected to the same oxidative cyclization
conditions as used for compound 2 to provide C12-HPHAC 7
in 82% yield. Additional details on the synthetic methods are in
the Supporting Information.

The oxidation of neutral C12-HPHAC was investigated using
a variety of oxidizing agents including nitrosonium tetrafluor-
oborate (NOBF4), nitrosonium hexafluorophosphate
(NOPF6), iron(III) chloride, bromine, and antimony penta-
chloride (SbCl5). All oxidants yielded some extent of cation
and dication species; however, SbCl5 delivered an efficient
stoichiometric oxidation. A common solvent that could
solubilize both the nitrosonium salts and C12-HPHAC was
not found, making it difficult to deliver precise molecular
equivalents of oxidant. FeCl3 and bromine yielded partial
oxidation, and excess of oxidizing agents complicated
purification and the formation of well-behaved LC phases.

Figure 2. Synthetic route to C12-HPHAC. Reactions and conditions are as follows: (i) CuI, THF at 0 °C for 30 min, then 1,4-dichloro-2-butyne at
rt for 2 h; (ii) methyl carbamate, SOCl2, pyridine, and PhMe at reflux for 3 h, then KOH and MeOH at reflux for 2 h; (iii) NaH and
dimethylformamide at 0 °C for 1 h, then C6F6 at rt for 12 h; (iv) DDQ, TfOH, and dichloromethane at 0 °C for 3 h.
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Redox titration was performed (Figure 3) to determine the
number of SbCl5 equivalents needed to achieve precise
oxidation of C12-HPHAC. We found that 1.5 and 3.0 equiv
of SbCl5 lead almost exclusively to the cation radical C12-
HPHAC+• and the dication C12-HPHAC+2, respectively. This
is consistent with the disproportionation oxidation mechanism
of SbCl5, where two SbCl6− anions and one molecule of SbCl3
are formed, leading to a 3:2 stoichiometry of SbCl5 to C12-
HPHAC for complete oxidation.61 Upon addition of 2.0 equiv
of SbCl5, the UV−Vis signature of C12-HPHAC+2 started to
appear. Further addition of SbCl5 above 3.5 equiv did not yield
a significant increase in the dication signature or new
absorption peaks associated with the trication. Note that
without the addition of oxidizing agent, a small amount of C12-
HPHAC+• is present in the sample, which was observed by
UV−Vis and Faraday rotation measurements. Oxidation by
atmospheric oxygen is likely the cause of this based on the first
oxidation potential of alkyl-substituted HPHACs being very
close to 0 V. Indeed, cyclic voltammetry of the previously
reported ethyl-substituted analog showed the first oxidation
event at −0.51 V (CH2Cl2, TBAPF6 vs Fc/Fc+).15 The
addition of anhydrous hydrazine to the solution reduced any
cation radical present and yielded neutral clean C12-HPHAC.
The Faraday rotation of the neutral and oxidized C12-

HPHAC species was first explored in solution (Figure 4). The
Faraday rotation of a solution of neutral C12-HPHAC could
not be detected because the strong optical transitions reside at

wavelengths below 400 nm, which is less than the wavelength
limits of our instrument. When 1.5 equiv of SbCl5 was added,
two new major longer wavelength absorption bands appeared,
and consistent with previous reports, they are assigned to C12-
HPHAC•+. The largest absorption band at 910 nm yielded a
maximum mass specific magnetic rotation in solutions of
dichloromethane of 1.4 × 102 deg L g−1 T−1 m−1 with a line
shape consistent with a Faraday A-term response. The weaker
absorption band at 790 nm yielded lower maximum mass
specific magnetic rotations with peak values of 2.7 × 101 deg L
g−1 T−1 m−1 at 800 nm and −3.0 × 101 deg L g−1 T−1 m−1 at
770 nm. However, the rotations associated with the 790 nm
band display a line shape that is most consistent with a Faraday
C-term response.23

When 3.0 equiv or more of SbCl5 was added, the optical
transitions observed for the cation radical C12-HPHAC+•

completely disappeared and two new higher intensity blue-
shifted absorption bands appeared. The largest absorption
band at 690 nm yielded a maximum mass specific magnetic
rotation of 1.6 × 102 deg L g−1 T−1 m−1, with a line shape
consistent with a Faraday A-term response. The longer
wavelength shoulder of the Faraday A-term response at 710
nm reaches −1.1 × 102 deg L g−1 m−1 T−1, which is much
larger in magnitude than the same type of feature for the cation
radical. The weaker absorption band at 630 nm yielded smaller
maximum mass specific magnetic rotation of 5.6 × 101 deg L
g−1 T−1 m−1 at 640 nm. The line shape of the weaker higher

Figure 3. UV−Vis spectra of the redox titration of C12-HPHAC with SbCl5.
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energy absorption is consistent with a Faraday A-term
response. There are noteworthy similarities between the
dispersions and line shapes of the Faraday rotation spectra of
C12-HPHAC+• and C12-HPHAC+2. The primary differences
are in the absorption band widths and the extinction
coefficients, where C12-HPHAC+2 displays narrower transi-
tions with larger extinction coefficients, both of which are
expected to produce larger Verdet constants under Serber’s
model of MCB. In addition, the weaker absorption band at 790
nm in C12-HPHAC+• displays a potential C-term line shape,
whereas the analogous band at 630 nm in C12-HPHAC+2

shows an A-term line shape. Again, this agrees with the Serber
model, where only paramagnetic species can exhibit a C-term
response.
The solid-state magneto-optical properties are of primary

interest, and neutral C12-HPHAC was spin-coated to create
optical-quality thin films with no observable birefringent
domains by polarized-light optical microscopy (POM). As
expected from solution measurements, these films did not
display a significant Faraday rotation from 400 to 1000 nm.
When the spin-coated films of neutral C12-HPHAC were left
standing overnight or the solution was drop-cast instead of
spin-coated, the formation of birefringent crystalline domains
was observed by POM (Figure 5a). Differential scanning

calorimetry (DSC) (Figure S18a) revealed a melting point
from the crystalline phase to an isotropic liquid at 47 °C and
no LC phases were detected via DSC or POM. Samples of
neutral C12-HPHAC that were annealed at 60 °C and cooled
down to 20 °C displayed the formation of large fibrils (Figure
5b).

When solutions containing C12-HPHAC+• were cast into
thin film samples, disproportionation to the neutral and
dication species was observed. A 1:1 solution of C12-HPHAC
and NOBF4 in dichloromethane that was spin-coated to form a
thin film showed UV−Vis and Faraday rotation spectra with
features consistent with the formation of C12-HPHAC+2.
Consistently, both the absorption intensity and Verdet
constants are half the magnitude of that exhibited by thin
films prepared from a 1:2 solution of C12-HPHAC and NOBF4
(Figure S17). Similar results were obtained when using SbCl5
as an oxidant. Disproportionation was not observed in
analogous crystalline peralkylated HPHAC,15 suggesting that
the liquid crystallinity of C12-HPHAC or its enhanced
solubility enabling homogeneous solution state oxidation
may allow for disproportionation inaccessible in similar
systems. As a result of this complexity, C12-HPHAC+• was
not studied further as a solid-state Faraday rotator. The C12-
HPHAC+2 yields a larger Faraday rotation and also has the

Figure 4. Absorption spectra (purple) and associated Faraday rotation responses (red) of solution-state samples of C12-HPHAC with (a) 0 equiv,
(b) 1.5 equiv, and (c) 3.0 equiv of SbCl5. All solutions are 2 × 10−4 M in dichloromethane.
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advantage of superior air and moisture stability. We find that
dichloromethane solutions of C12-HPHAC+• significantly
decompose after 2 weeks of exposure to ambient conditions,
whereas both the solution and thin film of C12-HPHAC+2

showed no significant degradation and loss in MO rotation
over the same period. This result is likely due to the reactivity
of the cation radical toward water or oxygen, leading to
decomposition products with lower orbital symmetry.

Films containing C12-HPHAC+2 produced by spin-coating
and drop-casting were analyzed by POM. We find that pure
C12-HPHAC+2 prepared via the addition of 3 equiv of SbCl5
does not exhibit birefringence domains under POM. Although
birefringence is observed directly after the initial preparation
via drop-casting (Figure S19), the texture disappears within 1 h
and is not observed via POM again after thermal annealing
processes, or with mechanical probing, suggesting an isotropic
organization. Interestingly, a DSC thermogram of the sample
shows two distinct transitions at 0 and 51 °C, likely associated
with ordering (crystallization) of the sidechains and a
crystalline transition, respectively. Alternatively, we inves-
tigated partial oxidation of C12-HPHAC using only 2 equiv
of SbCl5, leading to a mixed C12-HPHAC/C12-HPHAC+2

composition in the solid state after disproportionation of the
cation radical. It is estimated that the ratio of C12-HPHAC+2 to
C12-HPHAC is about 2:1 based on the added equivalents of
oxidant and assuming that full disproportionation to these two
species occurs. In the case of the mixed valent C12-HPHAC/
C12-HPHAC+2 film, persistent liquid crystalline properties
were observed. We find that the disorder originating from a
mixed composition of neutral and dication species leads to the
formation of a well-behaved LC phase, which is not observed
in pure C12-HPHAC+2. Both samples prepared using 2 and 3
equiv of SbCl5 were investigated for their Faraday rotation;
however, the following discussion focuses on the mixed
composition and its morphology. Spin-coated thin films of
mixed C12-HPHAC/C12-HPHAC+2 displayed no birefringent
domains under cross polarizers, suggesting a quenched
amorphous glass morphology (Figure 5c). However, when
these films were left to stand overnight, small birefringent
domains consistent with a LC organization appear. Similar

Figure 5. Optical microscopy images at 10× magnification
demonstrating the effect of thermal annealing on (a) the drop-casted
film of neutral C12-HPHAC viewed under crossed polarizing filters,
(b) the thermally annealed (60 °C) film of neutral C12-HPHAC
viewed under crossed polarizing filters, (c) the spin-coated film of
mixed C12-HPHAC/C12-HPHAC+2 composition viewed under
crossed polarizing filters, (d) the drop-casted film of mixed C12-
HPHAC/C12-HPHAC+2 composition viewed under crossed polariz-
ing filters, (e) the thermally annealed (110 °C) film of mixed C12-
HPHAC/C12-HPHAC+2 composition viewed without crossed polar-
izing filters, and (f) the thermally annealed film (110 °C) of mixed
C12-HPHAC/C12-HPHAC+2 composition viewed under crossed
polarizing filters. All images were taken with samples at room
temperature.

Figure 6. UV−Vis spectra (purple) and associated Faraday rotation responses (red) of thin films prepared from dichloromethane solutions of (a) a
1:2 mixture and (b) a 1:3 mixture of C12-HPHAC and SbCl5 when spin-coated (dotted lines), annealed at 110 °C, and subsequently slowly cooled
down to 20 °C at a rate of 1°/min (solid lines). The films were prepared from a 10 mg/mL solution of C12-HPHAC in dichloromethane to which
the appropriate equivalents of SbCl5 were added. The film thickness is 220 nm.
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optical features are observed directly when the solution of C12-
HPHAC with 2 equiv of SbCl5 was drop-cast (Figure 5d),
suggesting that LC organization is preferred over a kinetic
disordered morphology produced by spin-coating. DSC
thermograms revealed no discernable transitions other than
the one at −27 °C that is associated with ordering
(crystallization) of the sidechains. When the sample was
heated under POM observation, a clear isotropic transition was
observed at 95 °C, with the loss of the birefringent domains.
Samples were heated at 110 °C and subsequently slowly
cooled down to 20 °C at a rate of 1°/min, and under these
conditions, the LC domains are largely homeotropically
aligned with the columnar (optic) axis aligned normal to the
surface. This feature and a small number of rectilinear
birefringent domains are suggestive of a columnar LC phase
(Figure 5e,f). The absence of an observable peak at that
temperature in the DSC thermogram (Figure S18b) indicates a
low clearing enthalpy and perhaps a broader transition as a
result of the fact that the phase contains a dication and neutral
C12-HPHAC mixture and SbCl3 species in addition to
disordered SbCl6 counterions. Considering the large diameter
of the C12-HPHAC disc, it is also possible that a discotic
nematic phase is present at elevated temperatures, which
would explain the difficulty in measuring a transition peak in
the DSC and may account for the fact that the columnar phase
spontaneously forms large homeotropic domains without any
surface treatments or methods to induce alignment. Grazing
incidence small-angle X-ray scattering (GISAXS) measure-
ments were conducted to confirm the nature of the columnar
phase and if a discotic nematic phase is present (Figure S23). A
peak at d = 3.9 is observed under all conditions investigated
and is associated with the spacing of the aromatic cores. We
did not detect any anisotropy in this diffuse diffraction, which
would confirm alignment as the result of a discotic nematic
phase. The complex mixed valence nature of the LC results in
slow organization of the structures into columnar phases.
However, we observe sharp low angle peaks at 18.9 and 16.2 Å
consistent with the (200) and (110) diffractions of a Colr
phase (a = 18.0 Å, b = 37.8 Å).
We were interested in investigating the impact of order

imposed by the liquid crystalline state on the Faraday rotation
of C12-HPHAC+2. Figure 6a presents the absorption and
Faraday rotation spectra of a 220 nm spin-coated film of pure
C12-HPHAC+2 prepared using 3 equiv of SbCl5. This sample
displayed a maximum Verdet constant of 3.25 × 105 deg T−1

m−1 at 700 nm (dotted lines). Upon thermal treatment at 110
°C followed by slowly cooling down to 20 °C at a rate of 1°/
min, no significant difference in both the absorption and
Faraday rotation spectra was observed (solid lines) owing to
the absence of an LC phase that could lead to favorable
molecular alignment. Next, a spin-coated thin film of C12-
HPHAC/C12-HPHAC+2 prepared using 2 equiv of SbCl5 that
displayed a POM image devoid of birefringence (i.e., similar to
Figure 5c) was measured and yielded the Faraday rotation
spectra presented in Figure 6b (dotted lines). This sample
displayed maximum Verdet constants of 2.58 × 105 deg T−1

m−1 at 700 nm in the positive region and −0.55 × 105 deg T−1

m−1 at 720 nm in the negative region. As expected, the
maximum Verdet constant at 700 nm for the C12-HPHAC/
C12-HPHAC+2 film is smaller than the pure C12-HPHAC+2

film as the content of C12-HPHAC+2 is lesser. When the
sample was annealed at 110 °C and then allowed to cool down
slowly to 20 °C at a rate of 1°/min, the POM image displayed

a similar texture to the one shown in Figure 5f and a significant
increase in Faraday rotation was observed (solid lines). The
Verdet constant at 700 nm increased to 3.36 × 105 deg T−1

m−1, a gain of 30%, whereas the Verdet constant at 720 nm
increased to −1.17 × 105 deg. T−1 m−1, a gain of 105%. Note
that even with roughly 2/3 the content in C12-HPHAC+2, the
mixed C12-HPHAC/C12-HPHAC+2 film outperformed the
pure C12-HPHAC+2 film in its magneto-optical properties. The
700 nm value is one of the highest for an organic Faraday
rotator in the UV−Vis range to date. We attribute the gains in
Verdet constant to a homeotropic alignment of the
chromophoric magneto-optically active cores relative to the
glass surfaces, which places the net polarization perpendicular
to the applied external magnetic field. To understand the
impact of molecular alignment on Faraday rotation, an
examination of the semi-quantitative expression of the
magnitude of the A-term in Serber’s model of MCB is
needed.23 In the expression, the first factor ⟨j|mz|j⟩ − ⟨n|mz|n⟩
indicates that the Faraday A-term is related to the difference
between the ground- and excited-state magnetic moments for
each component transition. Note that only changes in
magnetic dipole moments along the z-axis will impact the A-
term magnitude. The second factor in the expression Im{⟨n|μx|
j⟩⟨j|μy|n⟩} describes the imaginary part of the transition dipole
moments in the xy-plane. The real component of the transition
dipole moments relates to the absorptivity of the transition;
and so, in many systems such as porphyrinoids and C12-
HPHAC+2, the magnitude of the Faraday A-term is propor-
tional to the molar absorptivity. Both factors refer to the
coordinate system, indicating that the orientation of the
magnetic dipole moments and the electric transition dipole
moments matter, and so, molecular order along specific sample
axes may yield enhanced Faraday rotation. Note that these
conclusions also hold for the Faraday C-term. Therefore, we
postulate that the molecular orientation reached when the
chromophoric discotic cores are aligned perpendicular to the
magnetic field direction leads to favorable orientations of both
the magnetic dipole and electric transition dipole moments to
give optimally large Verdet constants. Note that the annealed
C12-HPHAC/C12-HPHAC+2 sample also exhibits UV−Vis
absorption of greater magnitude, which is to be expected as
well. However, the increase in maximum absorption does not
linearly correlate with the gain in Verdet constants. Indeed, the
maximum absorbance in the annealed film increases by 11% at
700 nm, from 0.91 to 1.01, and by 40%, from 0.32 to 0.45, at
720 nm, whereas the Verdet constants display a three-fold
larger increase. This suggests that the gain is not merely the
result of a thicker film after the annealing process or a linear
correlation between optical and magneto-optical properties.

■ CONCLUSIONS
In summary, this study has demonstrated the viability of
HPHAC as Faraday rotators and the use of LC phases to
increase the Faraday rotation of MO active organic materials.
The largest Verdet constants observed in both C12-HPHAC+•

and C12-HPHAC+2 are attributed to the Faraday A-term. Thin
films containing C12-HPHAC+2 exhibit some of the largest
Verdet constants reported in organic materials, as high as 3.36
× 105 deg T−1 m−1. Neutral C12-HPHAC does not exhibit an
LC phase, but a C12-HPHAC/C12-HPHAC+2 composition
obtained from oxidation with 2 equiv of SbCl5 displays a
discotic columnar LC phase that has rectangular symmetry and
possibly a discotic nematic LC phase, which can assist in
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creating homeotropically aligned thin films, resulting in
significant gains in Verdet constants of up to 105%. The
results obtained in this study provide a strong foundation for
further research on the development and optimization of liquid
crystalline organic Faraday rotators, with the aim of achieving
improved performance and practical applications. For reso-
nance-enhanced organic Faraday rotators to be utilized in
practical applications, the optimization of parameters such as
molecular alignment as well as the obtention of larger Verdet
constants and thicker films will be needed.

■ METHODS
The syntheses are detailed in the Supporting Information. For solid-
state samples, thin films were prepared from a mixture of neutral C12-
HPHAC only or with the addition of an oxidizing agent via spin-
coating or drop-casting onto a high-precision #1.5H glass coverslip
(170 ± 5 μm). Typically, solutes were dissolved in dichloromethane,
with the C12-HPHAC concentration set between 5 and 20 mg mL−1

and with the appropriate amount of oxidizing agent added, before
spin-coating at 1000 rpm or drop-casting. Only samples of high
optical quality were measured, and the quality was validated by POM
images (Leica DMRXP) taken of the thin films in transmission. The
thickness of each thin film was determined using contact profilometry
(Dektak 6M Profilometer) and ranged from 100 to 400 nm. Thermal
annealing was conducted by placing a second high-precision #1.5H
glass coverslip on top of the film and heating the sample on a Linkam
TMS 94 hot stage with the following temperature profile: heated from
20 °C to above the respective isotropic transitions at 30 °C min−1 and
then cooled to 20 °C at 1 °C min−1 under an ambient atmosphere.
For liquid samples, solutions were loaded into a PTFE-stoppered
quartz cuvette with a 1.0 mm light path. MCB and UV−vis spectra
were obtained from a home-built measurement system based on
established designs43 and a Cary 60 UV−Vis spectrophotometer.
Faraday rotation results are reported as the full spectra, spanning from
400 to 1000 nm with incremental measurements at every 10 nm for
both solution- and solid-state samples. The measured property for
solid-state spectra is the Verdet constant (deg T−1 m−1), and solution-
state measurements are reported as the mass-specific magnetic
rotation (deg L g−1 T−1 m−1). The Faraday system and experimental
details regarding MCB measurements are described in a previous
report.43
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