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ABSTRACT

We report that poly((2,5-bis(1-methylpyrrol-2-yl)thiophene)squaraine) can be synthesized as a dark
green insoluble powder which when subjected to shear force and pressed as a disk exhibits a gold-green
near optical quality surface with semi-metallic behaviour. Reflectivity measurements at a wavelength
of 819 nm reveal a high (72°) pseudo-Brewster angle and non-zero p-reflectivity whilst electrical mea-
surements using a four-point probe return a conductivity of 1 x 10*5§ cm~!. Unexpectedly the disks also
exhibit magneto-optic (MO) activity which it appears must arise from a weak magnetic component intrin-
sic to the samples. In both the longitudinal and transverse Kerr configurations large fractional changes
in reflectivity (AI/I,\% 2.5 x 10~2) are observed across a wide range of angles of incidence for wavelengths
between 400 nm and 1064 nm on application and reversal of a magnetic field. Anomalously for these
configurations all the MO effects observed are quadratic in the applied field and no first-order effects
linear in applied field are observed for any state of incident polarisation. Examined using conventional
magnetometry disk samples return saturation magnetization values of 4.13 x 10*3}gmu g~! on a vibrat-
ing sample magnetometer and smaller samples similarly processed and prepared for examination by
Squid magnetometer confirmatory values of 4.9 x 10~3 emu g~'. Magnetization curves from both instru-
ments have a similar form saturating at about 1.14}\(06 and are also in close correspondence with curves
derived by plotting the magneto-optic signal as a function of field after allowance for the quadratic nature
of the observed MO response. Similarly both the magnetic and magneto-optic behaviour of all samples
is isotropic in plane.

Taken together all experimental observations on this fully organic polymer appear, surprisingly, to be
commensurate with the development at room temperature of some form of magnetic state throughout
very limited regions of the material. A very tentative model able to reconcile the magnetic and MO obser-
vations on the supposition that the magnetic state may be of a reduced dimensional nature is presented.
We are very aware that the appearance of an intrinsic room temperature magnetism in the material
studied is highly unlikely and that this interpretation of the results presented is strongly dependent on
using MO evidence to support chemical analysis, which included multi-elements scans on an ICP and
ESR, in precluding contamination.

© 2013 Published by Elsevier B.V.

1. Introduction

[26-28,32,33,37,38,40-43,47-50,54] (depending on the availabil-
ity of the a-H’s), they can simultaneously form a mixture of both

Pyrrolic squaraines [1-55] hold a unique place in the over-
all field of squaraine chemistry. They were the first squaraines
reported [1-3], they are one of the few squaraines that can be
produced in alcohol without the azeotropic removal of water
[1,3-8,10,13-15,18,21,23,41], they can easily form both dimeric
squaraine dyes [1-4,6-8,10-12,14-17,21,22,24,25,29-31,34-36,]
[39,42,44-46,51-55] and polysquaraines [5,9-13,16-20,23,]

* Corresponding author. Eurrent address: Exilica Limited, The Technocentre,
Puma Way, Coventry CV1 2TT, UK. Tel.: +44/g4 7688 8505.
E-mail addresses: d.lynch@exilica.co.uk (D.E. Lynch), D.M.Newman@ex.ac.uk
(D.M. Newman).
1 Current address: School of Engineering, Physical Science & Mathematics, Uni-
versity of Exeter, Exeter EX4 4QF, UK. Tel.: +44/3 392 723728; fax: +44/3 392 217965.
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1,2- and 1,3-squarate analogues [10,13,40,48,50], and they can
forma 1,2,3-squarate variant [2,5,51,53]. Yet given their versatility
they have remained, until relatively recently, one of the least
studied squaraine variants, especially with respect to X-ray crystal
structure studies (the only known structure being in Ref. [39]).
Pyrrolic polysquaraines have been studied for a variety of reasons
including electrical conduction [9,12,16,18-20,48,50] and electro-
optic properties [5,10,40,42,43], as well as applications that utilize
both their particulate shape [23,32,41,56] and colour [33]. Within
the known set of pyrrolic polysquaraines, there are essentially
two subsets; one where there is only one pyrrole in the repeat
unit (polymerizing through the two a-sites on the same pyrrole
molecule) [5,9-13,16,17,23,26,32,33,37,43,47-49] and one where
there are two linked pyrrole molecules [18-20,27,28,38,42,50,54].
All of these latter cases, except the first, involve bispyrroles
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Fig/\l. Schematic showing the synthetic route used in this study.

linked by divinylarenes, thus maintaining a m-conjugated system
with the intention of creating a low band gap in the resultant
polysquaraine. However, in an attempt to deviate from that partic-
ular chemical model and utilising known bispyrroles of a previous
study on the structure and properties of a series of conjugated
terarenes containing two outer 1-methylpyrroles [57], a series
of polysquaraines were prepared in order to investigate their
electrical conduction properties. It was intended that this study
would compliment a similar study on the electrical properties of
poly(oligo(1-methylpyrrol-2-yl)squaraine)s [18], but it was found
that one analogue, the polysquaraine of 2,5-bis(1-methylpyrrol-
2-yl)thiophene, displayed an optical quality surface when pressed
as a disk for four-point probe electrical conduction experiments.
In addition to the electrical measurements a series of studies
were also undertaken investigating the optical reflectivity of
disk surfaces and with the majority of automated optical instru-
mentation in our laboratories designed for and directed towards
magneto-optic measurements these were fortuitously included
as a matter of routine. Here we report clear and repeatable
evidence of extensive magneto-optic activity in prepared disks
of poly((2,5-bis(1-methylpyrrol-2-yl)thiophene)squaraine) (1)
(Fig. 1).

2. Materials and methods
2.1. Synthesis

1-Methylpyrrole (Aldrich) was distilled before use under
reduced pressure and stored over semiconductor grade KOH pel-
lets (Aldrich). THF (Sigma;-Aldrich) was obtained sealed under
nitrogen. ZnCl (Sigma;-Aldrich) was dried and stored over
P40q0 (Sigmai-Aldrich) in a dessicator. t-Butyllithium (1.6 M),
2,5-dibromothiophene, bis(diphenylphosphinopropane)nickel(Il)
chloride, squaric acid, absolute ethanol and ethyl acetate were
obtained from Lancaster and were used without further purifi-
cation. 2,5-Bis(1-methylpyrrol-2-yl)thiophene was prepared and
identified according to the Kumada procedure [57].

2.1.1. Poly(thiophene-alt-(2,5-bis(1-methylpyrrol-2-
ylene))cyclobutene-1,3-diolate)
(1)

Squaric acid (100 mg, 0.88 mmol) and 2,5-bis(1-methylpyrrol-
2-yl)thiophene (212mg, 0.88 mmol) were refluxed for 16h in
absolute ethanol (30 mL). Upon cooling, a dark green powder was
collected in vaccuo, washed with cold ethanol and air dried. The
low molecular weight compounds were removed from the poly-
mer mass via soxhlet extraction using ethyl acetate. Yield: 180 mg
(58%). vmax: 1608 (C—0).

2.2. Instrumentation

Infrared spectra were recorded as KBr discs using a Nicolet 205
FT-IR spectrometer. Thermogravimetric analysis was performed on
a Setram TGA/DTA 92-12 with a gas flow rate of 50 mmmin~!.
All electrical conductivity measurements were performed using
the four-point probe method under atmospheric conditions at

room temperature. Powder X-ray diffraction (XRD) patterns were
measured on a Philips PW1700 system diffractometer (Cu Ka X-
radiation). Scanning electron micrographs were taken on a Joel JSM
35CF scanning microscope using a gold overlay. Transmission elec-
tron microscope images were obtained using a Philips CM200 TEM,
operated at 200 kV in the STEM mode. Multi-element analysis was
undertaken using a Perkin-Elmer 5300DV ICP. Electron spin res-
onance spectra were collected on a Bruker ER200D X-band ESR
(EPR) spectrometer for samples in the uncrushed powder state.
The experimental conditions for magneto-optic experiments are
described in Ref. [58]. The vibrating sample magnetometer used
in this study was constructed based on Foner’s design [59]. Super-
conducting Quantum Interference Device or Squid magnetometer
experiments were undertaken at the Dresden High Magnetic Field
Laboratory, Germany. All fixtures that supported any of the materi-
als for magnetic measurements of either kind were either made of
glass or PTFE polymer. All fixtures were examined independently
of sample for any magnetic interference signals.

2.3. Supplementary data

The infrared spectrum, thermal gravimetric data and elec-
tron spin resonance spectra (of material produced in ethanol and
butanol) of 1, and an illustration of the crystal structure, X-ray pow-
der diffraction pattern and electron spin resonance spectrum of
poly((2,5-bis(1-methylpyrrol-2-yl)furan)squaraine), as well as the
chemical diagrams of the bispyrroles listed in footnote 1, have been
deposited as supplementary material.

3. Results and discussion
3.1. Synthesis and structure

The original, and simplest, synthesis of pyrrolic polysquaraines
involves refluxing an equimolar mixture of squaric acid and the
pyrrole/linked bispyrrole in alcohol with the product precipitating
from the reaction mixture. More recent syntheses have included
50:50 solvent mixtures of 1-butanol and either benzene or toluene,
and both with and without the azeotropic removal of water (i.e.
using a Dean and Stark apparatus). However, in the preparation of a
series of polysquaraines based on conjugated terarenes containing
two outer 1—methylpyrroles,,&2 consistency with the previously pub-
lished series of poly(oligo(1-methylpyrrol-2-yl)squaraine)s [18],
meant employment of the original synthesis,\3 ilustrated in Fig. 1,
with purification of the insoluble powder proceeding via solvent
extraction of the low molecular weight materials.

2 Involving  2,5-bis(1-methylpyrrol-2-yl)furan,
thiophene, 2,6-bis(1-methylpyrrol-2-yl)pyridine,
2-yl)phenyl, /4\1,4/—bis(1—methylpyrrol—Z—yl)biphenyl,
2-yl)anthracene, ethyl-3,6-bis(1-methylpyrrol-2-yl)carbazole  and
(1-methylpyrrol-2-yl)dibenzenevinyl.

3 Compound 1 was separately prepared in methanol, ethanol and butan-1-ol and
although the products from the latter two were structurally identical (by XRD anal-
ysis), it was the product from ethanol that produced disks with greater optical
reflectance and stronger MO effects.

2,5-bis(1-methylpyrrol-2-yl)

1,4-bis(1-methylpyrrol-
9,10-bis(1-methylpyrrol-
/4\1,4’—bis
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FigAZ. X-ray powder diffraction pattern for 1.

Compound 1 was collected as a dark green insoluble pow-
der. Infrared analysis (IR) of 1 gives a strong single C—0 peak at
1608 cm~! and little indication of the presence of any peaks around
1750 cm™!, suggesting that the majority of the polysquaraine con-
sists of the preferred 1,3-squarate form (that illustrated in Fig, 1).
The infrared spectrum of 1 also displays a characteristic of low
band-gap polymers with a decreasing baseline from 1800 cm~! to
higher wavenumbers. Thermogravimetric analysis was performed
under dry air and shows that thermal degradation occurs over
300°C; common for short-alkyl squaraine compounds.

General structural analysis of 1 was undertaken using powder
X-ray diffraction techniques with the resultant pattern shown in
Fig, 2. Being fully conjugated polymers, polysquaraines are pri-
marily expected to be flat with the possibility of donor-acceptor
stacked polymer ribbons dominating the structure. It was
previously reported in the study of poly(oligo(1-methylpyrrol-2-
yl)squaraine)s [18] that although mostly amorphous, the majority
of the polymers studied exhibited a small degree of order with
diffraction peaks indicating interplanar distances of 3.4A and
above. In fact the only polymer with a peak at d=3.4A was also
the only one that exhibited electrical conduction properties and
it was surmised that the two were linked. The powder diffraction
pattern of 1 indicates a higher degree of crystallinity than those
previously studied and that the polymer chains in 1 have at least
one-dimensional stacking order with strong diffraction peaks at
d=3.50, 3.73, 6.27 and 7.72A, and a shoulder peak at d=3.36A.
However, transmission electron microscope (TEM) diffraction pat-
terns of single sub-particulate lathes (Fig. 3(a) and (b)) indicate
that there are actually two packing phases, both containing a
similar one-dimensional pattern, but one also displaying order

Fig, 3. TEM diffraction images from isolated sub-particulate lathes indicating sep-
arate; (a) one-dimensional and (b) two-dimensional structures.

Fig, 4. SEM images of a particulate grain of 1 indicating the amorphous network of
(a) sub-particulate lathes (Rcale bar=5 um) and (b) the effect of applying a shear
force to the lathes (Rcale bar=2 pm).

in a second dimension. Both small molecule dimeric squaraines
and polysquaraines are known to form ordered stacks in their
solid-state structures [20] with different polymorphs in dimeric
squaraines arising from differing interplanar distances [60].

Fig, 4(a)is a scanning electron microscope (SEM) image of a grain
of the powder of 1 and shows that the particles comprise a network
of amorphously arranged lathes. When subjected to shear forces,
such asin the preparation of a pressed disk for electrical conduction
measurements, the lathes collapse and align to create a relatively
flat surface (Fig. 4(b)).

Further evidence that 1 is a flat polymer can be gained by
inference to the crystal structure of 2,5-bis(1-methylpyrrol-2-
yl)furan, which is chemically identical to 2,5-bis(1-methylpyrrol-2-
yl)thiophene except for one atom. The single crystal X-ray structure
of 2,5-bis(1-methylpyrrol-2-yl)furan was determined, as was the
structure of 2,6-bis(1-methylpyrrol-2-yl)pyridine, as part of the
broader study into the polysquaraines of these materials and
shows that the furan variant is flat with the maximum dihedral
angle between the rings being <3.3° [61]. A flat linked bispyrrole
would invariably mean a flat polysquaraine because the conjuga-
tion between squarate linked pyrroles dictates flatness, as observed
in the only known crystal structure of a pyrrolic squaraine [39] (and
also observed in almost all known crystal structures of squaraine
dyes). For comparison, the X-ray powder diffraction pattern of the
polysquaraine made from 2,5-bis(1-methylpyrrol-2-yl)furan also
reveals strong diffraction peaks at d=3.49, 3.63, 3.86 and 6.88 A
[61].

3.2. Electrical conduction measurements

Four-point probe electrical conduction measurements
undertaken on finely ground and pressed solid disk samples
(12mm dia, x Tmm thick) of 1 returned conductivity values
of 1x 10*5,§ cm~!, which is comparable to the highest values
reported for non-doped polysquaraines.

3.3. Magneto-optic measurements

Pressed disk samples of/]4 exhibited unexpected yet significant
levels of apparent magneto-optic (MO) behaviour in the two Kerr
configurations (transverse and longitudinal) (Fig. 5) for which the
magnetic field is applied and reversed along orthogonal directions
confined to the plane of the sample surface. Behaviour identical
in nature but of a reduced magnitude was also recorded from a

4 12 mm diameter x 200 pm (+£10%) disks of all materials were prepared using a
standard stainless steel KBr die and disk press with disks produced under 10 atm
pressure for 5 min. All disks (unless otherwise stated in the text) were made of pure
material. Disks of/% 00 pm or less were found to be too fragile for handling.
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Transverse incidence is plotted for p-polarised radiation at a wavelength of
X 819nm and shown together with the conventional reflectivity
A Pol revealing a high (72°) pseudo-Brewster angle and non-zero p-
_,0 = reflectivity. Second, the effects observed in both the transverse
s e ;"‘1 Longitudinal and longitudinal configurations appear to arise only from second-
Z > order phenomena even in nature and thus quadratic in the applied
@ 0 field. Such effects are usually extremely small and only observ-
p able in these configurations when first order effects vanish such as
z for example at normal incidence. Irrespective of the polarisation

Incident beam Surface normal

Detected beam

Fig. 5. Illustration demonstrating the optical configuration for the magneto-optic
geometries. The magnetic field is applied in the plane of the sample, parallel to
the plane incidence (longitudinal effect) or perpendicular to the plane of incidence
(transverse effect). E is the amplitude of the electric field and p and s refer to the
state of incident light polarization.

disk sample (of 1) diluted by crushing with dried potassium bro-
mide (KBr), as a sample for infrared analysis would normally be
prepared. Measurements for both samples were readily obtained
in both these configurations across a wide range of angles of inci-
dence for wavelengths between 400 nm and 1064 nm. However, no
MO activity was detectable in the polar Kerr configuration in which
the field is applied and reversed normal to the sample surface and
the measurements in the transverse and longitudinal configuration
were anomalous in several respects. First, in contrast with previous
reports [62-64] of very weak MO effects in organic and metal-
organic compounds the magnitude of the effects observed are very
large; the values recorded for the fractional change in reflected
intensity Al/Ix~2.5 x 102 for example being more typical of those
expected from the continuous surface of bulk ferromagnetic metals.
This is illustrated in Fig, 6 where Alfl, as a function of angle of

Alll,
0.050

R/%
10 -

| 0.025

| 0,025

| .0.050

0 30 60 90

Angle of incidence

Fig, 6. Disk reflectivity (- --) and fractional change in reflection (—) on magnetiza-
tion reversal in the transverse Kerr configuration for a wavelength of 819 nm at 25°
angle of incidence.

state of the incident radiation, samples of 1 exhibited no first-
order magneto-optic effects, i.e. effects linear in the applied field,
in any configuration studied. The final anomalous feature of the
magneto-optic behaviour of these samples is that they saturate
so that when plotted as a function of applied field yield curves
of the form shown in Fig, 7(a). Curves of this form are typical
of those obtained from ferromagnetic materials by measurement
techniques which are insensitive to the direction of magnetiza-
tion (M). Magneto-resistance? [65] is perhaps the best:known
phenomenon displaying in this manner but as pointed out above
second;order magneto-optic effects can also display behaviour of
this form from ferromagnetic surfaces under certain very specific
experimental conditions [58] for which first-order magneto-optic
effects linear in M are identically zero. It is reemphasised that this
is not the case with the present samples for which no first-order
MO effects were detectable in any realizable experimental config-
uration.

The saturation of the apparent MO activity observed from
sample(s) 1 in applied fields a little over 1kOe implies one
of two possible mechanisms is responsible for its manifesta-
tion. The samples may be becoming birefringent as a result of a
magnetic field induced structural or molecular reorientation as
happens in the Cotton-Mouton effect which also returns signals
quadratic in applied field or they have an intrinsic or extrin-
sic (contaminant) ferromagnetic component. The possibility of
structural modification was excluded when X-ray diffraction mea-
surements conducted with and without a static applied magnetic
field revealed no detectable differences between the two patterns
to the limits of instrument sensitivity. This mechanism was fur-
ther precluded by the absence of any detectable anisotropy in the
magnitude of both the transverse and longitudinal effects as the
samples were rotated about the surface normal. Extrinsic contam-
ination by ferromagnetic elements may also be deemed extremely
unlikely as it would result in first;order MO effects and not the
second-order effects recorded. Nevertheless a further careful check
for metallic impurities was undertaken. A portion (100 mg) of a disk
sample was decomposed in a 50:50 mixture of 100 yol. hydrogen
peroxide (5mL) and conc. sulphuric acid (5 mL), diluting in water
(to 100 mL), then running the solution on a multi-element scan
through an ICP. The only metal ions found present were sodium
(8.75mg/g) and potassium (55.625 mg/g). There are several possi-
ble sodium sources throughout the synthesis proceduref and the
presence of potassium is most likely introduced from the surface of
the mortar and pestle used to finely grind all the powders including
KBr disks for infrared analysis.

3.4. Verification of magnetic behaviour

Verification of magnetic behaviour was immediately sought
by conventional magnetometry. In its precipitated form (as per
Fig, 4(a)) the polymer exhibited no magentic behaviour detectable

5 Although organic magneto-resistance is an area of recent interest;\refer [82]),
no such experiments were undertaken on 1.

6 The two starting materials were also analysed by multi-element scans on the ICP
and sodium was the only metal element in appreciable amounts that was detected.
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Fig, 7. Magnetization curves obtained (a) by change in reflected intensity in the
transverse Kerr configuration and (b) by VSM.

Ms x 10~(emu/g)
5 ey

0 25 50
Applied Field ( kOe)

Fig)\s. Magnetization curve obtained by the Squid magnetometer.

by either vibrating sample magnetometry (VSM) or electron spin
resonance (ESR) techniques. The disk samples however returned
saturation magnetization (Ms) values 0f4.13 x 103 emug~! on the
VSM whilst smaller samples similarily processed and prepared for
examination by Squid magnetometry provided confirmatory val-
ues of 4.9 x 10*3gmu g~1. The differences are readily attributable
to variations in processing. Magnetization (M) curves shown for
both instruments in Figs. 7(b) and 8 have a similar form, saturating
atabout 1.14 kOe. A small (Hc ~ 0.135 kOe) but significant degree of
coercivity and remanance is evident and the samples are magnet-
ically isotropic in plane. Squid magnetometry (M;) measurements
were recorded from 4 K to 350K (77 °C), over which the Ms(T) curve
is essentially flat. There is no current indication of what the Curie
temperature is for disk samples of 1.

3.5. Consideration of magnetic behaviour

In Fig, 7, there is evidently a close correspondence between the
magnetic hysteresis loops obtained using the MO signal, recorded
in the transverse Kerr configuration, Fig, 7(a), and those taken
using the VSM, Fig, 7(b), once allowance is made for the quadratic
nature of the MO interaction. Both exhibit the same form, slope and
coercivity, demonstrating the validity of using MO effects to draw
further inference regarding the apparent magnetism of this mate-
rial. Specifically, the nature of the magneto-optic effects observed
may be employed to argue powerfully against the presence of con-
tamination by ferromagnetic metals. As pointed out by Miller [66]
in his cautionary review of polymer ferromagnets, when a material
has a low saturation magnetization it is essential to ensure that it
is intrinsic rather than extrinsic in nature. Many previous obser-
vations of organic ferromagnetism are most likely attributable to
contamination by trace amounts of ferromagnetic metals, although
no previous experiments of this nature included the study of MO
effects. In the present samples the rigorous purity control essen-
tial in claims of this nature is supplemented by the required and
observed complete absence of any magneto-optic effects linear in
magnetization that must, in at least one of the configurations and
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wavelengths studied, accompany the presence of any contamina-
tion by ferromagnetic metals or compounds at the level necessary
to giverise to the conventionally detected moment. If the possibility
of contamination is allowed then, knowing the detected moment,
there are three forms in which it may be considered to exist. In
terms of increasing likelihood these are (i) as an anomalous thin
surface layer, (ii) as a dispersion of very fine particles uniformly and
homogeneously distributed throughout the volume of the samples
and (iii) as a very few large particles randomly distributed through-
out the sample volume with low likelihood that any particle is close
enough to the surface to be accessible to the optical beam. Whilst
all may demonstrate the magnetic loops recorded with the VSM
and Squid it is difficult to conceive of how any, either singularly
or collectively, can give rise to the combination of magnetic and
MO effects observed. Possibilities (i) and (ii) must show linear MO
effects, thus Fig, 7(a) would be identical to Fig, 7(b). Moreover, to
homogeneously disperse the contamination throughout the sam-
ple, as considered in (ii), would require particles structured at a
scale too small to sustain ferromagnetism, when the hysteresis
loops are clearly indicating ferromagnetic rather than superpara-
magnetic behaviour. Possibilities (i) and (ii) would also have shown
some metal content in both the ICP analysis and ESR spectra. Con-
sideration of the most probable form (iii) in which contamination
might exist, given the way the disks are prepared, requires some
mechanism whereby a few buried magnetic particles can induce
large quadratic MO effects throughout the material that express
uniformly across the surface of the polymer. Perhaps however,
the most compelling evidence for the absence of contamination
is provided by consideration of the uniqueness of this particular
polysquaraine 1 in comparison with the analogous polysquaraine
derivative of 2,5-bis(1-methylpyrrol-2-yl)furan [61] which, when
prepared and processed in exactly the same manner, into an opti-
callyreflective disk, exhibits nearidentical behaviour to 1, including
anintrinsic electrical conductivity of 2 x 10=> Scm~T, but crucially,
no evidence of magnetic behaviour or MO activityA7 The consensus
of evidence available therefore tends to favour the interpretation
that the magnetization and associated anomalous magneto-optic
effects detected arise in some way from the polymer and are at
a fundamental level a consequence of a unique molecular and
physical structure appropriately developed on processing. It should
finally be noted that the grade of stainless steel that is used to man-
ufacture the disk press does not demonstrate MO activity and all
chemistry samples were handled using plastic spatulas and tweez-
ers,

3.6. Organic ferromagnets

The possibility of synthesising organic ferromagnets has been
the subject of continuing [67-77] interest since the proposal was
first mooted in the late 1970s [67]. However, of the many and
varied routes proposed for the realisation of such materials, that
conceived by Fukutome et al. [78] and subsequently the subject
of a detailed theoretical study by Tanaka et al. [79] is perhaps
most relevant when attempting to understand the present observa-
tions. This introduced the concept of polaronic polymers, wherein
spin supplier blocks (SSBs) and spacer units (SUs) are alterna-
tively positioned along continuous polymer chains such that when
the SUs are optimally dimensioned, ferromagnetic coupling may
arise between the spins on the SSBs. Considering the polysquaraine
under discussion, on this basis the three five-membered hetero-
cyclic rings may together be taken to constitute a single SSB
possessing unit spin multiplicity. These types of organic ring

7 In fact none of the polysquaraines involving the remainder of the linked pyrroles

listed in footnote 1, similarly processed as 1, displayed any magnetic or MO effectsA

systems, being flat and fully conjugated, can stabilise the resonant
mr-electrons and allow them to pass along the chain, which makes
these polyheterocycles electrically conductive [57]. In the case of 1,
the squarate groups are electron traps (electron accepting) with the
i-ve charge delocalized across the squarate oxygens. Spin mobil-
ity between the (electron donating) pyrrole ring SSBs is therefore
constrained, or totally precluded, and correct separation may then
allow the possibility of exchange coupling between spins. Further-
more, at the molecular scale the crystal structure of the analogous
precursor to 2,5-bis(1-methylpyrrol-2-yl)furan is known to be flat
[61] so, as previously stated, it is reasonable to assume that the
precursor pyrrole of 1 is also flat and that, because of the reso-
nant nature of the molecular chain, this property carries through
to the backbone of 1 itself. Being flat the chains have the ability
to stack, a property enhanced by the interlayer attraction existing
between the SSBs and the squarate spacer groups as a result of the
overlapping of the electron donating and electron accepting charge
distributions, which can result in the flat polymer system stacking
in parallel planes promoting 1D and possibly 2D order. Evidence
for the development of such order in the present polysquaraine
is provided by X-ray and electron diffraction measurements. Fur-
thermore, in their study of the magnetic properties of substituted
polythiophenes, Vandeleene et al. [76,77] “hypothesize that the
magnitude of the magnetization is governed by the fraction of
planar polymer chains, while the coercivity seems to depend on
the molecular structure and, related to this, the efficiency of -
interactions between different polymer chains.” A review of the
magneto-optical properties of spun-coated films of regioregular
poly(3-alkyl)thiophenes has also been published [80].

3.7. Magnetic behaviour of 1

For 1, evidence of magnetic behaviour only emerges on repeat-
edly crushing and grinding the as precipitated powder before
pressing into disks. The forces imposed during the preparation of
the material in disk form are therefore supposed to first separate
the lathes and then compress and orientate the lathes such that
the molecular structure within them is pseudo-ordered parallel to
the disk surface resulting in a flat reflective surface. Processing
in this manner is also presumed to bring the molecular struc-
ture in close correspondence with that of the model considered
by Tanaka (with the triheterocyclic SSBs of 1 substituting for the
terthiophene SSBs used in Tanaka’s model) thereby optimising the
opportunity for magnetic interactions along, and possibly across,
the flat stacked polymer chains. However, given the relative crudity
of the processing, and in light of the physical structure discussed
above, it seems unlikely that long range spin coupling occurs in
three dimensions throughout the material but is rather of reduced
dimensionality and constrained to very small regions so that only a
small fraction of the material composing any of the samples studied
exhibits magnetic behaviour. This fraction is estimated as 0.024% by
taking the mass of the polymer formula unitas 270.31 and assuming
a spin multiplicity of one. Furthermore, averaged over the whole of
asample the effective magnetizationis»2.31 x 1044 per formula
unit, which is broadly comparable to that reported by Zaidi et al.
[73] for an organic magnet derived from polyaniline prior to con-
centration of its magnetic component by two orders of magnitude
using magnetic separation.

3.8. Mechanism for magnetic behaviour

Having established that the MO activity recorded is not associ-
ated with any structural reorientation detectable by X-ray analysis,
a mechanism is required to explain its presence in the absence
of linear MO behaviour if the polymer is magnetic. Magneto-optic
effects arise as a consequence of a magnetically imposed anisotropy
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on the optical permittivity (&) of a material. Phenomenologically,
effects observed from a given material are quantified by the Voigt
parameter Q, which is proportional to M, and governed by sym-
metry constraints placed on the form taken by the permittivity
tensor on application of an applied field or the development of
magnetization. When magnetism fully permeates the three dimen-
sional structure of a medium the permittivity is well described by a
skew-symmetric tensor such as shown below for the specific case of
the transverse Kerr configuration with the magnetization in the z-
direction (Fig. 5). Note that to the second order in Q its off-diagonal
and diagonal elements separately describe magneto-optic effects,
linear and quadratic in magnetization respectively. Similar forms
hold for the longitudinal and polar configurations. In all cases the
upper and lower i signs in front of the off-diagonal elements are
associated with M in the +x or —x directions respectively so that
any phenomena arising from the existence of these terms reverse
with the magnetization,

(1+fQ2?) 0 0
(1+fQ2?) +iQ
0 FiQ 1

[e] =€q 0

In attempting to reconcile the form of the spin coupling conjectured
above with the observed MO behaviour it is essential to explain not
only the complete absence of MO phenomena linear in M (Q) but
also why all effects observed are even in M. Since both diagonal
and off-diagonal elements contain Q, albeit in different orders, Q
can not become zero or all effects vanish. Clearly effects even in M,
such as those observed, can arise from the Q2 terms in the diag-
onal elements. These second-order effects are however expected
to be small since Q is small and first-order effects arising from the
off-diagonal elements should dominate. A mechanism is required
that renders the off-diagonal elements insensitive to magnetiza-
tion reversal so that they manifest as even observable phenomena.
Such a mechanism is provided by reducing the dimensionality of
the system of magnetic interactions. It can be shown that, if spin-
coupling does not permeate the medium but is instead confined to a
series of planes (xy in the above example) then although the form of
the tensor remains unchanged, the reduced symmetry determines
that the i signs in front of the off-diagonal elements become iden-
tical, irrespective of the direction of magnetization. Under these
circumstances the medium will display first-order MO effects even
in M as the result of the appearance of the off-diagonal elements
on magnetization together with smaller effects associated with the
Q? term of the diagonal elements. This is what is observed in all
measurements made.

The picture that emerges is therefore one in which the observed
magnetic behaviour arises only from small regions uniformly
dispersed throughout the processed disks in which it is further con-
strained to 2D sheets perpendicular to the plane of the disk surface.
That is, there are small but extended regions in which spins couple
along the chains together with some vertical coupling between the
close stacked chains. The absence of any observable MO behaviour
in the polar configuration attests the strength of the anisotropy
energy associated with ordering in this manner. The spin vectors,
and hence magnetization, are perpendicular to these planes so that
the magnetization is confined to the plane of the disk, but ran-
domly orientated within the plane such that there is no in-plane
anisotropy. The strength of the apparent spin coupling at elevated
temperatures remains puzzling but clearly the extent of the regions
is sufficient for them to maintain ferromagnetic rather than super-
paramagnetic behaviour at room temperature. This could suggest
that the anisotropy energy of the system is a significant factor in
stabilising the reduced dimensional magnetism as discussed for the
reduced dimensional cobalt system in Ref. [81].

4. Conclusions

We conclude that all experimental observations on this fully
organic polymer 1 appear, surprisingly, to be commensurate with
the development at room temperature of some form of magnetic
state throughout very limited regions of the material. We appreci-
ate that the appearance of an intrinsic magnetic component in the
material studied is highly unlikely and that this current interpreta-
tion of the results presented is also strongly dependent on using MO
evidence to support chemical analysis in precluding contamina-
tion. The apparent strength and stability of the exchange coupling
is particularly puzzling and requires further detailed study. Chem-
ical analysis has eliminated the possibility of contamination at a
level required to produce the moment recorded and we can find
no explanation of how contamination might yield the even MO
effects observed. We therefore present the results for comment by
the community.
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