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Three protected catechol-containing conjugated oligomers have been prepared using Pd-
mediated coupling reactions. Two of the oligomers are poly[o-phenylenevinylene] type while
the other is poly[o-phenyleneethynylene] type. One of the poly[o-phenylenevinylene]-type
oligomers is regioregular while the other is regiorandom. The repeat units can be deprotected
and oxidized to yield orthoquinone groups, which were subsequently reduced electrochemi-
cally to yield paramagnetic semiquinone repeat units. At spin concentrations greater than
∼0.25 per repeat unit, precipitation occurs preventing preparation of oligomers with greater
spin concentrations using electrochemical methods. The frozen solution EPR spectra for all
of the soluble semiquinone-containing oligomers exhibit fine structure, indicating the
existence of high-spin (S >1/2) states that arise from exchange coupling (J) of semiquinone
groups through the oligomer backbone. Consistent with the π-connectivity of two of the
oligomers, the intensities of their EPR signals vary linearly with inverse absolute temper-
ature suggesting J g 0. Unexpectedly, the same result was obtained for the regiorandom
oligomer for which antiferromagnetic coupling was expected. The latter result is explained
by the low-spin concentration.

Introduction

Organic Polymers as Polyradicals. The prepara-
tion of organic polymers with stable, paramagnetic
repeat units has produced several novel materials.
Nishide, Lahti, Dougherty, and several other groups
reported the preparation of a variety of poly[o-phenyl-
enevinylene] (PoPV), poly[o-phenyleneethynylene] (PoPE),
and other organic polymers with paramagnetic repeat
units, three of which are shown in Scheme 1.1-25 The

first two examples in Scheme 1 have delocalized elec-
tronic structures due to the positioning of radical atoms
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Scheme 1. Paramagnetic Phenylenevinylene
Polymers
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with positive spin densities in locations that allow
conjugation with the π-system of the polymer chain.
Moreover, because of the head-to-tail arrangement of
paramagnetic repeat units, nondisjoint, non-Kekulé
structures result, and the polymers behave as high-spin
ground-state species.26-28 In other words, the poly-
[phenylenevinylene] chain serves as the “ferromagnetic
coupling unit.” 29

A particularly attractive feature of the PoPV/PoPE
design is that connectivity-controlled high-spin coupling
persists even in the presence of defects (diamagnetic
repeat units) because of the conjugated polymer back-
bone. Along these lines, Rajca designed and character-
ized beautiful discrete macrocyclic/polycyclic molecular
structures that resist diamagnetic defects.30-36

The Utility of Semiquinone Repeat Units. In this
study, we wish to further the PoPV/PoPE design to
include a paramagnetic, chelating ligand as the spin-
containing unit as shown in Scheme 2. Semiquinones
can be prepared from orthoquinones or catecholates by
a one-electron reduction or a one-electron oxidation,
respectively. Both calculations and experiment indicate
significant spin density on carbons 4 and 5,37,38 and we
have taken advantage of this spin distribution to create

high-spin molecules with one or more semiquinone
groups.39-46

The chelating ability of the semiquinone ligand is
widely documented, and a multitude of transition met-
als complexes has been prepared.47,48 Semiquinones are
unique in their tendency for certain intramolecular
electron transfer/spin-crossover equilibria, processes
known as valence tautomerism that can lead to bi-
stability and therefore switching behavior.49-51 In ad-
dition, semiquinones often strongly magnetically couple
to paramagnetic transition metal ions.52 Thus, semi-
quinone-containing polymers could be used to introduce
a variety of metal ions into the material and create
polymeric materials with new properties. Finally, metal
ions can serve to cross-link polymer chains and extend
magnetic interactions, thus providing a basis for new
molecule-based amorphous ferrimagnets.

Initially, we chose electrochemical methods to prepare
the semiquinone groups because the reduction can be
carried out in the presence of tetraalkylammonium
cation, which is not capable of being coordinated. This
choice should (1) allow a higher degree of reduction since
alkali metal semiquinones aggregate and precipitate,
and (2) decrease the possibility of our EPR results being
due to metal ion-induced aggregation.41,53 In this report,
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Scheme 2. Quinone-Containing Polymers
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we are interested in demonstrating the creation of
semiquinone repeat units on conjugated oligomer back-
bones, as opposed to the preparation of high molecular
weight materials. Moreover, the chelating ability of
semiquinones allows the preparation of extended solids
without the necessity of high molecular weight polymer.

Results and Discussion

Monomer syntheses are described in Supporting
Information.

PoPV[CatMOM2] and ProPV[CatMOM2] Synthe-
ses. Monomer 14 was polymerized via the Heck reaction
using Pd(OAc)2 as the catalyst in the presence of tri-o-
tolylphosphine and triethylamine in DMF at 100 °C:

In our hands, this Heck polymerization repeatedly
produced low molecular weight material, despite several
reports of higher molecular weight polymers of similar
monomers.13,14,16,17,20-22,25 PoPV[CatMOM2] was puri-
fied by SE chromatography and precipitated from
methanol to produce an amorphous yellow powder. Gel
permeation chromatography (GPC, polystyrene stan-
dards) gave Mh of 1300-2700 with 1.4-1.7 as the

polydispersity (Mh w/Mh n). This molecular weight (Mh w)
corresponds to a degree of polymerization of 3-6 mon-
omeric units. The MOM-protected PoPV was a yellowish
powder, which was soluble in DMF, CH2Cl2, CHCl3,
toluene, THF, and acetone, but insoluble in alcohols.

The FTIR spectrum of PoPV[CatMOM2] displays
peaks at 980 cm-1, indicating an out-of-plane bending
mode of the trans-vinylene bond.54 FT-Raman spectrum
shows peaks at 1623 and 1598 cm-1 associated with Cd
C bond stretch in the vinyl and aromatic rings of PoPV,
respectively.

The UV-vis spectrum of PoPV[CatMOM2] shows an
absorption maximum (λmax) at 298 nm in CHCl3, while
the fluorescence emission spectrum shows a maximum
at 452 nm (λexcitation ) 270 nm) which is consistent with
the trans-stilbene moiety.

When the monomer was polymerized at a concentra-
tion less than or equal to 0.3 M, field desorption mass
spectrum (FDMS) shows evidence for a mixture of cyclic
oligomers, since the masses observed are M-HBr as seen
in Figure 1.55 All attempts at isolating cyclic oligomers
were unsuccessful. The 1H NMR spectrum of PoPV-
[CatMOM2] polymerized in dilute solution lacks end
group signals, which should be evident for Mh w of ∼2000.
FDMS of the monomer 15 shows the distinctive bromine
pattern: the molecular ion, M+, for C22H27O4

79Br ap-
peared at m/z 434 and that for C22H27O4

81Br at m/z 436.
When the monomer was polymerized at higher mono-
mer concentration (3 M), no cyclic oligomers were
observed in the FDMS.

ProPV[CatMOM2] was prepared by Heck polymeri-
zation between difunctionalized monomers 24 and 25
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Figure 1. Field desorption mass spectrum of PoPV[CatMOM2] polymerized at [monomer] ) 0.3 M.
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in DMF (0.3 M) at 100 °C using Pd(OAc)2:

ProPV[CatMOM2] was purified by SE chromatography
and precipitated from methanol to produce an amor-
phous orange powder. GPC gave a Mh n of 1300-3200 and
a 1.6-2.0 polydispersity (Mh w/Mh n) was measured. Again,
low molecular weight material was produced, with a
degree of polymerization (DP) corresponding to the
molecular weight is 3-7 monomeric units. ProPV-
[CatMOM2] had similar solubilities as PoPV[Cat-
MOM2].

PoPE[CatMOM2] Synthesis. Polymerization of
monomer 15 via the Sonogashira reaction56-58 using
(PPh3)2PdCl2 as the catalyst, CuI as the cocatalyst in a
1:1 triethylamine:pyridine solution gave PoPE[Cat-
MOM2] in high yield:

PoPE[CatMOM2] was purified by SE chromatogra-
phy and precipitated from methanol to gave an orange
powder. Gel permeation chromatography (GPC, poly-
styrene standards, mobile phase 100% THF) was used
to determine the molecular weight and molecular weight
distribution. During the first polymerizations, we ob-
tained a molecular weight, Mh w, of 9000-11000. This
molecular weight corresponds to a degree of polymeri-
zation of 22-25 monomeric unitsssignificantly greater
than the Heck polymerization of our vinylene mono-
mers. Unfortunately, we could not obtain high molecular
weights for the PoPV monomers. To compare structure-
property relationships between these oligomers, and
since high molecular weights are not our current goal,
we desired a lower molecular weight PoPE material.
Thus, the polymerization time was decreased from 18
to 6 h and a molecular weight of ∼3000 was obtained.

The UV-vis spectrum of PoPE[CatMOM2] shows an
absorption maximum at 298 nm in CHCl3, while the
fluorescence emission spectrum of PoPE[CatMOM2]
shows a maximum at 452 nm. The FT-Raman spectrum

of PoPE[CatMOM2] shows a peak at 2209 cm-1 associ-
ated an internal carbon-carbon triple-bond stretch.

Deprotection and Oxidation of Oligomers. Depro-
tections of PoPV-, ProPV-, and PoPE[CatMOM2] to give
the corresponding catechol oligomers as red powders
were marked by the appearance of strong OH stretches
in the IR spectra (∼3500 cm-1). Oxidations of the
catechol groups were affected using Fétizon’s reagent59

to give the orthoquinone oligomers as red-brown pow-
ders.

The sharp peaks near 1650 cm-1 associated with an
orthoquinone and the disappearance of the catechol OH
stretches near 3500 cm-1 indicates the formation of the
orthoquinone group.

Electrochemistry and Polyradical Formation.
Cyclic voltammograms (CV) were recorded for the
orthoquinone oligomers PoPV[BQ], PoPE[BQ], and
ProPV[BQ] in THF at room temperature with tetra-n-
butylammonium hexafluorophosphate as the supporting
electrolyte, and are shown in Figure 2. The CVs reveal
two distinct reduction processes, but only the first are
shown. These quasireversible couples correspond to the
orthoquinone/semiquinone redox processes and are cen-
tered near -0.7 V vs Ag/AgNO3. The second reductions
that occur near -1.7 V vs Ag/AgNO3 are chemically
irreversible and correspond to semiquinone/catecholate
couples.60,61

The polyradicals were formed by controlled-potential
coulometry at ca. -1.1 V vs Ag/AgNO3 at room temper-
ature in a glovebox. Aliquots of the dark green solutions
for EPR spectral analysis were taken from the electro-
chemical cell at set intervals. Unfortunately at ∼25%
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Figure 2. Cyclic voltammograms of orthoquinone-containing
oligomers in THF.
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of the total number of coulombs passed, the semiquinone
oligomers become insoluble in THF despite our use of
noncoordinating counterions, demonstrating the limit
of bulk electrolysis for the generation of the semiqui-
nones. This insolubility is the result of the formation of
salts and can be remedied easily by using soluble metal
complexes in place of tetrabutylammonium. There are
a multitude of possibilities for soluble metal complexes,
including metal tris(cumenyl-methylpyrazolyl)borate),62

which we used to prepare bis(semiquinone) com-
plexes.44,46,63 Such efforts will be the focus of future
reports.

EPR and VT-EPR Spectra of the Polyradicals.
Frozen solution EPR spectroscopy is commonly used to
detect unpaired electrons for the study of S > 1/2 states
in polyradicals.64-66 In favorable cases, variable-tem-
perature (VT) EPR spectroscopy can be used to estimate
the exchange parameter, J (2J is the singlet-triplet gap
in a biradical for example), when the coupling is
antiferromagnetic. For both ferromagnetic coupling and
for J ) 0, a straight line is obtained when EPR signal
intensity is plotted against inverse temperature.67

The room-temperature EPR spectra of all of the THF-
soluble portions of the semiquinone oligomers are single
lines, exhibiting unresolved hyperfine structure. How-
ever, as shown in Figure 3, the frozen solution spectra
of PoPV[SQ], PoPE[SQ], and ProPV[SQ] exhibit both
fine structure in the ∆ms ) 1 region and show ∆ms ) 2
transitions characteristic of high-spin (S > 1/2) states
in addition to strong monoradical signals at g ≈ 2
(∼3300 G). We assign the signals marked with arrows
in Figure 3 to the X/Y transitions of high-spin species.
If these signals are due primarily to biradicals, consis-
tent with both spin count and molecular weight, the
zero-field-splitting parameters, |D/hc| are ∼0.005 cm-1.
From a point-dipole perspective this gives an inter-
electronic separation of ∼8 Å,68 which is a reasonable

value for our oligomers based on molecular models. The
appearance of ∆ms ) 3 transitions for triradical or
higher spin states were not observed.

The results of VT-EPR experiments are shown in
Figure 4. Plots of the temperature dependences of the
doubly integrated ∆ms ) 2 signals are linear within
experimental error, suggesting J g 0. It is noteworthy
that ProPV[SQ] shows a linear Curie plot despite the
lack of a repeated head-to-tail motif along the oligomer
chain. This is readily explained by the low spin concen-
tration. For a DP of ∼6 and a spin concentration of
∼0.25, the average chain has less than two unpaired
electrons. However, for those chains that are biradicals,
S ) 1 triplets will exhibit EPR spectra while the S ) 0
singlets may not if the antiferromagnetic J-coupling is
large compared to kT. An alternative is that the anti-
ferromagnetic coupling is weak, and the resulting Curie
plot is linear. Oligomers having more than two unpaired
electrons apparently do not constitute a large fraction
of the material. We believe that we were not able to
produce a large enough concentration of semiquinones
along the oligomer backbone to observe the effects of
antiferromagnetic coupling.

Conclusions

Conjugated oligomers with catechol, orthoquinone,
and semiquinone repeat units have been prepared using
Pd-mediated coupling reactions. The DPs for the PoPV-
type oligomers (DP ) 4-7) were lower than the PoPE-
type polymer (DP ) 22-25). Mass spectral evidence for
cyclic oligomer formation during the concentrated po-
lymerization of monomer 14 was presented.

CV of the orthoquinone-containing oligomers showed
redox activity analogous to that of nonpolymeric ortho-
quinones, and controlled-potential coulometry provided
soluble semiquinone-containing oligomers having spin
concentrations of ∼0.25. Unfortunately, continued elec-
trolysis resulted in precipitation. EPR spectra of frozen
solutions of the semiquinone oligomers are consistent
with S > 1/2 species. Curie plots for all the paramagnetic
materials are linear, consistent with J g 0. The unan-
ticipated linear Curie plot for ProPV[SQ] is readily
explained by the low-spin concentration. Efforts are
underway toward preparation of soluble metal com-
plexes of these materials.
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Figure 3. EPR spectra of semiquinone-containing oligomers
at 77 K in THF.

Figure 4. Curie plots for doubly integrated ∆ms ) 2 signals
of semiquinone-containing oligomers.
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Experimental Section

General and synthetic details and spectral data can be found
in the Supporting Information.

General Procedure for Electrochemical Reduction of
Quinone Oligomers. In the glovebox, a 2 mM solution of
quinone oligomer in THF containing 100 mM tetrabutylam-
monium hexafluorophosphate (Bu4NPF6) was subjected to
controlled potential coulometry at -1.1 V vs Ag/AgNO3.
Aliquots were removed by pipet for examination by EPR
spectroscopy.
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