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High molecular weight and networked aromatic polyamines prepared by palladium-catalyzed polycondensation were oxidized to yield the
corresponding poly(aminium cationic radical)s, which displayed a substantial stability and an intramolecular ferromagnetic interaction of eight
or nine spins.

High-spin polyradicals have been extensively investigated at room temperature and large spin polarization after a one-
as possible candidates for organic ferromagnetic matérials. electron removal. A series of oligoradicals have been
The design of such molecules is based on the precise consynthesized to evaluate the radichtsand p-phenylenedi-
nectivity of robust spin sources and nondisjointed couplers amine-based cationic radicals were found to be more stable
in az-conjugated polymer. It was recently reported that the than the triarylaminium cationic radicdlsThe attempted
highly cross-linked polyradical with a triarylmethine radical integration of thep-phenylenediamine-based cationic radical
as a spin source showed a very large magnetic moment andnto linear and two-dimensional polyradicals was tried;
magnetic ordering at low temperatidrélowever, the tri- however, there has been no report on a successful radical
arylmethine radical can survive only below 200 K, so generation to yield the chemically stable and high-spin poly-
chemically stable radical species are desired in such a(aminium cationic radical)s. By adjusting the monomer
networked polyradical to raise the magnetic ordering tem- geometry and the feed ratio during the polycondensation and
perature and provide feasibility as a material. Aromatic utilizing the effect of trifluoroacetic acid (TFA) on aromatic
polyamines are an attractive material for this purpose becausepolyamines, we now prepared, for the first time, two-
the aromatic amines are expected to be a prominent spindimensional networked and persistent polyradicals, in which
carrying site with both a substantial chemical stability even p-phenylenediamine-based cationic radicals effectively in-
teracted through 1,3-phenylene or 1,3,5-benzenetriyl couplers
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to bring about their innate high-spin character with an polymer with a preferably higher molecular weight and

average spin quantum number (S) of 8/2 to 9/2.

bearing all the terminal bromide groupsAlthough the

The networked aromatic polyamines were prepared by reaction of N,N'-diaryl-p-phenylenediamine and 1,3,5-tri-

using the palladium-catalyzed amination of two multi-

bromobenzene gave a yellow gel and trace amounts of a

functionalized monomers (Scheme 1). The bifunctionalized soluble fraction with the number average molecular weight
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aReagents and conditions: (a) Jdbay, Pt-Bu);, NaOtBu,
toluene, 100°C, 24 h.

monomer and the trifunctionalized monomer were reacted

in toluene at 100C for 24 h with Pd(dba) and P(t-Buj as

the catalyst and ligand, respectively. The monomer feed ratio

was maintained aspc-amine]/[bromidef 1/2 so as not to

include anysec-amines as a terminal group whose corre-
sponding radicals are known to be unstable, but to yield a (a)
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(Mp) of <3.0 x 10° measured by GPC (THF eluent,
calibrated by polystyrene standards), that of the trifunction-
alized sec-amine monomer and the aryl dibromide yielded
solvent-soluble but high molecular weight polymers, pbly-
and poly-2, withM, (degree of dispersion) values of 16

10* (4.8) and 6.5x 10° (1.5), respectively. This result
suggests that the monomer geometry is also one of the most
important factors in producing a soluble polymer.

The IR and NMR spectra of these soluble polymers
substantiated their structures. In € NMR spectrum of
poly-1, 9 very weak absorptions ascribed to the terminal
triarylamine moieties appeared beside the 15 well-defined
ones in the region of the quaternary carbon adjacent to a
nitrogen atom, which indicated the presence of three kinds
of terminal structures under chemically different environ-
ments (see Supporting Information). The MALDI-TOF mass
spectrum provided further evidence. All observed signals
corresponded to the proton adduct of the polymer with all
bromide terminal groups but ngec-amines, and some of
them were consistent with the formation of cyclic products,
which would lead to the restricted conformation of the
polymer chain. This result supported the idea of three kinds
of terminal structures for this polymer and the formation of
the anticipated networked polymer.

Cyclic voltammetry of the polymers in GEI, showed
completely reversible oxidation and reduction waves at room
temperature (Figure 1). The generated cationic radicals were
stable enough even in the polymer framework to be further
one-electron oxidized from eaghtphenylenediamine site.
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Figure 1. Cyclic voltammograms and differential pulse voltam-
mograms of polyt (1 mM/radical unit) in CHCI, with 0.1 M
(C4Ho)sNBF,4 at room temperature, at 100 mVisscan rate: (a)
without TFA, (b) with 1 vol % of TFA, and (c) with 5 vol % of
TFA. Potential vs Ag/AgCI.
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Differential pulse voltammetry of the polymers displayed ported up to now. ESR of the polyradicals at low temperature
unequivocal waves step by step. For palythe oxidation- clearly showed &AMs = £2 forbidden transition with a fine
reduction potential&°®'(1) — E*'(3) at 0.78, 0.93, and 1.03  structure, indicating multiplet states at least higher than a
V (vs Ag/AgCl) are attributed to the redox between the amine triplet. The temperature dependence of these signals revealed
and the aminium cationic radical, and their potential differ- the ferromagnetic interaction between adjacent radicals and
ence reflects a strong spin-exchange interaction betweenthe multiplet ground state for the polyradicals (Figure 2).
adjacent radicals. The potentiés’'(4) andE®'(5) at 1.33
and 1.42 V, respectively, represent the subsequent oxidatio_
from the aminium cationic radical to the bication (Figure
1la). The UV/vis spectra of the electrolytic solution indicated
the generation of the poly(aminium cationic radical) without
any side reaction for all polymers and any deposition of the
poly(bication) for poly-2(see Supporting Information). The
E°'(4) of poly-2(1.16 V) was so low that it was easy to
produce the soluble poly-2ontaining aminium cationic
radical and some bication moieties, which enabled us to
examine the magnetic property of the polyradical with
various electronic states as will be discussed below.

The exact assignment of the potentials to the polymer
structures in ChCl, was ascertained by the addition of TFA |
to the electrolyte solution. TFA is known to undergo protona- 0 0.05 0.1 0.15 02
tion at the aromatic ring of non-Kekulé type arylamifés. 1/T(K")
For poly-1and poly-2, the addition of 1 vol % of TFA re-  Figure 2. Temperature dependence of thes = 42 signal
sulted in the anodic shift d°'(2) andE®'(3), while E°'(1) intensity for the polyradicals of pol§-(O) and poly2 (a) in
did not shift (Figure 1b). The 1,3,5-benzenetriamine is sup- CHCl/CRCOOH/(CRCO)O (91/8.5/0.5 vol %). Inset: ESRMs
posed to be protonated prior to the 1,3-benzenediamine moi- +2 spectrum for the polyradical of pogat 5.6 K.
ety because it has more tautomeric intermediates in the pro-

tongt?q formtanﬁl Ta? an ess_ent|ally h'gZUUdeffhrr']c'ty' Tthe The magnetization and static magnetic susceptibility of
oxidation potential ot an amine group adjacent to the proto- polyradicals in the frozen media including TFA were

?:ti(ljsir:r?'?ﬁgggﬁ%ﬂogfglI\yof‘r;/'oﬁcgu_ﬁ:tz zroileﬁttrgggaut;c measured with a SQUID magnetometer. The magnetization
P : 9 normalized with saturated magnetizatibfiMs, plots for the

g‘f gnodi(? Isgift fOf ”:;Em.(l) goltent.igll l.)esideE°'.(2_|)_h§1ndl polyradicals of polyt and poly-2with a spin concentration
(3) to yield a fused unimodal oxidation wave: This also of 0.66 and 0.75, respectively, were very close to the

supports the protonation of the 1,3-benzenediamine mOietytheoretical Brillouin curve foiS = 10/2 at low fields and

(Figure 1c). Thus the redox &'(1) in CHCl; results from | th foS= 7/2 at high fields (Fi Th
the p-phenylenediamine residu@) interposed between two ayonthe cutve fo at high fields (Figure 3. The

T e O, A () O e
attributable to the stepwise redoxes of ghphenylenedi-

amines (®—®) connected to 1,3,5-benzenetriamine. This

Intensity (a. u.)

1

was also supported by the fact that the overall potentials of e
poly-3 and poly4, which have only 1,3,5-benzenetriyl o8 L ,‘,f/
couplers, anodically shifted with the addition of only 1 vol Ky o
% of TFA. sl 4 / 3

The chemical oxidation of pol{-and poly2 with NOPFs § j”/ x
solubilized in CHCI, with a minimum amount of 18-crown-6 R 2
also gave the corresponding poly(aminium cationic radical)s. ,’ / .Ef_
The ESR spectra at room temperature were composed of a 02 11 <
broad singlet line ay = 2.003, which is characteristic of g ‘
aminium cationic radicals. The addition of a small amount 0 .
of TFA to the CHCI, solution dramatically improved the 0 1 ;
spin concentration and chemical stability of the polyradi- HI(T-6) (T-K)

cals1® The half-life of the polyradical of poly- estimated  Figure 3. Normalized plots of magnetizatioWi(Ms) vs the ratio

: of magnetic field and temperaturbl (T — 0)) for the polyradical
by ESR at room temperature was 1 week in 2CHTFA of poly-2 with a spin concentration of 0.75 in GaI,/CFCOOH/

(95/5 vol %) solution under nitrogen, vyhich is e.xtremely (CRCO)Y0 (91/8.5/0.5 vol %) aT = 2.5 (@), 3 0), and 5 (W) K
persistent among the-conjugated organic polyradicals re-  and theoretical curves corresponding to 8w 2/2, 4/2, 6/2, 8/2,
and 10/2 Brillouin functions. InsetyymoT vs T plots for the

(8) Flory, P. J.J. Am. Chem. Sod.941,63, 3083. polyradicals of polyt (O) and poly2 (A) with a spin concentration
(9) Glatzhofer, D. T.; Allen, D.; Taylor, R. Wi. Org. Chem1990,55, of 0.66 and 0.75, respectively.
6229.
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spin concentration was determined by the saturated magneof 5 vol % of TFA definitely supported the polyradical
tization of the weighed polyradical. Plots of the product of generation via multielectron oxidation in one step. Further-
the unit molar magnetic susceptibilityng) and temperature  more, the cyclic structure in the networked polymers would
(T) vs T for these polyradicals are shown in the inset of effectively act to compensate the radical defects with multiple
Figure 3. TheymaT values were much higher than the pathways. To verify these assumptions, 0.4 equiv of NOPF
theoretical value of 0.375 fo® = 1/2 below 180 K and  was used in the oxidation of poB-under the same
increased below 50 and 100 K for the polyradicals of pbly- conditions. The resulting polyradical showed as highSan
and poly-2, respectively, reaching 1.30 &+ 8.4/2 at 5 K. value of 8/2 to 9/2 even with a spin concentration of 0.33 as
This indicates a ferromagnetic coupling, on average, betweenthe same sample with a spin concentration of 037bhis
eight or nine unpaired electrons in these polymers at low result strongly supports the idea of radical assembly to
temperature. The values at higher temperature are supposegrovide the observed hig8 value for the polyradicals.

to reflect the effective extension ofs/aconjugated system

in each polyradical framework.

However, theS value seems to be overestimated, taking
into account the cross-conjugated structure of the polyradicals
and the spin concentration. Janssen et al. reported the specifi
change in the intervalence band during the oxidation of
N,N',N"-tris[4-(diphenylamino)phenyIN,N',N"-triphenyl- Supporting Information Available: Synthesis and char-
1,3,5-benzenetriamine or the constituent of the presentacterization for the monomers and the polymers, UV/vis
polymers; from which we can find the possibility that the  spectra during electrolytic oxidation of the polymers, and
corresponding mono- or bis(aminium cationic radical) tends corrections of the magnetic data. This material is available
to disproportionate into the corresponding triradical. If this free of charge via the Internet at http://pubs.acs.org.
is also the case for the 1,3,5-benzenetriamine moiety in
poly-1 and poly-2, the generated radicals will assemble
together to form local spin clusters in the polyradicals. The  (12) Atomic force microscopy measurement of polpr mica at room

electrochemical measurement of the polymers in the presencéemperature clearly revealed that an average vertical distance of the single
polymer (about 500 samples) decreased from 1.43 to 0.83 nm after the
chemical oxidation, indicating the highercoplanarity for the polyradical.
(10) The chemical oxidation of the polymers in &, often resulted (13) TheSvalue of the polyradical oxidized with 2.0 equiv of NOPF
in the production of a dark gel with a short half-life (e.g., 3 h for the inthe presence of 9 vol % of TFA reasonably decreased to 3/2 with a spin
polyradical of polyi) even if <1.0 equiv of the oxidant was added. The concentration of 0.38. The addition of TFA is essential for the present results
position protonated by TFA seems to be overlapped with the spin density and discussion, because the polyradical with a low spin concentration
distribution of the aminium cationic radical, which prevents the intra- or oxidized in the absence of TFA only display8d= 1/2 — 2/2, consistent
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intermolecular dimerization of the radicals. with the electrochemical measurements. However, the possibility of the
(11) For a dispersed spin system, thi&Ms plots tend to decrease at  magnetic impurities in TFA was ruled out from the magnetic measurement
high fields due to lows fractions. of the background media including TFA.
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