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A High-Spin and Helical Organic Polymer:
Poly{ [4-(dianisylaminium)phenyl]acetylehe
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ABSTRACT: A high-spin polyradical, pofj4-(dianisylaminium)phenyllacetylehel™, was synthesized as a
s-conjugated polymer with an excess of the one-handed helical structure bearing stable aminium cation radicals.
[4-(Dianisylamino)phenyl]jacetylen8) was synthesized and polymerized using [Rh(norbornadieneyC(R)-
1-phenylethylamine, §)-1-phenylethylamine, or triethylamine to produce the corresponding{ @olgianisy-
lamino)phenyllacetylenel (1r)-pea Lg-rea andlrea). The positive and negative Cotton effects were observed

at 270-450 nm for the polymerdg-pea and 1g-pea, indicating that an excess of the one-handed helical
polyacetylene backbone was induced by the polymerization using chiral solvents despite the achiral monomer.
The oxidation ofl with NOPF; gave the corresponding aminium polyradicals and the circular dichroism

(CD) spectrum was observed even after the oxidation of the helical polyrdgicaka". The SQUID and NMR

shift measurements indicated a high-spin state of the polyradical at room temperature and a contribution of the
well-regulated helical structure to the through-space interaction between the aminium cation radicals.

Introduction properties have been investigated by some groups, including

High-spin polyradicals have been extensively investigated as US: The polyradicals bearing the carbene or aminium cation
a possible candidate for purely organic magnetic matetials. radical groups whose spin density was almost delocalized into
Advantages of organic polyradicals as a single (macro)molecule the 77-conjugated polymer backbone showed a ferromagnetic
are, besides their physical property and moldability, that the interaction between the_ splﬁ@?lndlcatmg the effectivity of
size, shape, and radical concentration of the molecules arePolyacetylenes as the linearconjugated backbone polymer.
designable and can be constructed by conventional macromo- Recently, there has been growing interest in the research of
lecular chemistry to produce the polymers with a two- or three- optically active, i.e., chiral and helical, polymers due to their
dimensional topology such as a globular, disklike, or star-shapedunique properties based on their optically active helical struc-
structure with a nanometer size. One of the approaches toture® It is well-known that monosubstituted acetylenes are
ferromagnetically align the spins on the radical groups is to focus Polymerized by some rhodium complex catalysts to yield
on az-conjugated linear polymer bearing the pendant radical Stereoregular, i.e., cigrans and helical, polyacetylenéSome
group in a non-Kekule@nd nondisjoint fashio3 As the spin  Polyacetylenes were synthesized by using the acetylene mono-
multiplicity or spin quantum numberS[ is theoretically mers having chiral side groups or the addition of chiral catalysts
predicted to be proportional to the degree of polymerization and showed an optical activity with an excess of a one-handed
and the exchange interaction between the spins of the radicalshelical structure in a solutioh? Even achiral polyacetylenes
polyacetylene is one of the favoragconjugated backbones due also showed an optical activity by adding chiral additives after
to its high molecular weight and the small acetylenic repeating Polymerization® These optically active helical polyacetylenes
unit. Polyacetylenes with a high molecular weight and a are expected to show new functions such as electrical conduc-
substituent group have been reported to be obtained via thetivity,*a nonlinear optical propertf,a biological applicatior?
polymerization of the corresponding substituted acetylenic and gas-selectivéor enantioselective permeabifigydue to the
monomer using a catalyst, such as tungsten(V1) chloride and asPecific structure in the molecular arrangement and assembly.
rhodium compleX. The substituted polyacetylenes are soluble  In addition, polyacetylene-based polyradicals with an excess
in the common solvents, and their chemical structure and purity one-handed helical structure are also expected to show new
could be rigorously defined. This would be important for the interactions between spins not only through theonjugation
measurement of magnetic properties because the contaminatioisystem of the polyacetylenes but also through the space of the
derived from impurities and insoluble parts of polyradicals could defined polymer structures. A few helical polyradicals have been
prevent the estimation of magnetism. Polyacetylenes substitutedsynthesized, and their conformational structures in a solution
with the carbene, aminium, phenoxyl, nitroxyl, or galvinoxyl have been determine by ESR and SQUID measuremgAs.
radical group have been synthesiZednd their magnetic larger antiferromagnetic interaction was observed for the one-

handed helical poly(phenylacetylene) bearing galvinoxyl radicals

*To whom correspondence should be addressed:+Bar3-3200-2669,  than the corresponding polyradical without an excess of the one-
FAX +81-3-3209-5522; e-mail nishide@waseda.jp. handed helical structure at low temperature. However, the
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Chart 1 to 7 T at1.8, 2.0, 2.5, 3.0, 5.0, and 10 K. The static magnetic
CH;0 OCHj3 susceptibility was measured from 1.8 to 100 K in a 0.5 T field.
\©\.+/©/ CHAO OCH The fer_romagnetic magnetization ascribed to the impurities was
N s \©\ /©/ 3 determined from the Honda-Owen plots to be very lowl (ppm)
ot and subtracted from the overall magnetization. The diamagnetic
susceptibility of the diluent and capsule was estimated by the Curie
NTn plots of the magnetic susceptibility. The corrected magnetization
x R R=H,CH; data were fitted to Brillouin functions using the self-consistent
n version of the mean-field approximatiéh.

" 2 Evans NMR Shift Measurement.The magnetic susceptibility

magnetic properties of the high-spin polyradicals with a helical ©f 1 was measured by the Evans NMR shift metfddhe 1*
9 prop gh-spin poly CDCl; solution was prepared by the oxidation bivith a small

structu_r e have not bee_n investigated at_ro_o m tem_perature yet'excess of NOP§18-crown-6-ether. An inner NMR tube (diameter
In this paper, to realize a ferromagnetic interaction between

. . ) 2 mm) was filled with the mixture of thel™ solution and
the spins even at room temperature for the first time, a cyciohexane and placed in the center of an outer standard NMR
triphenylaminium cation radical was chosen as the pendant spinype (diameter 5 mm) which was filled with the mixture of CRCI
source of the polyacetylenic polyradical. It has been reported and cyclohexane. The NMR spectrum was recorded at 499.10 MHz.
that the spin density of the arylaminium cation radicals The peak shiftAv, was estimated by frequency separation between
delocalizes into the three attached aryl groups, which efficiently those of the internal and the external cyclohexane peaks. The
works during the spin-exchange interactidh#n addition, the magnetic susceptibility was calculated on the basis of the linear
triarylaminium cation radicals derived from the para-substituted relation betweem\» and sample concentrations.

triphenylamines are chemically stable and have been studied Other Measurements.Cyclic voltammetry was carried out using
even as an oxidizing organic reagent and a catalyst in redox@ BAS 100B/W electrochemical analyzer in the methylene chloride
reactions® The triarylaminium cation radical is a favorable Solution with 0.1 M (GHs).NBF, as a supporting electrolyte. A
candidate for the spin source to be utilized in a chemically platinum working electrode and commercial Ag/AgCl electrode as

. - . . the reference were used. The ESR spectra were taken using a JEOL
durable and high-spin polyradical, which can be an advantageJES_ZXG ESR spectrometer with a 100 kHz field modulation. The

for future applications at room temperature. Poly[(dianisylamini- IR, NMR, and mass spectra were measured using JASCO FT/IR-
um)acetylene]@" had been reported by our group to show the 410, JEOL NMR 500\, and Shimazu GC-MS 17A spectrometers,
strong intermolecular interaction between the spins; however, respectively. The UVvis, CD, and MCD spectra were measured
the problem about the low degree of polymerization (DP) of using a JASCO V-550, a JASCO J-820, and a JASCO J-820/MCD-
the polymers had not been solV&dlo increase the DP of the 414, respectively.

polyacetylenes, introducing a phenyl ring as a spacer between . .

the ethynyl group and dianisylamine was thought to be effective Results and Discussion

because polyacetylenes bearing a triphenylamine moiety with  r4_(pjanisylamino)phenyljacetylen8)was synthesized ac-

high molecular weight had been reportédin this study,  cording to the literatuf@ and polymerized using [Rh(nbd)Gl]
[4-(dianisylamino)phenyl]acetylene3)( was synthesized and i, (R)-PEA, (9)-PEA, or triethylamine to give the corresponding

polymerized using [Rh(nbd)Gl{nbd = 2,5-norbornadiene) in poly[{ 4-(dianisylaminium)phenyhcetylenell (1-pea, Lg-pea

(R)-1-phenylethylamine B)-PEA), (§-1-phenylethylamine §- and 17ea). All the polymers were obtained in good yield with
PEA), or triethylamine (TEA) to give the corresponding one- 4 high molecular weight\, ~ 10%) and soluble in chioroform
handed helical polyf-(dianisylamino)phenykcetylene] 1, (Table 1). The IR spectrum dfclearly indicated the complete
(lr-Pes Lo-rea and lres). These polyacetylenes were gisappearance of the stretching vibration of the@bond and
oxidized to give the helical polyradicals, pfJ¢-(dianisylamini- the=CH bond attributed to the acetylenic monor3eand the

um)phenyljacetylerjel”, and their magnetic properties at room — appearance of the out-of-plane bending mode of@# bond
temperature were investigated by SQUID and NMR shift {5 the polyene backbone. THe NMR spectrum also supported
measurements based on their helical structures. the structure ofl; broad peaks at 3.8 (methoxy) and 6:47.2
(ArH and HG=C) and no peak around 2.9 ascribed to an
acetylenic proton in the spectrum of the polynierThe UV/
Materials. [4-(Dianisylamino)phenyl]acetylen@(was prepared  vis and CD spectra of the polymers are shown in Figure 1. Both
accqrding to the literatur®. The.c‘)the.r reagents were used as 1r-pea and1rea exhibited absorption peaks at 310 nm, which
received. The solvents were purified in the usual way. were assigned to the triphenylamine moiety. Positive and

Polymerization. Appropriate amounts 08 (50 mg) and [Rh- .
(nbd)CI}, were placed in a Schlenk tube; the tube was degassed negaltlve Cotfton ;}ffeclt)s were obseryed fg;g;%golymﬁipﬁ
under vacuum and then followed by a nitrogen backflow. An achiral @"d Ls-pea in the absorption region ( nm) of the

or chiral solvent was transferred to the tube, and the monomer wastfiPhenylamine and backbone chromophore, respectively, indi-
dissolved with stirring. Details of the polymerization conditions cating an excess of the one-handed helical polyacetylene
are tabulated in Table 1. The polymerization mixture was poured backbone. Howeverlg)-pea and Lg-pea did not show the
into a large excess of methanol to precipitate the polymer. It was complete mirror-imaged CD spectra because the polyacetylene
separated by filtration and washed with methanol. The polymer without chiral side groups or hydrogen bonds does not have a
powder was redissolved in methylene chloride and then reprecipi- high ability keeping a stiff helical structure. The peaks in CD
tated into methanol. The filtered polymer was dried under reduced spectra are assumed to be splitted by the generation of unpaired
EL?Srsoufgith:s! gﬁrgﬁgtr"?r;nc dhrocr)rl‘ast?%;%hﬁswgsstgiggr?eudsi;’]‘”thaelectrons in the main chain of the polyacetylene before oxidizing
TOSOH HLC-8220 instrument.p ysty 98y triphenylamine moiety and the soft helical structure. On the
Magnetic Measurements.The PR~ salt of 1+ was dissolved other hand, no Cotton effects were observed for the polymer

in methylene chloride and transferred to a diamagnetic plastic 1Tea obtained by polymerization using triethylamine as the
capsule after oxidation. The magnetization and static magnetic Solvent (Table 1, entry 3). These results indicated that the achiral
susceptibility were measured using a Quantum Design MPMS-7 or racemic polymer was obtained under the optically inactive
SQUID magnetometer. The magnetization was measured from 0.1polymerization conditions. It had been reported that the ac@B\I/

Experimental Section
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Table 1. Polymerizatiort of the Acetylenic Monomer 3

entry [M]o (mol/L) solvent time (h) yield (wt %) My B (x10% Mw/Mn
1 0.2 toluene, TEA (5:1) 3 56 2.2 1.6
2 0.1 toluene, TEA (1:1) 3 85 7.6 1.7
3 0.2 TEA 1 55 4.2 1.7
4 0.2 R®)-PEA 1 48 5.4 1.9
5 0.2 ©-PEA 1 62 6.1 1.9
a[M]¢/[cat.]b = 50, room temperaturé.Measured by GPC calibrated with polystyrene standard.
6 Scheme 1
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been applied to magnetically active, or paramagnetic and
ferromagnetic, molecules such as heme-protein and enZyme.
MCD was measured fodr-pea in @ methylene chloride
solution under positive and negative magnetic fields of 0.14 T
(Figure 2). The MCD peaks at 284 and 312 nm were ascribed
. to thexr—a* transition, and that at 358 nm was ascribed to the
15+ .‘“‘. intrinsic transition of ther-conjugated backbone structure of
o the polyacetylene.
RPN Cyclic voltammetry of the polymelrea in the methylene
5r VAN chloride solution with tetrabutylammonium tetrafluoroborate as
3 the electrolyte gave a reversible wave which was repeatedly

. recorded during the potential sweeps of, e.g., 50 times at room
IR temperature. The potential separations between the oxidation

Yo and reduction peaksAE,* ¢ = E2 — E,°) and the redox
potential €% = (E* + E,5/2) were 100 and 835 mV,
respectively. This voltammogram result means that the triaryl-
amine groups are electrochemically oxidized to the aminium
cation radicals and reduced to the amines without any subse-
guent chemical side reactions, such as dimerization, to form a
benzidine and a disproportionation.

The triarylaminium cation radical salts or the salts of the poly-
(aminium radical)1* were prepared by oxidizing the corre-
(_| sponding polymed with NOPF; and 18-crown-6 ethé¥. The
color of the methylene chloride solution dturned from orange
to deep blue, which is characteristic of the aminium cation
radicals!® The spin concentration dfrea™ was increased from

Aﬂ o less than 0.01 to 0.98 spin/unit after oxidizing. The half-life of
WWV 1rea™ in the powder state was 1 month at room temperature,

which demonstrated the excellent chemical stability of the poly-

(aminium radical). The solution ESR gave a unimodal spectrum
atg = 2.0032 with a peak-to-peak width of 0.40 mT foia™.
Although no CD spectrum was observed fbiea™, the CD
spectrum of the polyradicdlg-pea” wWas observed. A Cotton
effect was observed in the absorption region (770 nm) of the
aminium cation radical chromophore and in the 3600 nm
region of the backbone chromophore, as shown in Figure 3.
stereoregular poly(4-aminophenyl)acetylene can change itsThis fact indicates the maintenance of the excess one-handed
structure to a prevailing one-handed helical structure upon helical structure even after the oxidation and successful synthesis
complexation with chiral acid¥. However, the addition of  of an optically active polyradical.
chiralacids, i.e.,R)-mandelic acid or$-mandelic acid, to the The methylene chloride solution of PFsalts of the poly-
polymerlrea did not show the induced CD. This behavior may (aminium radical)s1®™ were subjected to static magnetic
be attributed to the bulky triphenyamine moiety preventing the susceptibility {) and magnetizationM) measurements using a
construction of the helical structure. Magnetic circular dichroism SQUID magnetometey, was normalized to thgyo value with
(MCD) is an electronic spectroscopy used to study the induced the radical concentration in the sample determined by the
optical activity caused by an exterior magnetic field and has saturation magnetizatiorM) of M vs the magnetic fieldH) CDV

Figure 1. (top) CD spectra ol g-pea (solid line) andlg-pea (dash
line) in methylene chloride. (bottom) UV spectralgf-pea (solid line),
L9-rea (dash line), andrea (dotted line) in methylene chloride.
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Figure 2. MCD spectra forlg-pea in methylene chloride under
positive (solid line) and negative (dotted line) magnetic fields.
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Figure 3. UV —vis and CD spectra fdkg-pea’ in methylene chloride.
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Figure 4. Normalized plots of magnetizatio®({Ms) vs the ratio of
the magnetic field and temperatute/(T — 6)) for 1rea™ (6 = —0.35

K) and Lg-peat (6 = —0.5 K) with the spin concentratior 0.98 and
0.96 spin/famine unit, respectively, at 18)(2.0 @), 2.5 @), 3.0

(m), 5.0 ), and 10 &) K and theoretical curves correspondingSo
= 1/2, 2/2, 3/2, 4/2, and 5/2. Inse}moT Vs T plots for the diluted
Sample OflTEA+ (O) and 1(R)7PEA+ (.)

plots. The normalized plots of the magnetizatid/Nls) for

the dilutedlreat andlr-pea” were close to the Brillouin curve
for 4/2 and 2/2, with the spin concentratien0.98 and 0.96
spin/unit, respectively (Figure 4). Thg T plots leveled off

in the temperature range from 20 to 100 K, andtheT value

of 1rea™ was larger than that dfr-peat (see inset of Figure
4). The flatymolT plots indicated the multiplet ground state for
1t with a large triplet-singlet energy gap>$100 K), and
1r-reat with the excess of one-handed helical structure gave
a larger antiferromagnetic interaction between the spins of the
aminium cation radicals thabrga™.

The magnetic susceptibilities of CDC3olutions forlrga™
andlg-pea” Were measured at room temperature by the NMR
shift method. The/me values were calculated on the basis of the
Evans equatio”® measuring the resonance frequency separation

of the cyclohexane standard peak for a concentration series of

the 1t solution. The calculategmoT values for 1tea™ and
1r-pea’ in the solution were 0.87 and 0.48 emu K mbht
300 K, respectively; they correspondede (4.0)/2 and (1.8)/2

and were comparable with those of the SQUID measurement. It
had been reported that the antiferromagnetic interaction through

space between polyradicals could be reduced by diluting the
high-spin molecule with diamagnetic solvents or polymers, keep-
ing enough distance between splfis.In this study, despite the

diluted magnetic measurement in dichloromethane, the larger

antiferromagnetic interaction was measuredligypea*. Tak-
ing into account of the helical structure of the polyacetylene
with bulky side group$,the antiferromagnetic interaction was

induced within the polyradicals. These results support the idea

of the linear polyradical pendantly substituted with aminium
cation in the non-Kekudland nondisjoint fashion to provide the
observed higts value for a purely organic polyradical at room
temperature, and a greater antiferromagnetic interaction was
observed for the excess of one-handed helical polyradical than
the corresponding one without the excess of the one-handed
helical structure.

Conclusion

An achiral acetylenic monomer, [4-(dianisylamino)phenyl]-
acetylene, was synthesized and polymerizd using [Rh(nbg)CI]
in chiral or achiral solvents to produce the corresponding poly-
[{4-(dianisylamino)phenykcetylene]l. Positive and negative
Cotton effects were observed for the polymers obtained by

Macromolecules, Vol. 39, No. 19, 2006

polymerization using R)-PEA and §-PEA as the solvent,
indicating an excess of the one-handed helical polyacetylene
backbone. CD was observed even after the oxidation of the
helical polymer, indicating the successful synthesis of an
optically active polyradical. A greater antiferromagnetic interac-
tion was observed for the helical polyradical than the corre-
sponding one without the excess of the one-handed helical
structure, which supported the fact that the magnetic interaction
between spins of the aminium cation radicals was influenced
within the stereoregular polyradical.
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