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Synthesis and Magnetic Properties of a Rigid High Spin Density 
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A BSTR A C T: A rigid polym er with pending piperidine-N -oxyl groups has been synthesized  by polym eriza­
tion of the  appropria te ly  su b s ti tu ted  isocyanide catalyzed by nickel(II) salts. T h e  rigid high-spin polym er 
has been characterized  by E SR  spectroscopy and m agnetic susceptib ility  (x m) m easurem ents. T h e  l / x m 
versus T  p lo t obeys the  Curie law, passing th rough  the  origin. D espite  the  touching of the  pending  groups 
and the  expectation  of a cooperative effect, th is  high-spin polym er is param agnetic  with an es tim ated  spin 
density  of 1.3-2.4 X 1021 sp ins/g .

Introduction

The current interest in high-spin polymers is inspired 
by the search for possible ferromagnetic materials made 
from organic elements only.1-4 A variety of polymers with 
stable radical substituents has been presented and fer­
romagnetism has been claimed in some cases.1,2 In order 
to obtain macroscopic ferromagnetism, it seems a pre­
requisite to have a high level of ordering of the stable 
radicals in the polymer.1,3 Paramagnetism is observed 
in amorphous polyacrvlates, polymethacrylates, and poly­
acetylenes with dangling radicals.4

Polyisocyanides, [R N = C < ]n, more systematically called 
poly(iminomethylenes) or poly(carbonimidoyls), are poly­
mers made from isocyanides, R N = C . Their molecules 
are rigid rods with a helical configuration, as was found 
by Millich.r> In our laboratory we discovered that the 
polymerization of isocyanides is catalyzed by nickel(II) 
salts.6 In this way we prepared a large variety of poly­
mers, supporting the proposed helicity and rigid-rod char­
acter, in particular for polymers from a-branched iso­
cyan ides /  From circular dichroism spectra  we con­
cluded tha t  the rigid-rod polymers have approximately 
four repeating units R N = C <  per helical tu rn8 (Figure 
1), as suggested earlier by Millich.5 Hence, each rodlike 
molecule has four stacks of side groups. The periodicity 
of the helix and the intracolumnar distance in a stack 
amount to approximately 0.4 nm. Therefore, in each stack 
successive side groups are touching and cooperative effects 
might be observed in their properties. The aim of the 
present study was to synthesize a polyisocyanide from 
4-isocyano-2,2,6,6-tetramethylpiperidine-A/-oxyl free rad­
ical and to determine its magnetic properties.

R esu lts and D iscu ssion

The monomeric free-radical 4-isocyano-2,2,6,6- 
tetramethylpiperidine-N-oxyl (3)9 was prepared from the 
corresponding amine, 1, through the formamide, 2, which 
was dehydrated with phosphorus oxychloride and tri- 
ethylamine10 (Scheme I). Monomer 3 was polymerized 
with NiCl2-6H20  in methanol/chloroform, according to
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the polymerization procedure for isocyanides.' The reac­
tion was followed by infrared spectroscopy. After the 
disappearance of the isocyanide signal at 2140 cm-1, the 
precipitate that had formed was isolated by centrifuga­
tion and washed with MeOH. An amount of 80 mg (32%) 
of polymer 4 was obtained. The sample is insoluble in 
common organic solvents.

Powder ESR spectra of a sample of compound 4 show 
a single isotropic Gaussian signal without hyperfine split­
ting (Figure 2). A g factor of 2.0050 and a peak-to-peak 
line width of 24 G were found. The spin density was 
estimated to be 1.3 x 1021 spins/g. Theoretically, a spin 
density of 3.3 X 1021 spins/g was expected.

Magnetic susceptibility (xm) measurements were per­
formed at the temperature range of 77-300 K. The tem ­
perature dependence of x m of 4 is shown in Figure 3. A 
good linear relation between l / x m an<̂  temperature was 
observed, passing through the origin. The observed xm 
obeys the Curie law (xm = c /7 7) and is illustrative of a 
paramagnet without a transition to a more ordered spin
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F ig u r e  1. T op  view of righ t-handed  helix. U n it 5 behind unit 
1, etc.

F ig u r e  2. Pow der ESR  spec trum  of polym er 4.

— ► T /K

F ig u r e  3. M agnetic  susceptib ility  ( l / x m) versus tem p era tu re  
of polym er 4.

state within the temperature range studied. The esti­
mated spin density is 2.4 X 1021 spins/g  (using a density 
of 1 g /cm 3), corresponding to approximately 0.73 spins/ 
monomeric unit.

The data presented show tha t high-spin polymer 4 can 
be made from the corresponding isocyanide without appre­
ciable amounts of degradation of the nitroxyl radical. The 
rigid-rod polyisocyanide enhances the rigidity and order­
ing of the nitroxyl free radicals. Despite the expected 
close packing of these free radicals, no magnetic order is 
found in the temperature range from 77 to 300 K. Fur­
ther research to evaluate the magnetic properties of poly­
isocyanide high-spin polymers will be conducted.

E xperim ental Section
A n a ly t i c a l  T e c h n iq u e s .  In frared  spec tra  were recorded on 

a Perk in  E lm er 283 spectrophotom eter. T he  melting points were 
de term ined  on a M ettle r  F P 5 /F P 5 1  photoelectric  m elting point 
appara tu s . ESR  spec tra  were recorded on a B ruker ER  220D 
SR spec trom eter using a fresh sam ple of 2 ,2-diphenyl-l-p icryl- 
hydrazyl (F luka Chemie) as a s tan d ard . C alib rations were p e r­
formed in the  usual m anner. M agnetic  susceptib ility  m easure­
m ents were perform ed on a hom e-built F araday  balance. T he  
susceptib ilities a t  H  = 0 of a sam ple of 4.9 mg were ex trap o ­

lated from seven m easurem ents a t  magnetic fields between 15 000 
and  9000 Oe.

4 - (F o rm y la m in o )-2 ,2 ,6 ,6 - te tra m e th y lp ip e r id in e -7 V -o x y l
(2). An am o u n t of 0.6 g (3.5 mmol) of 4-am ino-2,2,6,6-tetram e- 
thylpiperidine-N-oxyl (purchased from Janssen  Chimica, Beerse, 
Belgium) was trea ted  a t  room tem p era tu re  w ith an excess of 
acetic formic an h y d rid e .11 As soon as a n inhydrin  T L C  spo t 
te s t  showed com plete d isappearance  of am ine (approxim ately
3 h), the  reaction m ixture  was concen tra ted  a t  14 m m H g. T h e  
oily residue was codistilled with to luene a t  the  sam e low pres­
sure several tim es in order to  remove acetic acid. Rem oval of 
the  last traces of volatile com pounds a t  0.01 m m H g resulted  in 
a pure, colorless, viscous oil, which slowly crystallized on s ta n d ­
ing: m p 142-143 °C; yield 0.7 g (100%).

4 - Iso c y a n o -2 ,2 ,6 ,6 - te t ra m e th y lp ip e r id in e -A r-oxyl (3). An 
am o u n t of 500 mg (2.51 mmol) of form am ide 2 was converted 
into the  isocyanide 3 according to a literature m ethod .10 Removal 
of volatile traces in vacuo (0.01 m m Hg) resulted  in a slightly 
colored p roduc t 3: yield 432 mg (95%). Purifica tion  using col­
um n chrom atography  (S i0 2 60, e luen ts  C H C l3/ace to n e , 25:1) 
resulted  in a pure, colorless, crystalline solid with a sharp  m elt­
ing po in t of 147-148 °C (lit.9 m p 133-134 °C). T h e  IR signal 
of the  isocyanide appeared  a t  2140 cm -1.

P o ly m e r  o f  4 -Iso c y a n o -2 ,2 ,6 ,6 - te tra m e th y lp ip e r id in e - iV -  
oxy l (4). A to tal of 250 mg (1.38 mmol) of the  isocyanide 3 
was dissolved in a m ixture  of 5 cm * of M eO H  and 1 cm 3 of 
CHC13. T he  solution was trea ted  with 0.5 mol % N iCl2-6 H 20  
a t  40 °C for several days. T h e  reaction was followed by in fra­
red spectroscopy. A fter the  d isappearance  of the  isocyanide 
signal a t  2140 cm -1, the  p rec ip ita te  th a t  had form ed was iso­
lated by centrifugation . W ashing with M eOH resulted  in 80 
mg (32%) of polym er 4.

A cknow ledgm ent. We acknowledge the experimen­
tal support by F. J. A. M. Greidanus, I. Rotte, and G. J. 
M. Poodt at Philips Research Laboratories.

R eferences and N otes

(1) (a) Korshak, Yu. V.; Medvedeva, T. V.; Ovchinnikov, A. A.; 
Spector, V. N. Nature  1987, 326, 370. (b) Korshak, Yu. V.; 
Ovchinnikov, A. A.; Shapiro, A. M.; Medvedeva, T. V.; Spec­
tor, V. N. J E T P  Lett. (Engl. Transl.) 1986, 43, 309.

(2) (a) Iwamura, H. Pure Appl. Chem. 1986, 58, 187. (b) Iwa- 
mura, H. Pure Appl. Chem. 1987, 59, 1595. (c) Iwamura, H.; 
Sugawara, T.; Itoh, K.; Takui, T. Mol. Cryst. Liq. Cryst. 1985, 
125, 251. (d) Teki, Y.; Takui, T.; Itoh, K.; Iwamura, H.; Koba- 
yashi, K. J. Am. Chem. Soc. 1983, 105, 3722. (e) Sugawara, 
T.; Bandow, S.; Kimura, K.; Iwamura, H.; Itoh, K. J. Am. 
Chem. Soc. 1986, 108, 368. (f) Teki, Y.; Takui, T.; Itoh, K.; 
Iwamura, H.; Kobayashi, K. J. Am. Chem. Soc. 1986, 108, 2147. 
(g) Miller, J. S.; Calabrese, J. C.; Epstein, A. J.; Bigelow, R. 
W.; Zhang, J. H.; Reiff, W. M. J. Chem. Soc., Chem. Com- 
mun. 1986, 1026. (h) Miller, J. S.; Epstein, A. J.; Reiff, W. M. 
Science 1988, 240, 40. (i) McConnel, H. M. J. Chem. Phys. 
1963, 39, 1910. (j) Mataga, N. Theor. Chim. Acta 1968, 10, 
372. (k) Breslow, R. Pure Appl. Chem. 1982, 54, 927. (1) 
Breslow, R. Mol. Cryst. Liq. Cryst. 1985,125, 261. (m) Breslow, 
R.; Jaun, B.; Klutz, R. Q.; Xia, C.-Z. Tetrahedron  1982, 38, 
863. (n) LePage, T. J.; Breslow, R. J. Am. Chem. Soc. 1987, 
109, 6412.

(3) (a) Torrance, J. B.; Oostra, S.; Nazzal, A. Synth . Met. 1987, 
19, 709. (b) Torrance, J. B.; Bagus, P. S.; Johannsen, I.; Naz­
zal, A. I.; Parkin, S. S. P.; Batil, P. J. Appl. Phys. 1988, 63, 
2962.

(4) (a) Kurosaki, T.; Lee, K. W.; Okawara, M. J. Polym. Sei., 
Polym. Chem. Ed. 1972, 10, 3295. (b) Kurosaki, T.; Taka- 
hashi, 0.; Okawara, M. J. Polym. Sei., Polym. Chem. Ed. 
1974, 12, 1407. (c) Kamachi, M.; Tamaki, M.; Morishima, Y.; 
Nozakura, S.; Mori, W.; Kishita, M. Polym. J. 1982, 14, 363.
(d) Kamachi, M.; Enomoto, H.; Shibasaka, M.; Mori, W.; Kish­
ita, M. Polym. J. 1986, 18, 439. (e) Seidemann, R.; Dulog, L. 
Makromol. Chem. 1986, 187, 2545. (f) Nozakura, S.; Kama­
chi, M. Makromol. Chem., Suppl.  1985, 12, 255. (g) Nishide,
H.; Yoshioka, N.; Inagaki, K.; Tsuchida, E. Macromolecules 
1988 21 3119

(5) (a) Millich, F.; Sinclair, R. G., II J. Polym. Sei., Part C 1968, 
22, 33. (b) Millich, F.; Baker, G. K. Macromolecules 1969, 2,
122. (c) Millich, F. Macromol. Reu. 1980, 15, 207, and refer­
ences cited therein.

Rigid Piperidine-N-oxyl Polymers 947



948 M a c r o m o le c u le s  1990, 23, 948 -953

(6) Nolte, R. J. M.; Stephany, R. W.; Drenth, W. Recl. Trav. 
Chim. Pays-Bas 1973, 92, 83.

(7) (a) Van der Eijk, J. M.; Nolte, R. J. M.; Richters, V. E. M.; 
Drenth, W. Biopolymers 1980, 19, 445. (b) Naaktgeboren, A. 
J.; Nolte, R. J. M.; Drenth, W. J. Mol. Catal. 1981, 11, 343. 
(c) Roks, M. F. M.; Visser, H. G. J.; Zwikker, J. W.; Verkley, 
A. J.; Nolte, R. J. M. J. Am. Chem. Soc. 1983, 105, 4507. (d) 
Neevel, J. G.; Nolte, R. J. M. Tetrahedron Lett. 1984, 25, 2263.
(e) Visser, H. G. J.; Nolte, R. J. M.; Zwikker, J. W.; Drenth, 
W. J. Org. Chem. 1985, 50, 3138. (f) Van Beijnen, A. J. M.; 
Nolte, R. J. M.; Drenth, W. Recl. Trav. Chim. Pays-Bas 1986, 
105, 255. (g) Van Beijnen, A. J. M.; Nolte, R. J. M.; Drenth, 
W. Recl. Trav. Chim. Pays-Bas 1980, 99, 121. (h) Van Beij­
nen, A. J. M.; Nolte, R. J. M.; Drenth, W.; Hezemans, A. M.

F.; Van de Coolwijk, P. J. F. M. Macromolecules 1980,13, 1386.
(8) Van Beijnen, A. J. M.; Nolte, R. J. M.; Drenth, W.; Hezem­

ans, A. M. F. Tetrahedron  1976, 32, 2017.
(9) (a) Reichmann, L. M.; Annaev, B.; Belova, V. S.; Rozantzev,

E. G. Nature (London), New Biol. 1972, 237, 31. (b) Meiji 
Milk products Co., Ltd.; Jpn. Kokai Tokkyo Koho Jpn.  1982,
123, 165; Chem. Abstr. 1982, 97, 216008j.

(10) Bohme, H.; Fuchs, G. Chem. Ber. 1970, 103, 2775.
(11) Vlietstra, E. J.; Nolte, R. J. M.; Zwikker, J. W.; Drenth, W.; 

Jansen, R. H. A. M. Recl. Trav. Chim. Pay-Bas 1982, 101, 183.

R e g is t r y  No. 2, 83646-11-1; 3, 124156-68-9; 4, 124156-69-0; 
4-am ino-2 ,2 ,6 ,6-tetram ethylpiperid ine-N -oxyl, 14691-88-4.

Living Cationic Polymerization of p-Methoxystyrene by the 
H I/Z nI2 and H I / I2 Initiating Systems: Effects of 
Tetrabutylammonium Halides in a Polar Solvent
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A BSTR A C T: T h e  effects of added  salts (nB u4NX; X = I, Br, Cl, C104) on the  cationic polym erization  of 
p -m ethoxysty rene  (pM OS) by the  hydrogen iod ide /z inc  iodide (H I /Z n I2) or hydrogen iod ide /iod ine  (H I /  
I2) in itia ting  system s were investigated a t  -15  and +25 °C in m ethylene chloride (C H 2C12) as a polar sol­
vent. In salt-free C H 2C12, the  m olecular weight d is tr ibu tions  (M W Ds) of the  polym ers were bim odal, where 
the  higher m olecular weight polym er peak was nonliving, w hereas the  lower m olecular weight polym er 
fraction had a long lifetime. W hen a small am oun t of n B u 4NI (1.0 mol % to HI) was added  in the  solvent, 
the  higher polym er fraction was com pletely  e lim inated  to give polym ers with very narrow  M W D s (M w/ M n 
< 1.1) th a t  tu rn ed  out to be living (at -15  °C with H I /1 2 and even at +25 °C with H I /Z n I 2). T h e  num ber- 
average m olecular weight (M n) of the  polym ers increased in d irect p roportion  to pM O S conversion, con tin ­
ued to increase upon sequentia l add ition  of pM O S feeds, and were in good agreem ent with the  calculated 
values assum ing one living chain per HI. Very sim ilar living polym erizations occurred when n B u 4N B r or 
nB u4NCl was em ployed in place of the  iodide salt; however, the  use of nB u4N C104 did not effect such a 
living process a t all. It is concluded th a t  th rough  the ir  high nucleophilicity, the  added  halide anions effi­
ciently e lim inate  a dissociated nonliving growing species (1), thereby  selectively perm itting  living p ropaga­
tion via the  nondissociated living co u n te rp a r t  (2) (Scheme I).

Introduction

Recently, we have found living cationic polymeriza­
tion of p-methoxystyrene (pMOS) to proceed with the 
hydrogen iodide/zinc iodide (H I/Z nI2) initiating system 
in toluene solvent.1 This finding permitted the first syn­
thesis of nearly monodisperse styrenic polymers of con­
trolled molecular weights under cationic conditions even 
at room temperature. A similar but less controlled poly­
merization of pMOS has been achieved by us using iodine 
as an initiator in carbon tetrachloride, in which process 
the growing species also exhibits the living character.2,3 
These living pMOS polymerizations specifically employ 
nonpolar solvents.

In general, solvent polarity remarkably affects the rate 
of cationic polymerization and the molecular weight dis­
tribution (MWD) of the polymers. For example, the use 
of a polar solvent usually increases the polymerization 
rate but renders the propagating carbocations more ion- 
ically dissociated and hence less stable than in nonpolar 
media. It is therefore expected tha t  living cationic poly­
merization would be more difficult to occur in polar sol­
vents.

Znl:

OMe

Znl
8+ 5

H-(-CH2CH-y-nCH2C H — I* • *ZnI2

pMOS

OMe OMe OMe
living polymer

Another complexity associated with polar solvents is 
the involvement of multiple growing species with differ­
ent ionic dissociation states, the existence of which is shown 
by bimodal MWDs of product polymers.4 The typical 
examples of the double-peaked distribution have been 
found for the polymerizations of styrene,5,6 p-methyl- 
styrene,7,8 and pMOS2,7 initiated by perchloric acid, acetyl 
perchlorate, or iodine, all being carried out in relatively
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