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We describe preparation and magnetic properties of an organic P-conjugated 
polymer with very large magnetic moment and magnetic order at low tem- 
peratures. The polymer is designed with a large density of cross-links and 
alternating connectivity of radical modules with unequal spin quantum num- 
bers (S), macrocyclic S = 2 and, cross-linking S = '/2 modules, which permits 
large net S values for either ferromagnetic or antiferromagnetic exchange 
couplings between the modules. In the highly cross-linked polymer, an effective 
magnetic moment corresponding t o  an average S of about 5000 and slow 
reorientation of the magnetization by a small magnetic field (less than or equal 
t o  1 oersted) below a temperature of about 10 kelvin are found. Qualitatively, 
this magnetic behavior is comparable t o  that of insulating spin glasses and 
blocked superparamagnets. 

Recent investigations into the properties of 
organic magnets have generally concentrated 
on materials, such as crystalline solids of 
small molecule radicals or charge transfer 
salts, in which the exchange interaction in- 
volves s- and p-orbitals (1-5). An alternative 
approach to organic magnets may be based 
on P-conjugated polymers, as envisioned by 
Mataga in 1968 (6).  Because exchange inter- 
actions between electron spin through the 
P-conjugated system can be made relatively 
strong, compared to the through-space inter- 
actions in molecular solids of organic radi- 
cals, this macromolecular approach has a po- 
tential for obtaining interesting magnetic 
properties at relatively high temperatures, 
even room temperature (7). Although signif- 
icant progress has been made in the prepara- 
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tion of P-conjugated oligomers and polymers 
with large values of spin quantum number S, 
organic polymer magnets have remained elu- 
sive (8-15). We report the observation of 
magnetic properties comparable to that of 
insulating spin glasses and blocked super- 
paramagnets in an organic P-conjugated 
polymer. 

Our magnetic polymer, polymer 1, is de- 
signed with a large density of cross-links and 
alternating connectivity of radical modules 
with unequal spin quantum numbers, i.e., 
macrocyclic S = 2 and cross-linking S = % 
modules (13). This connectivity permits large 
net S values for either ferromagnetic or anti- 
ferromagnetic exchange couplings between 
the modules (Fig. 1A). The cross-linking and 
connectivity is set in the synthesis of network 
polyether 2, precursor to polymer 1, based 
upon Pd-catalyzed Negishi coupling of two 
tetrafunctionalized macrocyclic monomers 3 
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Fig. 1. (A) Polymer 1 with 
ferromagnetic or antifer- 
romagnetic coupling be- 
tween the macrocyclic 
5 = 2 and cross-linking 
5 = ' / z  modules. (B) Syn- 
thesis of polyether 2 and 
polymer 1. Reagents: (a) 
t-BuLi, THF, 198 K (2 
hours), 253 K (15 min); 
(b) ZnC12, from 198 K to 
ambient temperature; (c) 
Pd(PPh,), (3 mol % per 
CC bond), THF, 373 K (10 
min to 5 hours); (d) NaIK, 
15-crown-5, THF-dB, 283 
K (several days); and (e) 
I,, 167 to 170 K. 

S =  3n 

Antifemmagnetic 
S =  n 

n 

leading to organic insoluble polyether 2 are 
shown in Table 1 (1 7, 18). Dissolved metal 
(NaIW15-crown-5) reduction of polyether 2, 
as a gel with perdeuterated tetrahydrofuran 
(THF-d,), followed by the iodine oxidation 
of the corresponding carbopolyanion, gave 
polymer 1 (Fig. 1 and Table 1) (19). 

The samples of polymer 1 obtained from 
polyethers 2 after long polymerization times 
(Table 1, run 3) have the most interesting 
magnetic behavior. Magnetic data of the ther- 
mally decomposed polymer 1 (essentially 
diamagnetic) and metal analyses both pre- 
clude any significant interference from mag- 
netic metals on the reported magnetic behav- 
ior for polymer 1 (19). The magnetic field 
(H = 0 to 50 kOe) dependence of magneti- 
zation (M), measured at several temperatures 
(T = 1.8 to 20 K), shows an extraordinarily 
fast rise at low H; however, complete satura- 
tion is not attained even at H = 50 kOe (Fig. 
2A) (20). Numerical fits of the M versus H/T 
data (T = 1.8, 2.5, 3.5 K) to a linear combi- 
nation of one Langevin and three Brillouin 
functions give average spin quantum num- 
bers (5') and magnetizations at saturation 
(M,,,) that are temperature-dependent (19, 
21). Again, because ideal paramagnet (Curie- 
like) behavior is not found, the maximum 
value of average S - 5000 at 3.5 K, obtained 

Fig. 2. (A) Magnetic field (H) dependence of the 
magnetization (M) of polymer 1 at T = 3.5 K, 
plotted as M/M,,, versus H/T, where M,,, = 
0.54 kB is M at saturation. The solid line cor- 
responds to the least-squares fit using linear 
combination of Langevin and Brillouin func- 
tions corresponding to average 5 = 5400 (79). 
(B) Plot of XT versus T (dc susceptibility, x = 
M/H). 
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from the M versus H/T plot, provides only a 
very approximate estimate for an effective 
ferro- or ferrimagnetic correlation of 104 

electron spin. Values of Msat = 0.5 to 0.6 |xB 

and their increase with increasing tempera
ture are both compatible with the presence of 
weak antiferromagnetic and ferromagnetic 
interactions between the S — 2 and S = Vi 
modules in polymer 1 (Fig. 1). 

The plots of \T versus T (dc susceptibil
ity, x = M/H) show a rapid rise below about 
10 K. The values of \T are highly field-
dependent, as expected for very large mag
netic moments (or values of S). For the small
est applied field, H «* 0.5 Oe, \T reaches 
maximum of about 1000 electromagnetic 
units (emu) K mol" l at 3.6 K (Fig. 2B). Very 
approximately, this corresponds to an effec
tive magnetic moment |xeff «* 8000 |xB or an 
average S «* 4000, comparable to that found 
in the M versus H/T plots. These values may 
be viewed as lower bound estimates, because 
polymer 1 does not follow the Curie law and 
quantitative conversion of polyether 2 to 
polymer 1 is assumed. 

More detailed studies of the temperature 
dependence of M at low applied magnetic 
fields (H = 0.5 to 1.0 Oe) reveal that the zero 
field-pooled (ZFC) and the field-cooled (FC) 
magnetizations diverge below —10 K, indi
cating the slow relaxation (blocking) of the 
magnetization (Fig. 3). This behavior is high
ly sensitive to the applied magnetic fields 
(H)\ in larger magnetic fields, e.g., H= 5 Oe, 
the difference between the ZFC and FC mag
netizations is undetectable. Even at a relative
ly low magnetic field, H = 5 Oe, the large 
values of |xeff «* 8000 give [^effH/kB «* 2.7 
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Fig. 3. Temperature dependence of the mag
netization of polymer 1 measured by increas
ing the temperature in the indicated field. For 
H = 0.5 Oe measurements, the sample was 
cooled either in the zero-field (ZFC) or in the 
0.5 Oe field (FC) prior to the measurement. 
(Inset) Difference between the FC and ZFC 
magnetization. 

K, which is within the range of blocking 
temperatures. 

The relaxation of the magnetization for 
polymer 1 at low temperatures is best ob
served in the temperature and frequency de
pendence of the ac susceptibility. The tem
perature dependence of x' (in-phase compo
nent) shows a steep rise around 10 K, with a 
broad peak in the 1.9 to 3 K region (Fig. 4A) 
(19). The peak maximum in x' at Tm' shifts to 
lower temperatures, and it gains intensity 
with decreasing frequency. The out-of-phase 
component, x"> is detectable at about 10 K 
and shows a frequency-dependent maximum 
in the 1.8 to 2.0 K region (Fig. 4B). The peak 
maximum in x" at Tm" shifts to lower tem
peratures and becomes less intense with de
creasing frequency; at lower frequencies, 
e.g., vac < 250 Hz, only continuous increase 
of x" is found down to 1.7 K, the lower limit 
for the temperature control in our supercon

ducting quantum interference device 
(SQUID) magnetometer. This behavior is 
consistent with blocking of the magnetic mo
ments in polymer 1 at low temperatures on 
the time scale of the ac experiment (22). The 
value of Arm7[rm 'A(log <*>)] ~ 0.09 to 0.08, 
indicating the change in Tm' per decade of 
angular frequency, <o = 2irvac, suggests that 
the relaxation behavior falls between that in 
typical superparamagnets {Arm7[Tm'A(log 
<*))] «* 0.2} and insulating spin glasses 
{Arm7[rm'A(log <•>)] - 0.06} (23). The 
smaller frequency shifts, compared to super
paramagnets, may indicate some interaction 
between the moments (24). For a superpara-
magnet, the maxima Tm", in the out-of-phase 
component of the susceptibility, allow for 
derivation of the activation barrier EA asso
ciated with moment blocking, according to 
the Arrhenius law, T = T0 exp(EA/kBT). In 
this equation, T = l/2Trvac is the relaxation 

Fig. 4. Temperature dependence 
of the ac susceptibility x' (A) 
and x" (&) of polymer 1 mea
sured in the zero applied field. 
The ac driving field is 0.1 Oe and 
the frequencies are 1000, 800, 
500, 250, 100, 50, 25, 10, 5, 2, 
0.5, and 0.1 Hz. [Diameter of the 
symbols for x" in the inset of (B) 
represents approximately one 
standard deviation for three 
measurements.] 

Table 1. Synthesis of polyether 2 and generation of polymer 1. 

Run 
Gelation point 

(min) 
Polymerization time 

(hours) 
Yield of 2 

(%) Average S in 1 

<10 
<15 
<10 

0.2 
0.5 
5 

71 
53 
73 

600 to 1300* 
700to1500t 

3000 to 7000* 

*Four samples. Iflhree samples. 

1504 16 NOVEMBER 2001 VOL 294 SCIENCE www.sciencemag.org 



R E P O R T S  

time of the magnetization. With the very few 
T," data points and narrow frequency range, 
the plot of ln(7) versus llT gives a straight 
line (R = 0.996) with an order of magnitude 
estimates for the barrier E,lk, = 15 K and 
the microscopic limiting relaxation time 7, = 
9 X lop8 s. Both EA/& and T, are compa- 
rable to those found in slowly relaxing mo- 
lecular cluster-based superparamagnets (e.g., 
in Fe,, EAl& = 22.2 K and T, = 1.9 X lo-' 
s) (25). 

Analogous to ZFCRC magnetizations, 
both X' and x", as measured at the frequency 
of 1000 Hz and the ac driving field of 0.1 Oe, 
are highly sensitive to the applied H. For H -
0.5 and 1 Oe, T,' shifts from 2.50 K (at 
zero-field) to 2.10 and 1.75 K, respectively; 
the intensity is significantly lowered (at 1 Oe, 
60% of the zero-field value). The T," shifts 
to 51.7 K even at 0.5 Oe and the intensity 
decrease of X" is even more pronounced than 
for X' (at 1 Oe, 25% of the zero-field value at 
1.7 K). 

Polyethers 2 obtained after short polymer- 
ization times (Table 1, runs 1 and 2) give 
polymers 1 with relatively lower values of 
average S = 600 to 1500 (seven samples). No 
peaks in ac susceptibility are detected; how- 
ever, a small and frequency-dependent X" < l 
emu mol-' is observed at low temperatures, 
suggesting an onset of magnetic blocking. 

In conclusion, our experimental data show 
that organic polymer magnets can be pre- 
pared. In polymer 1, both blocking of mag- 
netization and very large magnetic moments 
are found below a temperature of about 10 K. 
Overall, the magnetic behavior falls between 
insulating spin glasses and blocked super- 
paramagnets, but closer to spin glasses. 
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Confinement Effect on 

Dipole-Dipole Interactions in 


Nanof luids 
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Intermolecular dipole-dipole interactions were once thought to average to zero 
in gases and liquids as a result of rapid molecular motion that leads to sharp 
nuclear magnetic resonance lines. Recent papers have shown that small residual 
couplings survive the motional averaging if the magnetization is nonuniform or 
nonspherical. Here, we show that a much larger, qualitatively different inter- 
molecular dipolar interaction remains in nanogases and nanoliquids as an effect 
of confinement. The dipolar coupling that characterizes such interactions is 
identical for all spin pairs and depends on the shape, orientation (with respect 
to the external magnetic field), and volume of the gaslliquid container. This 
nanoscale effect is useful in the determination of nanostructures and could have 
unique applications in the exploration of quantum space. 

The dipole-dipole interaction is ubiquitous in 
nature and is responsible for many physical 
phenomena. For nuclear spin systems, it 
plays an important role in most solid-state 
NMR experiments ( I ) , as well as in studies of 
complex molecules (2) and of liquid crystals 
(3). Dipolar couplings are widely used in 
NMR to extract structural information, as 
well as dynamics. Although these microscop- 
ic interactions average to zero in bulk gases 
and liquids, liquid-state dipolar field effects 
have been predicted and observed (4, 5), 
leading to applications such as new imaging 
techniques (6, 7). Here, we report both theo- 
retically and experimentally on microscopic 
dipolar interactions that do not average to 
zero in gases and liquids confmed to 
nanoscale volumes. This effect is quite dif- 
ferent from the dipolar field effects observed 
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in macroscopic samples. In the effect we 
observed, restricted diffusion leads to a non- 
zero intermolecular, dipolar Hamiltonian 
characterized by a single universal dipolar 
coupling constant. This coupling constant can 
be tuned by the shape and size of the nano- 
volume, which leads to sensitive dependence 
of the NMR linewidth on the nanostructure at 
a constant gaslliquid density. This residual 
intermolecular dipolar coupling could have a 
wide range of applications, such as structural 
determination of nanostructures and nanopo- 
rous media, as well as the study of quantum 
dynamics of high-order quantum coherences 
made accessible by the unique Hamiltonian. 

Consider a gas or liquid system of N 
molecules, each bearing a nuclear spin I, 
contained in an axially symmetric ellipsoidal 
container with principal axes a, b, and c = b. 
The Hamiltonian of dipole-dipole interac- 
tions of N spins in an external magnetic field 
is given by (8) 
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