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ABSTRACT:

Nanometer-sized polymer particles bearing 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) radi-

cals were prepared. The emulsifier-free emulsion polymerization of methacrylic acid, methyl methacrylate, and

methylenebisacrylamide and the following introduction of the TEMPO moiety produced polyradical particles with dif-

ferent spin concentrations. The TEMPO-combined particle was also prepared in one step by the anionic dispersion

polymerization of 4-methacryloyloxy-2,2,6,6-tetramethylpiperidine-1-oxyl. The position and horizontal shape in the

atomic and magnetic force microscopic images of the polyradical particle coincided with each other. The vertical scale

of the magnetic image responded to the spin concentration of the particle. The particle bearing the radicals on its surface

gave a hollow dot image.
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In recent years, magnetic dots consisting of metals
or metal oxides of 10-100 nm sizes have been signif-
icantly investigated because of their potential use as
future high-density magnetic recording media.! How-
ever, there has been no report, to our knowledge, on
a magnetically responsible “dot” composed of purely-
organic derived materials. Among the nm-sized mate-
rials, organic polymers that possess a single molecular-
based size in the nanometer range have received con-
siderable attention, because they are prepared by con-
ventional polymer chemistry and their molecular struc-
ture is designable. In particular, the preparation of or-
ganic polymer-based particles with a size from 10 nm
to um has been established and their applications have
been widely investigated.? The emulsion and dispersion
polymerizations are useful for preparing polymer parti-
cles in that size range.

One of the ways to make non-diamagnetic and para-
magnetic organic macromolecules is the accumulation
of stable open shell molecules by preparing the polymer
bearing stable radicals pendantly or integrating them
into the main chain.* They are often called polyradicals
and have been studied as a redox polymer and an an-
tioxidant. Nevertheless, no attempt has been made us-
ing a nm-sized polyradical particle composed of persis-
tent organic radical species up to now (We have already
reported m-conjugated but non-Kekulé-type and high-
spin polyradicals with a nm-size, but they were not per-
sistent under air at room temperature’). We selected,
in this study, the 2,2,6,6-tetramethylpiperidine-1-oxyl
(TEMPO) radical as a persistent radical, and describe
the preparation of nm-sized and single molecular-based
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particles bearing TEMPO radicals and the detection of
a very weak magnetic signal of the polyradical particles
by magnetic force microscopy (MFM) as a dot image.

EXPERIMENTAL

Synthetic Procedures

An emulsifier-free emulsion polymerization was
carried out in a 300 mL round-bottom flask equipped
with a reflex condenser, a nitrogen inlet, and an
extendable bladed agitator. The ratio of monomers to
water was held constant at 6/94 (g/g). The monomer
feed composition, methyl methacrylate/methacrylic
acid/methylenebisacrylamide, was changed from
94/1/5 to 65/30/5mol%. The weighed monomers and
water, e.g., 4.0g of methyl methacrylate, 1.55g of
methacrylic acid, and 0.45g of methylenebisacry-
lamide in 89 mL of water, were put into the flask and
nitrogen was bubbled into the solution for 30 min at
80 °C with stirring at 300 rpm. An aqueous solution
of 0.022 g potassium persulfate (SmL) was added
to initiate the polymerization. The polymerization
was continued for 4h and then allowed to cool. The
produced polymer particle was purified with water
by three centrifugation separations at 12000 rpm for
20 min, and dried in vacuo at 100°C for 24h. A 0.1 g
sample of the particles was then dispersed into 10 mL
of thionyl chloride and heated to 70°C for 24 h. After
thoroughly removing the thionyl chloride, 0.1g of
4-amino-2,2,6,6-tetramethylpiperidine-1-oxyl and 3 g
of triethylamine in 5mL of dichloromethane were
added and stirred at room temperature for 24h. The
polyradical particle was isolated by repeated decanta-
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tion, washing with dichloromethane, and drying in
vacuo.

The anionic dispersion polymerization of 4-
methacryloyloxy-2,2,6,6-tetramethylpiperidine-1-oxyl
(MOTMP) was carried out in a Schlenk tube under an
inert atmosphere. A typical procedure is as follows. In
the tube were directly placed 5 mL of anhydrous hex-
ane from the distillation apparatus, 0.2 g of MOTMP,
and 0.02g of polystyrene-block-polybutadiene, and
the mixture was stirred until dissolved. A 0.2mL
hexane solution of sec-butyllithium (1.0 M) was added
dropwise with a dried syringe at room temperature.
After stirring for 30 min, the reaction was terminated
with methanol.

Linear polyradicals, poly(4-methacryloylamino-
and 4-methacryloyloxy-2,2,6,6-tetramethylpiperidine-
1-oxyl), were prepared according to the literature®
The former was obtained by the chemical oxidation
of the precursor polymer with hydrogen peroxide in
the presence of ethylenediaminetetraacetic acid and
sodium tungstate (0.22 spin unit’'; 0.91 mmolg™!,
[7] = 1.7 in acetone at 20°C. The latter was obtained
by the anionic polymerization of MOTMP with sec-
butyllithium in THF at room temperature (0.81 spin
unit™'; 3.3 mmol g7!, M, =2.3 x 10%).

The polystyrene-block-poly(methyl methacrylate)
was prepared by the living radical polymerization of
methyl methacrylate using the chlorine atom end-
capped polystyrene and CuCl and 2, 2'-bipyridine as an
initiator at 130°C (25 wt% polystyrene content, M, =
9.6 x 10%).7

Materials

Polystyrene-block-polybutadiene was purchased
from Aldrich and was purified by repeated repre-
cipitation from chloroform into methanol (30 wt%
polystyrene content, M, = 1.7 x 10°). Methacrylic acid
and methyl methacrylate were purified by distillation
under reduced pressure before use. The potassium
persulfate was recrystallized from water. The sol-
vents for the anionic dispersion polymerization were
carefully distilled under nitrogen. The solvents and
triethylamine were purified in the usual manner. The
other reagents were used as received.

Measurements

Magnetic susceptibility was measured using a Quan-
tum Design MPMS SQUID magnetometer over 2—
300K in a field of 5000 G. The spin concentration of
the polyradical particles was estimated from the Curie
constant of y,—7 plot.

Atomic force microscopy (AFM) and MFM mea-
surements were performed using a Nanoscope I1la mul-
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timode AFM/MFM microscope (Digital Instruments
Inc.). A drop of dilute dichloromethane solution or dis-
persion of the polyradical was transferred onto a highly
oriented pyrolytic graphite, and the solvent was care-
fully blotted off by air-drying. Tapping mode AFM us-
ing a Si probe (type TESP) was applied to estimation
of the horizontal distance of particles. The size and the
shape of probe are known to affect AFM images, there-
fore, the same probe was used for all measurements.
The MFM images were presented by an amplitude or
phase shift acquired with the Lift Mode technique® The
scan lift height was controlled by the scanning parame-
ters, assuming that the sensitivity of the cantilever was
0.03Vnm~'. A commercially available MFM probe
(type MESP) coated with a ferromagnetic CoCr alloy
possessing a magnetic moment of 1x 10713 emu was
used, which was magnetized in the direction perpen-
dicular to the sample surface.

The light scattering measurement was performed
with a Coulter N4SD submicron particle analyzer. The
scanning electron microscope used was a S2500CX
(Hitachi) for observing the polyradical particle. The
molecular weight of the polymers was estimated by
GPC (polystyrene gel column, eluent THF, polystyrene
calibration).

RESULTS AND DISCUSSION

It is well known that nm- or sub-um-sized and
monodispersed polymer particles are obtained by a dis-
persion and emulsion polymerization. However, the
obtained particles are covered with a stabilizer and
an emulsifier that often results in a low yield in the
following chemical modification of the particles. We
used, in this study, an emulsifier-free emulsion ter-
polymerization of methacrylic acid, methyl methacry-
late, and methylenebisacrylamide to obtain the parti-
cles. The feed composition of the methacrylic acid
(1-30%), methyl methacrylate as an oil-phase forma-
tion agent (94-65%), and methylenebisacrylamide as
a bifunctional crosslinker (5%) through the emulsifier-
free emulsion polymerization was first examined to ob-
tain the poly(methacrylic acid) particle with a desir-
able size and applicable to the following reactions to
introduce the TEMPO moiety. The more methacrylic
acid was subjected to the polymerization, the more
carboxyl groups were introduced into the particle,
and a stable dispersion was maintained up to 30%
of the methacrylic acid content. Next the carboxyl
function of the particle was treated with an excess
amount of thionyl chloride to yield the acid chloride,
followed by 4-amino-2,2,6,6-tetramethylpiperidine-1-
oxyl in dichloromethane solution in the presence of tri-
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ethylamine. The introduction of TEMPO groups into
the particle and its amount were confirmed by elemen-
tal analysis. The determined TEMPO amount was ca.
1.4 times larger than that from SQUID measurements
shown below (e.g., 1.5mmol g~! from elemental anal-
ysis corresponded to 1.1 mmol ¢! from magnetic mea-
surement).
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Chart 1.

Light scattering measurement on the particle dis-
persion in dichloromethane indicated, for exam-
ple, an average diameter of 400nm and a narrow
distribution (£ 60nm) for the TEMPO sample de-
rived from the particle prepared by the polymeriza-
tion of methacrylic acid (20%), methyl methacrylate
(75%), and methylenebisacrylamide (5%). A dilute
dichloromethane dispersion of the particle was trans-
ferred to a highly oriented pyrolytic graphite surface,
and was subjected to AFM. An approximate 280 nm di-
ameter was estimated for the polyradical particle. AFM
gave a slightly smaller diameter than that by the light
scattering, probably because of the lack of swelling or
a solvent-free sample state for the AFM measurement.

The spin concentration and persistency of the
polyradical particle were estimated by SQUID mea-
surements. The magnetic susceptibility data for all
samples obeyed the Curie—Weiss law with a small
Weiss constant of less than —1K. For four kinds of
polyradical particles with almost the same diameter of
ca. 300 nm, the spin concentrations (mmol g™!) of 1.1,
0.85, 0.60, and 0.17 were estimated from the slope of
the plots in each case. These values correspond to the
maximum yield of ca. 50% for the methacrylic acid
residues in the particle. All polyradical particles pre-
pared were fully stable at room temperature under at-
mospheric conditions for at least 6 months.

A direct one-step preparation of the desired polyradi-
cal particle was tried by the anionic dispersion polymer-
ization of the nitroxide monomer, 4-methacryloyloxy-
2,2,6,6-tetramethylpiperidine-1-oxyl (MOTMP). It has
been reported that both the radical and cationic poly-
merizations of a nitroxide-bearing vinyl monomer did
not proceed but the anionic polymerization of the ni-
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troxide monomer, e.g., MOTMP, directly gave a nitrox-
ide polyradical.” MOTMP was anionically polymerized
in hexane with sec-butyllithium as an initiator in the
presence of polystyrene-block-polybutadiene as the sta-
bilizer. Immediately after the addition of the initiator,
there appeared a light orange turbidity, which indicated
the progress of the polymerization and the particle for-
mation. GPC measurement of the resulting polymer
dissolved in THF indicated the polyradical formation
with a molecular weight of M, = 3.2x10%. Its spin
concentration estimated from the SQUID measurement
was 2.0mmol g~!. This spin concentration was twice
that of the highest one for the polyradical particle pre-
pared by the polymer reaction. A scanning electron
micrograph of the product revealed the formation of
a relatively monodispersed particle with ca. 100 nm di-
ameter and their aggregation. Thus it was concluded
that the anionic dispersion polymerization of MOTMP
was useful for preparing the corresponding polyradi-
cal particle with a high spin concentration in one step.
However, the AFM images gave only the aggregate
of particles and it was difficult to obtain an image of
the dispersed single particle even by replacing the sol-
vent species of the particle suspension and a stabilizer
(e.g., polystyrene-block-poly(methyl methacrylate)) in
the anionic dispersion polymerization. Therefore, this
polyradical particle could not be subjected to the sub-
sequent MFM measurement.
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Chart 2.

Magnetic force microscopy (MFM) is a scanning
probe technique and a powerful tool for sub-um mag-
netic imaging.'® The technique is, from an instrumental
point of view, very closely related to AFM except for
the use of a magnetized probe. The microscope’s can-
tilever equipped with the ferromagnetic probe achieves
a local magnetostatic interaction between the probe and
a magnetic sample on the substrate or the sample sur-
face. The first scan is in a tapping mode to recognize
the surface or the shape of the sample, that is, AFM
with the ferromagnetic probe. After lifting the probe to
a certain height, the second scan in the same area uses
the non-contact mode, and the magnetic gradient of the
sample is detected by measuring the deflection of the
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cantilever equipped with the ferromagnetic probe in the
static mode of MFM operation. In this study, our sam-
ple is paramagnetic and has a weak magnetic moment
relative to ferromagnetic materials at which the MFM
has generally aimed and been utilized, therefore, we
set the sample holder on a powerful magnet to induce
the magnetic vector of the sample. The magnet con-
sists of a NdFeB alloy, with which a multimode SPM
scanner AS-130 (J) for the Nanoscope Illa is equipped.
The effective external magnetic field at the sample po-
sition through a stainless holder was estimated to be
ca. 80 G using a Gaussmeter, which seemed to be suf-
ficient to affect the paramagnetic sample in this study.
The polyradical sample would sense an adequate exter-
nal magnetic field, and the ferromagnetic MFM probe
would respond to a change in the magnetic permeability
at the position of the paramagnetic polyradical sample.

Dilute dichloromethane solution of the linear poly-
radical, poly(4-methacryloylamino- or 4-methacryloy-
loxy-2,2,6,6-tetramethylpiperidine-1-oxyl) as a con-
trol, was transferred to a graphite surface and subjected
to AFM followed by MFM. Both images were obtained
at ambient conditions or under air at room temperature.
The MFM image appeared exactly on the molecular po-
sitions detected by the AFM image. However, the dis-
advantage of the linear polyradical was unsettled im-
ages, which strongly depended on the surface deposi-
tion process or evaporation process of the solvent, sol-
vent species, and so on. These often include ellipse im-
ages with a broad distribution of diameter consisting of
the aggregation of many molecules, taking into account
the molecular weight of the polymer.

This result was in contrast to the polyradical particle
with a controlled and monodispersed diameter. A clear
particle or dot shape is observed for the polyradical par-
ticle, which was not affected by the deposition process
on the graphite substrate. The AFM gave 10> nm-sized
dot images of the single polyradical particle (Figure 1).
The following MFM clearly indicated magnetic gradi-
ent responses exactly on the same single polyradical
particle positions. The three-dimensional representa-
tion of the MFM topography demonstrates “holes” as-
cribed to the polyradical particle. By switching the
drive frequency of the cantilever from higher to lower
against the resonance frequency, the MFM image was
inverted, which supported the magnetic response of the
observed images and denied a noise image caused by
surface information in the AFM.

Figure 1 shows the effect of the radical or spin con-
centration of the particle on the MFM image. For all
measurements, the same apparatus and the same can-
tilever were used, and the scan lift height or the dis-
tance between the probe and the sample surface was
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Figure 1. Effect of the spin or radical concentration of the
polyradical particles. (left) AFM, (middle) MFM images obtained
by detecting phase shifts in the cantilever oscillation caused by at-
tractive forces acting on the ferromagnetically coated probe, and
(right) three-dimensional representations of the MFM images of the
polyradical particles with different spin concentrations (mmol g™!)
(a) 1.1, (b) 0.85, (c) 0.60, (d) 0.17, and (e) 0.

maintained at 30 nm. The intensity of the MFM image,
that is, the magnitude of magnetic gradient decreased
with a decrease in spin concentration of the polyradical
particle. The magnetic gradient response was not ob-
served for the particles without spin, which indicated
that the contribution of diamagnetism to the probe at
a certain height was almost the same in this series of
study. The MFM vertical scale could be, in principle,
represented by a force which is related to the detailed
magnetic properties of the probe such as the absolute
value of the effective magnetic moment and its hystere-
sis loop, the spring constant of the cantilever upon mea-
surement, and the scan lift height, but it was given as an
arbitrary unit here.

The MFM of the particle with a low spin concentra-
tion of 0.17mmol g~! gave an interesting hollow dot
image when the scan lift height was adjusted to 35 nm
(Figure 2). On this particle sample, the radical group
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Figure 2. MFM hollow dot image of the polyradical particle
with low spin concentration. (a) AFM, (b) MFM, and (c) cross
sectional view of the MFM image.

was introduced by the polymer reaction and the spins
are homogeneously distributed only over the particle
surface where the reaction initially occurred but not in-
side. The magnetic response as the deflection of the
cantilever is based on the second differential of the
magnetic field in the vertical direction. A strong mag-
netic gradient is detected on the perimeter of the parti-
cle but is very weak in the interior. This consideration
could explain such a hollow dot image.

It is concluded that MFM is an effective tool to de-
tect the very weak magnetic signal of radical polymers
and that a nm-sized polyradical particle is a new mate-
rial of molecular-based magnetic dots potentially appli-
cable to multiple representations of magnetic informa-
tion.
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