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Isolated Single-Molecule Magnets on the Surface
of a Polymeric Thin Film**
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Single-molecule magnets (SMMs) have a large-spin ground
state with appreciable magnetic anisotropy, resulting in a bar-
rier for spin reversal.ll As a consequence, interesting mag-
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netic properties such as out-of-phase ac magnetic susceptibili-
ty signals and stepwise magnetization hysteresis loops are
observed. In addition to resonant magnetization tunneling!>™!
several other interesting phenomena have also been reported
during the past few years.[s"’] The origin of slow magnetization
relaxation rates as well as of other phenomena is due to indi-
vidual molecules rather than to long-range ordering, as con-
firmed by magnetization relaxation and heat-capacity stud-
ies.'" Therefore, SMMs represent nanoscale magnetic
particles of a sharply defined size that offer potential access to
ultimate high-density information storage devices!'"!! and
quantum-computing applications.'>'*) However, if a truly mo-
lecular computational device based on an SMM is to be
achieved, new systematic studies are required that encompass
ways of addressing properly oriented individual molecules or
molecular aggregates onto the surface of a thin film, where
each molecule or molecular aggregate can be used as a bit of
information. The first approach to arrange SMMs into well-or-
ganized multilayered films was undertaken by means of the
Langmuir-Blodgett (LB) technique.'¥ Although these self-
assembled monolayer films are transferable to other sub-
strates, there are limitations to their practical utilization since
these LB films may become unstable especially due to incom-
patible surface energies.

Here we report a new soft, reliable, and simple methodolo-
gy to address individual Mn;, complexes onto a film surface.
Such a methodology is based on the preparation of polymeric
thin films, made from a polycarbonate matrix and a Mny,
complex, and subsequent treatment with different organic sol-
vent vapors. Solvent treatment leads to the emerging of a
small fraction of the Mn;, molecules to the surface of the film
with an aggregation state that can be controlled at will, de-
pending on the nature of the solvent. It has already been es-
tablished that after absorption of suitable amounts of a sol-
vent that is capable of effectively solvating the polymer
chains, the swollen polymer network exhibits an enhanced
porosity.[ls] This situation provides a valuable route for the
molecular reorganization of the nanocomposite with a small
fraction of Mn;, molecules (approximately 0.1 %) emerging
to the film surface.

Imaging of the thin film prior to and after solvent treatment
using scanning electron microscopy (SEM) does not provide
any information on solvent effects except for a solvent-in-
duced surface-smoothening process. Resolution of any struc-
ture at the nanometer scale without beam-induced damage
proved difficult, therefore atomic force microscopy (AFM)
studies were performed. Firstly, high-resolution AFM images
of a thin film that was treated with the vapor of a 1:1 CH,Cl,/
hexane mixture were obtained. The top-view topographical
images and the corresponding height profiles across surface
locations, which are indicated in the topographical images, are
shown in Figure 1. In the same figure, the corresponding
3D-AFM topography images are also shown (Fig. 1b and 1e).
The images show many semi-globular islands located on the
film surface, a pattern that was confirmed after additional
measurements made in a minimum of three different well-
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Fig. 1. AFM images of nanocomposite films, made from a polycarbonate poly-
meric matrix and the Mn;, complex, which have been treated with CH,Cl,/hex-
ane (1:1). The left part of the figure shows islands on a 10x 10 um surface.
a) Topographical top-view. b) 3D image of the same area. c) Height profile. The
right part of the figure (d—f) shows data for a 3x3 um surface. The height
profiles in (c) and (f) are taken at the location indicated by the black lines in (a)
and (d), respectively.

separated 10 x 10 um sites. In each of the images, the particles
appear to be relatively uniform in size, with an experimental
averaged height of 12+1 nm.

A detailed study of the molecular structure of the Mnj,
complex used in this paper showed that this complex exhibits
an averaged structure with a coin-like shape with two differ-
ent end-to-end distances.I"®! This result was obtained by the
minimization of its structure with a force-field method. The
largest end-to-end distance was found to be almost 4 nm,
whereas the shortest was 3 nm. Therefore, as each of the
islands observed using AFM has an average height of 12 nm,
it must contain at least three or four Mn;, molecules. On the
other hand, the averaged observed full width at the baseline
level, which is approximately 250 nm, is evidently larger than
the expected width for four aggregated Mn;, molecules. The
origin for such deviation may be attributed either to the pres-
ence of more than four Mn;, molecules at the basal plane
and/or to geometrical AFM-tip convolution effects.'”! Finally,
it has to be mentioned that AFM images of thin films preced-
ing solvent treatment exhibit rather uneven and rough sur-
faces with the lack of any semi-globular islands.

The formation of molecular aggregates of the Mn;, com-
plex in the form of islands is explained well by the large num-
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ber of phenyl rings present in this complex, which may cause
them to aggregate mainly due to attractive m—m interactions.
The solvent mixture used favors such aggregation. Indeed, the
Mn;, complex is highly soluble in CH,Cl, but not in hexane.
This situation certainly favors the formation of aggregates.
For this reason, a new polymeric thin film was exclusively ex-
posed to CH,Cl, vapor to address individual molecules rather
than aggregates of several molecules onto the film surface.
The topographical top-view and the corresponding 3D images
along with some profiles across surface locations are shown in
Figure 2. In this case, the experimental averaged height of the

Fig. 2. AFM images of a thin nanocomposite film, made from a polycarbonate
polymeric matrix and the Mn;, complex, which has been treated with pure
CH,Cl,. a) Topographical top-view image. b) The corresponding 3D image of
the same area. c¢) Height profile at location marked 1 in (a). d) Height profile at
location marked 2 in (a).

dots observed by AFM topography turned out to oscillate be-
tween 4 and 5 nm, which is in excellent agreement with the
molecular end-to-end distance of 4 nm determined for the
Mnj, complex. Moreover, the size of the dots appears to have
become substantially more monodisperse, as expected for sin-
gle molecules."® This provides further evidence that indeed
truly individual Mn;, molecules are imaged here.

Magnetic force microscopy (MFM) was applied to study
both the molecular image and the magnetic response of nano-
composite thin films. MFM uses a tip that is magnetized by
covering it with magnetic material. This unfortunately leads
to images of poorer quality than those previously obtained
due to the thickening of the tip. However, it offers the possi-
bility of mapping the magnetic behavior of objects on the
studied film surface. In a first sweep, the AFM tapping mode
is used whereas in the second sweep, which is carried out over
the same area but with the tip retracted to be out of the topo-
graphical signal, the local magnetization of the sample is mon-
itored. The top-view topographical image and the correspond-
ing MFM images of thin films treated either with CH,Cl, and
CH,Cly/hexane vapor are shown in Figure 3. MFM images
clearly indicate a magnetic gradient response exactly corre-
sponding to the molecular position found by topographic im-
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Fig. 3. MFM images of nanocomposite thin films treated with CH,Cl,/hexane
(1:1) (a,b) and with CH,Cl, (c,d). a,c) Topographical images taken with the
magnetic tip. b,d) Magnetic images of the same area after retracting the tip by
30 nm.

aging. This fact is the best confirmation to unequivocally as-
sign the dots observed by high-resolution AFM images to sin-
gle Mn;, molecules or aggregates of such molecules rather
than to any impurity or small polymeric crystallites.

Magnetic characterization of the nanocomposite thin films
was initially performed by means of ac magnetic susceptibility
measurements at different frequencies using several wrinkled
thin films compressed into the sample holder. Consequently,
this sample contains a collection of randomly oriented and
fixed Mn;, molecules inside the polymeric matrix. As shown
in Figure 4a, the thin films show two out-of-phase ac fre-
quency-dependent peaks, with an effective potential barrier
(Uetr) of 36 K and magnetic relaxation time 7= 10~ s for the
low-temperature peak, and 56 K and 7o=4x107s for the
high-temperature peak, respectively. At this point, it is impor-
tant to mention that both frequency-dependent peaks exhibit
the same relative intensity and values for 7y and U, as those
observed for a polycrystalline sample of the Mn;, complex.
To get more insight into the orientation of the molecular com-
plexes inside the bulk polymeric matrix, several thin films
were aligned and stacked together. Magnetic measurements
were then performed with the magnetic field applied parallel
and perpendicular to the surfaces of the stacked films. The
field-dependence of magnetization shown in Figure 4b indi-
cates that most of the molecules of the Mn;, complex of the
thin film tend to align their easy-magnetization axis in some
direction inside the plane. This fact also explains why hyster-
esis is only observed when the field is applied parallel to the
surface, and is not detected otherwise. Such alignment may be
explained by considering the internal structural reorganiza-
tion of the polymeric matrix during the swelling process. In-
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Fig. 4. a) Out-of-phase component of magnetic susceptibility for the nanocom-
posite thin films at four different frequencies (M 3 Hz, x 10 Hz, O 50 Hz,
A 100 Hz). b) Field dependence of magnetization for several stacked films
placed parallel (O) and perpendicular ([J) to the direction of the applied mag-
netic field. For the parallel case saturation is achieved at 2.5 T, whereas for the
perpendicular case the saturation occurs at fields larger than 5 T.

deed, when the solvent molecules penetrate the film and
cause it to swell, the glass-transition temperature is reduced
to ambient temperature. As a consequence, restrictions on the
rotation of the polymer chains are removed, and this there-
fore permits the movement of molecules that are inside the
matrix. After drying the solvent, an energetically favorable
polymeric conformation is readily adopted, resulting in the
development of oriented microcrystalline domains under am-
bient laboratory conditions. In view of that, Mn;, molecules
also tend to align during the swelling process forced by the mi-
crocrystalline polymeric environment and they remain orient-
ed after drying the solvent. Further work to fully address this
explanation is currently underway.

In summary, here we report a new, simple, and reliable
methodology to address individual single-molecule magnets
onto a thin film surface, which can be used as magnetic quan-
tum bits for information storage or quantum computing."”!
The advantages of this approach are considerable. Firstly, the
polymeric matrix plays a critical role in stabilizing the SMM
as well as in enhancing the overall mechanical strength of the
film.?! The lack of stability of LB films or the use of rather
aggressive techniques such as chemical or physical vapor de-
position can thus be circumvented. Secondly, polycarbonates
are commercially important and technologically interesting
polymers that have a combination of properties not found in
any other plastic, including very high impact strength, creep
resistance, optical clarity, and a low moisture absorption. And
finally, the resulting nanocomposite thin films are fully com-
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patible with today’s magnetic and magneto-optical storage
technologies, where polycarbonate resins are used as the basic
support for the fabrication of disks. Therefore, the nanocom-
posite thin films reported here can be easily transferred or
even directly prepared by a spin-coating method onto a disk
support without losing continuous nanoscopic characteristics.

Experimental

The Mn,, complex used to prepare the nanocomposite was [Mn;,01,(O,-
CCgH4CsHs)16(H,0)4], which has recently been described [21]. Polycarbonate
films with 4 wt.-% of molecularly dispersed complex were cast onto a glass sur-
face. Spectrochemical characterization of the resulting films with a typical
thickness of 10-15 um, showed no evidence of any decomposition process and
therefore gave good indications that the Mn;, complexes embedded in the poly-
meric matrix were stable. Next, the films were treated with solvent vapor of
CH,CI, or 1:1 CH,Cly/hexane mixtures by simply placing the film at the top of
a flask containing a small amount of the organic solvent for 5 min. The films
were then dried, resulting in a glassy material with no detectable porosity.
AFM/MFM measurements were performed with a commercial scanning force
microscope from Nanotec. The AFM images, were taken in tapping mode, with
Olympus silicon cantilevers with a spring constant of 0.75 Nm™ and a reso-
nance frequency of 80 kHz. The MFM images were taken with Nanosensors sil-
icon cantilevers (spring constant 4 Nm™, 72 kHz resonance frequency) which
were covered with 50 nm of cobalt. The scan lift-height for the magnetic images
was 30 nm. With the magnetic cantilever, the first scan reveals the topography
and after retracting a certain height; the second scan reveals the magnetic map-
ping of the same area. AC and DC magnetic measurements were collected with
a Quantum Design MPMS2 SQUID magnetometer equipped with a 5 T mag-
net with operating frequencies from 3 to 1500 Hz, and temperatures from 1.8 K
to 400 K.
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Electrophosphorescence from a Conjugated
Copolymer Doped with an Iridium Complex: High
Brightness and Improved Operational Stability**
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and Alex K.-Y. Jen

By utilizing triplet-based emitting centers in polymer and or-
ganic light-emitting diodes (PLEDs and OLEDs), and thereby
capturing both singlet and triplet excited states, the internal
quantum efficiency can, in principle, be increased to 100 %.?!
The utilization of triplet emitters to improve efficiencies was
proposed by several groups.p’g] Recently, considerable prog-
ress has been demonstrated with electrophosphorescent
OLEDs (based on small molecules) and PLEDS (based on
polymers) as the host materials, and heavy-metal (Pt, Ir, Os)
complexes and rare-earth metal complexes as the guest.® !

With the addition of the phosphorescent guest, emission
takes place either by Forster energy transfer from the host to
the singlet excited state of the guest complex followed by in-
tersystem crossing to the guest triplet state, or directly by elec-
tron and hole trapping on the metal-organic complex. Dexter
energy transfer can also enable direct transfer from the triplet
of the host to that of the guest.

For the iridium heavy-metal complexes, the emission origi-
nates from the triplet excited state to the ground state. By
using different ligands, this triplet phosphorescence can be
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