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Materials at the nanometer scale have been studied for
decades because of unique properties arising from the large
fraction of atoms residing on the surface. The size-dependent
and shape-dependent physical and chemical properties of the
nanoparticles (NPs) offer potential applications in catalysis,
sensors, molecular electronics, and electrochemical biosen-
sors.l Chemically synthesized magnetic NPs have drawn
much attention, owing to unique magnetic properties derived
from the small particle size and uniform size distribution.!?
Almost all magnetic NPs are superparamagnetic owing to
their small size. Bulk superparamagnetic materials are
intrinsically nonmagnetic but can be readily magnetized in
the presence of an external magnetic field.** Among these
magnetic materials, superparamagnetic iron oxide NPs with
suitable biocompatible coatings have been used in biomedical
applications such as magnetic resonance imaging (MRI)
contrast enhancement, tissue engineering, and drug deliv-
ery.”! Many chemical routes for the synthesis of NPs rely on
varying the type and concentration of surfactants to tune the
size of the NP. The resultant NPs are protected against
oxidation and aggregation by a layer of surfactant molecules
which make them soluble in nonpolar solvents and unstable in
polar solvents. The polar head of the surfactant molecules
adsorbs to the surface of the NPs, and the nonpolar tail of the
surfactants is soluble in nonpolar solvents. To make nano-
particles soluble in polar solvents, two methods are commonly
used. In the first, bilayer formation occurs when a long-chain
polar surfactant interdigitates with the surfactant hydro-
carbon tails around the nanoparticles and provides a positive
surface charge. For example, dodecylamine-capped gold
nanoparticles dispersed in chloroform have been transferred
into water using cetyltrimethylammonium bromide.'! The
second method involves ligand exchange™” by adding to the
nanoparticle solution an excess of ligand which has a func-
tional group, such as a thiol, that can displace the original
ligand on the NP surface at one end and has a polar tail or
polar functional group at the other end.[®")

Herein, we report that oleylamines on Fe;O, NPs, with
both oleylamine and oleic acid on the surface, can be replaced
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selectively by [(n’-semiquinone)Mn(CO);] (SOMTC). The
resulting surface modified Fe;O, NPs can subsequently func-
tion as a nucleus or template for the generation of crystalline
coordination polymers that contain Fe;O, NPs. The presence
of Fe;O,NPs allows for facile separation of the hybrid
material by magnetic decantation. Hybridized magnetic
properties can be obtained by introducing paramagnetic
metal nodes, such as Mn”", into the coordination polymers.

The complex [(m®-hydroquinone)Mn(CO);]BF,
(HQMTC; Scheme 1) underwent two deprotonations. The
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Scheme 1. Deprotonation of [(n®-hydroquinone)Mn (CO),]|BF,
(HQMTC) and formation of coordination polymers with Mn" or Cd"
nodes containing the organometallic ligand [(n*-quinone)Mn(CO),]~
(QMTC) as the spacer.

first deprotonation generated [(1’-semiquinone)Mn(CO);]
(SOMC), which underwent a second deprotonation by
reaction with metal acetates, such as Mn(OAc), and Cd-
(OAc),. The resulting [(n*-quinone)Mn(CO);]~ anion
(QOMTC) could then be used as the spacer in the formation
of coordination polymers (Scheme 1).'% Hence, SQMTC can
be viewed as a precursor in the formation of coordination
polymers. All three species, HOMTC, SQMTC, and QMTC,
are stable in DMSO.

Surface modification of Fe;O,NPs was carried out by
exchanging the surface oleylamine species with SOQOMTC. To
accomplish this modification, Solutions of Fe;O,NPs in
hexane and HOMTC in DMSO were combined in a vial
and shaken. The Fe;O, NPs were transferred from the hexane
layer to the DMSO layer (Scheme 2). When [(n°-1,4-dime-
thoxybenzene)Mn(CO);]BF, was used instead of HOQMTC,
there was no NP transfer to the DMSO solution.

The obvious conclusion from this observation is that the
ability of HOMTC to function as a moderate-strength acid is
responsible for the transfer. We postulate that HQMTC
protonates the oleylamine, and that the resulting SOMTC and
DMSO solvent take the place of the oleylamine on the NP
surface. The resulting oleylammonium salts, which are
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Scheme 2. Surface modification of Fe;O, NPs with binding of SQMTC,
which serves as a template for the subsequent formation of coordina-
tion or H-bonded polymers.
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liberated from the surface of the Fe;O, NP, likely form a
bilayer with the surface oleic acid groups. FT-IR spectra
showed peaks corresponding to Fe—O groups in the
Fe;O, NPs themselves (7 =587 cm™!),'Yl and the carbonyl
ligands of SOMTC (v =2047, 1977 cm™'; see the Supporting
Information, Figure S1). Peaks corresponding to manganese
in the energy-dispersive X-ray (EDS) spectrum confirmed the
existence of SQMTC (see the Supporting Information,
Figure S2).

Incorporation of Fe;O, NPs (see the Supporting Informa-
tion, Figure S3) into a polymer by a self-assembly process was
accomplished by adding the surface-modified NPs to a
solution of free SQMTC alone, or with Mn(OAc), or Cd-
(OAc),, in DMSO. Crystals of both [{Mn(QMTC),-
(dmso),},]-Fe;O, NP  (Figure 1a) and [(SQMTC),]—
Fe;O, NP (Figure 1d) started to grow within ten minutes.
The [{Cd(QMTC),(dmso),},]—Fe;O, NP crystals were grown
at room temperature overnight (Figure 2 a,b, and Figure S4 in
the Supporting Information). The crystals were separated by
magnetic decantation and washed with fresh DMSO and
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Figure 1. a) Optical microscope image of [{Mn(QMTC),(dmso),},]—
Fe;O, NP crystals; b) TEM image of [{Mn(QMTC),(dmso),},]—

Fe,O, NP crystals (see Scheme 1) on TEM grid; c) TEM image of a
Fe;O, NP with a shell of [{Mn(QMTC),(dmso),},]-Fe;O, NP crystal;
d) optical microscope image of [([SQMTC),]—Fe;O, NP crystal (see
Scheme 1); e) magnetization curve of Fe;O, NP; f) magnetization
curve of [{Mn(QMTC),(dmso),},]—Fe;O, NP crystal; g) magnetization
curve of [{Mn(QMTC),(dmso),},] crystal; h) magnetization curve of
[(SQMTC),]—Fe;O, NP crystal.

acetone (Scheme 2). FT-IR spectra of [(SOMTCQC),]—
Fe;O, NP and [{M(QMTC),(dmso),},]-Fe;O, NP (M =Mn,
Cd) correlate well with the reported values of the respective
polymer without the presence of NP (see the Supporting
Information, Figure S5).°**! Inductively coupled plasma
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atomic emission spectrophotometry (ICP-AES) analyses
indicated 1.02 wt. % of Fe in [(SQMTC),]-Fe;O, NP crystals
and 0.82 wt. % of Fe in [{Mn(QMTC),(dmso),},]—Fe;O, NP
crystals. For [{Cd(QMTC),(dmso),},]-Fe;O, NP, EDS con-
firmed the presence of Mn from SOMTC, Cd from the metal
nodes, and Fe from Fe;O, NPs (see the Supporting Informa-
tion, Figure S6). ICP-AES analysis showed 1.97 wt. % of Fe in
the crystal.

Crystals of both [{M(QMTC),(dmso),},]-Fe;O, NP (M =
Mn, Cd) and [(SOMTC),]-Fe;O, NP were attracted to a
magnet (Figure 1a,d, 2d), implying the existence of super-
paramagnetic Fe;O, NPs. The distribution of Fe;O,NPs
inside the crystal could not be observed by TEM as a result
of the thickness of the crystals (Figure 1b). Fe;O, NPs could
only be visualized at the edge of the [{Mn(QMTC),-
(dmso),},]-Fe;O, NP crystal (Figure 1c). The Fe;O, NP on
the edge of the crystal has an organometallic shell, which we
postulated to be [{Mn(QMTC),(dmso),},]** on the surface of
the modified Fe;O, NP. This assumption was confirmed by
single-crystal X-ray diffraction of the crystals in Figure 1a.
The solved structure matched a known [Mn(QMTC),-
(dmso),] structure.'”! Visible aggregates of Fe;0, NPs in the
[{(Mn(QMTC),(dmso),},]-Fe;O, NP crystals could not be
observed by an optical microscope (Figure 1a).

The isolated crystals of [{Cd(QMTC),(dmso),},]—
Fe;O, NP were redispersed in fresh DMSO, dropped onto a
TEM grid, and dried under nitrogen. The resultant TEM
image shows that the Fe;O, NPs are aggregated (Figure 2c¢).
As in the case of [{Mn(QMTC),(dmso),},]—Fe;O, NP (Fig-
ure 1c¢), the Fe;O, NPs have organometallic shells, which are
formed by coordination polymerization of Cd*" ions and
QMTC groups on the surface of the surface-modified
Fe;O, NP. In the middle of the crystal of [{Cd(QMTC),-
(dmso),},]-Fe;O, NP, aggregates of Fe;O,NPs are seen as
brown spots (Figure 2a,b). Single-crystal X-ray diffraction
verified that [{Cd(QMTC),(dmso),},]—Fe;O, NP consisted of
the postulated coordination polymer.

Crystals of [(SQOMTC),]—Fe;O, NP (Figure 1d) feature
hydrogen bonds between SOMTC organometallic molecules.
The ability of the SOMTC molecule to bind to Fe on the NP
surface through the C=0O group and simultaneously present
an OH group to form a hydrogen bond to excess SOMTC
accounts for the resultant polymer formation. The magnetic
properties of [{Mn(QMTC),(dmso),},]-Fe;O, NP,
[(SOMTC),]-Fe;O,NP  and  [{Cd(QMTC),(dmso),},]—
Fe;O, NP were determined by the use of a vibrational
sample magnetometer (VSM). Both SOMTC and QMTC
are diamagnetic. When QMTC (spacer) coordinates to Mn*"
(metal node), paramagnetic metal ions are incorporated into
the polymer. The magnetization curve of pure [{Mn-
(QOMTC),(dmso),},] crystals (Figure 1 g) shows that it follows
simple paramagnetic behavior. The same material grown in
the presence of NPs exhibit superparamagnetic character in
the approximate range of —2500 G to +2500 G and simple
paramagnetic character (no magnetic saturation) in fields
below about —2500 G and above 2500 G (Figure 1f). The
magnetization curve of the [(SQMTC),]—Fe;O, NP crystals
(Figure 1 h) shows that it has simple superparamagnetic
character, which arises from the incorporated Fe;O, NPs.
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Figure 2. a) Optical microscope image of a [{Cd(QMTC),(dmso),},]—
Fe;O, NP crystal; b) enlarged optical microscopic image of [{Cd-
(QMTC),(dmso),},J—Fe;O0, NP crystal; c) TEM image of the aggregated
Fe;O, NPs which have an organometallic coordination polymer shell
formed during the crystallization process; d) magnetization curve for
[{Cd(QMTC),(dmso),},J—Fe;O04 NP crystal.

Similar behavior is exhibited by [{Cd(QMTC),(dmso),},]—
Fe;O, NP (Figure 2d).

Crystals of [{Mn(QMTC),(dmso),},]-Fe;O, NP were
obtained in ten minutes, whereas those of [{Cd(QMTC),-
(dmso),},]-Fe;O, NP were grown more slowly (overnight). In
the optical microscopic image of [{Cd(QMTC),(dmso),},]—
Fe;O, NP, Fe;O,NPs can be seen as an aggregate in the
middle of the coordination polymer crystal (Figure 2a,b).
Fe;O,NPs can not be seen in [{Mn(QMTC),(dmso),},]—
Fe;O, NP crystals in the optical microscopic image (Fig-
ure 1a), suggesting a more uniform dispersion in the Mn"
polymer compared to the Cd" analogue.

In summary, oleylamines on the surface of Fe;O, NPs,
incorporating both oleylamine and oleic acid as surfactants,
can be replaced selectively by SOMTC. The modified
Fe;O, NPs are soluble in DMSO. Organometallic coordina-
tion polymerization on the surface-modified Fe;O, NPs in
DMSO allowed the incorporation of Fe;O, NPs into organ-
ometallic coordination polymers. We prepared hybrid mate-
rials containing superparamagnetic Fe;O,NPs and either
paramagnetic Mn" or diamagnetic Cd" as nodes. The
incorporation of nanosized functional materials into the
coordination polymers may generate a large number of
applications.!!

Experimental Section

Surface modification of Fe;O, NPs: A solution of as-made Fe;O, NPs
(ca.20 mg) in hexane (2mL) was mixed with [(n’-hydroquino-
ne)Mn(CO);]BF, (40 mg, 0.12 mmol) in DMSO (2 mL). The mixed
solution formed two layers, the upper (hexane) layer containing
Fe;0, NPs and the lower (DMSO) layer the organometallic complex.
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After shaking for 3 h, all nanoparticles had transferred to the DMSO
layer. To isolate the surface-modified NPs from the excess organo-
metallic complex used in this process, the DMSO solution was mixed
with excess fresh THF. The precipitated NPs were collected by a
magnet, washed with fresh THF, and dried under vacuum for FT-IR
analysis. The NPs were soluble in polar solvents, such as DMSO and
acetone, and insoluble in comparatively nonpolar solvents, such as
THEF, dichloromethane, and hexane.

[{M(QMTC),(dmso),},]-Fe;O4 NP (M =Mn, Cd): A solution of
[(n’-semiquinone)Mn(CO);] (100 mg, 0.41 mmol) and manganese(11)
acetate tetrahydrate (50 mg, 0.21 mmol) or cadmium(II) acetate
trihydrate (60 mg, 0.21 mmol) in DMSO (5 mL) was heated to ensure
complete dissolution, and allowed to cool to room temperature. As
soon as the reaction mixture had cooled, a solution of Fe;O, NPs,
partially ligand-exchanged with [(n’-semiquinone)Mn(CO);] (30 mg)
in DMSO (2 mL) was added to it prior to crystallization. The resulting
crystals were isolated by magnetic decantation and washed with fresh
DMSO (3x10mL) and acetone (10 mL). The procedure for
[(SOMTC),]-Fe;0, NP was the same as that for [{M(QMTC),-
(dmso),},]-Fe;0, NP, except that no metal (Mn*" or Cd*") acetate
was added.
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