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M
agnetically interesting transition
metal-seamed architectures have
been an active area of research for

several years.1�9 Transitionmetal oxide nano-
tubes/nanorings exhibit unique magnetic
properties and have potential for bio-
magnetic applications, such as magnetic
separation of lung cancer cells.2 Likewise,
manipulationofmetallosupramolecular com-
plexes has yielded tunedmolecularmagnetic
materials, with possible application in infor-
mation storage and data processing.5,6 An-
other excellent example is the magnetically
vectored nanocapsule that provides effective
tumorpenetrationandcontrolled, switchable
drug release via a remote RF field.3,4

Among supramolecular self-assembled
architectures, transition metal-coordinated
calixarenes, in particular withmetals such as
cobalt, nickel, manganese, and iron, have
been explored with respect to magnetic
anisotropy, antiferromagnetism, and super-
paramagnetism.10�15 In striking contrast
to the calix[4]arenes, the structurally relat-
ed bowl-shaped polyphenolic pyrogallol[4]-
arene molecules are relatively unexplored
with respect to their magnetic properties.16

Pyrogallol[4]arene macrocyles self-assem-
ble via hydrogen bonding into different
geometric arrangements17�19 including nano-
capsules, nanotubes, and bilayers (Figure 1).
As an addendum to hydrogen-bonded archi-
tectures, these macrocyles were made more
robust by the insertion of metal ions in the
framework.16,17 Copper-seamed hexameric20

and zinc-seamed dimeric21 pyrogallol[4]arene
nanocapsules were among the first reported
metal-seamed organic nanocapsules (MONCs);
however, magnetically interesting metals
such as nickel and cobalt have been re-
cently identified to also seam pyrogallol-
[4]arene nanocapsules.16 Interestingly, under
controlled conditions, the self-assembly
process with copper and nickel atoms

can be manipulated to yield either a dimer
or a hexamer.16,17,22

The dimeric capsules are composed of
two pyrogallol[4]arenes seamed together
with eight metal centers across an equator-
ial belt, whereas the hexameric capsules
are composed of six pyrogallol[4]arenes
seamed together with 24 metal centers ar-
ranged in (Metal)3O3 arrays capping the
face of a hypothetical octahedron.20,21 Gi-
ven the structural differences between the
metal-seamed hexamers and dimers, we
compared these MONCs magnetically not
only to help identify appropriate guests,
ligands, and linker R groups for building
molecular devices, but also to yield impor-
tant prototypes for exploring theirmagnetic
behavior.16

Herein, we report the results of the
first magnetic study on nickel-seamed
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ABSTRACT

The magnetic behavior of nickel-seamed C-propylpyrogallol[4]arene dimeric and hexameric

nanocapsular assemblies has been investigated in the solid state using a SQUID magne-

tometer. These dimeric and hexameric capsular entities show magnetic differentiation both in

terms of moment per nanocapsule and potential antiferromagnetic interactions within

individual nanocapsules. The weak antiferromagnetic behavior observed at low temperatures

indicates dipolar interactions between neighboring nickel atoms; however, this effect is higher

in the hexameric nickel-seamed assembly. The differences in magnetic behavior of dimer

versus hexamer can be attributed to different coordination environments and metal

arrangements in the two nanocapsular assemblies.
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C-propylpyrogallol[4]arene (PgC3Ni) hexamers in pow-
der form and compare the magnetic properties of the
PgC3Ni hexamers and dimers. This study affords mag-
netic differentiation between the penta-coordinated
square pyramidal geometry of the nickel in the dimer
with that of the octahedral geometry of the nickel in
the hexamer. Although themagneticmoment of the Ni
atoms does not vary significantly with the change in
coordination environment, the environment does no-
ticeably change the strength of the dipolar coupling.
Both the nickel-seamed hexameric and dimeric nano-

capsules were prepared by combining 1 equiv of
pyrogallol[4]arene with 4 equiv of nickel nitrate and 14
equiv of pyridine at controlled temperatures inmethanol/
DMSO. Synthesis at �40 �C yielded the PgC3Ni hexamer
while synthesis at thehigher temperature of 50 �Cyielded
thePgC3Ni dimer. The single crystal X-raydiffraction (XRD)
results gave unit cell dimensions thatmatched previously
acquired solid-state data.22 In the current investigation,
hysteresis curves and magnetic moment versus tempera-
ture SQUIDmagnetometermeasurementswere obtained
for both the dimer and hexamer.

RESULTS AND DISCUSSION

The hysteresis curves at 5 K confirm the para-
magnetic behavior of these MONCs in the solid state
(Figure 2). The hysteresis data were fit to the quantum
mechanical paramagnetic equation, assuming that
J = 1/2 and g = 2:

M ¼ Nm tanh
gmJμ0H
kBT

� �
(1)

Here,M is the total magnetic moment,H is the applied
magnetic field, T is the temperature,N is the number of
atoms in the sample, m is the magnetic moment per
atom, kB is Boltzmann's constant, g is the spectroscopic
splitting factor, and J is the spin angular moment. The
fit for the PgC3Ni hexamer reveals (1.68 ( 0.01) μB per
nickel atom, whereas the fit for the dimer reveals
(1.65( 0.01) μB per nickel atom. Thus, the PgC3Ni dimer
and hexamer have nearly the same moment, which is
surprising given the difference in the coordination en-
vironment of the metal atoms in the two structures.
To explore the possibility of magnetic interactions

within and between MONCs, magnetic moment versus
temperature measurements at 20 mT were performed
on the powder samples of the PgC3Ni hexamers and
dimers (Figure 3). For both nanocapsules, we observe a
deviation of the data from the Curie�Weiss law (eq 2)
at low temperatures:

M ¼ A

(T � Tint)
γ þ C (2)

Here, A and C are constants, Tint is the interaction
temperature, and γ is the critical exponent which is set
to 1. The deviation from an ideal noninteracting para-
magnet takes the form of a negative interaction
“temperature”, indicating a weak antiferromagnetic
interaction between the metal centers. The larger tem-
perature value for the hexamer, (�2.2623 ( 0.0004) K,
than for the dimer, (�1.0204( 0.0002) K, indicates that
the interaction is stronger in the hexamer than the
dimer. This behavior can be understood in the context

Figure 1. C-alkylpyrogallol[4]arene shown to self-assemble
as a capsule, a tube, and a bilayer.

Figure 2. The 5 K hysteresis loop of powder samples of (a) C-propylpyrogallol[4]arene nickel hexamer and (b)
C-propylpyrogallol[4]arene nickel dimer at 5 K. The red line is the fit to the data using eq 1. (All graphs include error bars.)
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of the position of the metal atoms in the capsule
frameworks.
In both capsules, the Ni atoms are close enough

(∼0.4 nm) that direct exchange is possible, but they
are separated by oxygen atoms. Since the value of
the magnetic moment per atom (in units of Bohr
magnetons) is smaller than that of bulk Ni, direct ex-
change is unlikely. In addition, magnetostatic interac-
tions are present. For the Ni dimer structure, all the Ni
atoms lie in a single plane (Figure 4a,b). Therefore,
energy minimization dictates that they will form flux
closure structures at very low fields or have magneto-
static interactions with antiferromagnetic coupling. The
latter is observed from the negative interaction tem-
perature in the data. Since there are an even number of
Ni atoms, pairs are formed, so frustration is not expected.

In contrast, for the Ni hexamer, the Ni atoms lie not
within a single plane, but on the same curved surface
(Figure 4c,d). Furthermore, the eight cyclic triads of
(Ni�O)3 in the hexamer result in an antiferromag-
netic configuration as demonstrated by the negative
interaction temperature. However, although this
antiferromagnetic configuration is stable between
two adjacent metal�oxygen centers, the third Ni
atom may be frustrated in its spin direction. This
unsymmetrical alignment of the magnetic moments
of the frustratedmetal centers in the hexamers could
account for the stronger antiferromagnetic interac-
tion of the PgC3Ni hexamers as compared to the
PgC3Ni dimers.
Finally, there is no evidence of interactions be-

tween adjacent MONCs in the hysteresis loops
given the complete overlap of the virgin curve with
the major loops, even at 5 K. Furthermore, this lack
of plausible evidence for interactions is not depen-
dent upon the phase of the material;either solu-
tion (data not shown) or powder;and is likely
due to the small magnitude of the observed net
magnetic moments. Therefore, the only observed
interactions are Ni atom to Ni atom within a single
MONC.
The results for the nickel-seamed dimers are in

agreement with our earlier XmT product versus T

measurements and density functional theory (DFT)
and complete active space self-consistent field
(CASSCF) calculations.16 The change in XmT value with
respect to temperature indicates weak antiferro-
magnetic exchange between the nickel atoms. The
computations on the Ni(catechol)2(pyridine) model
complexes suggest that each individual nickel center
has a triplet state but the XmT product versus T data
demonstrate that the dimer is diamagnetic overall. In
addition, the experimental data are consistent with a
simple 1J-model in which all eight metal ions are
equivalent.16

Figure 3. Magnetic moment vs temperature data at μ0H = 20 mT of powder samples of (a) C-propylpyrogallol[4]arene
nickel hexamer and (b) C-propylpyrogallol[4]arene nickel dimer. The red line is the fit to the data using eq 2. (All graphs
include error bars.)

Figure 4. Structure determined by XRD of C-propylpyro-
gallol[4]arene nickel dimer shown from the (a) top and (b)
side and structure determined by XRD of C-propylpy-
rogallol[4]arene nickel hexamer showing (c) the side view
and (d) coordination environment. Green atoms are nickel
atoms.
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CONCLUSION
In summary, we have studied the solid-state mag-

netic behavior of two different nanocapsular assem-
blies of nickel-seamed C-propylpyrogallol[4]arene.
These dimeric and hexameric nanocapsules have simi-
lar magnetic moments but different interaction tem-
peratures. The negative interaction temperatures at 5 K
indicate a weak antiferromagnetic dipolar interaction.
These antiferromagnetic interactions are more prono-
unced in the nickel-seamed hexamer due to the posi-
tioning of the metal centers in triads along a curved
surface in contrast to the equatorial arrangement of

the metal centers in the dimer. Our studies in this area
continue with new magnetically interesting metal-
seamed architectures with a view toward exploring
and controlling the magnetic behavior for desired
functionality. The judicious choice of the metals, li-
gands, and R groups should allowus to not only control
the architecture and magnetic behavior of the nano-
capsules but also introduce MONCs suitable for nano-
wires and spintronics applications. In addition, the
magnetic properties of these MONCs may be useful
in contrast agents for magnetic resonance energy or
tagging agents for biomedical assays.

METHODS
The nickel-seamed dimer and hexamer were synthesized

using literature procedures.22 In a general experiment, ametha-
nolic solution of pyrogallol[4]arene (1 equiv) was added to a
methanolic solution of nickel nitrate (4 equiv) and pyridine
(14 equiv). For both dimer and hexamer, standing over a
number of hours afforded crystals suitable for single X-ray
diffractionmeasurements. These crystalline samples were utilized
for magnetic measurements.
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