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Three composites composed of the cobalt terpyridine complex
[Co'(MeO-terpy):] and the diblock copolypeptide
amphiphiles 1 and 2 or the polypeptide 3 (including glutamic
acid and leucine) were prepared. Supramolecular structures
such as rectangular morphologies were obtained from
composites of 1 and 2. A perfectly reversible reverse spin
transition was successfully generated in the case of
composites made with 1.

Since spin crossover (SCO) was first described by Cambi et al. in
the 1930s, a number of compounds exhibiting this phenomenon have
been reported.'-* The most significant developments in the field have
occurred only in the past ten years, and have included the fabrication
of films,%’ nanofibers® and gels®'?, that have been widely researched
with the aim of developing magnetic and information storage
devices. In addition, nanocomposites incorporating organic
compounds such as surfactants,'? liquid crystals'"!? and polymers
have been created in which the spin information of a metal complex
is propagated to the nanostructure, thus transmitting changes in spin-
state throughout a material. The characteristics of nanocomposites
incorporating a metal complex in contact with adjacent molecules
within a highly-ordered structure are known to vary based on
intermolecular interactions and packing, implying that enhanced spin
crossover cooperativity is a consequence of long-range interactions
between metal ions.

The SCO characteristics of cobalt(II) compounds also exhibit a
1/2 2 3/2 spin change. It is well-known that the discrete cobalt(Il)
compounds [Co(terpy)2]X2nH20 (terpy = 2,2":6',2"-terpyridine, X =
halide, pseudohalide, BFs, NO3™ or ClO4 and n = 0 to 5) have
demonstrated gradual SCO behaviour.'> Recently, the high
molecular weight alkylated cobalt(IT) compounds [Co(R-
terpy)2](BF4)2 (R-terpy = 4'-alkoxy-2,2":6',2"-terpyridine) have been
reported to display a “reverse spin transition” between high-spin
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(HS) and low-spin (LS) states with a thermal hysteresis loop
triggered by a structural phase transition.!®!” It has been suggested
that the flexibility of the alkyl chain plays an important role in the
unique magnetic properties, intermolecular interactions and crystal
properties of this compound. Ideally, the characteristics of such
systems would be tuneable by controlling the spatial arrangement of
the SCO metal complexes, resulting in intermolecular interaction
among the metal complexes using supramolecules without covalent
or coordinative linkages.

At present, the main focus is on the use of amphiphilic
compounds as a means of developing supramolecular composites
with metal complexes that will function as flexible nanostructural
materials.'®!® In particular, metalloproteins and enzymes containing
flexible internal portions based on apoproteins may be obtained from
the complex amino acids and metal centers found in biological
systems.?’ Therefore, the presence of a flexible region is a key factor
in the operation of functional metal complexes.

In previous research, we developed an alternative approach to the
design of metal complexes by compounding diblock copolypeptide
amphiphiles, resulting in metal-metal interactions that generated
photoluminescence in water.?! Various diblock copolypeptide
amphiphiles with metal cyanide complexes were found to exhibit
unique morphologies, such as the formation of an elliptical shape
with a woven pattern based on the alignment of the metal complexes.
This technique of combining amphiphilic molecules with discrete
coordination compounds makes it possible to design flexible,
reversible and signal-responsive supramolecular coordination
systems.

In the present study, we initially focussed on combining cobalt(I)
terpyridine complexes with diblock copolypeptide amphiphiles and
examining the SCO characteristics of the resulting complexes in
water. We further investigated novel concepts designed to allow
supramolecular control of the spin state and to induce the reverse
spin transition phenomenon through self-assembly, with the result
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that these complexes exhibited SCO with thermal hysteresis. The
characteristics of this specific SCO, including the associated
structural changes and complex morphologies, were elucidated by
spectroscopic and microscopic analyses.
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Fig. 1 Chemical Structures of diblock copolypeptide amphiphiles 1 and 2, the
polypeptide 3 and the cobalt(II) terpyridine complex [Co"(MeO-terpy)2]>*.

The diblock copolypeptide amphiphiles 1 and 2 and the
polypeptide 3 (Figure 1) were synthesized by modifying methods
previously published in the literature (see Electronic Supplementary
Information (ESI)).?2 Both 1 and 2 were synthesized so as to have a
suitable degree of polymerization, since this is known to enhance the
solubility of these compounds in water and also enhances the
packing of the polypeptides in supramolecular assemblies, resulting
in the formation of hydrogels.?? In contrast, polymer 3 was
synthesized to a higher degree of polymerization since it was not
intended to produce a supramolecular effect. The cobalt(Il)
terpyridine complex containing the 4-methoxy-2,2":6',2"-terpyridine
ligand was obtained by a method previously described in the
literature.!” Composites of polypeptides 1-3 and the cobalt(II)
terpyridine complex were synthesized by mixing solutions of the
respective compounds, followed by precipitation of the resulting
composites, and by replacing the counteranion of [Co(MeO-tery)2]**
(see ESI). Finally, 1/[Co"(MeO-terpy)2], 2/[Co"(MeO-terpy)2] and
3/[Co"(MeO-terpy)2] were obtained by lyophilisation. Evaluation by
elemental analysis indicated the presence of water molecules in the
final products (1/[Co"(MeO-terpy)2] H20, 2/[Co"(MeO-terpy):]
3H:0 and 3 /[Co'(MeO-terpy)2] 4H20).

When 1/[Co"(MeO-terpy)2] was dissolved in room temperature
water at a concentration of 5 mM (on the basis of Co'" ions), a pale-
purple, cloudy dispersion was obtained. This result indicated both
the inclusion of the metal complex and the formation of a
homogeneous, colloidal dispersion of the complex in the solvent.
The 2/[Co"(MeO-terpy)2] composite also dissolved in water to give
a pale-purple, cloudy solution, whereas 3/[Co'(MeO-terpy):] gave a
transparent solution, indicating that this composite was dispersed on
the molecular level.

Transmission electron microscopy (TEM) was used to determine
the morphology of the supramolecular structures generated by these
complexes in the cloudy dispersions. Figure 2 shows a TEM image
of 1/[Co"(MeO-terpy):] following transfer to a carbon-coated Cu
grid, in which rectangular structures with widths of 700 nm to 6 pm
are evident (Figure 2a). A similar analysis of 2/[Co'(MeO-terpy):]
showed that the widths of the resulting nanostructures ranged from
500 nm to 2 um (Figure 2b). Using the Corey-Pauling-Kultun (CPK)
model, the polypeptide lengths in 1 and 2 were estimated to be in the
range of 900 - 1900 A (1, ca. 1900 A; 2, ca. 900 A), hence the
rectangular structure seen in the TEM images being more than ten
times the length of the diblock copolypeptide amphiphiles. These
structures are therefore composed of multiple strands of linear and/or
stacked polypeptides combined with the metal complex.

High resolution scanning transmission electron microscopy
coupled with energy dispersive X-ray spectroscopy (HR-STEM
EDX) also confirmed that the composites consisted of cobalt(Il)
complexes and polymers. Figures 2d and 2e present the STEM EDX
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mapping (Figure 2d, Co; Figure 2¢, O) of nanocomposites of 1
within the boxed area indicated in Figure 2¢. These data confirm the
formation of nanostructures in which the cobalt complex and the
amphiphile are evenly matched. Composite 3/[Co'(MeO-terpy):] did
not show a specific structure in TEM observations, indicating that
combinations of 3 and metal complexes do not form a
supramolecular structure.
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Fig. 2 HR-TEM images of (a) 1/[Co"(MeO-terpy)2] and (b) 2/[Co"(MeO-terpy):]
samples as prepared from water dispersions. (¢) STEM image and (d) Co and (e)
O STEM-EDX maps of 1/[Co"(MeO-terpy)2] within the red square shown in (c).
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Fig. 3 Volume-based size distributions obtained by DLS for (a) 1/[Co"(MeO-
terpy)2] and (b) 2/[Co"(MeO-terpy)-] in water at 293 K. [Co] = 5 mM.

The size distributions of the nanostructures in water were also
analysed by dynamic light scattering (DLS). DLS data obtained for
1/[Co"(MeO-terpy)2] and 2/[Co"(MeO-terpy)2] at 293 K indicated at
least three peaks in the volume-based mean nano structure size
distributions, at approximately 200 nm, 1 um and 40 pm (Figure 3).
These results are consistent with the rectangular nanostructures
having widths of several hundred nm and several pm observed in the
TEM images, although DLS can only evaluate the hydrodynamic
radii of dispersed structures in a solvent. In contrast, 3/[Co"(MeO-
terpy)2] did not generate a light scattering signal. The results
demonstrate that the use of diblock copolypeptide amphiphiles led to
supramolecular structures in water.

Samples of the composites in water were freeze-dried and small
angle X-ray scattering (SAXS) analysis of the powdered composites
was performed (Figure S1), which did not generate marked signal
peaks. This lack of peaks indicates the presence of an amorphous
phase in the rectangular supramolecular structures.

This journal is © The Royal Society of Chemistry 2012

Page 2 of 5



Page 3 of 5

The variations in the magnetic susceptibilities of 1/[Co™(MeO-
terpy)z], 2/[Co'(MeO-terpy)2] and 3/[Co"(MeO-terpy)2] with
temperature were examined. Composite 1/[Co"(MeO-terpy)2] was
found to exist in the HS state at all temperatures and exhibited a ymT
value within the range of 1.69-2.25 ¢cm® K mol™! over the
temperature range of 5-300 K (the blue plot in Figure 4a). On further
heating to 400 K, the ymT value was found to decrease at 337 K,

consistent with the loss of water molecules (the red plot in Figure 4a).

However, after annealing, the pre-heated compound displayed
markedly different behaviour. The ymT value gradually decreased
from 1.60 cm® K mol™! at 400 K to 1.05 cm?® K mol'! at 274 K,
representing normal thermal SCO behaviour (red plot in Figure 4a).
Upon further cooling, the ymT value increased abruptly below Ti.2
1=260 K, to 1.96 at 222 K. On further cooling, the ymT varied
between 1.70 cm?® K mol™! and 2.20 cm?® K mol™! in the temperature
range between 5 and 220 K. On further heating, the ymT value
abruptly dropped (T121 = 345 K), showing the transition from HS to
LS. Finally, the ymT value gradually increased between 361 and 400
K. The wide thermal hysteresis loop (AT = 85 K) near room
temperature was maintained through successive thermal cycles.
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Fig. 4 ymT versus T for (a) 1/[Co"(MeO-terpy):], (b) 2/[Co"(MeO-terpy):] and (c)
3/[Co"(MeO-terpy)2] on warming (A) and cooling (V). The blue plots indicate
the first cycle (from 5 to 300 K) and the red plots indicate the second cycle above
the boiling point of water (from 5 to 400 K).

Composites 2/[Co'(MeO-terpy)2] (Figure 4b) and 3/[Con(MeO-
terpy)2] (Figure 4c) also showed abnormal reverse spin transitions
during heating and cooling cycles (5 - 300 -5 - 400 - 5 K).
Reversibility between the HS and LS states in the reverse spin
transition, however, was dependent on the polymer employed. In
particular, the diblock copolypeptide amphiphile 1 evidently
possessed a suitable degree of polymerization and a balance between
hydrophilic and hydrophobic portions, leading to perfect reversibility
between the HS and LS states to generate reverse spin transition.
Thus reverse spin transition'® was obtained from the composite in its
solvated state based on intermolecular interactions among the metal
complexes.

The [Co"'(MeO-terpy)2]** complex with BF4™ anions is typically
observed to undergo a gradual SCO with the transition centred
around Ti2 = 100-300 K.!7 During this process, water molecules in
the solvent have been found to play an important role in the SCO
behaviour, due to either two-step SCO (H20-solvated complex) or
one-step SCO (non-solvated complex). In addition, reverse spin
transition can be achieved using an organic-solvated metal complex
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in solvents such as acetone in association with a structural phase
transition.!” These prior results suggest that the SCO of the aqueous
dispersions of solid composites of polymers and a cobalt(I)
terpyridine complex should be accompanied by a transition between
solvated and non-solvated phases since the metal complex is
dispersed in the amphiphilic polypeptide-induced nanostructures.
Our morphological and magnetic investigations were able to

provide details concerning the supramolecular structure of the
composites made with [Co'i(MeO-terpy)2]**, as illustrated in Figure
5. The results of elemental analysis showed that the composites were
composed of [Co'(MeO-terpy)2]*" and the hydrophilic peptide in a
1:4 ratio. In addition, since reversible transitions of the magnetic
properties between solvated and non-solvated phases (Figure 4) have
been obtained when using a suitable diblock copolypeptide
amphiphile with a metal complex,?! the metal complexes must be
partially aligned to one another in the polypeptide composites.
Indeed, supramolecular structures on the sub-nanometre to
micrometer scale were observed by DLS and TEM, indicating that
the hydrophobic interactions of the leucine moiety (Figure 5b)
determine the H20-solvated and non-solvated forms of the
composites, reversibly. Typically, 1D Co(II) complexes in organic
media have been found to be sensitive to solvation with water
molecules.?3 Thus, one possible arrangement among metal
complexes that can be proposed is moderate packing of 1D or 2D
sheets (Figure 5¢). The close-packed structure of cobalt(Il)
terpyridine complexes exhibiting reverse spin transition as obtained
from crystallographic data shows a two-dimensional array of metal
complexes extending along the crystallographic bc plane, with
minimal order, resulting in a loose packing arrangement.'” In this
structure, the cobalt(II) complexes are aligned with an average
separation between nearest molecules of 67 A, which is consistent
with the distance between the neighbouring carboxylic acid units (ca.
0.7 nm, as estimated by the CPK model; Figure 5c) when
polyglutamic acid forms 3 sheet with an all-trans conformation,
partially. Therefore, reversible reverse spin transition is thought to
result from the balance between the amorphous diblock
copolypeptide amphiphiles and the loose packing of the cobalt(Il)
terpyridine complexes.
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Fig. 5 Hierarchical schematic illustration of the self-assembly of diblock
copolypeptide amphiphiles/[Co"(MeO-terpy).], showing how a rectangular
structure (a) is formed from diblock copolypeptide amphiphiles with cobalt(Il)
complexes (b, c).

Conclusions

In conclusion, we have demonstrated that composites
consisting of a cobalt(Il) terpyridine complex with diblock
copolypeptide amphiphiles generate supramolecular structures
in water. The formation of these nanostructures results in the
evolution of morphologies ranging in size from sub-nanometre
Moreover, these
composites display reverse spin transition depending on the

to several micrometres. supramolecular
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polypeptide structures. Changes in both the morphology and
magnetic properties of these materials can be induced by
variations in the temperature and solvated phase. The technique
of combining polypeptide molecules and discrete coordination
compounds thus makes it possible to design flexible, reversible
and spin-controllable supramolecular coordination systems. The
concept of composites based on diblock copolypeptide
amphiphiles could also be expanded to generate other useful
coordination compounds and should allow us to further develop
the nanochemistry of element-block composites.
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