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Morphological control of hybrid amphiphilic
poly(N-isopropylacrylamide)/metal cyanide complexes

Keita Kuroiwa!, Yuko Kogal, Yuya Ishimaru!, Takuya NakashimaZ, Hiroshi Hachisako! and Shinichi Sakurai?

A number of amphiphilic N-isopropylacrylamide (NIPAAm) oligomers and polymers with a S-1-dodecyl-S-trithiocarbonate (DTC)
and an amino terminal group were prepared using RAFT polymerization: DTC-NIPAAm;3-NH3Cl (1), DTC-NIPAAmg;-NH3CI (2),
DTC-NIPAAm7g-NH3CI (3), DTC-NIPAAmM;19-NH3CI (4). and DTC-NIPAAm,74-NH3CI (5). Aqueous solutions of 1-5 became
cloudy upon heating at pH 10, while 1-4 did not exhibit thermosensitivity at pH 7.0, instead forming stable rods and vesicles in
aqueous solution. Nanorods and nanosquares were obtained from metal cyanide complexes of 1 and 2, both of which had low
degrees of polymerization, and aqueous solutions of these nanocomposites became cloudy at pH 7.0. The electrostatic
interactions between the amine segments and the anionic metal cyanide complexes as well as the low degree of polymerization
in the vicinity of approximately 100 were both found to have a significant role in the morphology and thermoresponsiveness of
the hybrids. These hybrid NIPAAm oligomer/metal cyanide complexes may allow the design of flexible, functional supramolecular

systems in aqueous solutions.
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INTRODUCTION

Many researchers have investigated nanocomposites composed of
polymers and inorganic compounds because such composites offer
control over the molecular structure and an associated tunability
of specific morphological, chemical and physical properties.! In
particular, significant work has been performed with regard to the
development of nanocomposites of polymers and functional inorganic
molecules, such as metal nz;lnopar'[icles,z’3 metal oxides (made via
sol-gel methods)*® and metal salts.® In addition, the hierarchical
assembly and highly ordered alignment of such materials may lead to
much higher functionalization, with applications in electronics’~!!
and optics,'?1¢
nanocomposites built around the self-assembly of polymers and
inorganic compounds has become a significant area of focus within
the study of polymeric and supramolecular materials based on element
blocks.!?

Nanocomposites that incorporate metal complexes are important
materials that often display functional properties owing to the
coordination of inorganic molecules with organic ligands and the
resulting formation of various electronic states.’>~>> In our previous
research, the interactions between metal complexes have been
controlled dynamically via self-assembling structures and nano-
architectures, leading to specific morphological and spectroscopic

as well as in materials separation.!”!8 This class of

behaviors. In such work, the precise control of the interactions among
metal complexes, such as metalloproteins and enzymes, was readily
controlled through stimuli-responsive polymer counterparts, which

endow nanocomposites with dynamic and flexible
capabilities.?3—2°

It is well known that poly(N-isopropylacrylamide) (PNIPAAm)
exhibits a significant and abrupt thermal transition at its lower critical
solution temperature (LCST).2%*” For this reason, PNIPAAm
synthesized by living polymerization has been used to develop highly
ordered functional materials showing thermoresponsiveness.?o=2
For example, thermoresponsive hybrids of PNIPAAm with inorganic
compounds, such as gold nanoparticles,*>*! gold nanocages,* silver
nanoparticles,*> magnetic nanoparticles,***’ silica nanoparticles**->%
and silsesquioxanes,’’>* have been developed with the aim of
producing functional organic/inorganic nanomaterials. In addition,
copolymers of PNIPAAm with acrylic acid,® carboxylates,®
crown ethers,”” aza crowns,”® poly‘thioethers,59 phenanthoroline,60
terpyridine® and iminodiacetic acid derivatives®? have been
synthesized to tune the LCST transition and achieve the extraction
and recognition of metal ions. However, there have been no reports
on controlling the alignment of metal complexes in these materials.
Ideally, the characteristics of such metal complexes would be
manipulated by controlling the spatial arrangement of complexes
within the composite, resulting in supramolecular nanocomposites
without covalent or coordinative linkages.

In the present work, we focus on the self-assembly mechanism in
nanocomposites composed of amphiphilic NIPAAm oligomers and
polymers with metal complexes to allow the hierarchical control of
morphology. Amphiphilic polymers are commonly used to obtain
various nanoarchitectures, including vesicles and micelles.63:64
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Figure 1 Synthesis of amphiphilic PNIPAAms from DTC by modification of procedures previously published in the literature.

In addition, we make it increasingly clear that amphiphilic NTIPAAm
oligomers with LCST can form molecular hybrids with inorganic
components, such as metal jons.?> In this study, we concentrate
specifically on macromolecules at the transition point between
oligomers and polymers, with a degree of polymerization of
approximately 100, as well as on inorganic compounds with the
ability to self-aggregate, to exhibit metal-metal interactions and to
form one- or two-dimensional (2-D) assemblies. These oligomeric/
polymeric NIPAAm amphiphiles were integrated with metal
complexes and the morphological regulation and transformation
and thermodynamic control of the resulting composites were assessed.

EXPERIMENTAL PROCEDURE

Materials

Reagents and solvents were obtained from various commercial sources (Kanto
Chemical Co. Inc., Tokyo, Japan, Sigma-Aldrich Chemical Co. LLC., St Louis,
MO, USA, Nacalai Tesque, Inc., Kyoto, Japan, Wako Pure Chemical, Ltd.,
Osaka, Japan, Tokyo Chemical Industry Co., Ltd., Tokyo, Japan, Junsei
Chemical Co., Ltd., Tokyo, Japan) and used without further purification unless
otherwise noted. Pyrogen-free deionized (DI) water was obtained from
Advantec RFD240NA and RFU655DA purification units (Advantec Toyo
Kaisha, Ltd., Tokyo, Japan). Anhydrous dimethylformamide was obtained by
distillation over CaCl, while purging with nitrogen. NIPAAm and 2,2*-
azobisbutylonitrile were purified by recrystallization from ethanol solution.

Instrumentation

The structures of oligomers and polymers were confirmed by thin-layer
chromatography, Fourier Transform Infrared (FT-IR; Perkin Elmer, Inc.,
Waltham, MA, USA, Spectrum 65) and 'H nuclear magnetic resonance
(NMR; JEOL, Ltd., Tokyo, Japan, ESC 400, 400 MHz) spectroscopy and
elemental analysis. Ultraviolet—visible (UV-vis) and fluorescence spectra were
acquired using RF-2500PC and RF-5300PC spectrophotometers, respectively
(Shimadzu Co., Ltd., Kyoto, Japan). Transmission electron microscopy (TEM)
was performed with a Tecnai G2 F20 instrument (FEI Co., Hillsboro, OR, USA)
operating at 200 kV. TEM specimens were prepared by putting a carbon-coated
TEM grid on the liquid surface of a solution, removing the TEM grid and
transferring the nanostructure in solution onto the carbon-coated TEM grid.
Assessments using 2-D small-angle X-ray scattering (SAXS)% with high brilliance
synchrotron X-rays were carried out using a PILATUS300K-W (Dectris Ltd.,
Baden, Switzerland; 2-D detector), applying a wavelength of 0.1488 nm, on the
BL-10C beamline at the Photon Factory within the High Energy Accelerator
Research Organization, Tsukuba, Japan. Chicken tendon collagen was used as a
standard sample for SAXS measurements to calibrate the magnitude of the
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scattering vector, g, as defined by q = (47/4)sin(6/2), with A and 6 being the X-ray
wavelength and scattering angle, respectively. The 2-D SAXS patterns were
further converted to one-dimensional profiles by sector averaging. Emission
quantum yields were determined using a Hamamatsu C9920-02 instrument
(excitation: 355 nm) (Hamamatsu Photonics K.K., Shizuoka, Japan), and
phosphorescence lifetimes were assessed using the time-correlated single-photon
counting method with a Horiba FluoroCube 3000U (excitation: 340 nm, nano
LED, repetition rate: 100 kHz) (HORIBA, Ltd., Kyoto, Japan).

Synthesis of the chain transfer agent, S-1-dodecyl-S-(ot,o’-dimethyl-
o-acetic acid)trithiocarbonate (DTC) and S-1-dodecyl-S™-(ot,0r'
dimethyl-a”-(N-(2-aminoethyl)acetamide)trithiocarbonate chloride
(DTC-NH;Cl)
DTC was synthesized according to a literature procedure,®® and DTC-NH;Cl
was obtained from DTC by modified literature procedures (Figure 1).67-7°

A solution of DTC (3.3 g, 8.9 mmol) and ((benzotriazol-1-yloxy)-tris(dimethy-
lamino) phosphonium hexafluorophosphate (4.60, 10 mmol) in dry dichloro-
methane was degassed by sparging with N,. N-Boc-ethylenediamine (1.0 g,
6.2mmol) in 10 ml dichloromethane was added dropwise to the solution,
followed by the dropwise addition of dry trimethylamine (0.6 ml, 6.0 mmol).
During these additions, the solution temperature was maintained at 0 °C. The
mixture was subsequently stirred for 43 h; washed with an aqueous NaHCO;
solution (x3), a saturated aqueous NaCl solution (x3) and brine and finally dried
over Na,SO4. Chromatographic separation (Silica gel, petroleum ether/ethyl
acetate (10:9, v/v)) yielded DTC-NHBoc as a yellow oil (2.6 g, 82%). DTC-
NHBoc: FT-IR (attenuated total reflectance (ATR)): e cm™ ! 3334, 1692, 1657,
1515, 1066, 732; 'H NMR (CDCl; with 0.05% v/v TMS, 400 MHz): 5y 0.86-0.90
(H, t, J=6.0 Hz, CH3(CHy)g—), 1.15-1.35 (16H, m, CH;(CH,)g), 1.38-1.40
(2H, m, CH,CH,CH,S), 1.44 (9H, s, C(CH3)3), 1.63-1.66 (2H, m, CH,CH,S),
1.69 (6H, s, SC(CH;3),CO), 3.26-3.33 (2H, m, CH,S) and (4H, m,
NHCH,CH,NH), 4.79 (1H, m, NHCOO), 6.88 (1H, m, C(CH3);CONH).

DTC-NHBoc (2.6 g, 5.1 mmol) was dissolved in trifluoroacetic acid (18 ml)
at 0 °C. After stirring for 1.5 h, the solution was concentrated under vacuum
and dissolved in acetone (42.3 ml). Holding the solution temperature at 0 °C,
concentrated hydrochloric acid (0.77 ml) was slowly added dropwise, after
which the solution was stored overnight in a refrigerator. The resulting
precipitate was removed by filtration and dissolved in ethanol (50 ml). The
ethanol solution was then added to n-hexane (800 ml), producing a yellow
solid (2.9 g, 73%). DTC-NH;Cl: FT-IR (ATR): vy, cm ™! 3416-3347, 1646,
1637, 1529, 1061, 722; '"H NMR (CDCl; with 0.05% v/v TMS, 400 MHz): 5y
0.86-0.90 (3H, t, J=6.4 Hz, CH3(CH,)g—), 1.15-1.35 (16H, m, CH5(CH,)g),
137-1.38 (2H, m, CH,CH,CH,S), 1.63-1.68 (2H, m, CH,CH,S), 1.73
(6H, s, SC(CH;),CO), 3.21-323 (2H, m, CH,S), 325-329 (2H, m,
NHCH,CH,NH;Cl), 3.62-3.63 (2H, m, NHCH,CH,NH;Cl), 7.52-7.57
(1H, m, C(CH;);CONH).
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Table 1 Results from the polymerization of DTC-NH3Cl and NIPAAm

NIPAAm per g DTC-NH3ClI per g AIBN per g Degree of polymerization of NIPAAm
Sample (mmol) (mmol) (mmol) M) MwMn Yield per g Conv./%
1: DTC-NIPAAm;3-NH3Cl 0.17 (1.5) 0.067 (0.15) 0.028 (0.17) 13 (1900) 1.03 0.099 57
2: DTC-NIPAAmMg1-NH3CI 0.28 (2.5) 0.22 (0.55) 0.083 (0.50) 61 (7300) 1.13 0.21 75
3: DTC-NIPAAm7g-NH3CI 0.57 (5.0) 0.22 (0.55) 0.083 (0.51) 78 (9200) 1.06 0.45 79
4: DTC-NIPAAm;19-NH3ClI 1.1 (12) 0.21 (0.50) 0.82 (5.0) 119 (13 900) 1.20 0.79 71
5: DTC-NIPAAmM274-NH3Cl 0.93 (8.2) 0.073 (0.16) 0.027 (0.16) 274 (31 400) 1.16 0.53 57
Abbreviations: AIBN, 2,2-azobisbutylonitrile; DTC-NH3Cl, S-1-dodecyl-S-(«,o-dimethyl-a"-(N-(2-aminoethyl)acetamide)trithiocarbonate chloride; NIPAAm, N-isopropylacrylamide.
Table 2 LCST (°C) of DTC-NIPAAm,-NH3ClI (1-6) in aqueous solution at various pH
Sample pH 3.0 pH 4.0 pH 5.0 pH 6.0 pH 7.0 pH 8.0 pH 9.0 pH 10.0 pH 11.0
1: DTC-NIPAAm;3-NH3Cl NA NA NA NA NA NA 27 28 30
2: DTC-NIPAAmg1-NH3Cl NA NA NA NA NA NA NA 4 4
3: DTC-NIPAAm7g-NH3CI NA NA NA NA NA NA NA 11 14
4: DTC-NIPAAm;19-NH3ClI NA NA NA NA NA NA 28 28 27
5: DTC-NIPAAM,74-NH3Cl 31 31 31 31 29 28 28 28 28

Abbreviations: DTC, S-1-dodecyl-S-trithiocarbonate; LCST, lower critical solution temperature; NA, distinct LCST (phase separation) was not observed; NIPAAm, N-isopropylacrylamide.

Synthesis of amphiphilic PNIPAAm

Amphiphilic PNIPAAm was synthesized using reversible addition-
fragmentation chain transfer polymerization (RAFT), following a literature
procedure.” The paragraph below describes a typical polymerization of
NIPAAm under bulk conditions at 70 °C employing an amphiphilic PNIPAAm
derived from DTC (Table 1 lists the amounts of all reagents).

NIPAAm, 2,2"-azobisbutylonitrile and DTC-NH;CI (see Table 1) were added
to a 50.0 ml round-bottom flask equipped with a magnetic stir bar, after which
the solution was degassed three times using the freeze-—vacuum-thaw method.
The mixture was then preheated in an oil bath at 70 °C, and polymerization
was allowed to proceed for 19 h prior to being terminated by exposure to air
and quenching in liquid nitrogen. The mixture was concentrated under
vacuum and the solid residue was dissolved in 3 ml dimethylformamide,
followed by adding 300 ml diethyl ether to the solution and storing the mixture
overnight in a refrigerator. The resulting precipitate was removed by filtration
and dried under vacuum, yielding a white solid. Table 1 provides the yield,
conversion and degree of polymerization data.

General preparation of polymer/metal cyanide complex composites
Ternary composites were prepared by mixing DI water solutions of
K[Au(CN),] (1.0 mm, 2 ml) or Ky[Pt(CN)4] (0.5 mm, 2 ml) with DI water
solutions of 1 to 5 ([-NH3Cl]=1.0mmM, 2ml) at room temperature
([-NH;3] = [Au(CN),] = 1/2[Pt(CN)4] = 0.5 mm). Furthermore, when amphi-
philic polymers were prepared at less than pH 9 (under amine-protonated
conditions), the composites with metal complexes were prepared, indicating the
electrostatic interaction between metal complexes and amphiphilic polymers
with protonated amino terminal groups. All composite solutions prepared in
this manner were found to be stable in oxygen-free DI water for a period of
1 month, although pure K[Au(CN),] in DI water was unstable in air and
decomposed, with the formation of both oxidation and hydrolysis products and
with a concurrent loss of photoluminescence. The stabilization induced on
adding the amphiphiles indicates that the aggregation of the composites
subsequent to the polymer addition prevents [Au(CN),]~ from reacting with

oxygen.

RESULTS AND DISCUSSION

Supramolecular structures of DTC-NIPAAm,-NH;Cl with an alkyl
and an amine group

DTC-NH;Cl  (Figure 1) was synthesized by introducing
1,2-diaminoethane to DTC, as in previous reports.®*7% Amphiphilic
PNIPAAm (DTC-PNIPAAm,-NH;Cl) was obtained by combining

NIPAAm with DTC-NH;Cl through RAFT polymerization (Table 1)
to synthesize DTC-NIPAAm,3-NH;Cl (1), DTC-NIPAAmg;-NH;Cl
(2), DTC-NIPAAm;g-NH;Cl (3), DTC-NIPAAm, ;o-NH;Cl (4) and
DTC-NIPAAm,;,-NH;3Cl (5) (Figure 1). Size-exclusion chromatogra-
phy and 'H NMR data indicate that each of the oligomers and
polymers has a low polydispersity index, ranging from 1.03 to 1.20.
When these amphiphilic polymers were dissolved in water at a
concentration of 5 mm, transparent solutions were obtained. To study
the thermal phase transitions at the LCST, the LCSTs of 5 mm aqueous
solutions of these amphiphilic PNIPAAms were determined by
turbidimetry, such that the transmittance of each solution was
recorded while increasing its temperature. A slow heating rate of
0.2°Cmin~! was applied in all measurements to minimize the
thermal lag between the sample cell and the solution. Table 2
summarizes the turbidimetry results for PNIPAAms 1-5 at different
pH values. These data indicate that 1 has LCST values of 27, 28 and
30°C at pH 9.0, 10.0 and 11.0, respectively, whereas no LCST is
observed below pH 8.0. From these results, it is evident that
aggregation and/or settling of the oligomers occurs owing to low
solubility resulting from the deprotonation of the amine group. In
contrast, 2—4 exhibit lower LCST values above pH 10.0 and an
increase in M, appears to elevate the LCST at pH 10.0 (2: 4°C; 3:
11°C; 4: 28°C) and pH 11.0 (2: 4 °C; 3: 14 °C; 4: 27 °C). In addition,
5 shows a constant LCST in the vicinity of 30 °C despite changing the
pH from 3.0 to 11.0. These results show that the end group effect of
the amine moiety is more pronounced in the case of shorter chains.
Moreover, the PNIPAAm chain effect is most significant for the high
M,, sample 5, whereas the end group effect is negligible in this sample.
Therefore, the most important factors influencing the LCST are the
hydrophilic amine group, the hydrophobic alkyl chain and the thermal
transition of the PNIPAAm group.”"7?

To examine the nanostructures of the amphiphilic NIPAAms in
detail, TEM images of aqueous solutions of 1-5 at various pH values
were acquired (Figure 2). Oligomer 1 displays a needle-like morphol-
ogy (length: ~100 nm, width: ~3-5nm) at pH 3.0 (Figure 2a),
indicating that fibrous layers were formed as a result of its amphiphilic
chemical structure. Using the Corey—Pauling-Koltun model (also
referred to as space-filling calotte models)’3, the length of 1 was
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Figure 2 TEM images of DTC-NIPAAmM,-NH3Cl samples in water (0.5 mwm). (@) DTC-NIPAAm;3-NH3Cl at pH 3.0, (b) DTC-NIPAAm;3-NH3Cl at pH 7.0,
(c) DTC-NIPAAm;3-NH3Cl at pH 10.0, (d) DTC-NIPAAmg;-NH3Cl at pH 3.0, (e) DTC-NIPAAmg1-NH3Cl at pH 7.0, and (f) DTC-NIPAAmg;-NH3Cl at
pH 10.0. Samples were stained by 2 wt% uranyl acetate solution after casting and drying.

Table 3 LCST (°C) of amphiphilic NIPAAm (1-6) with [Au(CN),1~ or
[Pt(CN)41%~ in aqueous solution at pH 7.0

Sample [Au(CN).I [PHCN)4 PP~
1: DTC-NIPAAM;3-NH5CI 36 30
2: DTC-NIPAAmg1-NH3CI 38 30
3: DTC-NIPAAM75-NH3C| 44 30
4: DTC-NIPAAM} 19-NH3CI 33 30
5: DTC-NIPAAM_74-NH3CI 31 30

Abbreviations: DTC, S-1-dodecyl-S*-trithiocarbonate; LCST, lower critical solution temperature;
NIPAAm, N-isopropylacrylamide.

estimated to be approximately 3 nm, assuming an all-trans configura-
tion; hence, the width of the needle structures seen in the TEM images
is nearly twice the length of the oligomer. These structures are
therefore composed of bilayer strands and/or stacked multilayers of
oligomers. In solutions with pH values >7.0, undefined or precipi-
tated structures are observed (Figures 2b and c), indicating that the
amine group was deprotonated and thus there was a lack of
amphiphilicity. In addition, oligomer 2 displays a vesicle structure
with a thickness of approximately 20nm and a diameter of
100-150 nm at pH values of 3 and 7 (Figures 2d and e) but exhibits
an agglomerated structure above pH 10.0 (Figure 2f). Conversely,
3-5 does not adopt any special morphologies. Generally, the colloidal
micelles or vesicles formed by the amphiphilic NIPAAm polymers
were found to be stable, and these supramolecular assemblies did not
precipitate from water at elevated temperatures.”>’*”> Thus the
supramolecular assembly of 1 and 2 not only allows the tuning of
the LCST but also leads to the formation of nanostructures in water.

Composites of amphiphilic NIPAAm oligomers and polymers with
metal cyanide complexes

Dispersions were produced by adding K[Au(CN),] or K,[Pt(CN),] to
aqueous solutions of the amphiphilic NIPAAm polymers at 1:1 molar
ratios (based on [Au(CN),] ") or at 2:1 molar ratios (based on
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[Pt(CN)4]?>7) relative to the amine moiety. The LCSTs of the final
mixtures of these composites with amphiphilic PNIPAAms
([PNIPAAm] =5 mm) were determined by turbidimetry. Table 3
summarizes the turbidimetry results for each PNIPAAm (1-5) when
combined with [Au(CN),]” or [Pt(CN)4?", indicating that each
composite exhibits a higher LCST than the original oligomer or
polymer. It is known that, in general, the transition temperature and
discontinuity exhibited by PNIPAAm gels are strongly affected by the
presence of specific anions, such that the LCST is lowered.”® There-
fore, these results indicate that the aggregation of the oligomers and
polymers is due to increased hydrophobic interactions and reduced
solubility caused by the cancellation of electrostatic charges.

The associated aggregation and self-assembly of the metal cyanide
complexes were investigated by TEM. In these experiments, the
samples were not stained, and the dark regions are ascribed to Au
or Pt present in the composites. Interestingly, 1/[Au(CN),] (Figure 3a)
exhibits square nanostructures with widths in the range of
100-200 nm. In addition, 2/[Au(CN),] (Figure 3b), 1/[Pt(CN),]
(Figure 4a) and 2/[Pt(CN),] (Figure 4b) adopt supramolecular
nanostructures consisting of assembled nanorods (2/[Au(CN),]:
length:  40-150 nm, width: 15-30nm; 1/[Pt(CN),]: length:
40-50 nm, width: 10-20 nm; 2/[Pt(CN)4]: length: 50-150 nm, width:
15-20 nm). These square and rod-like nanostructures presumably
formed as a result of the self-assembly of metal complex/amphiphile
composites. Diblock copolymers containing hydrophilic and
hydrophobic chains tend to form unidirectionally stacked lamellar
structures owing to the nucleation of lamellar layers, and when grown
anisotropically, these lamellar layers generate nanorods.>*2> These
amphiphilic PNIPAAms in combination with metal complexes are
therefore capable of interacting not only at the molecular level but also
on the nanometer scale to form hierarchical structures, a phenomenon
similar to the formation of quaternary structures of proteins.

In contrast, composites of 3—5 with [Au(CN);] or [Pt(CN),4] display
either undefined or networked structures ranging from several
hundred nanometers to several micrometers in length (Figures 3c—e
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Figure 3 TEM images of DTC-NIPAAmM,-NH3/[Au(CN),] samples in water at pH 7.0 ([11=[2]=[3]1=[4]1=[5]=[Au(CN),]1=0.5 mw).

(@) 1/[Au(CN)l,

(b) 2/[Au(CN)2], (c) 3/[Au(CN),], (d) 4/[Au(CN),] and (e) 5/[Au(CN),]. Samples were observed without negative staining.

Figure 4 TEM images of DTC-NIPAAm,-NH3/[Pt(CN)4] samples in water at pH 7.0 ([11=[2]=[3]1=[4]1=[5]=1/2[Pt(CN)4]1=0.5 mm). (@) 1/[Pt(CN)4],
(b) 2/[Pt(CN)4], (c) 3/[Pt(CN)4], (d) 4/[Pt(CN)4] and (e) 5/[Pt(CN)4]. Samples were observed without negative staining.

and 4c—e). Although it is possible that both the irregular and
agglomerated structures were formed during sample preparation as a
result of evaporation on the carbon-coated Cu mesh, it is more likely
that these nanostructures were randomly generated as a consequence
of the assembly of partially amorphous polymers into larger structures,
in association with random-coil copolymers with higher degrees of
polymerization.

The size distributions of the nanostructures in water were also
analyzed by dynamic light scattering (DLS). DLS data were obtained
for 1-5/[Au(CN),]| and 1-5/[Pt(CN),] at 25°C. The data of 1 with
metal cyanide complexes contains at least two peaks in the volume-

based mean nanostructure size distributions, at approximately 50 and
500 nm (Figures 5a and 6a). These results are consistent with the
square and rod nanostructures having thicknesses of the order of tens
of nanometers and widths of the order of several hundreds of
nanometers observed in the TEM images, although DLS only evaluates
the hydrodynamic radii of dispersed structures in a solvent. PNIPAAm
2 with metal cyanide complexes also shows a light scattering signal
indicating several hundred nanometers (Figures 5b and 6b). In
contrast, 3-5 with metal cyanide complexes show light scattering
signals with at least three peaks in the volume-based mean size
distributions, at approximately several tens of nanometers, several
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Figure 5 Size distributions of DTC-NIPAAm,-NH3/[Au(CN),] samples in water at pH 7.0 ([11=[2]=[3]=[4]=[5]=[Au(CN)2]=0.5 mwm). (@) 1/[Au(CN),],

(b) 2/[Au(CN)2], (c) 3/[AU(CN)2], (d) 4/[Au(CN),] and (e) 5/[Au(CN),].

hundreds of nanometers and several microns (Figures 5c—e and 6¢—e),
which are consistent with the multi-dispersed assemblies in the
TEM images. The results demonstrate that the use of amphiphilic
NIPAAm/metal cyanide complexes leads to the assembly of
supramolecular structures in water.

SAXS analysis of the composites in water was performed (Figures 7a
and b), and SAXS profiles were generated from isotropic 2-D SAXS
patterns. The results show the formation of cylindrical nanostructures
with sizes ranging from several nanometers to ~20-70 nm, deter-
mined by fitting the data with a cylindrical model for a mixture of
cylinders with different radii (Figures 7c—g). The lengths of all

Polymer Journal

oligomers and polymers were estimated to be ~3-5nm, assuming
an all-trans configuration using the Corey—Pauling—Koltun model
(also referred to as space-filling calotte models)’>. The size of the
structures, ~ 2070 nm, was approximately several times the length of
the oligomer. In addition, it is noteworthy that the model consisting of
a mixture of spheres can also be used to fit the data (Supplementary
Figure S1), whereas the lamellar model consisting of a mixture of
lamellae with different thicknesses cannot be used to sufficiently fit
the data (Supplementary Figure S2). Therefore, based on the
complementary TEM, DLS and SAXS data, it is suggested that
hybrids of PNIPAAms and metal complexes can lead not only to
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Figure 6 Size distributions of DTC-NIPAAm,-NH3/[Pt(CN)4] samples in water at pH 7.0 ([11=[2]=[3]=[4]1=[5]=1/2[Pt(CN)4]1=0.5 mm). (@) 1/[Pt(CN)4],

(b) 2/[Pt(CN)4], (c) 3/[Pt(CN)4], (d) 4/[Pt(CN)4] and (e) 5/[Pt(CN)4].

nanostructures in water but also to cylindrical aggregates with radii of
~20-70nm (or spherical aggregates of the order of several
nanometers in size) assembled in rod, square and sheet structures
with widths of several hundred nanometers.

Nanocomposites of these amphiphilic oligomers/polymers with
[Au(CN),]~ or [Pt(CN)4]?~ were also assessed by UV-vis spectro-
scopy (Supplementary Figure S3). The addition of 0.5 mm aqueous
solutions of K[Au(CN),] to 1-5 results in the appearance of a new
absorption shoulder and/or peaks in the region of 250-350 nm. These
observations suggest the presence of [Au(CN),]~ and [Pt(CN),]*~,
which both exhibit electrostatic interactions with the positively

charged amine moieties of the NIPAAm and metallophilicity.
We also investigated the aggregation of [Au(CN),]~ and [Pt(CN),]?~
and their metallophilic interactions by obtaining luminescence spectra
of the composites. The emission spectra of composites 1-5/[Au(CN),]~
(amine group:K[Au(CN),] =1:1) and 1-5/[Pt(CN)4]?>~ (amine group:
[Pt(CN)4] =2:1) are shown in Supplementary Figure S4. The 0.5 mm
solutions of [Au(CN),]™ and [Pt(CN),]?~ exhibit weak luminescence
in the range of 340-450 nm. However, the quantum yields of
[Au(CN),]~ and [Pt(CN),]*> in DI water are both <1%, and the
emission lifetimes of these solutions are <10 ns (Supplementary Table
S1). These data suggest that almost all of the observed luminescence
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Figure 7 SAXS profiles (double logarithmic plot of the scattering intensity vs g) of (a) DTC-NIPAAm,-NH3/[Au(CN),] and (b) DTC-NIPAAm,-NH3/[Pt(CN)4].
Evaluated size distributions, determined by fitting the SAXS profiles with the cylindrical model, for DTC-NIPAAm,-NH3/metal cyanide complexes in water at
pH 7.0 ([11=[2]1=[31=[4]1=[5]1=[Au(CN),]1=1/2[Pt(CN)4]1=0.5 mm). (c) 1/metal cyanide complexes, (d) 2/metal cyanide complexes, (e) 3/metal cyanide
complexes, (f) 4/metal cyanide complexes, and (g) 5/metal cyanide complexes.

originates from the monomeric fluorescence of [Au(CN),]” and
[Pt(CN),]>~ previously observed in water,””~’? although weak metal-
lophilic interactions were observed in the luminescence spectra.
Overall, based on solvation dynamics, it appears that composites of
[Au(CN),]~ or [Pt(CN)4]?~ with the amphiphilic oligomers/polymers
undergo alignment such that there is sufficient distance between the
metal complexes, even in the nanocomposites.

Thermoresponsive metallophilic interactions of amphiphilic
NIPAAm/metal cyanide complexes

To confirm the relationship between thermoresponsiveness and
morphology, Figure 8 displays a set of representative TEM images of
samples prepared in solutions at different temperatures. At 21 °C,
1/[Au(CN),] shows a square-like structure (Figure 8a). In contrast, at
45°C, sheet-like structures appear (Figure 8b), resulting from the
aggregation of the nanocomposite upon undergoing the LCST. The
thermoresponsive nanocomposite 1/[Au(CN),] thus undergoes
assembly owing to the extension of the PNIPAAm chain and the
small metal-metal distance. Below the LCST of the nanocomposite
Figure 8 TEM images of DTC-NIPAAMis-NH3 (L/TAUCN),] samples at (30 C) the interaction among PNIPAAM chains is weak. It is noted
(@) 21 °C and (b) 45 °C and DTC-NIPAAM;3-NH3/[Pt(CN)4] at (c) 21 °C and  that, above the LCST, 2-D sheets with widths of several microns are
(d) 45 °C in water at pH 7.0 ([11=[Au(CN),]= 1/2[Pt(CN)41=0.5 mw). self-assembled with increasing temperature. In the case of 1/[Pt(CN)
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Figure 9 Hierarchical schematic illustration of the self-assembly of DTC-NIPAAmM,-NH3/[Au(CN),]

4], thermoresponsive interactions are also found (Figures 8c and d),
while the self-assembling structures of the nanocomposites composed
of 2-5 are fully agglomerated and TEM images do not show clear
morphologies. Therefore, the thermoresponsive phenomenon is
attributed to delicate interactions among the metal complexes via
van der Waals forces between the chains of 1. In contrast,
nanocomposites containing 2-5, which have longer PNIPAAm chains
than 1, exhibit interactions that are too strong to maintain assembled
structures in water.

PNIPAAm is hydrophilic below the LCST but becomes hydro-
phobic following the LCS transition. Amphiphilic NIPAAm/metal
cyanide complexes thus undergo phase transitions at their LCST
because of the cooperative dehydration of the PNIPAAm chains and
the concomitant collapse of individual chains from hydrated coils to
hydrophobic globules. A second cause of phase transitions at the LCST
is the weak metallophilic interactions among metal cyanide complexes.
As a result of these two factors, the nanocomposites investigated
herein show remarkable temperature sensitivity.

The results of our morphological and spectroscopic characterization
provide detailed information regarding the nature of the composites
self-assembled from diblock copolypeptide amphiphiles and metal
complexes (Figure 9). The data from UV-vis absorption and lumines-
cence analyses show that the amphiphilic PNIPAAm/metal cyanide
composites include both aggregated and monomeric species. The
electrostatic interactions between the amine segments and the anionic
metal cyanide complexes as well as the low degree of polymerization of
approximately 100 both have a significant role in the morphological
control. High-resolution TEM observations demonstrate that
molecular-scale rod structures are formed from the aggregation of
the polymer with metal complexes, especially when employing
PNIPAAm with lower degrees of polymerization. It is therefore
evident that the amphiphile is capable of inducing interesting
alignment structures in aqueous solutions of metal complexes.

CONCLUSIONS

We have demonstrated the formation of amphiphilic PNTPAAm/metal
cyanide complex composites with significant variations in nanostruc-
ture depending on the structure of the PNIPAAm. The formation of
composite materials produced by combining these amphiphiles with
the metal complexes demonstrates that it is possible to promote the
formation of one-dimensional structures such as rods as well as more
complex architectures, including square structures. The technique of
combining amphiphilic molecules with discrete coordination com-
pounds thus makes it possible to design flexible supramolecular
coordination systems. This general concept of an amphiphilic polymer
composite could be extended to include other useful compounds and

K Kuroiwa et al
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and DTC-NIPAAM,-NH3/[P{(CN),] in water.

should provide valuable information leading to further advances in the
fields of coordination materials and synthetic polymer chemistry.
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