FULL PAPER

Organized Nanostructured Complexes of Inorganic Clusters and Surfactants
That Exhibit Thermal Solid-State Transformations

Franck Camerel, Markus Antonietti, and Charl F. J. Faul*!?!

Abstract: Facile organization of the in-
organic crown-shaped [Ni;P;S;,]*~ ion
(1) into room-temperature liquid-crys-
talline materials by complexation with
double-tail ammonium surfactants is
achieved by the ionic self-assembly
(ISA) route. Small-angle X-ray diffrac-
tion, UV/Vis spectroscopy, and 3P

plexes show an interesting solid-state
structure transition. Upon heating, the
inorganic crown species polymerizes to
the inorganic polyelectrolyte . [NiPS,]~.

Keywords: ionic self-assembly - lig-
uid crystals -nanostructures - supra-
molecular chemistry - surfactants

This structural transition is reversible,
and involves a solvent/dissolution cycle.
The facile preparation and facile op-
tional induction of phase and structural
changes make these complexes candi-
dates for a number of applications in
which cooperative, metastable switching
with sufficient contrast of optical and

NMR analyses reveal that these com-

Introduction

Self-assembly, a process well known to naturel® 2 has provided
a way to produce organized matter with complex supra-
molecular architectures.?l In the search for supramolecular
functional materials the aim is that the molecular information
coded within the structure of the tectonic units should induce
controlled organization. The specific functions of the material
should then, ideally, be a direct result of the formed
structure(” 8l and, in the case of dynamic devices, should be
externally triggered (by light, pressure, temperature etc.) to
produce reversible changes.

Recently, a facile route for the production of highly
organized supramolecular materials from a variety of charged
building blocks by complexation with surfactants was intro-
duced.”’! Unlike the well-known routes of supramolecular
synthesis (such as H-bonding interactions,'”) metal-ion coor-
dination interactions,'!l etc.), the ionic self-assembly (ISA)
process uses electrostatic interactions between charged sur-
factants and oppositely charged oligoelectrolytic species as
the primary interaction, and hydrophobic and m—m interac-
tions as secondary motifs to promote self-organization. By
introduction of double-tail surfactant species, and thereby
increasing the number of alkyl groups within the materials, it
is also possible to produce soft materials from very rigid
tectonic units, which show thermotropic liquid-crystalline
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solid-state properties is required.

behavior.'”l This principle of introduction of an “internal
solvent”[3] is well known and used within the classical liquid-
crystal community.

The addition of surfactants to inorganic clusters as their
counterions usually results in crystalline materials.'* *] For
the lanthanide alkanoates the properties of the lanthanide
counterion were critical for the formation of organized
structures in these systems.l'] For the silver-containing poly-
catenar materials, for which the addition of silver dodecylsul-
fate to a stilbazole precursor leads to the formation of the final
polycatenar material, both thermotropic!'”! and lyotropic!'®
phase behavior have been observed. Mesostructured materi-
als with long-range order based on clusters and surfactants
were also obtained from the addition of surfactants to
polyoxometalates (hollow/spherical and ring-shaped clus-
ters); however (except in case of the macrorings), the
materials only displayed surfactant-encapsulated struc-
tures.l'> 20.21] These materials are analogous to the known
organic polyelectrolyte —surfactant materials,”?! where the
addition of charged surfactants to an oppositely charged
polyelectrolyte leads to the formation of mesostructured
materials in a highly cooperative manner. The direct trans-
lation into inorganic polyelectrolyte —surfactant complexes
has also been reported.’!

Herein we employ the ISA route to generate nanostruc-
tured organic/inorganic hybrid materials with switchable
structures from a special inorganic oligoelectrolyte species,
the trimetallic concave cyclic anion [Ni;P;S,]>~ (1) with
pseudo-Cj;, symmetry. This species is obtained from the
autofragmentation/rearrangement of the inorganic polymer
J[NiPS,]~ in dimethylformamide (DMF) at 50°C.2Y The
synthesis®> 2] and properties?* 2"l of the polymer are descri-
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bed in detail elsewhere. This bowl-shaped cyclic anion 1,
whose charges are mainly localized on the three single-
bonded outer sulfur atoms,?’”! appears to be a good candidate
to form mesophases by the ISA route with charged surfac-
tants. This notion is supported by the tendency of this crown of
pseudo-Cj;, symmetry to form 1D or 2D crystalline arrange-
ments after exchange of the alkali cations by small organic
cations.!

Results and Discussion

A series of double-tail dialkyldimethylammonium surfactants
(DiC;,DAB, DiC,DAB, DiC;(DAB, and DiC;DAB) was
selected for complexation with the potassium salt of the
oligoelectrolytic crown 1. These surfactants were chosen with
the aim of producing soft, mesostructured noncrystalline
materials, as deduced from our previous work. The surfactants
were dissolved in DMF, and added to 1 in a 3:1 ratio
(stoichiometric in terms of charges). No precipitation occur-
red, but flexible red films were obtained after evaporation of
the solvent. Wide-angle X-ray scattering (WAXS) analyses
confirmed the formation of KBr crystals as the side product of
the complexation process. Direct removal of the resulting salt
by extraction with water could not be performed, since the
P—S bonds in thiophosphate compounds are susceptible to
hydrolysis in aqueous media. However, the crown (now
surrounded by long-chain surfactants) can easily be separated
(by extraction with organic solvents such as chloroform or
toluene) from the salts. WAXS analyses underlined both the
absence of KBr in the films (vacuum-dried again) and that
they were noncrystalline. Energy-dispersive X-ray analyses
(EDAX) analyses on these films showed only the presence of
Ni, P, and S. No K or Br could be detected, which confirmed
the complete and cooperative exchange of the small cation
with the dialkyldimethylammonium species. The 3:1 ratio of
complexation was also confirmed by means of elemental
analyses.

The films were investigated by polarized optical microscopy
and exhibited strong birefringence (Figure 1). This clearly
pointed to the fact that these materials are thermotropic
liquid crystals at room temperature (WAXS analyses, see
above, already showed that the films are noncrystalline). No
typical textures could be identified and no additional infor-
mation could be obtained from the color.

The thermal properties of these materials were investigated
by thermogravimetric analysis (TGA) and differential scan-
ning calorimetry (DSC). TGA analyses revealed that the
degradation temperature was generally above 220°C. DSC
analyses showed that, except for the DiC;,DA complex, all
others exhibit reversible thermal transitions. Figure 2 shows,
as an example, the DSC curve of the [Ni;P;S;,]*7/DiC(DA
complex. A strong endothermic transition (AH=9.0Jg™!) is
found centered around 24.3 °C, with some precursor melting
due to less-ordered domains. As the length of the alkyl tail
increases (from DiC,, to DiCyg), the transition temperatures
and transition enthalpies for this transition also increase. This
is why we attribute this transition to structural rearrange-
ments of the side chains rather than to to major phase changes
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Figure 1. Inorganic cluster/surfactant composites viewed by optical micro-
scopy under crossed polarizers (symbolized by the cross in the corner of the
picture); a) [NizP;S;,]*/DiC;,DA complex at room temperature;
b) [Ni;P;S,,]>/DiC,, DA complex at 100°C.
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Figure 2. DSC curve of the [Ni;P;S,,]*/DiC(DA film.

of the clusters. A second, weaker transition (AH=1.8Jg™)
occurs at 55 °C, which is more pronounced in the first heating
cycle, indicating that it is either an effect which relies on
tempering and slower ordering processes or even an irrever-
sible transition.

To elucidate the morphology of these mesostructured
materials, a range of temperature-dependent WAXS and
SAXS measurements was performed. In all cases WAXS
analyses showed no reflections in the wide-angle region, and
only a broad reflection at approximately 20° (d spacing
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~0.45 nm). This is indicative of a liquidlike arrangement of
alkyl tails.

Room-temperature SAXS analysis of the [NiyP5S;,]>/
DiC,DA complex showed that some type of phase coex-
istence was present in the as-prepared samples, since the well-
developed scattering peaks could be indexed according to two
different sets (see Figure 3a). Since several transitions were
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Figure 3. a) SAXS data of the [Ni;P;S,,]>/DiC;,DA complex; b) the
[Ni;P5S,]*/DiC DA complex; and ¢) the [Ni;P;S,,]*/DiC;,DA complex at
room temperature (top curve) and 100°C (bottom curve).

present in the DSC curve below 100°C, a SAXS diffractogram
was also recorded at this temperature. The resulting diffracto-
gram showed the presence of one lamellar phase only, with a d
spacing of 2.39 nm. An interesting feature present in this
diffractogram as well as in those of all the other complexes
except for the DiC;,DA crown complex at room temperature,
is the broad peak found at an s value of approximately
1.25 nm~". The exact origin of this reflection will be discussed
in more detail below.
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Very similar results to that of the DiC;;DA complex were
obtained for the DiC3sDA complex. SAXS analysis of this
complex also showed phase coexistence at room temperature,
presumably of two lamellar phases. The diffractogram re-
corded at 100°C once again showed that only one lamellar
phase with a d spacing of 3.09 nm was present.

Room-temperature SAXS analysis of the [Ni;P;S;,]*/
DiCsDA complex yielded an even more complex diffraction
pattern consisting of one lamellar and another lamellar/
hexagonal phase (Figure 3b). Heating the sample to 100°C
(past all transitions according to the DSC analysis) led to a
rearrangement and the disappearance of the phases present at
room temperature. Here, only one lamellar phase (d
spacing=2.89 nm) with well developed and characteristic
reflections at ratios of 1:2:3:4 (Figure 3b) is observed. The
characteristic broad reflection at s ~1.25 nm~! was present in
all recorded diffractograms.

In the case of the [NijP;S;,]>/DiC,DA complex, the
influence of the shorter alkyl tails on the phase structure
was evidenced by the fact that the initial phase found at room
temperature was an hexagonal phase (Figure 3c) with no
other phase coexisting. If the dimensions of the inorganic
crown (the thickness and diameter of which were calculated to
be approximately 0.6 nm and approximately 1.4 nm, respec-
tively) and the length of the stretched alkyl chains are taken
into consideration (Table 1), this hexagonal phase can be
explained by a columnar phase of crowns embedded in a

Table 1. Dimensions of the stretched alkyl chains (/,,), d spacing found from the
SAXS patterns at room temperature and at 100°C, and length of the whole
surfactant (I, including the dimethylammonium head group) in nm.[?

I}

surf

lonain  d spacing
DiC,DAB 167 259 Hex (RT) 2.21 Lam (100)
DiC,DAB 192 2388 Lam;2.39 Lam (RT) 2.39 Lam (100)
DiC,,DAB 218  2.68 Lam;2.34 Lam; 1.47 Hex (RT),2.89 Lam (100)
DiC;DAB 243  2.86 Lam, 2.74 Lam (RT) 3.09 Lam (100)

2.07
232
2.58
2.83

[a] The maximum length of the dimethylammonium head group was estimated to be
0.4 nm from X-ray crystal structures containing alkylammonium head groups (N—C
~0.15 nm; C-H ~0.1 nm).
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matrix of alkyl tails. Interestingly, the broad reflection at s ~
1.25 nm~! (observed in all other samples) is not present in the
hexagonal phase. Even though the DSC curves of the complex
showed no transitions, a SAXS diffractogram was recorded at
100°C. Here, the characteristic 1:2:3 pattern of a lamellar
phase (d spacing=2.21 nm) and the characteristic broad
reflection at s=1.25 nm™' now also appeared for the DiC,,
species. A further SAXS measurement, after cooling the
sample down from 100 °C to — 80°C and slowly leaving to heat
up to room temperature again, showed that the lamellar phase
and the broad reflection were preserved.

For all complexes it is however worth mentioning that the
period repeat unit of the high-temperature phase is signifi-
cantly smaller than that of the original low-temperature
phase. This is somewhat unexpected and directly related to a
better distribution of the inorganic material in the organic
matrix. Since the crown (complexed by the surfactants) is
shaped as a discotic tectonic unit, we were expecting to find
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columnar phases. This was however only seen for the
DiC,,DA —crown complex. The maximum length of the alkyl
chains as well as the d spacing found from SAXS results are
shown in Table 1. Keeping the size of the crown species and
the length of the alkyl tails in mind, it is noted that the repeat
distances in all cases (lamellar and hexagonal phases) are
comparably small.

The coexistence of phases, the phase changes observed, and
approximate calculations of size reveal that the crown species
is not necessarily still intact within the solid films. Chemical
changes inside the film are also supported by the fact that for
the DiC;,DA —crown complex, a phase change is observed at
100°C (by SAXS analyses) without any transition present in
the DSC curve. As both the original inorganic polymer and
the crown species have very distinct UV spectra, it was
therefore decided to check for the presence of the crown
species by UV spectroscopy. UV spectra were recorded from
samples spin-coated onto quartz slides and then treated at the
same temperatures as for the bulk films. In addition, UV
solution spectra were measured immediately after dissolution
of the films in DMF.

The results obtained from UV measurements are summar-
ized in Figure 4. In all the cases, except for the [Ni;P5S;,]>/
DiC,,DA complex at room temperature, all of the films
contained, in addition to the crown species (4,,, =305 nm),
inorganic polyelectrolyte (A,,, =370 nm) as well. After the
sample was heated to 100°C, the band attributed to the
inorganic polyelectrolyte at 370 nm was much more pro-
nounced, and even appeared in the UV spectra of the
DiC,DA —crown system (Figure 4b). This is contrary to what
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Figure 4. UV/Vis spectra of the DiC;sDA (a) and the DiC;,DA (b) films at
room temperature and after heating to 100°C in DMF.
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is expected, since heating in solution always leads to the
reversed process, that is fragmentation of the polymer to the
crown.

Tests on the stability of the pure inorganic materials
revealed that heating the polymer or the crown in the solid
state to a temperature above 150°C led to no change in the
molecular composition, that is this transition is indeed purely
structural. UV spectra of a corresponding low molecular
weight salt, namely (PPh,*);[NisP;S;,]*~ crystals, in the solid
state and in solution, were recorded before and after heating.
No formation of polymer was observed. However, removal of
the solvent from a suspension of the (K*);[Ni;P;S,,]*~ salt (in
DMF) led to the formation of polymer in the dry state. The
stability of these amorphous films in air is however very low
compared to that of the polymer/surfactant films.

All these experiments show that the polymerization in the
soft solid state is presumably induced by the close proximity
and favorable mutual arrangement of the single crown
species, and that it is possible to control this polymerization
process in the self-assembled liquid-crystalline state. It was
also found that the polymerization process in the solid state is
irreversible, and that the composition of the films does not
change after several months of storage in air, (i.e. no
degradation). Another interesting observation made during
the UV investigations in solution was the following: when
samples were dissolved in DMF after heating, and the
spectrum recorded immediately after dissolution was com-
pared to one taken after 24 h of stirring, no polymer could be
detected in the UV trace of the stirred sample. Evidently, the
alkyl chains did not stabilize the polymer chains in DMF
solution against the autofragmentation and rearrangement
reactions known for the polymer. When films were then cast
again (i.e. after stirring), as, for example, in the case of the
DiC;,DA complex, the films exhibited the initial hexagonal
phase structure in a reversible way.

To confirm the switch between crown and polymer in these
materials, we studied the system showing the most marked
changes, that is the [Ni;P;S;,]*7/DiC;,DA system by 3P NMR
spectroscopy (see reference [24] and [27] for more details).
Solution-state 3'P NMR spectra were recorded on freshly
prepared deuterated DMF solutions from freshly prepared
inorganic materials, and from the same materials heated to
and kept at 100 °C for 4 h. Short acquisition times were used to
ensure exclusion, as far as possible, of all possible degradation
reactions and of formation of side products. It is known that
the polymer species shows a signal at 6 =123 ppm; a signal
from the crown species gradually appears at 6 =114 ppm as
the autofragmentation and rearrangement takes place. Spec-
tra obtained from the [Ni;P;S,,]>/DiC,,DA complex film cast
in chloroform at room temperature (Figure 5a) display only
one peak at 0 =113.7 ppm confirming the presence of mainly
the crown species in this complex. Spectra obtained of the
same films after heating at 100°C (in DMF, recorded
immediately after dissolution) display only one peak at 6 =
122.7 ppm (Figure 5b), characteristic of the polymer in DMF.
These results confirm the UV/Vis observations and the
complete repolymerization in the soft solid state. After
several hours, this signal in DMF gradually disappears and
the signal of the crown gradually appears at 6 =114 ppm as
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Figure 5. Solution-state 3P NMR spectra at 273 K of a) a freshly prepared
[Ni3P5S,]*/DiC,DA complex film dissolved in DMF and b) of the same
film dissolved in DMF after heating at 100°C for 4 h.

the fragmentation process takes place again. Temperature-
dependent solid-state 3'P NMR experiments were also
performed on the solid films. Owing to the high dilution of
the signals of the nonequivalent phosphorus atoms of the
crown in these solid materials, no clear spectra showing the
crown could be obtained. However, during measurements at
100°C the signal of the polymer at 6 ~ 123 ppm was observed,
and was retained after cooling to room temperature. These
results confirm the stabilization of the polymer in the liquid-
crystalline state.

The described process also has to be discussed within the
broader framework of polymerization reactions within or-
ganized and mesostructured soft systems, a theme that has
been under investigation for several years.>3% Usually,
polymerization of the included species either leads to
disruption of the structure-directing phase,’!! which is due
to minor enthalpic and very large entropic changes through-
out the polymerization reaction, or in favorable cases, to
anisotropic nanostructured networks®! or anisotropic poly-
meric nanoparticles with a structure different from the
primary phase.3 Recently we have made use of polyaddition
reactions within mesostructured polyelectrolyte —surfactant
complexes to produce a fixed, one-to-one copy of the original
mesophasic structure.? The presently described well-defined
structural transition is therefore a rare case, underlining the
high definition and flexibility of organic/inorganic ISA hybrid
materials.

It also became clear that the length of the alkyl chains, and
therefore the material properties of the formed complex (such
as packing parameters, viscosity, and phase transitions), play
an important role in the structure of the films and the onset of
the structural transitions. In the case of the shortest alkyl tail,
the DiC,,DA system, stabilization of the crown in the solid
state is at a maximum. After heating to 100°C, the inorganic
polyelectrolyte is formed with the accompanying phase
change, and was still present when the sample was cooled
back to room temperature. This was not a classical thermo-
tropic phase transition as was expected at first, but rather a
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permanent phase change due to heating, as might be applied
in data storage applications. The structural transition is
nevertheless reversible, involving a solvent/dissolution cycle.

For the other three systems, there was a gradual decrease in
the stabilization of the crown within the alkyl matrix, which is
presumably driven by an altered liquid-crystalline phase
structure. The presence of mixed lamellar phases after the
initial casting of the films (with even a hexagonal phase
present in the [Ni;P;S;,]*-/DiC;(DA system) can now be
explained in terms of a mixture of polymer and crown
inorganic subphases, which result in the coexistence of more
than one phase to accommodate the different species (with
the crowns also presumably being arranged in a lamellar
discotic phase). With heating, sufficient polymer is formed to
produce a single lamellar phase. In the case of [Ni;P5S;,]>~/
DiC(DA, the existence of both hexagonal and lamellar sets of
scattering peaks is presumably attributed to an ordered
hexagonal arrangement of the crown species within the
lamellar subphase, that is a smectic B type arrangement.
The calculated unit cell parameter for the hexagonal sub-
structure is a=1.70 nm (from d=1/s=(y/3 x a/2), which is
much smaller than the hexagonal structure of the [NisP5S,,]>~/
DiC,,DA system. This underlines the fact that for the larger
tails, the surfactants are not between the crowns, but rather
allocated perpendicular to the crown plane in a different
subphase.

The additional broad reflection at s~1.25nm™! thus
originates from the polymer chains, since it was not found
(or to a very low degree only) in the materials where no
polymer (DiC;,DA system) was present. From the known
dimensions of the polymer (diameter ca. 0.67 nm), we suggest
that this peak is most probably due to interchain contribu-
tions, that is the Ni sites adopt a certain regularity within the
lamellar plane of the inorganic subphase. The absence of any
reflection at s~1.25nm™"' (0.8 nm repeat distance) in the
WAXS of the pure polymer confirms that this reflection does
not have an intrachain origin.

The Pd-containing polymer, in contrast to the Ni-containing
polymer used throughout this investigation, is slightly more
stable in DMF up to temperatures of 70°C (a cooperative
fragmentation and degradation process start at this temper-
ature). To perform comparative investigations with polymer
species only, we also synthesized complexes from the Pd-
analogue polymer with charged double-tail dialkyldimethy-
lammonium surfactants. However, this led to the formation of
less-ordered materials, as evident from the broad peaks in the
SAXS region only. This indicates that the organization of
polymer species into very highly ordered materials is more
favorably done by the self-assembly of the precursors
followed by in situ solid-state polymerization in the ordered
structure.

Finally, TEM experiments were performed on dried
samples from solutions of the crown—surfactant complexes.
Figure 6 shows an electron micrograph of a thin film obtained
by depositing a freshly prepared solution of the [Ni;P5S;,]>~/
DiC;,DA complex in chloroform at room temperature. On
this TEM image, one can clearly observe parallel lines with a
lattice spacing of 2.29 nm. This value is close to that of the
lamellar spacing (2.21 nm) of the solid-state structure of this
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Figure 6. TEM image of the [Ni;P;S,,]**/DiC,,DA complex deposited on a
perforated carbon-film copper grid from chloroform at room temperature.

complex observed after heating. Thus, the observed organized
thin-layer structure is presumably attributed to a polymerized
structure, which is induced by the heat and electron uptake
from the electron beam. We were not able to observe any
indications of the primary hexagonal structure by TEM.
Again, this indicates the potential of such materials for
recording and structuring purposes by electron beam writing.

Conclusion

In conclusion, we have shown that it is possible to produce
stable, room-temperature liquid-crystalline materials by ionic
self-assembly, that is electrostatic coupling of anisotropic
inorganic clusters with charged double-tail dialkyldimethy-
lammonium surfactants. The materials produced from the
inorganic crown [NizP;S;,]>~ together with the alkyl chains,
which serve as an internal solvent, show interesting phase and
thermal polymerization behavior in the soft solid state.
Furthermore, the reversible two-state switchability of this
system was demonstrated for the [Ni;P;S,,]*7/DiC,,DA com-
plex, for which a reversible change from crown to polymer (by
heat) and back to the crown species (by solvent) was
demonstrated.

In addition, an original smectic B type discotic arrangement
was observed for the DiC;(DA/[Ni;P;S;,] complex, for which
the inorganic tectonic unit is ordered in a hexagonal 2D array
inside a lamellar subphase. The formation of unusually highly
ordered lamellar polymer phases at 100°C shows that
organization of polymers into highly ordered materials can
preferentially be achieved by a self-assembly of the precursors
followed by the in situ solid-state polymerization where
polymerization and ordering occur simultaneously and mu-
tually depend on each other.

Similar studies are currently in progress to determine the
capability of these materials to respond to pressure instead of
temperature. We also assume that these materials have some
potential for data storage and the creation of surface nano-
structures by either optical or electron-beam writing.

Experimental Section

KMPS, compounds (M =Pd or Ni) were synthesized as described else-
where.” 2] A dark brown solution of the [Ni;P;S;,]*~ crown was obtained
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after dissolution of fine crystals of KNiPS, in DMF (65.5 mmolL~!) and
heating for one week at 50 °C under stirring.*! Insoluble components were
removed by filtration. Stoichiometric amounts (1:1 charge ratio) of the
cationic double-tail alkylammonium bromide surfactants (Aldrich), dis-
solved in a minimum of DMF, were added to solutions of K;[Ni;P5S;,]. The
solutions were stirred for one hour after addition of the surfactant. A large
part of the KBr was removed by precipitation after addition of diethyl ether
and filtration. Evaporation of the solvents (diethyl ether + DMF) at room
temperature under low pressure led to the formation of dark brown films.
The integrity of the crown in this film was confirmed by UV/Vis
spectroscopy. This film was then redissolved in chloroform, filtered, and
quickly extracted with a small amount of water to insure the removal of
residual potassium salts. After casting in a Teflon-coated aluminum holder
(BYTAC, Fisher), a dark brown film is obtained after evaporation. The
films were dried under vacuum (50 mbar) at room temperature. EDAX and
WAXS measurements confirmed the removal of the potassium salts.
Elemental analysis (N, S) indicated that the 1:1 charge ratio of complex-
ation was fulfilled and excluded the presence of free surfactant or
uncomplexed inorganic cluster in the solid precipitate. (PPh,);[Ni;P5S;,]
crystals were synthesized as described elsewhere®! as a reference
compound.

Elemental analyses (C, H, N, S) were performed on a Vario EL Elementar
(Elementar Analysen-systeme, Hanau, Germany). Differential scanning
calorimetry (DSC) was performed on a Netzsch DSC 200. The samples
were examined at a scanning rate of 10 Kmin~' by applying two heating
and one cooling cycle. Thermogravimetric analyses were performed on a
Netzsch TG 209. The samples were examined at a scanning rate of
20 Kmin~' from room temperature to 300 °C.

Small-angle X-ray scattering measurements were carried out with a Nonius
rotating anode (U=40kV, =100 mA, 2 =0.154 nm) using image plates.
With the image plates placed at a distance of 40 cm from the sample, a
scattering vector range of s=0.07-1.6nm~! was available. The 2D
diffraction patterns were transformed into 1D radial averages. The data
noise was calculated according to Poisson statistics, which is a valid
approach for scattering experiments. WAXS measurements were per-
formed by using a Nonius PDS120 powder diffractometer in transmission
geometry. A FR590 generator was used as the source of Cug, radiation
(A=0.154 nm). Monochromatization of the primary beam was achieved by
means of a curved Ge crystal. Scattered radiation was measured by using a
Nonius CPS120 position-sensitive detector. The resolution of this detector
in 26 is 0.018°.

UV/Vis spectra were recorded using a UVIKON 940/941 dual-beam
grating spectrophotometer (Kontron Instruments) with a 1 cm quartz cell.
Solution-state 3P NMR spectra were recorded on a Brucker DPX400
spectrometer operating at a frequency of 161.982 MHz. Spectra were
collected with a 30° pulse length of ~7.8 ps and a power level of 0 dB and a
recycle time of 5s. Processing of the data was performed by using the
XWINPLOT (Brucker) program. The measurement were performed on
deuterated DMF solutions at a concentration of about 10~ molL~! (low
concentrations were used to ensure a fast dissolution of the species).
Spectra were collected with a good signal/noise ratio after 45 min. 3'P solid-
state MAS-NMR spectra were recorded at 161.808 MHz on a Brucker
DMX400 solid-state NMR spectrometer. Spectra were collected with a 90°
pulse of 4 s, a power level of 2 dB, and a recycle time of 5s. 3'P NMR
chemical shifts were referenced through an external 85 % aqueous solution
of H;PO, at 0 ppm and proton decoupling was used.

Transmission electron microscopy (TEM) images were acquired on a Zeiss
EM912W instrument at an acceleration voltage of 120 kV by depositing a
5 pL drop of a suspension of the composite material in chloroform onto a
perforated carbon-film covered grid. Energy-dispersive X-ray analysis
(EDX) experiments were performed on an EDAX-equipped LEO Gemini
1530 scanning electron microscope.
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