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Highly Photoluminescent Polyoxometaloeuropate-Surfactant Complexes by

Ionic Self-Assembly

Tierui Zhang,™ Christian Spitz,"” Markus Antonietti,'” and Charl F. J. Faul**

Abstract: Facile organization of the in-
organic sandwiched heteropolytungsto-
molybdate K;;[Eu(SiWyMo0,03),] (E)
into highly ordered supramolecular
nanostructured materials by complexa-
tion with a series of cationic surfactants

py, and small- and wide-angle X-ray
scattering. This class of materials shows
a number of interesting physicochemi-
cal properties, namely liquid-crystalline
phases (both thermotropic and lyotrop-
ic) and strong photoluminescence. The

photophysical behavior (fluorescence
spectra, fluorescence lifetimes, fluores-
cence quantum yield) of the complexes
differs widely in solid powders, films,
and solutions. The amphiphilic cationic
surfactants not only play a structural

is achieved by the ionic self-assembly
(ISA) route. The structure and phase
behavior of the complexes were exam-
ined by IR spectroscopy, differential
scanning calorimetry, optical microsco-

Keywords:

Introduction

Transition-metal polyoxometalates (POMs) are typical inor-
ganic metal-oxide clusters that exhibit a wealth of topologies
and chemical and physical properties. These materials find
use and application in catalysis, medicine, electrodes, and
materials science.l'>** A recent trend in POM chemistry
has been the fabrication of functional nanostructures by
using POMs as the inorganic building blocks, specifically
using ionic self-assembly. Ichinose etal.”) have obtained
composite materials with layered arrays of isopolyanions
V100,°~ by an ion-exchange technique. Stein et al.l’) and Ja-
nauer et al.”! have synthesized layered materials consisting
of H,W,,0,, and single-tailed trimethylammonium bromide
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role but also have a strong influence
on the photophysical properties of E.
The photophysical behavior of E can in
this way be easily modified by its or-
ganizational motifs.

surfactants. Taguchi et al.®’l obtained hexagonally mesostruc-
tured material with lacunar Keggin PW,,0;,~ ions and do-
decyltrimethylammonium bromide. Mingotaud et al.’'" re-
ported the fabrication of dimethyldioctadecylammonium
(DODA)/POM superlattice Langmuir-Blodgett (LB) films
through ion complexation, which show interesting magnetic
properties. Polarz etal.l'!l analyzed the complexation of
“ferris-wheel”-shaped giant POMs with double-tailed cat-
ionic surfactants and described the organized hexagonal
mesophases formed. Volkmer and Kurth et al.'*"14 recent-
ly described novel strategies to alter the surface properties
of two POMs, with retention of their structural integrity and
intrinsic properties by exchanging the POM counterions
with DODA. This led to the formation of so-called “surfac-
tant-encapsulated clusters” (SECs). Bu et al.'>!%l investigat-
ed the influence of packing on the structure of Langmuir
and LB films of SECs, and the influence of the evaporation
rates of organic solvents on the structure of solvent-cast
films of SECs. The photocatalytic and photochromic proper-
ties of POM-containing multibilayer systems were described
by Moriguchi et al.l'”l and Zhao et al.,'"® respectively. Jin
et al.l”! reported a counterintuitive synthesis route to room-
temperature robust “core-shell” supramolecular assemblies
based on didodecylammonium bromide cationic surfactant
vesicles and ring-shaped POM nanoclusters.

POMs containing lanthanide elements, such as Eu**, Tb**,
Sm**, and Dy’", have attracted much attention owing to
their excellent luminescence properties.” This makes them
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attractive for applications in which lanthanide elements are
used, for example replacements for radioactivity, phosphors
in displays and screens, liquid lasers, and fluorescent
dyes.??22324 Mixed-addenda POMs are formed by substitu-
tion of one or more W¥' or Mo"! ions in POMs by another
metal ion. The functional properties of POMs can be widely
changed by variation of the addenda atoms. Lis and But/®!
have found that K;5[Eu(SiW;;_,Mo0,05),] sandwiched com-
pounds show strong luminescence owing to energy transfer
from the hetero-polytungstomolybdate groups to the Eu’"
ion. The Eu** luminescence intensity of the complexes indi-
cates an increase of the efficiency of the energy transfer
from the hetero-polytungstomolybdate group to the Eu®*
ion as X decreases. However, if X=0, that is,
Ki3[Eu(SiW,,05),], energy transfer from the ligand to Eu’*
is not observed, and the luminescence intensity decreased
by approximately 160 times compared with that of K;[Eu-
(SiWyMo0,03),] at the same concentration.

In the previous preparation of organic/POM mesostruc-
tured materials, DODA was mostly used as the structure-di-
recting agent, with few other surfactants used. The extension
of those experiments to now include hybrid complexes built
up with functional surfactants in combination with the POM
tecton (or building block) carries the promise of new synerg-
istically produced properties. Furthermore, it is also of im-
portance to investigate the effects of different surfactants on
the properties of the resulting POM hybrid materials. This
should provide insight into the structure—property—function
relationships that exist in such nanostructured materials.

Herein, we employ the ionic self-assembly (ISA)Z%%7)
route to generate nanostructured organic—inorganic hybrid
materials from mixed-addenda
[Eu(SiW,M0,05,),]*~  POMs

Results and Discussion

Characterization of the structure: We used FTIR to study
the order of the alkyl chains in the complexes. Frequencies
for the CH, antisymmetric v,(CH,) and the symmetric
stretching v(CH,) bands are sensitive to the conformation
of the alkyl chains.**3!! When the alkyl chains are highly or-
dered (all-trans conformation), the bands appear near 2918
and 2850 cm™!, respectively. However, when the alkyl chains
are highly disordered, the frequencies may shift upward to
near 2927 and 2856 cm™'. Hence, v,((CH,) and v{(CH,) can
be used as practical indicators of the degree of order for
alkyl chains. In the FTIR spectra of the complex, the
v,(CH,) and v{(CH,) bands appeared around 2920 and
2850 cm ™, respectively. Thus, the arrangement of hydrocar-
bon chains is well ordered (but not necessarily crystalline,
see the X-ray analyses below), implying few gauche defects
in the complexes. The bands around 3300-3500 and 1600-
1650 cm™! are assigned to stretching and bending modes of
water, respectively. Strong bands are observed below
1010 cm™' for vibrations originating from E (K;;[Eu(SiW-
Mo0,05),]).5% The bands associated with the anions in the
complexes are generally slightly shifted when compared to
those of the pure solid E in a KBr pellet. This demonstrates
that polyanions are “trapped” in the complexes and that
their chemical structure is not destroyed. The shifts of differ-
ent peaks are related to the organization and especially to
the presence of positively charged surfactants in the com-
plexes. Only minor differences were found in the IR spec-
tra of complex solid powders and their respective films. The
detailed assignments are summarized in Table 1.

Table 1. Frequency values (cm ') and assignments of infrared spectra of the complexes.

and a variety of normal and

functional organic surfactants, E/C,;D E/C,,D E/C,T E/C,,T E/CsF E/C, F E/C;D E Assignments®
ISA has already been success- 342 3449 3445 3443 3440 3441 3452 3423 v, (O—H)
2919 2922 2920 2921 2922 2923 2922 v,(CH,)
fully ~employed to produce s, 2851 2850 2851 2851 2852 2851 v,(CH,)
novel hybrid organic-inorganic 1633 1631 1635 1632 1636 1636 1636 1616 5(0—H)
nanostructured materials that 996 991 999 997 1000 999 997 1005 v(Si—0,)
exhibit interesting switching 940 940 941 943 940 939 938 943 V,s(M—Oy)
properties®™® In general, the 894 891 894 894 894 892 889 v (M—O,~M)
R ) 804 810 806 804 805 816 823 v, (M—O~M)
product of the ISA procedure is 777 773 77 768 768 770 770 762
an organized nano(hybrid) 722 722 720 728 721 722 722 717

structure that combines the
properties of both components.
Here this leads to the combina-
tion of the extraordinary optical and electronic properties of
the POM species with the ability of the organic counterions
to provide dissolution in organic solvents, transparent film
formation, and the convenient orientation of LC species. In
other words, ISA complexes allow the POM tectons to be
brought into forms that are useful for materials application
and that allow new chemical investigations. We focus on the
photophysical properties of these functional hybrid systems
in the solid, solution, and film states.
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[a] as, asymmetric; s, symmetric; v, stretching; d, bending; M =W or Mo.

One strong characteristic absorption band of E at approx-
imately 254 nm™! is found in the UV/Vis spectra of films of
these complexes. This corresponds to the charge-transfer
(CT) transition of Oy —M (O, =bridge oxygen, M=W or
Mo), substantiating the incorporation of the polyanions into
the composite films without structural decomposition. Since
the f—f bands of Eu’* in the visible region are very weak
and can only be seen in concentrated solutions,* the UV/
Vis spectra of the composite films do not show these bands.

The thermal properties of these materials were investigat-
ed by thermogravimetric analysis (TGA) and differential
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scanning calorimetry (DSC). TGA analyses revealed that
the degradation temperature was generally above 220°C for
E/C¢D and E/C;,D complexes; 180°C for E/C T, E/C,T,
and E/CiD complexes, and 130°C for E/C;sF and E/C,F
complexes. DSC analyses showed that, except for the E/C,sF
and E/C,;F complexes, all complexes exhibit reversible ther-
mal transitions. Figure 1 shows, as an example, the DSC

0.5 15.2

2nd heating curve

exo

DSC / mW mg’
[=)
o
1

1st cooling curve

-75 -50 -25 0 25 50 75 100
Temperature / °C

Figure 1. DSC curve of the E/C(D complex.

curve of the E/C;sD complex. A strong endothermic transi-
tion (AH=10.6 kImol ") is found around 15.2°C, which cor-
responds to a typical transition enthalpy of melting of alkyl
chains.®®! As the length of the alkyl tail decreases, the transi-
tion temperatures and transition enthalpies decrease system-
atically. This provides further support for attributing this
transition to structural rearrangements of the alkyl chains.

Further evidence for the conformational order of the sur-
factants in the complexes results from X-ray diffraction in-
vestigations. WAXS analyses showed no sharp reflections in
the wide-angle region in all cases, and only two broad reflec-
tions at approximately 29.2° and 20.5° (18.8° for E/CsF and
E/C,,F complexes). The spacings are calculated to be
0.31 nm and 0.43 nm (0.47 nm). The broad reflection cen-
tered at 0.43 nm corresponds to the lateral packing of the
alkyl chains, indicative of close (but not crystalline) packing
of alkyl chains.”” For the E/CsF and E/C,,F complexes, the
reflection at 0.47 nm indicates loosely packed alkyl chains,
which results from the increased size of the ferrocene head
group. These results correspond to the results from DSC in-
vestigations. The detailed assignments are summarized in
Table 2.

Room-temperature SAXS analyses of the complexes
(Figure 2) show the presence of a number of phases, includ-
ing lamellar, hexagonal, and possibly a cubic phase (as as-
signed from the peak positions). The phase assignments and
d spacings of the complexes are listed in Table 2. The ab-
sence of crystallization in the alkyl tails, combined with the
mesoscopic order (as seen from SAXS) show that, even if
solid materials, all the POM-surfactant complexes are by
definition in a thermotropic liquid-crystalline state at room
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Table 2. WAXS and SAXS experimental result of the complexes.

Sample ~ WAXS WAXS SAXS Assigned
20 spacing [nm] spacing [nm] phase
E/CxD  20.82°,29.18° 043,031 431 Lam
E/C,D  20.56°29.12° 043,031 3.16 Lam
E/CT  21.08°,29.31° 042,031 3.65 (Cubic)!
E/C, T 20.94°,29.15° 042,031 2.93 Hex
E/CxD  20.29°,28.85°  0.44,0.31 345 Lam
E/CsF 18.89°,29.48°  0.47,0.30 2.69 (unclear)
E/C,F  1877°,2933° 0.47,031 232 (unclear)®

[a] Due to the presence of weak diffractions at the 3'"? and 5'* position, a
clear assignment of the phase is not possible. [b] These phases could pos-
sibly be hexagonal phases, but a definite phase assignment cannot be
made.

temperature. Temperature-dependent light microscopy in-
vestigations of all the materials showed no characteristic
textures or transitions to the isotropic state. Melting of the
materials only took place after the onset of degradation
(visible color changes), at the temperatures as found in the
TGA investigations.

However, the results show that we can control the phase
and d spacing of the complexes by choosing different surfac-
tants with different physical characteristics, such as differen-
ces in the length and the number of alkyl tails as well as the
size and style of the head groups. In addition, there is not
much difference between the SAXS patterns of the complex
solids and films, respectively, which shows that they are iso-
morphous.

Lyotropic phase behavior: Only a few examples of lyotropic
liquid-crystalline behavior are known in inorganic chemis-
try.?#3%91 The reason for this might either be due to the ab-
sence of sufficient amphiphilicity in inorganic compounds or
the lack of mobility to enable the adoption of a supramolec-
ular conformation of minimal free energy.!!! As a conse-
quence, it is an important challenge in chemistry to align in-
organic objects into ensembles that display long-range
order. Figure 3a is the optical photomicrograph (taken with
crossed polarizers) of the lyotropic liquid-crystalline phase
as observed from a contact preparation with chloroform. It
shows pseudo-focal conic fan-shaped textures, which are
characteristic for columnar phases.*"*) The pseudo-focal
conical fan-shaped texture gradually changes into a fibroid-
like texture (Figure 3b), which is assigned to a change in the
orientation of the columns parallel to the glass surface
rather than to a new phase. The E/C;,D complex shows the
same lyotropic liquid-crystalline phase behavior as that of
the E/C;(D complex. The solutions of other complexes also
exhibit birefringence under polarized optical microscopy.
However, no typical textures could be identified and no ad-
ditional information could be obtained.

Photoluminescent properties: Figure 4 A shows the excita-
tion spectra monitored for the *D,—'F, transition for E
(solid), E/C¢D (solid), and E/C;;,D (film) on quartz. The ex-
citation spectrum of E (solid) has the characteristic peaks of
Eu’* assigned to the "Fy—’ Lg (395 nm), "'Fy—’D, (465 nm),
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Figure 2. SAXS data of a) the E/C;,D (top) and E/C;,D (bottom) com-
plexes; b) the E/C,;T (top) and E/C;,T (bottom) complexes; c) the E/
CysD (top), E/CsF (middle), and E/C;F (bottom) complexes.

and 'F,—°D, (526 nm, 535 nm) transitions and a wide sym-
metric band ranging from 235 to 435 nm (4,,,, =355 nm) cor-
responding to the O—M ligand-to-metal charge-transfer
(LMCT) transition within the polytungstomolybdate ligand.
This charge-transfer band plays an important role in the lu-
minescence of E since photoexcitation of this transition
leads to intramolecular energy transfer from [SiWoMo,05]*"

1004 — © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 3. Optical textures of a) the hexagonal columnar mesophase of the
E/C;;D complex in chloroform and b) the two typical textures observed.
The fibroid-like texture is probably due to columns aligning parallel to
the surface as observed under crossed polarizers.
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Figure 4. A) Excitation spectra of a) E solid, b) E/C;;D solid, and c) E/
C,D film on quartz monitored into the *Dy—F, transition (614 nm).
B) The excitation spectra of E (full line) and E/C;(D (dotted line) so-
lution, concentration =0.2 mmol L™}, T=25°C.
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to Eu’*, followed by character-
istic luminescence of Eu’*.™
In E/C¢D (solid), the character-
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Table 3. LMCT band (nm), the intensity ratio of the *D,—F, transition to the *D,—F, transition, experimen-
tal °D, lifetime (7, ms) and decay rate (k. ms™'), calculated radiative (k,) and nonradiative (k,) *D, decay
rate (ms™') and quantum yield (17,%) for E and all the complexes in the different states (chloroform was used
as solvent, except where indicated) at room temperature.

istic transitions of Eu®** become

Sampl Stat LMCT  ICD,—E,)/ ke k. ke
weaker and the LMCT band ~'7P¢ ate (5 e ) ! ot g
in the 235420 o] XD 1)
appears 1n the nm
PP , , E solid 355 2.04 2.083 0480 0252 0228 525
region with a narrow maximum solution (water) 334 2.32 3.137 0319 0194 0125 608
slightly blue-shifted to 346 nm. E/C,D  solid 346 412 1.880 0532 0.365 0167  68.6
The intramolecular energy film 304 3.65 1.526 0.655 0.353 0.302 53.9
transfer from the excited state solution 342 127 1.163 0.860  0.706 0154 821
¢ the lieands to the emitting FC:D  solid 354 513 1.974 0507  0.424 0083 837
J & . g film 304 474 1.648 0607  0.401 0206 661
Dy level of Eu’™ is strongly af- solution 342 13.62 1.184 0.845 0812 0033 961
fected by the configuration of E/C,T solid 343 4.01 1.764 0.567 0.357 0.210 63.0
the surrounding ligands.*** In film 314 4.09 1.480 0676 0382 0294 565
- lution 340 4.47 1.634 0612 0346 0266 565
E/Cy¢D (solid), the strong elec- 50
16+ ( , ): , & solution (MF)l 338 727 1152 0.868  0.498 0370 574
trostatic interaction between g 1 g 341 525 1275 0784 0429 0355 547
the CyD surfactants and E has film 328 5.95 1.119 0.894  0.509 0385 570
an influence on the coordina- solution (MF) 339 7.05 1.189 0.841 0.500 0.341 59.5
tion environment of Eu’*, and E/CuD  solid 338 320 0.591 1692 0339 1353 200
I changes . the film 311 3.83 0270 3704 0.420 3284 113
consequently g solution (MF) 339 4.88 0292 3425 0498 2927 145
energy levels of the LMCT of gic.F  solid 354 7.09 0.020 50000 0590  49.410 12
the ligands. The characteristic film 313 6.31 0.017 58.824 0.478 58.346 0.8
transitions of Eu’* can barely solution 345 12.59 - - 0753 - -
E/C,F  solid 352 733 0.033 30303 0598  29.705 20
be detected from the spectrum u
¢ the soli h p film 313 536 0030 33333 0446  32.887 13
of the solid, and the LMCT solution 345 10.87 - - 0.645 - -

bands shift to higher energies
with a maximum at 304 nm. It
shows that the probability of ra-
diative recombination between
an electron and hole in the relaxation of the LMCT state
decreases in the film, contributing to an increase in the
probability of energy transfer to the Eu**,"! and therefore
a further blue shift in the maximum. Our results seem to in-
dicate that the particular orientation of the central E tecton
induced by the film processing procedure is the main factor
responsible for this effect. This is supported by the fact that
no major structural difference between the solid and film
could be detected by either detailed IR or X-ray analyses.
As for the spectra of E and E/C;D (solution) shown in Fig-
ure 4B, differences were observed from the corresponding
solid (position, width, and shape) that may result from the
influence of solvent molecules as well as the molecular ori-
entation within the structured complex material. The assign-
ment of the transitions found in the excitation spectra is
summarized in Table 3.

The room-temperature emission spectra for E (solid), E/
CisD (solid), and E/C;,D (film) on quartz under excitation
into the LMCT states are presented in Figure SA. Each of
the emission spectra exhibit the characteristic transitions of
Eu’*, which are due to transitions within the 4f° electron
shell and attributed to energy-level transitions from the D,
metastable state to various terminal levels, mainly 5D0—>7F]-
(j=0, 1, 2, 3, 4) transitions. Obvious changes of some emis-
sion peaks can be observed for the E/C;;D (solid) and E/
CiD (film) compared with E (solid). The symmetry-forbid-
den emission *D,—"F, at 581 nm can be discerned with low
relative intensity in E solid. The emission is enhanced in E/

[a] MF = N-methylformamide.

Chem. Eur. J. 2005, 11, 1001 —1009 www.chemeurj.org
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CyD (solid) and E/CD (film), with a slight blue shift to
580 nm. The presence of only one peak suggests the exis-
tence of one local site symmetry for the chemical environ-
ment of the Eu®" ion. The energy of the "Dy—’F, transition
is usually correlated with nephelauxetic effects arising from
the Eu’™ first neighbors, so that variations detected in its
energy indicate variations in the Eu’* first coordination
sphere, namely, the number and/or type of the Eu’" Ili-
gands.“**1 Tt may indicate that structural changes are in-
duced in the Eu’* local coordination site with surfactant
complexation. Another remarkable change is that the inten-
sity ratio of the *Dy—’F, transition to the *D,—’F, transition
in E (solid) is quite different from that in E/C;;D (solid)
and E/C;;D (film). The *D,—F, transition is a magnetic
dipole transition and its intensity hardly varies with the crys-
tal field strength acting on Eu’*. On the other hand, the
’D,—F, transition is an electric dipole transition and is ex-
tremely sensitive to chemical bonds in the vicinity of the
Eu’* ion. The intensity of the *D,—F, transition increases
as the site symmetry of Eu’* decreases.*®*! Therefore, the
intensity ratio of the Dy—’F, transition to the °D,—'F;
transition is commonly used to study the chemical microen-
viroment of anions coordinating the Eu** ions and is used
as a measure of the rare-earth site symmetry. However, it
should be kept in mind that this ratio is also influenced by
other factors such as the polarizability of the ligands. The in-
tensity ratio of °Dy—’F,’Dy—’F, for E (solid), E/C;D
(solid), and E/Ci(D (film) is 2.04, 4.12, and 3.65, respective-
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Figure 5. A) The emission spectra of a) E solid; b) E/C;D solid, and
c) E/C¢D film on quartz. B) The emission spectra of E (full line) and E/

C,¢D solution (dotted line) with the concentration of 0.2 mmolL™" at
room temperature.

ly. The fact suggests a more asymmetric environment occu-
pied by the Eu’* ion in the E/C,(D (solid) and E/C,;D
(film) than in E (solid). The cationic heads of C;(D and K
are different in terms of size and electronegativity. It is
therefore expected that the interaction between C;,D and E
will be different from that between K and E, which may
result in the variation of the coordination of Eu’* and the
change of the symmetry of the site occupied by Eu’+.% A
further reason for the distortion of the site symmetry of
Eu’* may be related to the specific orientation of the poly-
anions in the structured films, which would also fit with the
observed shift in the excitation spectrum. Our results also
show that the interactions of the various surfactants with the
polyanions influence the coordination environments and site
symmetry of Eu** in different ways (Table 3). The transition
probability between energy levels changes (to some degree)
when the symmetry of the molecule is varied. As for the
spectrum of E (solution) shown in Figure 5B, one could also
find different emissions from those of E (solid). The intensi-
ty ratio of *Dy—"F,/°’D,—F is increased to 2.32, where the
water molecules lower the site symmetry of Eu’*. There are

1006
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large changes in the relative intensities of the emission
bands in passing from E/C4D solid to E/C;(D in diluted so-
lutions. Taking the magnetic dipole Dy, —’F, transition as an
internal standard, the most prominent variations are the
strong increase in intensity of the "Dy—’F, and the symme-
try-forbidden °D,—’F, transition. The intensity ratio of
SDy,—"F,/"Dy—"F, is increased to 11.27, which is probably
due to the disappearance of the orientation and ordered
structure of the E/C;4,D complex in the dilute chloroform so-
lution and reorganization of the surfactants.

POMs, being good electron reservoirs, can accept elec-
trons and be reduced to form colored mixed-valence-state
materials. Ferrocene and viologen surfactants, when com-
pared to normal surfactants, not only have big head groups
which could provide special structural control of the POM/
surfactant complexes, but also are good electron donors. We
therefore expected the complexes consisting of POMs and
functional organic surfactants to not only show photolumi-
nescence, but also to exhibit (reversible) photochromism,
that is, where photoinduced electron-transfer processes are
not followed by major structural changes or further chemical
evolution. However, we failed to detect any evidence of
solid-state electron-transfer-induced photochromism. In ad-
dition, the luminescence of E/CsF, E/C,;F, and E/C;;D com-
plexes in the solid, solution, and film states is very weak. It
is known"!! that functional organic groups close to surfaces
may quench luminescence (see below).

The fluorescence emission decay curves of the complexes
in the solid, film, and solution were obtained. All the D,
decay curves are well-fitted by a single-exponential function,
which proves the existence of only one Eu** local site sym-
metry. The experimental fluorescence lifetimes (7) obtained
from the exponential decay function are summarized in
Table 3. The lifetimes of the complexes (both solids and
films) are shorter than those of pure E. There are several
possible origins for the observed lifetime shortening:
a) water molecules coordinated to the Eu* first shell;*
b) different environments of Eu**;***! and c) the dimension
of the materials.’¥ The number of water molecules coordi-
nated to Eu’" can be calculated with an estimated uncer-
tainty of 0.5, according to the following empirical equa-
tion:® g =1.05(k—k,), where k,, and k, are the total tran-
sition and radiative rates, respectively. The values of &, and
k. can be obtained from the formulas depicted below. In our
system, the ¢ values for complexes consisting of simple sur-
factants are very low (< 0.4), which means that there are no
water molecules in the first coordination sphere of Eu’*.
The main reason for lifetime shortening should therefore be
the presence of organic cations (surfactants) that change the
coordination environment of Eu** and lower the Eu®* site
symmetry. Compared to the respective complex solids, the
complex films have the same compositions and very similar
structures. The shorter lifetimes may therefore be a result,
once again, of the macroscopic orientation of the materials
influencing or inducing properties, such as the lateral elec-
tron transfer, thermal diffusion, and the formation of natural
optical microcavities. For E/C;3D, E/CsF, and E/C,;F com-
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plexes, the functional organic groups’ strong nonradiative
deactivation of the excited state is the main factor for life-
time shortening.

By determining the absolute quantum yield (%) arising
from the °D, level and the respective radiative (k,) and non-
radiative (k,,) rates, the previous conclusions can be quanti-
fied. The 7, k, and k,, rates are related through Equation (1),
where k, can be calculated by using Equation (2), P*7
where A,_, is Einstein’s coefficient of spontaneous emission
for the *D,—F, transition, which is commonly referenced to
50 s7! for solid samples,*® and 14.65n° s™! (n is the refractive
index of the solvent) for solutions,”” and %w,_; and S,_; are
the energy and the integrated intensity of the *D,—’F, tran-
sition, respectively.

1
ktot = ; = kr + knr (1)
haw_ . So_i
k, = Ag; —2t 2
ot So-1 ; hawg_ @

The absolute emission quantum yield # is given by Equa-
tion (3).

k,
T ke + Ko (3)

The determined k,, k., and n values for complexes are
listed in Table 3. In general, an increase in the k, rate for all
complexes in various states should be related with the pres-
ence of organic cationic surfactants. The complexes (in the
solid and film state) consisting of simple surfactants have
higher # values than E (solid). This results from the strong
increase in the k, rate and smaller variation in k,. Those
complexes constructed with functional surfactants have
much lower # values than E (solid); although the k, rate in-
creased, the k, rate shows a much bigger increase. This
shows that the functional groups provide a strong nonradia-
tive channel to quench the fluorescence. Compared to the
responding solids, all the films show higher k, rates and
lower 7 values, indicating that a new nonradiative channel is
present in the films. In the solution state, only the E/;;D and
E/C;,D complexes have higher # values than E (solution).
This shows that not only the head groups and tails of the
surfactants, but also the type of solvent has a great influence
on the quantum yields #, and k,, and k,, rates. These results
show that the photophysical properties of E can be changed
easily by replacing the counterions with organic cationic sur-
factants. The amphiphilic cationic surfactants therefore not
only play a structural role but also have a strong influence
on photophysical properties of E.

Conclusion

In conclusion, we have shown that it is possible to generate
highly ordered nanostructured materials from polyoxometa-
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loeuropate and cationic surfactants by ionic self-assembly
into a variety of phases.

Contrary to the parental POM species, these nanohybrid
materials dissolve in organic solvents and form transparent
films and bulk specimen, that is, a route is provided to trans-
fer the useful POM properties into materials applications.
The phase behavior of these complexes can easily be tuned
by variation of the head groups and the alkyl-tail volume
fraction of the complexing surfactant species.

These complexes show both room-temperature thermo-
tropic liquid-crystalline phase behavior as well as room-tem-
perature lyotropic liquid-crystalline phase behavior. Among
them, E/C;;D and E/C;,D complexes exhibit typical colum-
nar phases. To the best of our knowledge, this is the first
report on the lyotropic liquid-crystalline phase behavior of
polyoxometalate systems.

The photophysical behavior of E can furthermore be
easily modified by complexation with cationic surfactants,
although the electronic properties of the complexes still
originate from E. Compared with those of E, fluorescence
lifetimes of all complexes in solid powder, film, and solution
states decrease due to the presence of surfactants. However,
the fluorescence quantum yield of the complexes from alkyl
surfactants shows an increase, whereas the complexes con-
sisting of functional surfactants form strong nonradiative
channels leading to the deactivation of the excited state.

It is assumed that the presented synthesis strategy can be
easily extended to incorporate any kind of charged inorganic
and organic tectonic unit with desired optical, electrical, or
magnetic properties into supramolecular assemblies for
practical applications.

Experimental Section

Materials: K;;[Eu(SiW,Mo0,05),]-15H,0 (E) and the ferrocenyl surfac-
tant pentadecyldimethyl ferrocenylmethylammonium bromide (C;;FAB)
were synthesized and purified as described in references [60,61]. Undec-
yldimethylferrocenylmethylammonium bromide (C,;;FAB) was synthe-
sized by mixing 1-bromoundecane (Aldrich) and (dimethylaminomethyl)-
ferrocene (Aldrich) in a 1:1 molar ratio and keeping the mixture under
constant reflux at 60°C for 4 h in a nitrogen atmosphere. The reaction
product was recrystallized three times from a mixture of chloroform and
diethyl ether (volume ratio 1:5.25) to give a yellow, crystalline product in
28.7% yield. '"H NMR (400 MHz, CDCl,, 295 K): =4.5 (s, 2H; Fc-CH,-
N(CH),). 43 (app. 5. 4H; Higpgeune): 42 (5, SH: Hygoeene)s 3.3 (6 2H;
N(CH;)-CH,), 3.2 (s, 6H; N(CH;),), 1.7 (m, 2H; CH,-CH,), 1.2 (m, 16H;
CH,-CH,-CH,), 0.85 ppm (t, 3H; CH,-CHj;). Other surfactants (single
tail) dodecyltrimethylammonium bromide (C,,TAB), hexadecyltrimethy-
lammonium bromide (C,,TAB), (double tail) didodecyldimethylammoni-
um bromide (C;,DAB), dihexadecyldimethylammonium bromide
(C,,DAB), dioctadecylviologen dibromide (C;sDVB) were all purchased
from Aldrich/Fluka (purity higher than 99 %). Deionized water was used
in the preparation of all complexes.

Synthesis and characterization: Since all the complexes of POM E with
different surfactants are insoluble in water, they can be synthesized and
purified by simple precipitation from water. Typical notation for the com-
plexes is, for example, E/C;,T (E/surfactant, indicating tail length and
with the counterion omitted in the case of the surfactant). A typical com-
plexation procedure is given below.
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E (0.2700 g, 0.04555 mmol) was dissolved in deionized water (15 mL,
pH 5.2). Surfactant solution (40 mL, pH 5.2), for example, C,,TAB
(0.1826 g, 0.5922 mmol), was added to the solution in 0.5 mL aliquots at
3 min intervals under vigorous stirring. The solution containing the pre-
cipitated complex was centrifuged and washed with deionized water (3 x
30 mL) to remove the unbound counterions. The resulting purified com-
plex was dried under vacuum at room temperature. The complex was dis-
solved in chloroform and filtered through a 0.45 pm PTFE filter film.
The filtrate was then cast into a Teflon-coated holder and left to dry.
After 24 h, the film was peeled off, powdered, and dried under vacuum.
The results obtained by elemental analysis (C, N, and H) and thermo-
gravimetric analysis (content of surfactant cation and crystallized water)
indicate the following formulae: (Cs3,H;,N)5[Eu(SiWoMo,05),]-7H,0 (E/
CiD), (CyHseN)i3[Eu(SiWoMo,05),]- 7H,0  (E/Cy;D), (CioHyoN)is[Eu-
(SiWM0,04),]- 10H,0 (E/C;4T), (CsH3,N)3[Eu(SiWeMo,05),]-10H,O
(E/C,;T), (CysHsNFe),,H[Eu(SiWM0,05),] 4H,0 (E/C;sF), (CyH,NFe),,H-
[Eu(SiWMo0,05),]-4 H,O (E/CF) and (CyHg,N,)H[Eu-
(SiW¢Mo0,05),]-8 H,O (E/C;3D).

Chloroform solutions of the complexes (200 uL, 0.2 mmolL™") were di-
rectly cast onto quartz substrates for UV/Vis and fluorescence (FL)
measurements. All films were prepared and dried under air for natural
evaporation of chloroform (1 h) and then dried under vacuum at room
temperature to remove the residual solvent. The mean thickness was esti-
mated to be 500-550 nm by ellipsometry.

Elemental analyses (C, H, N, S) were performed on a Vario EL Elemen-
tar apparatus (Elementar Analysensysteme, Hanau, Germany).

IR spectra were recorded on a Nicolet Impact 400 Spectrometer. Powder
and film samples were recorded in KBr discs and on BaF, slides
(Maicom-Quarz GmbH), respectively.

UV/Vis spectra were recorded on a Perkin Elmer Lambda 2 dual-beam
grating spectrophotometer with the slit width set at 2 nm.

Ellipsometric measurements were performed on silicon substrates by
using a Multiskop (Optrel Germany, 2 mW He-Ne laser, 1 =632.8 nm;
angle of incidence 70°).

Differential scanning calorimetry (DSC) was performed on a Netzsch
DSC 204. The samples were examined at a scanning rate of 10 Kmin™
by applying two heating and one cooling cycle. Thermogravimetric analy-
ses (TGA) were performed on a Netzsch TG 209. The samples were ex-
amined at a scanning rate of 10 Kmin™' between room temperature and
450°C.

Phase behavior was studied by polarized light optical microscopy by
using an Olympus BX 50 optical microscope equipped with an Olympus
C-5060 wide zoom digital compact camera.

Small-angle X-ray scattering measurements were carried out with a
Nonius rotating anode (U=40kV, I=100 mA, 1=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=0.07-1.6 nm~! was available. The
2D diffraction patterns were transformed into 1D radial averages. Wide-
angle X-ray scattering (WAXS) measurements were performed by using
a Nonius PDS120 powder diffractometer in transmission geometry. A
FRS590 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°.

Luminescent measurements were performed on a Spex-FL 212 spectro-
photometer using a 450 W xenon lamp as the excitation source. The lumi-
nescent spectra of all solutions were recorded under identical conditions
(such as concentrations and slit widths) so that the intensities of the exci-
tation and emission bands are comparable. For the measurement of the
fluorescence decay times, the sample was mounted in a 1 mm path-length
quartz cell and excited by a pulse of a XeCl excimer laser at 308 nm. The
beam has a pulse energy of approximately 10 mJ and a duration of 11 ns.
The emitted light was passed through an interference filter (which re-
moved the scattered light) and was detected at 90° to the exciting beam
on a PIN Photodiode connected to an oscilloscope. The overall system
response dominated by the photodiode in use was measured by the fluo-
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rescence of a white piece of paper (which has a very short lifetime of
about 5ns compared to the system response of 0.63 ms). The fluores-
cence decay curves of the samples were deconvoluted to the system re-
sponse function by fitting a single exponential decay yielding decay times
between 3.1 and 0.02 ms.
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