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Material and device performance is critically dependent on
the spatial arrangement of the functional constituents. The
ability to control the short- and long-range correlation of
position and orientation of components is crucial for full
exploitation of a material�s potential and the encoding of new
properties.[1] Supramolecular synthetic methodologies enable
the systematic design and construction of tailored architec-
tures through a sequence of directed assembly processes.[2]

Metallo-units are particularly attractive functional compo-
nents because of their inherent magneto-,[3] electro-,[4] and/or
photochemical[5] properties.

By means of crystal engineering, solid-state multimetal
arrays can be constructed by using interactions of metal ions
with multitopic ligands[6] or other intermolecular forces to
organize metallo-units.[7±9] However, processing a crystalline
solid into a device remains a challenge. Moreover, in a single
crystal, it is difficult to achieve attractive features such as
gradients, often necessary for vectorial functions. Thin films
play an important role in applications[10] such as storage,
display, and sensing, yet to date there are no generic method-
ologies for incorporating and ordering discrete cationic metal
complexes into thin films.[11] To address this challenge and to
attempt to bridge the gap between fundamental supramolec-
ular crystal engineering and layered materials, we investigated
whether p-aggregated metallo-arrays can be incorporated
into ordered two-dimensional thin films.

A particularly attractive method to assemble thin films is
the layer-by-layer (LbL) method, which rests primarily on
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electrostatic interactions between charged species in solution
and an oppositely charged surface.[12, 13] The experimental
implementation of this technique is straightforward and relies
simply on dipping the substrate into solutions containing the
species to be deposited. The method permits thickness control
on a nanometer scale, can be applied to arbitrary substrates
(including nanoparticles), and is readily automated. In
addition, layers of different functional components can be
systematically placed within the thin film. While this method
has been successfully applied to metallo-supramolecular
coordination polyelectrolytes,[14] it has never been convinc-
ingly demonstrated with discrete metallo-units.[15]

Previously, it was demonstrated that aryl tails can be used to
control the aggregation of metallo-units into ordered linear
rodlike arrays assembled by p ± p interactions.[9] Such arrays
have several advantages over conventional coordination
polymers: Facile ligand synthesis; reversible assembly, even
with inert metal ions; good solubility; and straightforward
characterization. Reasoning that p ± p interactions might be
sufficient to order a structure at an interface, we examined
whether these structures can be placed in films by LbL
deposition (Scheme 1).

Scheme 1. Immobilization of discrete metallo-units in thin films by
combining electrostatic attraction of oppositely charged species with aryl
aggregation of metallo-units.

We selected pyrene as the aryl moiety to achieve control
over the supramolecular organization. Pyrene has a strong
propensity to form face-to-face pyrene ± pyrene stacks, which
can be detected spectroscopically by their characteristic
excimer emission bands, and this suggests that pyrenyl tails
might be ideal not only as p-aggregation motifs but also as
spectroscopic tags for monitoring stacking and aggregation.[16]

Reaction of 4'-(1-pyrenyl)-2,2':6',2''-terpyridine (Pyr-tpy) with
transition metal (M) dications afforded the [M(Pyr-tpy)2]2�

complex cations, as anticipated from the coordination chem-
istry of unsubstituted tpy.[17] Crystallographic analysis of the

FeII complex confirmed the anticipat-
ed pyrene ± pyrene stacking motif (Fig-
ure 1).[18] The structure contains six-
coordinate FeII bis-terpyridyl units
linked into a rodlike linear array by
pyrene ± pyrene p stacking (interpla-
nar separation ca. 3.5 �; closest C ´´´ C
3.43 �).

Using polystyrenesulfonate (PSS) as
counterpolyelectrolyte, we observed
multilayer formation with [M(Pyr-
tpy)2]2� complexes (M�Zn, Fe). In
contrast, simple bis-terpyridine com-
plex cations [M(tpy)2]2�, which do not
bear aryl tails, do not form multilayers
under these conditions. While such
complexes are adsorbed on PSS surfa-
ces, the layer is generally removed in
the following step when the next layer
of PSS is deposited. From this it is clear
that the aryl tails play a vital role in the
deposition of Pyr-tpy complexes at the
interface.

The UV/Vis absorption spectra of
multilayers of [Zn(Pyr-tpy)2]2� are
shown in Figure 2 a. The presence of
the characteristic absorption bands at
420, 334, 290, and 250 nm demonstrate
the incorporation of [Zn(Pyr-tpy)2]2�

in the multilayer film. Compared to
the spectrum in methanol solution
(inset 1), the bands are somewhat
broadened and shifted. The loss of
fine structure is associated with pack-
ing effects, while the shift is due to the
different local polarity in the multi-
layer.[19] A plot of the absorption
maxima as a function of the number
of layers confirms linear multilayer
buildup, that is, equal amounts of
material are deposited at the interface in each deposition
step (Figure 2 a, inset 2). Spectra recorded after deposition of
PSS reveal that [Zn(Pyr-tpy)2]2� is partly removed from the
surface. Partial desorption during LbL deposition was ob-
served in other cases and was attributed to weakly bound
excess material.[20] Layer deposition involves concomitant
desorption of [Zn(Pyr-tpy)2]2� and deposition of PSS, and
therefore quantification of the amount deposited is mean-
ingful only for a {PSS/metallo-unit} layer pair. From the
absorbance at 338 nm, the surface coverage is approximately
1.1 metallo-units per square nanometer or 0.9 nm2 per metal-
lo-unit.[21] The dimensions of the metallo-unit can be esti-
mated from the crystal structure.[18] The unit is about 2.5 nm
long (pyrene to pyrene), and the width of the terpyridine
moieties is about 1.1 nm. For surface coverage, the two
limiting cases would be for the units to lie flat with their long
axis parallel to the substrate or, alternatively, to stand
perpendicular. The occupied surface area is about 3.0 nm2

per unit if independent (non-p-stacked) units lie flat on the

Figure 1. Packing of
the cations to give a
linear rodlike array in
the crystal structure of
[Fe(Pyr-tpy)2](ClO4)2.
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Figure 2. a) UV/Vis absorption spectra of {[Zn(Pyr-tpy)2]2�/PSS} multi-
layers. Inset 1) Spectrum of [Zn(Pyr-tpy)2]2� in methanol. Inset 2) Absorb-
ance at 338 nm as a function of the number of layers. b) X-ray reflectance
data (dots) and curve fit (solid line) for a PEI/PSS{[Zn(Pyr-tpy)2]2�/PSS}10

multilayer on silicon. c) Emission-spectra of a PEI/PSS{[Zn(Pyr-tpy)2]2�/
PSS}13 multilayer on quartz (solid line) and solid [Zn(Pyr-tpy)2](PF6)2

deposited on the quartz plate (intermittent line) (lexc� 330 nm).[26] A�
absorbance, I� intensity, q� scattering vector.

surface, and about 1.2 nm2 if they stand upright. However, if
the units lie flat with the long axis parallel to the substrate and
are p-stacked (as in the crystal structure; metal ± metal
distance ca. 1.7 nm) the area occupied falls to about 2.0 nm2.
From these dimensions, the experimentally determined sur-
face coverage therefore corresponds approximately to one to
two molecular layers.

The multilayers are very smooth, as demonstrated by the
occurrence of Kiessig interference fringes in the X-ray
reflectance spectrum shown in Figure 2 b for a {PSS/
[Zn(Pyr-tpy)2]}10/PSS multilayer. From the fit of the curve,
shown as solid line, we determine the surface roughness to be
less than 1 nm, and the thickness of a layer pair to be
2.5 nm.[22] The thickness was independently confirmed by

optical ellipsometry (data not shown). The thickness suggests
that films are composed approximately of molecular layers of
[Zn(Pyr-tpy)2]2� and PSS, which is in agreement with the UV/
Vis data. This value also precludes orientation of the units
perpendicular to the substrate. We therefore propose that the
metallo-units lie flat on the surface, which would permit full p

aggregation. Experimental confirmation of this is presented
below.

Similar results were obtained with FeII as central metal ion.
The structural integrity of the metallo-unit in the multilayer is
confirmed by the characteristic metal-to-ligand charge-trans-
fer (MLCT) absorption at at 579 nm. As with ZnII as central
metal ion, the absorption data (not shown) confirm linear
growth of multilayers. Likewise, these multilayers are very
smooth and homogeneous, as indicated by the X-ray reflec-
tance measurements (data not shown).

A solution of [Zn(Pyr-tpy)2]2� in methanol shows a
characteristic fluorescence band at 455 nm attributed to the
luminescence of the molecular units, as was observed with
previously reported zinc terpyridyl complexes.[9] In contrast,
upon irradiation of the [Zn(Pyr-tpy)2]2� multilayer film at
330 nm we observe a very broad and structureless emission
band centered around 520 nm (Figure 2 c). Solid [Zn(Pyr-
tpy)2](PF6)2 deposited on quartz shows a very similar emission
band. The band is characteristic of excimer or excimerlike
emission[23] from the p-stacked pyrene units. This band is also
observed in the solid free Pyr-tpy ligand, which also contains
stacked pyrene units.[24] The observation of excimer emission
in the thin film of the zinc complex is conclusive evidence that
the pyrene tails are stacked in the film in the same structural
motif as in the solid state. The absence of any detectable
455 nm fluorescence in multilayers of [Zn(Pyr-tpy)2]2� implies
that virtually all metallo-units engage in p stacking in each
layer (as in the crystal). Multilayers or solid samples of the FeII

complex do not exhibit excimer luminescence due to the
MLCT, which lies close in energy to the excimer state and
quenches the luminescence. We are currently investigating the
application of these metallo-units in other film-forming
technologies[25] and extending this LbL approach to a range
of other metallo-units and tails.

Experimental Section

The ligand Pyr-tpy and the metal complexes were prepared by procedures
analogous to those previously reported for aryl terpyridines.[9] Emission
experiments used instrumentation as previously described.[9] Multilayers
were prepared and characterized according to a published procedure.[14]

Compound 1 was dissolved in water/methanol (1/3). The concentration
used for layer-by-layer deposition was 10ÿ3m.

[Zn(Pyr-tpy)2](PF6)2: 1H NMR (CD2Cl2, 300 MHz, 298 K): d� 8.99 (2H, s,
H3'), 8.58 (2H, d, J� 7.6 Hz, H3), 8.54 ± 8.33 (8H, Pyr), 8.21 (3H, m, H4,
Pyr), 8.06 (2H, d, J� 5.5 Hz, H6), 7.59 (2H, ddd, J� 7.6, 0.9 Hz, H5); MS
(FAB�): m/z : 930 [Zn(Pyr-tpy)2]� .

[Fe(Pyr-tpy)2](ClO4)2: 1H NMR (CD3CN, 300 MHz, 298 K): d� 9.31 (2H,
s, H3'), 8.89 (1H, d, Pyr), 8.66 (2H, d, Pyr), 8.61 (2H, d, J� 8.1 Hz, H3),
8.50 ± 8.41 (5H, Pyr), 8.25 (1H, Pyr), 7.97 (2H, td, J� 7.7, 2.1 Hz, H4), 7.47
(2H, d, J� 5.1 Hz, H6), 7.24 (2H, ddd, J� 7.0, 1.1 Hz, H5); MS (FAB�):
m/z : 922 [Fe(Pyr-tpy)2]� , 1021 [Fe(Pyr-tpy)2ClO4]� .
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The [3�2] cycloaddition of a homoallyl radical with an
alkene is a powerful method for the one-step synthesis of a
cyclopentanoid skeleton.[1] If such a cycloaddition could be
achieved with an azahomoallyl (allylaminyl) radical, it would
provide a new and useful methodology for the preparation of
pyrrolidine derivatives from simple substrates. As far as we
know, only one example of the generation of an azahomoallyl
radical and its reaction with an alkene has been reported, by
Newcomb et al. [Eq. (1)].[2] This method using N-allyl N-
hydroxypyridine-2-thione carbamates as an azahomoallyl
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