Available online at www.sciencedirect.com

ScienceDirect

Coordination Chemistry Reviews 252 (2008) 24802492

COORDINATION

CHEMISTRY REVIEWS

www.elsevier.com/locate/ccr

Review

Luminescence properties and redox behavior of Ru(Il) molecular racks

Fausto Puntoriero?, Sebastiano Campagna®*, Adrian-Mihail Stadler®, Jean-Marie Lehn >*

2 Dipartimento di Chimica Inorganica, Chimica Analitica e Chimica Fisica, Universita di Messina, Via Sperone 31, 98166 Messina, Italy
b ISIS-Université Louis Pasteur, 8 Allee Gaspard Monge, BP 70028, 67083 Strasbourg cedex, France

Received 8 October 2007; accepted 7 December 2007
Available online 20 February 2008

Contents
R 13 (T L3 17503 o U PP 2480
2. Molecular racks based on poly(pyridine-pyrimidine) Strands. ... ..........oou ittt tnt e e 2481
3. Linearly-arranged multinuclear Ru(II) complexes based on tris-terpyridine strands. ............c.oouieiiiiiiinnienieennn. 2483
4. Molecular racks containing naphthyridine Units . . ... ... ..ottt e e et e e e 2484
5. MOIeCUIAr @LIAS . . . o oottt e e 2485
6. Ruthenium(II) molecular racks made of polytopic hydrazone-based molecular strands ........... ... ..., 2487
7S 3 1 1o 1] 103 4 PP 2491
ACKNOWIEAZEIMENLS . . ..ottt ettt ettt e ettt et e et e et e e e e e e e e e 2491
RefOIENCES . . . .ot 2491
Abstract

The absorption spectra, luminescence properties, and redox behavior of Ru(II) molecular racks are reviewed, together with the same properties
of closely related systems, including homo- (Fe(Il)) and hetero-metallic (Fe(II)/Ru(II) and Fe(II)/Os(Il)) molecular grids and their mononuclear
Ru(II) and Os(II) precursors, and bis-dirhodium(II, IT) molecular racks. The systems discussed are based on polytopic molecular strands made of
poly(pyridine-pyrimidine), poly(naphthyridine-pyrimidine), and poly(hydrazone-pyrimidine/pyrazine) subunits. Linearly-arranged systems based
on tris-terpyridine molecular strands are also reported for completeness. The results indicate that the title species are quite promising multicomponent
systems for the development of functional supramolecular systems, with particular regards towards the design of nano-organized species featuring
information storage functions, molecular wire-type behavior, and light-harvesting antennae properties.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The design and study of multinuclear metal complexes made
of luminescent and redox-active subunits is an attractive research
field [1,2]. Several reasons are at the basis of the interest in these
species, such as the possibility to prepare organized supramolec-
ular edifices featuring information storage functions [3] and
artificial light-harvesting antennae properties [4]. Within this
field, a particularly interesting class of compounds is that of
the molecular racks, that is multicomponent molecular systems

* Corresponding authors. Tel.: +39 090 6765737 fax: +39 090 393756.
E-mail addresses: campagna@unime.it (S. Campagna),
lehn @isis.u-strasbg.fr (J.-M. Lehn).

0010-8545/$ — see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.ccr.2007.12.009

in which metal-based building blocks protrude from a virtu-
ally linear and rigid molecular strand [3,5]. In these species, the
metal-based building blocks are “parallel” each other, and are
usually orthogonal to the molecular strand alignment. Usually,
molecular racks are prepared by reacting suitable metal-based
moieties with multitopic molecular strands (see Fig. 1). Combi-
nation of the structural and electronic properties of the molecular
strands and the “appended” metal-based moieties, along with the
structural organization of the final architectures, confers specific
properties to the assembly, such as particular optical, redox, and
photophysical properties. It is useful to note that the molecu-
lar strands do not need to have a linear and rigid structure by
themselves (for example, the multitopic strands leading to sev-
eral Ru(II) racks are helical [6-8]): it is the coordination of the
metal-based subunits which can impose a specific linear and
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Fig. 1. Schematic representation of the synthesis of molecular racks.

rigid conformation to the assembly (in other words, the linear
arrangement is “programmed” within the molecular strands, and
it is “read out” by suitable metal-based components).

Here we overview the absorption spectra, excited-state (in
particular, luminescence) properties, and redox behavior of some
Ru(II) molecular racks we have investigated in the last 10 years,
together with the properties of molecular grids containing the
same or related metal-based subunits. The general schemes of
synthesis of all the compounds discussed in this review are sum-
marized in Scheme 1. More details, as well as the structures of
the compounds 1-23 whose properties will be overviewed in
this article, are given in the various chapters of the text.

2. Molecular racks based on poly(pyridine-pyrimidine)
strands

The most known family of luminescent and redox-active
ruthenium(II) complexes is that of the polypyridine complexes
[1,9,10]. It was therefore straightforward to use polypyri-
dine frameworks to design Ru(I) molecular racks. Indeed,
a rack-type arrangement was obtained by using a pyrimi-
dine ring interposed by two bipyridine moieties to generate
a ditopic strand having two available terpy-like chelating
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sites (terpy =2,2':6,2”-terpyridine) [5]. The available terpy-like
chelating sites were loaded with two Ru(terpy)>* subunits, and
the first molecular rack 1 was immediately prepared (see Chart
1). Several dinuclear racks were also prepared, having vari-
ous substituents at the 5 position (the one between the two
N atoms) of the pyrimidine ring [5]. Such substituents have
the role to “fill the space” between the Ru(terpy)>* subunits
in the structure, and to modify the effective structure by fine
tuning the geometry of the racks, in particular the dihedral angle
between the two terpy ligands. The most interesting of such
species from a photochemical point of view was compound
2, contaning an additional chromophore, the anthracene (Chart
1) [11]. The absorption spectrum (Fig. 2) of 2 was dominated
by intense spin-allowed m—r* ligand-centered (LC) transitions,
superimposed to anthracene-based 'L, transitions, in the UV
region and by moderately intense spin-allowed metal-to-ligand
charge-transfer (MLCT) transitions in the visible, which extend
throughout the entire visible region. The lowest energy absorp-
tion feature (a shoulder at about 620nm) is assigned to the
Ru-to-molecular strand CT transition, where the acceptor lig-
and is mainly centered on the twice-coordinated, metal-bridging
pyrimidine ring [11]. At room temperature in fluid solution,
the molecular rack 2 exhibited a weak emission in the near-IR
(Fig.2), maximizing at 845 nm, with a lifetime of 60 ns and quan-
tum yield of the order of 10~* (see Table 1). The emission was
assigned to the triplet MLCT state involving a bridging molec-
ular strand orbital as the acceptor [11]. Luminescence of Ru(Il)
polypyridine complexes based on terpy-like ligands is usually
inhibited at room temperature by a excited-state thermally-
activated surface crossing process, populating a upper-lying
metal-centered (MC) state [9], however the low energy of the
lowest-lying MLCT state in 2, a consequence of the less neg-
ative reduction potential of the coordinated molecular strand,
decreases the efficiency of the thermally-activated decay pro-
cess and allows luminescence to be detected, although with alow

—>(:H2
H2C<—

44 terpyridine derived =

terpy— 1nker terpy2 1nker terpy;
terP}'l terp)’2
[Multitopic molecular]
strands

—>| pyrimidine and pyrazine derived l—
py1—(linker )—pz/pym ...... —(linker }—py,

> (linker )

6,7

cornersl 15’ 16

—»cr&

C ~—
H

— (linker = py, )

gridsf 12, 13, 14
Lk
N racks 1,2,3,4,5
—» pym (—(linker = napht || racks § 8,9, 10, 11
NN
— (linker = hyz}> racks § 17, 18

N~
o AT

PY1 pym pz

L > pz (linker=hyz rackSI 19, 20,21, 22,23
fHs

AN

Scheme 1. General schematization of the various synthetic procedures for the compounds discussed in this article. For details, see in the text.
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Chart 1. Structural formulae of 1-5. The compounds shown here, as well as all the other cationic species reported in this article, have been synthesized as

hexafluorophosphate salts.

quantum yield. At 77 K in rigid matrix, the thermally-activated
decay process is inefficient and strong SMLCT emission is
recorded (emission maximum, 775 nm; lifetime, 1.6 s, see
Table 1) [11].

It can be noted that the presence of the anthracene subunit
does not modify the properties of the lower, emitting >MLCT
state, as shown by the luminescence properties of 2, which are
very similar to those of 1 (Table 1). However, efficient energy
transfer from the anthracene-centered excited states to the Ru-
based MLCT state takes place. The role of the anthracene unit

9.00
1 E)
o - )
E 6.00 <
9 -
=
=
o 300 600 730 900
i Anm
0.00 T T T T
300 450 600 750 900
Mnm

Fig. 2. Absorption and (inset) emission spectra of 2 in acetonitrile at room
temperature.

is therefore to enhance light absorption, particularly in the UV
and in the 320-400 nm region, where the 1L, transition of the
9-substituted anthracene unit takes place [11]. Compound 2 can
be seen as an example of light-harvesting molecular racks whose
molecular strand structure contains additional chromophoric
subunits.

The metal-centered oxidation processes in rack-type com-
pounds as 1 and 2 are split (Table 1), so indicating a significant
electronic interaction between the metal center subunits, simi-
larly to that occurring in other dinuclear ruthenium complexes
[1,9]. Both first and second reduction processes in 1 and 2 involve
the (bridging) molecular strands, which are easier to reduce than
the two terpyridine ligands. The terpyridine ligands are reduced
at different potentials (see Table 1, reduction data of 2), indi-
cating noticeable electronic coupling between them, operating
most likely by through space interactions.

Two compounds derived from 2, the monometallic species 3
and 4 (see Chart 1) [12], where one of the two chelating sites of
the bis(bipyridine)pyrimidine strand is set free and not used for
metal coordination, exhibit emission from the MLCT state(s)
involving the bis(bipyridine)pyrimidine strand as the acceptor
at room temperature (emission energy at 730 and 715 nm for
3 and 4, respectively, substantially higher than emission of 2,
since the pyrimidine is only mono-coordinated; lifetime in the
ns timescale and quantum yields in the 102 to 103 range, see
Table 1), and emission from the lowest-lying triplet anthracene
state at 77 K in rigid matrix (emission energy, 685 nm, lifetime in
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Table 1
Spetroscopic, luminescence and redox data of molecular racks based on poly(pyridine-pyrimidine) and tris-terpyridine strands

Absorption® Amax Luminescence, 298 K Luminescence (77 K®) Redox data® V vs. SCE Reference

(nm) (s, M~ cm™) 1

Amax (nm)  T(ns) P Amax (nm) T (W) Eyp (0x) Eyp (red)

1 615 (9500) 845 60 5% 1074 770 1.8 +1.41, +1.57 —0.43; —1.03; —1.56 yipping [5], €
2 620 (9000) 845 60 5x107* 775 1.6 +1.41,+1.58 —0.45; —1.07; —1.52; —1.58 [5,11]
3 530 (7600) 730 60 41x1073 685 510 f f [12]
4 510 (11500) 715 30 1.5%x 1073 685 680 f f [12]
5 660 (55000) - - - 840 f +1.45 [2]8 h [13]
6 475 (36000) - - - 608 9.4 f f [14]
7 479 (34000) 690 11 7 x 1073 620 1.6 f f [14]

Data are in deaerated acetonitrile, unless otherwise stated.
2 Only the lowest-energy spin-allowed MLCT band maximum is given.
® In butyronitrile rigid matrix.

¢ The processes are reversible or quasi-reversible. The number in square brackets indicates the number of exchanged electrons; when this number is not indicated,

the process is monoelectronic.
4 Only the first two reduction processes are reported.
¢ Luminescence data not previously published.
f Not studied.
& This process is assigned to the almost simultaneous one-electron oxidation of the two peripheral metal centers.
" Overlapping waves.

the 10~ to 10~3 s~!, Table 1). As a consequence, the direction
of the electronic energy transfer (from the anthracene to the
metal-based subunit or vice versa) could be controlled in these
species by temperature and/or rigidity of the medium [12].

Larger Ru(Il) molecular racks based on poly(pyridine-
pyrimidine) strands have been prepared [13]. The largest species
of this series is 5 (Chart 1), based on a hexatopic molecular
strand. The photophysical properties of this species have not
been studied in full detail yet, anyway it does not exhibit lumi- -
nescence at room temperature, while the usual MLCT emission
takes place in a glass at 77 K (emission maximum at wavelength
longer than 800 nm) [13].

3. Linearly-arranged multinuclear Ru(II) complexes
based on tris-terpyridine strands

The two species, 6 and 7 (Chart 2), reported in this chapter
strictly speaking are not molecular racks, since their structure
is not perfectly determined (the molecular strand is not rigid),
however they are included in this overview since they share with
the molecular racks a linear sequence of Ru(II) chromophores.
Compounds 6 and 7 are based on molecular strands contain-
ing three terpy-like chelating sites, differently substituted and
connected each other [14]. In spite of their apparent similar-
ity, 6 and 7 exhibit somewhat different photophysical properties
(see Table 1, Fig. 3): 6 shows emission only at 77 K in rigid
matrix (maximum at 608 nm; lifetime, 9.4 ws), while 7 emits
both at room temperature in fluid solution (emission maximum,
690 nm; lifetime, 11 ns; quantum yield, 7 x 10_5) and at 77 K in
rigid matrix (emission maximum, 620 nm; lifetime, 1.6 ws) [14].
The difference in the luminescence properties of the compounds
is due to the different substituents of the terpy ligands. In 6,
only electron donor substituents are present: the lowest MLCT
state of the whole assembly is the MLCT triplet state involv-
ing the central Ru(I) center and its unsubstituted terpy ligand,
and this is the state from which emission takes place. In 7, also Chart 2. Structural formulae of 6-11.

@:Ru(n) 8
Rh(Il) 10

@ =Ru(ll) 9
Rh(1l) 11
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Fig. 3. Luminescence spectra of 6 (solid) and 7 (dashed) in butyronitrile matrix
at 77K.

electron acceptor substituents are present (i.e., the -CH=CH—
moieties connecting the terpys on the molecular strand), and
apparently the electron acceptor substituents effect dominates.
The lowest-lying, emitting MLCT state of 7 actually involves
the central, pentasubstituted terpy belonging to the molecular
strand. The lowest-lying MLCT excited state of 7 is displaced
to lower energy than that of 6, and in the former species the
above mentioned thermally-activated decay process (via pop-
ulation of the upper-lying MC state) is less efficient than in
the latter, allowing emission to take place also at room tem-
perature. In both 6 and 7, a unique emission is always found

F. Puntoriero et al. / Coordination Chemistry Reviews 252 (2008) 2480-2492

(i.e., the emission is excitation wavelength independent and the
decay is strictly monoexponential), suggesting that energy trans-
fer from the peripheral chromophores to the central one occurs
[14].

4. Molecular racks containing naphthyridine units

Molecular racks containing metal-metal bonded systems as
subunits have been prepared by inserting naphthyridine moieties
within the molecular strands [15]. The bis-diruthenium com-
pounds 8 and 9 have been synthesized and studied, together with
the analogous bis-dirhodium compounds 10 and 11 (see Chart
2) [16]. Beside the extension of the molecular rack structure
to include a variety of building blocks apart the most stud-
ied metal polypyridine complexes, the interest in these species
was driven by the known redox properties of the metal-metal
bonded systems [17]. These properties opened the possibil-
ity of designing novel mixed-valence species having molecular
rack structure and based on metal-metal bonded dimetallic sub-
units, yet unknown at the time: moreover, such mixed valence
species could in principle to be formed at milder potential
than molecular racks based on formerly prepared poly(pyridine-
pyrimidine) strands. Actually, while metal-centered oxidations
of the “classical” subunits of complexes 1-7 occur in the poten-
tial window +1.20/+1.60V (vs. SCE) [5,14], the oxidation of
each metal-metal bonded diruthenium subunit of 8 and 9 occurs
in the +0.70/+0.90 V potential window [16]. The observation of
two distinct oxidation potentials for the two M; units in 8§-11
indicated a non-negligible electronic interaction between the
two metal-metal bonded dimetallic subunits of the four com-
plexes (see Table 2) and allowed the study of relatively stable
mixed-valence species [16]. Interestingly, the oxidation split-
ting was larger for 9, containing the anthryl group (0.13V)
than for 8, containing the substituted phenyl moiety (0.09 V).
This result highlights the effect of through—space interaction

Table 2
Absorption spectra and redox data of molecular racks containing naphthyridine units and molecular grids, including mononuclear precursors
Absorption® Amax (nm) (g, M~! ecm™1) Redox data® V vs. SCE Reference
Eip (0x) Eyp (red)”

8 695 (4200) +0.76; +0.85 —0.31 [16]
9 701 (4200) +0.73; +0.86; +1.51irrd —0.30 [16]
10 622 (3700) +1.43; +1.50 —0.21 [16]
11 634 (3800) +1.32; +1.53irr [2]¢ —0.18 [16]
12 f +1.32; +1.38; +1.67 —0.27; —0.32; —0.46; —0.51; —1.07; —1.17; —1.358 [19]
13 f +1.35; +1.40: +1.59; +1.76 —0.25; —0.32; —0.46; —0.52; —1.09; —1.19; —1.38; —1.46 [19]
14 f +1.15 [2]; +1.53 [2] —0.30 [2]; —0.51; —0.57; —1.04; —1.15 [19]
15 543 (18190) +1.31 —0.85; —1.02; —1.52; —1.60¢ [19]
16 549 (19570) +0.96 —0.81; —1.03; —1.54; —1.828 [19]

Data are in acetonitrile, unless otherwise stated.
2 Only the lowest-energy spin-allowed MLCT band maximum is given.

b The processes are reversible or quasi-reversible. The number in square brackets indicates the number of exchanged electrons; when the number of exchanged

electrons is not indicated, the process is monoelectronic.
¢ For complexes 8-11, further ill-behaved reduction processes take place.
d This process is assigned to anthracene-based oxidation.
¢ This process involves both metal-centered and anthracene-based oxidation.
f Not reported.
& Adsorption on the electrode.
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Fig. 4. Absorption spectrum of 9 in acetonitrile.

in mediating electronic interaction. Indeed, it is assumed that
electronic coupling between the identical redox-active subunits
of dinuclear metal polypyridine complexes, as well as of the
metal-metal bonded dimetallic subunits of 8-11, are domi-
nated by through-bond superexchange involving the LUMO
of the bridging ligands (in the case of molecular racks under
discussion, such LUMO would mainly be based on the pyrim-
idine moieties) [16]. The anthracene group may contribute to
the electronic coupling between the redox sites by opening
a new pathway to superexchange, for example mediating a
through—space interaction involving anthracene-based orbitals.
The redox data shows as an anthracene-based oxidation at about
1.50 V vs. SCE (see Table 2), which indicate that the anthracene-
based HOMO is close in energy to the metal-centered orbitals,
so that a hole-transfer pathway involving anthracene HOMO
is quite possible. The HOMO of the phenyl group is at lower
energy and cannot contribute to the interaction. A more detailed
discussion can be found in the original paper [16].

As far as the spectroscopic properties of the naphthyridine-
based molecular racks are concerned, their absorption spectra are
very rich, as expected because of the presence of several chro-
mophoric units. The spectra of all the complexes (Table 2; for a
representative example, see Fig. 4) show an intense absorption
feature between 320 and 400 nm. This feature receives a large
contribution from spin-allowed m—m* (LC) transitions involv-
ing the (bridging) molecular strands. In the anthryl-containing
species, contribution from the spin-allowed anthracene-centered
'L, transitions is obscured by molecular strand-based transi-
tions, whereas the stronger lBa transition at about 254 nm is
clearly showed. In the visible region, the lowest-energy band
is attributed to a charge transfer transition from each dimetal-
lic subunit (most likely, from a 7* orbital extending over the
two metal centers) to the (bridging) molecular strand. Such a
transition can be named metal-metal to ligand charge transfer
(M,LCT) transition because of the strong interaction between
the metal-metal bonded units of each component. The absorp-
tion bands the bis-diruthenium racks are red-shifted compared
to the dirhodium species, with the lowest-energy band of 8 and 9
extending into the near-IR region, in agreement with the Mo LCT
assignment, since the metal-based HOMOs of the ruthenium
compounds are higher in energy (and therefore their oxida-
tion potentials are less positive) than those of the corresponding
rhodium species (see Table 2) [16].

None of the four naphthyridine-based racks 8-11 exhibits
any luminescence either at room temperature or at 77 K. This
agrees with the excited-state properties of metal-metal bonded
acetate species, which are known to deactivate by radiation-
less transitions. However, one of the bis-dirhodium racks, 10,
exhibits a long-lived (lifetime, 5.8 s) transient absorption spec-
trum, indicating that the excited state can be efficiently involved
in bimolecular processes [16].

5. Molecular grids

Within the field of supramolecular coordination chemistry,
the natural evolution of molecular rack-type systems is the
design of grid-type compounds [3,18]. Molecular grids can
indeed be considered as the three-dimensional analogues of
the one-dimensional rack-type compounds, where ladder-type
compounds represent the two-dimensional systems (Fig. 5). The
photophysical properties and redox behavior of the heterometal-
lic [2 x 2] molecular grid 12, made of two Ru(II) and two Fe(II)
subunits, has been studied, together with the same properties of
the homometallic Fe(I) grid 13, of the heterometallic Os-Fe grid
14, and of the monometallic precursors 15 and 16 (see Chart 3
for the structures) [19].

The absorption spectra of 12—16 exhibit the typical feature
of Fe(Il), Ru(Il), and Os(Il) polypyridine complexes, that is
strong LC bands in the UV region and intense MLCT bands in
the visible, which extend towards the near IR region (Fig. 6).
The monometallic 15 and 16 precursors exhibit the typical
3MLCT emission, both at room temperature and at 77 K (298 K,
acetonitrile: 15: Amax =720nm, T=59ns, ®=2.4 x 1073; 16:
Amax =825nm, t=18ns, ®=1.8 x 1073; 77K, butyronitrile
matrix: 15: Apax =685nm, 7=4.95us; 16: Apax =820nm,
7=630ns) [19], whereas the grids 12-14 do not exhibit lumi-
nescence. The absence of luminescence of the three grids was
expected since all of them contain Fe(II) subunits, whose lowest-
lying excited-states, of MC nature, are known to deactivate via
nonradiative transitions. Apparently, the potentially lumines-
cent MLCT states involving the Ru(II) and Os(II) subunits are
efficiently quenched in the grid by intercomponent electronic
energy transfer populating the MC states involving the iron(II)
subunits.

All the three molecular grids here reported exhibit a very rich
and interesting electrochemistry (Table 2), which yields several
pieces of information of the electronic structure and interactions
of the various subunits [19]. As an example, for the sake of sim-

Fig. 5. Schematic representation of ladders (left) and grids (right).
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Chart 3. Structural formulae of 12-16.

plicity here we report in some detail the redox properties of the
homometallic Fe(IT) [2 x 2] grid 13, where the interpretation of
the results is not complicated by the presence of different metal
subunits and therefore is more informative of the various elec-
tronic interactions as mainly due to the grid structure. However,
similar qualitative conclusions where also drawn by analyzing
the behavior of the heterometallic grids [19].

The molecular grid 13 (Table 2, Fig. 7) undergoes four mono-
electronic reversible oxidation processes, which are assigned to
the four metal-centered orbitals. Following the first oxidation of
one of the four identical metal centers, a second oxidation pro-
cess is observed at a potential only slightly more positive than the

2.00
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=)
= 830
w

| | | !
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Fig. 6. Absorption spectra of 15 (solid) and 12 (dashed) in acetonitrile. Inset:
luminescence spectra of 15 in acetonitrile, room temperature (solid) and in
butyronitrile, 77 K (dotted).

first (AE1/; =50mV). Because the redox data of dinuclear Ru(II)
complexes containing a bridging pyrimidine ring indicate that
there is significant electronic interaction between metal centers
connected to the same (bridging) molecular strand (for example,
AE(» =300mV for 2 [5]), it can be concluded that the second
oxidation process involves the Fe(Il) center which is farthest
away, that is diagonal to the first oxidized center (Fig. 7). The
third oxidation process concerns one of the two other Fe(II) cen-
ters. Its potential is significantly more positive than the second
one (AE1»=190mV), in agreement with the presence of two
nearby (formally) Fe(III) centers. The fourth oxidation involves
of course the remaining Fe(II) center [19].

The separation of the third and fourth oxidation processes
(170 mV), which depends on the electronic interactions between
two opposite corners of the molecular grids when the other cor-
ners are Fe(III) centers, is larger than the separation between the
first two processes (50 mV), which depends on the electronic
interactions between two opposite corners of the molecular grids
when the other corners are Fe(II) centers. Such a difference
clearly indicates that the electronic interaction between two
redox-active sites localized at opposite corners of 13 is a function
of the oxidation state of the other redox-active sites.

As far as the reduction behavior is concerned, the first reduc-
tion of 13 involves a ligand orbital which receives a large
contribution from the pyrimidine ring: such aryl ring, beside
having its LUMO lower than those of the pyridine rings, is also
coordinated by two (positively-charged) metal centers. The sec-
ond reduction takes place at a potential that is more negative by
70 mV. Because the interaction between two identical ligands
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Fig. 7. Redox behavior of 13: cyclic voltammetry curves in acetonitrile vs. SCE
(top, oxidation; bottom, reduction). In the middle, assignment of the various oxi-
dation (a—d) and reduction (1-8) processes is reported. Fc stands for ferrocene,
used as an internal reference [19].

coordinated to the same metal center in these complexes can be
inferred by the separation between the two first reduction pro-
cesses of the mononuclear precursor species 15 and 16 (about
200 mV), the relatively small difference in potential between the
first two reduction processes of the grid 13 suggests that the sec-
ond reduction involves the bridging ligand which is opposite to
the first one (Fig. 7). On the basis of the above discussion, the
third and fourth processes are assigned to one-electron reduction
of the other two bridging ligands. The separation between the
second and third processes (140 mV) and third and fourth ones
(60 mV) supports the assignment and highlights the dependence
of the electronic interaction between ligands on their relative
location in the grid. At potentials more negative than —1.00V,
13 exhibits four additional, quasi-reversible processes. These are

assigned to the second one-electron reduction of each ligand,
following the same sequence of the first four processes.

The results obtained, which are also in agreement with those
reported for other [2 x 2] grids based on different metals [20,21],
indicate that in molecular grid structures as the ones stud-
ied, significant interaction among the various subunits takes
place, however any redox process can be assigned to specific
component of the supramolecular structure. Because of their
redox properties, theses molecular grids are very attractive as
molecular storage devices: in the case of 13, for example, 12
different reversible redox states at relatively mild potentials can
be obtained. The combination of structure and redox properties
also suggests that such species could be suitable to experimen-
tally test the concept of cellular automata [3b,22]. Moreover,
they are attractive systems for light-harvesting purposes, as it
was demonstrated that the light energy absorbed by any spe-
cific metal-based component is very efficiently channeled to the
metal center subunit(s) where the lowest-energy excited state of
the whole multicomponent system is localized (for 12 and 14,
the Fe(II)-based MC state).

6. Ruthenium(IT) molecular racks made of polytopic
hydrazone-based molecular strands

On the search for facile and efficient synthetic pathways
to polytopic molecular strands, the 2,6-disubstituted pyridine
ring (py2) of the molecular strands used in formerly discussed
systems was replaced by its isomorphic equivalent, a hydra-
zone (hyz) group [7a,7b]. This also allowed to increase the
molecular diversity (Fig. 8): for a ligand strand with two
tridentate terpy-like sites (py(-py2-pym-py2-py1; py: is a 2-
mono-substituted pyridine, the terminal ring of the strand,
and pym is the central 4,6-disubstituted pyrimidine), replac-
ing py2 by a hydrazone group generates two types of 2-sites
symmetric isomeric ligands, because the central unit may be
derived from a bis(hydrazino)pyrimidine or from a pyrimidine-
dicarboxaldehyde. This isomerism implies the change of the
position of the C=N bond. Thus, one gains synthetic efficiency
and simplicity, but also access to diverse molecular species, that
is to two possibilities for py-hyz-pym-hyz-py a and b, instead of
one for py1-py2-pym-py2-py1 (see Fig. 8). The same synthetic
strategy was applied to other 2-sites ligands, such as the py;-
PY2-pz-py2-py1 (pz = 2,5-disubstituted pyrazine) sequence [23],
whose hydrazone analogues ¢ and d have also been prepared
(Fig. 8).

By using the molecular strands a—d, the four dinuclear molec-
ular racks 17-20 (Chart 4) have been synthesized and their
spectroscopic, photophysical and redox properties have been
studied [24,25]. Table 3 collects the spectroscopic and redox
data, and Fig. 9 shows the absorption and emission spectra of
17 and 18. The results indicate that the different topologies,
in particular the position of the C=N group and the nature of
the central ring (pyrimidine vs. pyrazine), translate into signifi-
cant differences in the structural and electronic properties of the
hydrazone-based molecular racks.

The first obvious structural difference between the species
containing a pyrimidine ring, i.e. 17 and 18, and the species
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containing the pyrazine ring, 19 and 20, is that the Ru(terpy)>*
moieties of the racks are on the same side with respect to
the molecular rack main axis in the case of the pyrimidine-
containing systems, whereas they lie on opposite sides in the
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Chart 4. Structural formulae of 17-20.

case of the pyrazine-containing systems, so generating “alter-
nate” racks (see Chart 4). Moreover, the molecular racks 17 and
18 exhibit a bent structure, whereas 19 and 20 are effectively lin-
ear (Fig. 10) [24]. As far as the position of the C=N group in the

Table 3
Absorption, luminescence and redox data of hydrazone-based molecular racks, in deaerated acetonitrile solution, unless otherwise stated

Absorption? Amax Luminescence, 298 K Luminescence, 77 K® Redox® V vs. SCE Reference

,M~!cm™! Aoma , s Do , s

(nm) (e cm™ ) max (nm) (7, ns) max (nm) (z, ns) Eun (0%) Eyp (red)
17 630 (27000) d d +1.36; +1.66 —0.45; —1.05; —1.46; —1.65 [24]
18 470 (20700) 758 (30) 741 (335) +1.28; +1.53; +1.78° —0.98; —1.22; —1.35 [24]
19 614 (40600) d d +1.27; +1.50 —0.50; —1.05; —1.49; —1.57  [24]
20 468 (21200) 750 (40) 734 (390) +1.27; +1.52 —0.88; —1.32; [25]
21 f d d +1.30; +1.43 f [26]
22 f d d +1.32; +1.37; +1.618 f [26]
23 f d d +1.34 2P +1.43; +1.64irr T [26]

2 Only the lowest-energy spin-allowed MLCT band maximum is given.

® In butyronitrile rigid matrix.
¢ The processes are reversible or quasi-reversible. The number in square brackets indicates the number of exchanged electrons; when the number of exchanged
electrons is not indicated, the process is monoelectronic. On reduction, other processes occur at more negative potentials for all the complexes.

4 No emission at wavelength shorter than 850 nm.

¢ This oxidation process most likely involves molecular strand subunits centered on the methyl-amino groups.
f Data not available yet.
& Process involving inner metal centers.
b This process is the almost simultaneous one-electron oxidation of both peripheral metal centers.
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Fig.9. Absorption spectra of 17 (dashed) and 18 (solid) in acetonitrile and (inset)
luminescence spectra of 18 in acetonitrile at 298 K (solid) and in butyronitrile
at 77 K (dashed).

molecular frame is concerned, from reduction potential values
(Table 3), and considering that the first reduction involves in all
the cases an orbital mainly centered on the twice-metalled pyrim-
idine/pyrazine ring, it can be inferred that when the C=N groups
are directly linked to the central pyrimidine/pyrazine ring (i.e., in
17 and 19) a very low-lying LUMO is present and delocalized
over both the C=N groups and the central aryl ring, whereas
when a methyl amino group is interposed between each C=N
group and the pyrimidine/pyrazine central ring (as in 18 and

Fig. 10. X-ray structures of 17 (top) and 19 (bottom) [24].

20), the LUMO lies at much higher energy and is essentially
centered only on the twice-matallated aryl ring. Such a large
difference in the LUMO energy is also responsible for the local-
ization of the second reduction process in the four racks, which
in 17 and 19 is still centered on the bringing molecular strand,
whereas in 18 and 20 involves a terpy ligand [24].

The presence of very low-lying LUMOs in 17 and 19 also
leads to MLCT states at low energy: this is showed in 17 and
19 by strong visible bands, due to spin-allowed MLCT tran-
sitions, in the 500-700 nm range (see Table 3, Fig. 9). In 18
and 20, in agreement with the reduction data, the corresponding
MLCT bands are found at much higher energies, with maxima at
wavelengths shorter than 500 nm. Luminescence from >MLCT
states is found for 18 and 20 in the 720-800 nm energy range
(Fig. 9, Table 3), whereas emission from analogous states of
17 and 19 is expected at energies lower than 850 nm, and in
fact is not detected with usual fluorimeters and photomultipli-
ers, for which sensitivity becomes extremely low at A >850 nm.
Near IR luminescence experiments with suitable detectors
for hydrazone-based molecular racks have not been reported
yet.

Larger Ru(Il) hydrazone-based molecular racks, containing
three (21), four (22), and six (23) metal subunits have been
reported (see Chart 5) [26]. In all these species, pyrazine rings
are present within the molecular strand framework. Absorp-
tion spectra and photophysical properties of 21-23 have not
been reported yet, however quite interesting oxidation properties
have been communicated (Table 3) [26]. Indeed, the molecular
racks 21-23, together with their smaller analogue 20, repre-
sent an homologous series of “modular” compounds, in which
the separation between the peripheral, roughly identical meta-
based subunits increases along the series by the presence of an
increasing number of intermediate metal-based subunits which
plays the role of spacers. The metal subunits easier to be oxi-
dized in 21-23 are the terminal subunits. In fact, the inner
subunits are more difficult to be oxidized compared to the ter-
minal ones because of the different coordination environment
(e.g., the peripheral metal centers are coordinated by one pyri-
dine and by only one bridging pyrazine ring, while the inner
metal centers carry two bridging pyrazine, which are known
to be stronger electron withdrawing groups than the terminal
pyridine rings). However, the first two oxidation processes in
21 and 22 are both monoelectronic, indicating splitting of the
peripheral metal-based oxidation process, similarly to that which
occurs, obviously, in 20, where no intermediate inner metal cen-
ter is present. The sizeable splitting of the oxidation potential
of the peripheral (outer) metal center subunits in 21 and 22 has
no precedent in Ru(Il) multinuclear complexes with nuclearity
larger than two, with the exception of molecular grids, which
have a peculiar structure, and of complexes made of particu-
lar tritopic ligands like hexaazatriphenylene ligands [27]. This
indicates that in the molecular racks 21-23 the inner metal-based
subunits allow a significant electronic interaction between the
outer subunits. The oxidation splitting is found to follow an
exponential dependence on the outer metal center distance, as
expected in the assumption that such an oxidation splitting is
proportional to the effective electronic coupling between the
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Chart 5. Structural formulae of 21-23.

outer subunits [26]. The linear relationship shown in Fig. 11 and
related to Eq. (1),

In B —In H'0) — <§> r — ro) (1)

where H' is half of the oxidation splitting, H'(0) is related to the
oxidation splitting for the interaction at the “contact” distance

750

7.0

6.5

In HIAB
*

6.0

55

304 2 4 6 8 0 12 14

Fig. 11. Plot of Eq. (1) (see text).

ro (no interposed units; in our case, it would be the splitting of
the dinuclear system 20), r is the edge-to-edge distance between
the peripheral subunits (calculated by using X-ray parameters of
dinuclear systems [24]), and B is the distance attenuation term
for the electronic interaction, largely a property of the interposed
spacer “module” (although it also depends on the nature of the
terminal subunits) — allows to calculate a value of 0.23 A1 for
B in the hydrazone-based molecular racks. This value compares
well with those calculated for other molecular spacers which are
usually considered good “electronic conductors®: it is smaller
than those reported for most phenyl groups in organic systems
(Babout0.5 A~1)[28] and even smaller than those obtained from
photoinduced energy transfer rate constants between Ru(I) and
Os(II) subunits separated by polyphenylene spacers (0.32 A~1)
[29] in mixed-metal dinuclear species and from spectroscopic
measurements in olefin-bridged diruthenium and dialkylamino
compounds (also 0.32A~1) [30]. Such results suggest that
the hydrazone-based molecular racks feature properties typical
of a genuine “molecular wire” and are therefore of poten-
tial interest for implementation in supramolecular electronic
devices.
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Fig. 12. The {(pyrazine-hydrazone-pyrazine)Ru(terpy)}>* spacer discussed in
the text.

The molecular wire behavior exhibited by 20-23 warrants
some additional comment. The low f parameter featured by
the {(pyrazine-hydrazone-pyrazine)Ru(terpy)}>* module (the
individual inner subunit in 21-23, see Fig. 12) contrasts with
the much higher values implicitly found for the other types
of metal-based “spacers” which are usually present in mul-
ticomponent Ru(Il) systems [la]. In fact, for such systems
an oxidation splitting is not found (and a B value cannot be
calculated by the oxidation splitting method). For example,
even in a molecular rack similar to 2 and 5, but containing
three metal centers, the oxidation of the two peripheral metal
subunits occurs at the same potential, although the separa-
tion between the peripheral centers is smaller than in 22, and
close to that found in 21 [13]. It can be proposed that the bet-
ter ability of the {(pyrazine-hydrazone-pyrazine)Ru(terpy)}>*
building blocks to mediate electronic coupling, compared to
that of the usual polypyridine-like Ru(II) subunits, is due to
a superexchange-assisted interaction which take advantage of a
hole-transfer mechanism. Redox studies performed on the free
molecular strands a—c shown in Fig. 8 demonstrated that such
species have relatively high energy HOMOSs, mainly involv-
ing the methyl-amino groups [24]. Such HOMOs can couple
with the metal-centered orbitals where oxidation takes place,
and extend the electronic interaction throughout the molecular
racks. Further studies are needed to confirm this suggestion.

7. Conclusions

The molecular racks and related grids discussed in this review
article are quite interesting by many viewpoints. The properties
of individual metal components are carried to a large extent in
the supramolecular multicomponent systems. Absorption, emis-
sion, and redox processes can be assigned to specific subunits
of the arrays, however they depends on both the individual com-
ponents and the structural organization. Moreover, some novel
properties and functions, like molecular-wire behavior, redox
sequences, and intercomponent energy transfer processes, origin
from the supramolecular nature of the species.

Beside the synthesis of novel molecular rack species, intrigu-
ing by the theoretical viewpoint, future interesting work is also

expected to involve spectroelectrochemistry of mixed-valence
species and ultrafast spectroscopy, not yet performed on such
species. These studies can help to shine light on the electronic
coupling and the rates of electron and energy flow within the
various metal-based subunits, with possible intriguing conse-
quences on applicative aspects. On this basis, it can be stated
that the study of the properties of molecular racks is still in its
infancy, and surely will be an intense field of research in the next
years.
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