FULL PAPER

DOI: 10.1002/ejic.201000741

MMX Chains and Molecular Species Containing Rh,"" (n = 4, 5, and 6)
Units: Electrical Conductivity in Crystal Phase of MMX Polymers

Pilar Amo-Ochoa,?! Reyes Jiménez-Aparicio,*!*l M. Rosario Torres,"!
Francisco A. Urbanos,'?! A. Gallego,'! and Carlos J. Gémez-Garcia!’l

Keywords: Rhodium / Polymers / Conducting materials / Metal-metal interactions / Molecular wires / Electrical properties /
Metal-organic frameworks / Paddlewheel compounds

The control of the experimental conditions in the reaction of
Rh,(O,CCHj), with halides allows the isolation of the novel
dirhodium complexes K,[Rh,X(O,CCHz),]+4xH,O (X = Br,
1-4H,0 and I, 2-4H,0) [Rh,(O,CCHj3),Cl],-xH,O (3-H,0),
[Rhy(O,CCH;)Cl]-4xH,O (3-4H,0), and [Rh,(O,CCHs),l,)-
4H,0 (4-4H,0) containing Rh,™ (n = 4, 5 and 6) units. The
X-ray structure determination of compounds 1-4 reveals the
presence of dirhodium units in different oxidation states. The
polyanionic complexes 1-4H,0 and 2-4H,0 containing Rhy**
units give zig-zag chains. In contrast, the partially oxidized
complexes 3-H,O and 3-4H,0O containing Rh,>* units are
linked by chloride ligands forming linear chains. The first
tetracarboxylatodirhodium(IIl) compound 4-4H,O is also de-

scribed. Its structure consists of discrete binuclear
[Rh,(O,CCHjs),]%* units with both axial positions occupied by
iodide ligands. The very simple synthetic procedures pre-
sented here to achieve the partial or complete oxidation of
the dirhodium(II) precursors open new perspectives in dirho-
dium complexes containing different oxidation states and in
their potential applications in the construction of molecular
devices. The electrical characterization of the polymer chains
confirms conductivity in crystal phase. In addition, isolation
of 1-4H,0 and 2-4H,0 on mica and morphological characteri-
zation of individual chains by atomic-force microscopy have
been achieved.

Introduction

Since the discovery of metal-metal multiple bonds, the
study of dimetallic compounds has occupied a central role
in transition-metal chemistry.['l The theoretical aspects of
the metal-metal bond and the applications of this type of
complexes in several fields are the main causes of their ra-
pid development.!'! In this regard, research involving dirho-
dium complexes is also a matter of interest. The properties
of these compounds span diverse fields such as molecular
architecture, catalysis, or antitumor activity, leading to an
exponential growth of dirhodium chemistry.”’! Dirhodium
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carboxylates containing a Rh,** core constitute the largest
group of dirhodium(Il) complexes with metal-metal
bonds.['"?! Oxidation reactions of these compounds to com-
plexes with Rh,>* and Rh,%* cores are very difficult. Thus,
the number of dirhodium complexes with mixed oxidation
states, Rh,(ILIII), is scarce although some dirhodium com-
plexes of the type [Rh,(L),]* with different anionic bridging
ligands (L) have been described.l'-3! The dirhodium(III)
compounds are very scarce. To the best of our knowledge,
only two types of dirhodium(III) complexes have been re-
ported: a series of bis(phenyl)dirhodium(III) complexes,
and the [Rh,(O,CR)4NO),] (R = Me, Et, iPr) com-
pounds,! but in the latter, the specific oxidation state is
unclear. In addition, the required reaction conditions are
too specific, for instance, the bis(c-aryl)dirhodium(III) cap-
rolactamates were obtained by reaction of bis(c-aryl)dirho-
dium(IT) caprolactamates with arylboronic acids in the
presence of copper as a catalyst,*] and the [Rh,(O,CR),-
(NO),] (R = Me, Et, iPr) complexes were prepared by reac-
tion of NO(g) with [Rh,(O>CR),] under N,.I!

The use of dimetallic subunits has recently gained re-
newed attention due to the discovery of the fact that one-
dimensional mixed-valence olygomers and polymers formed
using these dimetallic building-blocks may generate com-
pounds with novel applications, for instance, as molecular
wires.[°8 The complex [Rhy(1,3-diisocyanopropane)sCI]>*
represented the first structurally characterized chain based
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on the Rh'™Rh™Rh"™-Rh' unit used with this objec-
tive.” 111 Subsequently, some examples of oligomeric mixed-
valence complexes with rhodium!!-1%13] and with other tran-
sition metal-ions have been prepared. New developments in
this area include the preparation of analogous tetranuclear
rhodium and iridium blues with catalytic properties.l'¥]

Other interesting one-dimensional polymers are those
called MMX chains. In particular, [Pty(dta),l] (dta = di-
thioacetate) presents exceptionally high electrical conduc-
tivity at room temperature in the crystal phase.['>!71 More
recently, it has been reported that nanostructures of
[Pty(dta),I] on surface show high electrical conductivity.['®!
These results have opened new perspectives towards the ap-
plications of these molecular wires in nanoelectronics.

However, the study of the electrical properties of MMX
chains with other metals and ligands is still poorly devel-
oped. We have selected dirhodium compounds as an alter-
native based on the preliminary electrical measurements on
halotetraacetamidatedirhodium(ILIIT) complexest'®2!l and
the ability of rhodium atoms to form dimetallic cores
bridged by carboxylate ligands. Moreover, carboxylate li-
gands are more stable than the dithiocarboxylates used in
the conducting MMX platinum chains. Therefore, the use
of carboxylates could lead to an increase of the function-
ality along the terminal ligands of the polymer chains (e.g.
with H-bond donor-acceptor capabilities). In this paper we
describe the synthesis of the first polymeric tetracarboxyla-
todirhodium(IT) compounds K ,[Rh,X(O,CCH3),]+4xH,O
(X = Br, 1-4H,0 and I, 2:4H,0) and dirhodium(ILIIT) de-
rivatives [Rh,(0,CCH;),Cl],-xH,O (3-H,0) [Rh,(O,C-
CH;»),4Cl],-4xH,O (3-4H,0). The preparation of the first
tetracarboxylatodirhodium(IIl) complex [Rh,(O,CCHj3)y-
1,]-4H,0O (4-4H,0) is also reported. Electrical characteriza-
tion and preliminary studies on surfaces have been carried
out in order to prove the application of these linear conduc-
tive chains as molecular wires.[?> 24

Results and Discussion

The reaction of tetraacetatodirhodium(II) and a potas-
sium halide KX (X = CI, Br, I) using water as a solvent
leads to the formation of complexes 1-4. These reactions
were carried out under one of the following conditions:

a) Neutral solution without addition of oxygen.

b) Acid solution (HBF,) saturated with oxygen.

c¢) Neutral solution saturated with oxygen.

Polymeric complexes K, [Rh,X(O,CCHj3)4],+4xH-,O (X =
Br, 1-4H,0 and 1, 2-4H,0) and K,[Rh,(O,CCHj;),Cl,] have
been obtained using the procedure a. Under these condi-
tions the oxidation of rhodium(II) is not observed.

However, the Rhy*" unit is partially oxidized to Rh,>*
core in acid solution (HBF,) saturated with oxygen (pro-
cedure b) in the presence of KCl and KBr giving the poly-
meric mixed-valence [Rh,(O,CCH;)4Cl],»xH,O (3-H,0),
and RhBr;, respectively. Complex 3-H,O was obtained in a
very low yield (4%). In an attempt to prepare 3-H,O in a
higher yield the similar oxidation reaction using NH,CI and
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CuCl, instead HBF, was carried out. In these new condi-
tions a yield of 10% of the complex [Rh,(O,CCH;)4Cl],*
4xH,0 (3-4H,0) was achieved.

The addition of HX (Cl, Br, I) instead of HBF, origi-
nates the breaking of the paddlewheel structure of
[ha(OzCCH3)4] leading to RhX3.[25’26]

The oxidation of the Rh,** core to the Rh,®* unit to give
[Rhy(O,CCHj3)41,]-4H,0 (4-4H,0) is only achieved when
KI in neutral solution saturated with oxygen is used (pro-
cedure ¢). With KCl only the starting compounds were iso-
lated and with KBr a mixture of the starting compounds
and the compound 1-4H,O were isolated.

All attempts to oxidize the [Rh,(O,CCHj3),] complex di-
rectly with I, Br, or Cl, failed. Although with Br, and
Cl, some reaction occurs, we could not isolate the desired
product; in these cases, only the formation of RhX; was
detected. Moreover, the reaction of [Rh,(O,CCHj),] with
O, in the absence of the halides, even in the presence of
other counteranions (e.g. nitrate), does not produce the oxi-
dation. Therefore, these data suggests that the equilibrium
halide-oxygen could be the key of the oxidation process. In
fact, it is well-known that KI solutions give iodine at pH =
7, while KBr and KCI solutions only form bromine and
chlorine at very acidic pH (Table S1 in the Supporting In-
formation).

The IR spectra of complexes 1-4 show in the COO
stretching region the typical pattern corresponding to the
bridging carboxylato ligands. The v, (COO) absorption of
the carboxylato group is shifted from 1568 cm™! in the start-
ing material to higher wavelengths for complexes 1-4. The
IR spectra of all complexes clearly show absorptions bands
due to the presence of water molecules.

The structures of complexes 1-4 have been determined
by single-crystal X-ray diffraction. Although the final data
for compound 1-4H,O were not as good as the ones ob-
tained for 2-4H,0, the structure has been included in the
paper, because the data from the isostructural 2-4H,O allow
us to support the proposed structure for 1:4H,0. Table 1
collects selected bond lengths and angles of the complexes.

The complexes 1-4H,0O and 2:4H,O are isostructural,
crystallizing in the same Pl space group, with similar cell
parameters. Figures 1 and 2 show the dimetallic unit and
the counterion for both complexes. The anionic units
[Rh,X(O,CCH3)4] consist of two Rh atoms linked by four
acetate bridging ligands in an eclipsed arrangement, with
the axial positions occupied by one halide bridging ligand
(Br and I, respectively), giving infinite zig-zag chains
(-Rh-Rh-X-), (X = Br, I) (Figure 3). Thus, each Rh atom
shows a slightly distorted octahedral environment having
four equatorial positions occupied by the oxygen atoms of
the acetate ligands; the axial sites are occupied by one ha-
lide ligand and by the other Rh atom of the dimetallic unit.
The Rh-Rh bond lengths in 1-4H,O and 2:4H,0O are
2.3985(2) and 2.399(2) A, respectively. These distances are
consistent with those found in other carboxylatodirhodium
complexes containing a Rh,** unit.!! The Rh-Br and Rh-
I distances are 2.4014(12) and 2.7017(17) A, in 1-4H,O and
2-4H,0, respectively.
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Table 1. Selected bond lengths [A] and angles [°] for compounds 1-4.

1-4H,0 2-4H,0 3-H,0 3-4H,0 4-4H,0

Rh Rh 2.398(1) 2.402(2) 2.3993(9) 2.3837(8) 2.413(1)
2.401(1) 2.399(2)

RO(1)-Ofaverage) 2.041 2.045 2.029 2.038 2.049

RO(2)-Ofaverage) 2.037 2.041

Rh(1)-X 2.648(1) 2.701(2) 2.6828(5), 2.6827(5)  2.5321(5) 2.8852(1)

Rh(2)-X 2.645(1) 2.692(2)

Rh(1)-Rh(1)-X 177.29(5) 177.70(8) 176.69(3) 177.733) 179.69(5)

Rh(2) Rh(2) X 177.40(5) 177.65(8)

Rh-X-Rh 130.75(4) 131.40(6) 180.00(1) 180

O(1)-Rh(1)-Rh(1)-0(2) 91.18 1.03 89.34 0.12 0.29

O(5)-Rh(2)-Rh(2)-O(6) 89.19 1.96

Figure 1. ORTEP view of one of the two binuclear units present in
K, [Rh,Br(O,CCH3)4],+4xH,O (1:4H,0) complex showing the
atom numbering scheme. Atoms are represented by thermal ellip-
soids at the 50% probability level. Hydrogen atoms and solvation
water molecules are omitted for clarity.

Figure 2. ORTEP view of one of two binuclear units present in
K, [Rh,I(O,CCH3)4]+4xH,0 (2:4H,0) complex showing the atom
numbering scheme. Atoms are represented by thermal ellipsoids
at the 30% probability level. Hydrogen atoms and solvation water
molecules are omitted for clarity.

In the zig-zag chains the Rh—X-Rh angles are 130.75(4)°
and 131.40(6)° in 1-4H,0O and 2-4H,0, respectively. The
disposition of chains is enhanced because the neighbouring
pairs of [Rh,(O,CCHs),4] units bridged by the halide ions
are also supported by potassium cations along the chains.
4926

www.eurjic.org

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 3. View of the chain structure of K, ,[Rh,Br(O,CCH3)yl,
4xH,0 (1-4H,0), showing interactions across the water molecules.

Thus, in both complexes each potassium ion is surrounded
by seven oxygen atoms with distances ranging from 2.724
to 3.100 A. Four oxygen atoms belong to carboxylato li-
gands (two of each neighbouring dimetallic units) and the
other three belong to water molecules (Figure 3).

The zig-zag chains are held in parallel due to the hydro-
gen bonds formed by the four water molecules that hold
the carboxylate oxygen atoms of adjacent dimetallic units
with two water molecules in turn connected to potassium
ions of different chains. The complex 2:4H,0O shows very
similar interactions.

To the best of our knowledge, complexes 1:4H,O and
2-4H,0 represent the first reported examples of infinite
chain structures of monohalotetracarboxylatodirhodi-
um(II) complexes.[>0-21:27]

The structure of the mixed-valence complexes 3-H,O and
3-4H,0 consists of two Rh atoms linked by four acetate
bridging groups with the axial positions occupied by chlo-
ride ligands (Figure 4 and Figure S1). The Rh—Rh distances
are 2.3993(9) A and 2.3837(8) for 3 H,O and 3-4H,0,
respectively. These values lie in the range found in the Rh,>*
compounds described in the literature (2.31-2.51 A) and
also in the range observed for dirhodium(II) species.[!! The
small variation of the metal--\metal distances in spite of the
change in oxidation state agrees with the loss of one elec-
tron from a &* orbital. Thus, the initial o2n*§%n*45*2 con-
figuration® for the reduced species change to o2n*§2n*45*!
configuration for the mixed valence dirhodium(ILIII) com-
plexes. In contrast to the zig-zag chains observed for
1-4H,0 and 244H,0, in 3-H,O and 3-4H,0, the
[Rh,(O,CCH3)4]" units form linear chains. These linear
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chains are also in contrast with the formation of zig-zag
arrangements previously reported in the one-dimensional
chains of [Rhy(acetamidato)X], complexes.[1*2!]

Figure 4. ORTEP view of the binuclear unit of complex 3-H,0,
showing the atom numbering. Atoms are represented by thermal
ellipsoids at the 30% probability level. Hydrogen atoms and sol-
vation water molecules are omitted for clarity.

The interactions between the linear chains of
[Rh,(O,CCH3)4Cl], in both complexes occurs through in-
tersticial water molecules. Thus, in complex 3-H,0, each
water molecule connects, through several interactions, two
perpendicular chains leading to a 3D arrangement in the
solid state (Figure 5).

Figure 5. View of the chain structure of [Rh,(O,CCH;),Cl]-H,O
(3-H,0) showing interchain interactions.

In the case of complex 3-4H,0, the interactions take
place among four chains through the oxygen atoms OS5, O6,
O7 in the way that depicts Figure 6, giving rise to a 3D
arrangement.

Complexes 3-H,O and 3-4H,O constitute the first poly-
meric tetracarboxylatodirhodium(ILIII) species described
in the literature.

The structure of 4-H,O (Figure 7) consists of discrete di-
nuclear molecules of [Rh,(O,CCHj3),l5], with iodine atoms
in the axial positions. The Rh-Rh distance [2.413(1) A] lies
in the range expected for the majority of tetracarboxylato-
dirhodium compounds (2.31-2.51 A)." The Rh-Rh dis-
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Figure 6. View of the chain structure of [Rh,(O,CCHj3),Cl],"
4xH,0 corresponding to complex 3-4H,0, showing the interac-
tions between the water molecules.

tances found in some previously described complexes con-
taining the Rh,®" unit are larger than the distances ob-
served in other species in lower oxidation states.[ ! This be-
haviour has been ascribed to the loss of the ¢ M—M interac-
tion, leading to a n*3’m*48*2 electronic configuration.[]
However, the Rh—-Rh distance in 4:4H,O is only slightly
larger than the one found in complexes 1:4H,0O and
2:4H,0, containing the Rh,** unit, and also in 3-H,O and
3:4H,0, with the mixed valence core Rh,’*. This near in-
variability in the M-M distances could be consistent with
the o?n*3°n** electronic configuration. In addition, the
eclipsed disposition of the paddlewheel unit is in accord-
ance with the existence of a net 6 bond in the dimetallic
unit. Rh-T distance [2.8852(1) A] is longer than in the poly-
meric complex 2-H,0O. Similarly to that found in
Ruy,(DMBA)I, complex?” (DMBA = N,N’-dimethyl-
benzamidinate) the Rh-I distance in 4-4H,O is very close
to the sum of the ionic radii of Rh** (0.67 A) and I
(2.20 A) and much longer than the sum of the covalent radii
of the elements. These data indicate that the nature of the
Rh-I bonds in this complex is highly ionic.

Figure 7. ORTEP view of the binuclear unit of complex
[Rh5(O,CCH3)415]-4H>O (4-H,0) showing the atom numbering
scheme. Atoms are represented by thermal ellipsoids at the 20%
probability level. Hydrogen atoms and solvation water molecules
are omitted for clarity.
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The crystallization water molecules O4 and O6 are hy-
drogen bonded to an oxygen atom of the acetate ligand of
the neighbouring dirhodium units [04-02 = 2.878(7) A
and 06-01 = 2.968(9) A]. These interactions generate a
sheet parallel to the ab plane (Figure S2). The other two
water molecules do not present any specific interaction.

Electrical conductivity of metal-organic compounds is a
matter of current interest but still the number of com-
pounds showing this physical property is very limited.?"]
MMX and related systems seem to be suitable candidates to
present electrical conductivity. Therefore, two probe direct
current (DC) electrical conductivity measurements at 300 K
were performed in several crystals of complexes 1-4H,0,
2-4H,0 and 3-H,0. The conductivity values at 300 K ap-
plying an electrical current with voltages from +10V to
—10 V (Table 2) are in the range observed for other similar
coordination polymers.

Table 2. Electrical conductivity data collected at 300 K for com-
pounds 1:4H,0, 2:4H,0 and 3-H,O compounds [o390 k (Scm™)].
using the two probe technique.

G300 x (Sem™)

3.96 X 10°°, 6.33xX10°°

Compounds
[K(H20)4].[Rh>X(0,CCH3)4]
X = Br (1-4H,0), 1 (2-4H,0)
[ha(OzCCH});;Cl]X'tzO
(3-H,0)

1.91x10°¢

Since compound 2:4H,0 seems to be the best conductor,
we have carried out more extended studies on this complex.
Thus, DC-electrical conductivity measurements at variable
temperature carried out by the standard four-probe method
on the best developed face of a single crystal of 2-4H,0
show a room temperature conductivity of ca. 2:10* Scm™'.
Note that the factor of 3 between the two measurements
may be attributed to the different measurement method
and/or to the quality of the single crystals used. When the
sample is cooled, the d.c. electrical resistivity smoothly in-
creases from a value of ca. 5000 Qcm at room temperature
to a value of ca. 35000 Qcm at ca. 60 K (Figure 8). Below
this temperature the resistance of the crystal exceeded the
limit of our measuring system. Interestingly, the thermal
variation of the electrical resistivity does not follow the clas-
sical Arrhenius-type semiconducting regime (see inset in
Figure 8), but rather a variable range hopping (VRH)
model p = pg X exp(To/T)*. This model reproduces very sat-
isfactorily the resistivity of compound 2-4H,0 in the whole
temperature range with py, = 503(5) Qcm, T, = 3739(79) K
and a = 0.345(1) (solid line in Figure 8). The a value, very
close to 1/3, indicates that the conductivity in this com-
pound is essentially two dimensional. Although the struc-
ture of compound 2-4H,0 is formed by zig-zag Rh—Rh-1
chains, a close look at the structure shows the presence of
one short interchain interaction between the I atom and
one of the three water molecules bonded to the K cations.
Thus, there is a IO distance of 3.43 A, shorter than the
sum of the van der Waals radii of I and O (1.98 and 1.52 A,
4928
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respectively) (Figure 9). Additionally, there is a second
short interchain interaction with an IO distance of
3.61 A. Interestingly, these interactions only take place in
the ac plane but not in the bc plane, leading to a 2D struc-
ture formed by interconnected chains. Note that the oxygen
atoms implied in these interactions correspond to water
molecules and, therefore, the IO interaction is expected
to be mediated by the H atom in a I---H-O interaction.3!]
Although these interactions are weak, the high polarizabil-
ity and extension of the iodine orbitals is expected to facili-
tate the electron hopping observed in the plane.

40104+
35104
301049 \
B 2.5 104
o ]
G 20104

S 151041
10 1044
50103
0.0 100 F—rr

50 100 150 200 250 300

T (K)

N 2 4 6 % 1o 12 14 Te 18
~ 1000/T (K)

T T

——
350 400

Figure 8. Thermal variation of the DC-resistivity of compound
2:4H,0. Solid line shows the best fit to the VRH model. Inset
shows the corresponding Arrhenius plot.

Figure 9. View of the chain structure of K [Rh,I(O,CCHj3)yl,
4xH,O (2-4H,0) showing the interchain interactions in the ac
plane.

It is worth noting that the number of conductivity studies
on coordination polymers is scarce, particularly focusing on
MMX polymers and specifically platinum and nickel
mixed-valence compounds with dithiocarboxylato ligands
(Table 3). In these cases the conductivity values of the com-
plexes are between 83-6 10 Scm™!. The data reported for
dirhodium polymers are limited to three acetamidato

Eur. J. Inorg. Chem. 2010, 4924-4932
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Table 3. Electrical conductivity data collected at 300 K for some selected MMX compounds [o399x (Scm™!), using the four probe tech-

nique].?
Compounds 6300 K (Scm™)
[Pt(RCS,),] 13 (R = Me), 530 (R = E),

K4[Pt(pop)4Br] nH,O (pop = diphosphito)
[Nix(RCS,)4]]

0.23 (R = nPr), 17-83 (R = nBu),

0.84 (R = nPent)

5x10#

25X 102 (R = Me), 1.6 103 (R = Et),
7.6x10* (R = nPr), 6 104 (R = nBu)

[Rhy(CH;3NO,),X], (X = Cl, Br, I)

2x107

0 10

20 30
X[nm]

010 2030
X[nm]

Figure 10. AFM topographic images of the fibres of complexes 1:4H,0 (left) and 2-4H,O (right) adsorbed on mica.

mixed-valence (Rh,>*) complexes showing lower conductiv-
ity values than those observed for the acetate complexes
(2% 107 Scm™1).2%211 Surprisingly, in these polymers the
conductivity values are almost equal and unaffected by the
bridging halogen.

In addition, no conductivity studies of MMX without
mixed-oxidation state have been made. Our results show
that this kind of complexes can also present electrical con-
ductivity at room temperature. The relatively high conduc-
tivity found in our compounds may be attributed to disper-
sions of the bands due to a high orbital overlap between
the Rh?" cations and the I" anions along the chains as well
as between the chains through the K* cations and the H-
bonded water molecules.

The relatively high electrical conductivity values ob-
served in the crystal phase for compounds 1-H,O and
2-H,O0 prompted us to consider these materials as a suitable
candidate towards molecular wires formation on surface.
Therefore, the first necessary requirement is the characteri-
zation on surfaces of isolated single chains or nanostruc-
tures of these materials. Recent studies have developed
routes of isolation for these types of systems on sur-
faces.[}334 Following a similar methodology already re-
ported by us for MMX chains of ruthenium, we have car-
ried out the adsorption of 1-H,O and 2-H,O on mica. The
deposition of sonicated water diluted solutions of these
compounds on mica, allows isolation of individual chains
whose morphological characterization has been performed
by atomic force microscopy (AFM)I3 confirming the isola-
tion of 1D organizations. Figure 10 shows AFM topogra-
phy images of homogeneous fibres (complexes 1-4H,0O and
2-4H,0) obtained upon standing several days (4 days for
1-4H,0, 6 days for 2:4H,O) from sonicated solution at
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room temperature. The height values of ca. 0.6 nm obtained
in both cases are in good agreement with the values of the
diameters observed by X-ray diffraction for individual poly-
mer chains.

Conclusions

The scarce synthetic routes previously reported used to
prepare dirhodium(ILIIT) and dirhodium(IIl) complexes
are somehow complicated and specific, involving inert
atmospheres and ultra-dried solvents. Therefore, the oxi-
dation reaction of tetraacetatodirhodium(II) using oxygen,
in aqueous solution with pH control, constitutes a very
interesting and suitable method to obtain tetraacetatodir-
hodium(ILIII) and (IILIII) complexes. This simple pro-
cedure has allowed us to prepare linear and zig-zag chain
polymers, containing tetraacetatodirhodium units, with
electrical conductivity. Isolation and AFM characterization
on surface of these polymers point out the potential of
these materials as molecular wires.

The preliminary data herein presented suggest that this
synthetic approach could be employed for the preparation
of other similar dirhodium carboxylate complexes. Work is
underway to explore the structural scope and applications
of these new complexes.

Experimental Section

General Procedures: KBr, RhCl;:xH,O, carboxylic acids, and sol-
vents were purchased and used as received. The tetraacetatodirhod-
ium(II) used in this report was obtained by a method described
before.[3*33 IR spectra were recorded on a PerkinElmer Spec-
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trum 100 spectrophotometer using an universal ATR sampling ac-
cessory. Elemental Analyses were carried out by the Microanalyti-
cal Service of the Complutense University of Madrid.

Preliminary direct current (DC) electrical conductivity measure-
ments were performed on two different single crystals of com-
pounds 1-4H,0, 2:4H,0 and 3-H,O at 300 K with two contacts.
The contacts were made with platinum wires (25 pm diameter). The
samples were measured at 300 K applying an electrical current with
voltages form +10 to —10 V. The measurements were performed in
the compounds along the crystallographic a axis. Variable tempera-
ture DC-resistivity measurements were performed with the four
contacts method on a single crystal of compound 2-4H,O in the
temperature range 60-400 K. The contacts were made with plati-
num wires (25 um of diameter) that were attached to the crystals
with graphite paint. The measurements were performed with a cur-
rent intensity of 10 nA at a scan rate of 0.5 K/min with reproduc-
ible and very similar results in the cooling and warming scans. The
resistivity measurements were done with a Quantum Design Physi-
cal Properties Measurement System (PPMS-9) equipment.

X-ray Data Collection and Structure Refinement: Data collection
for all compounds was carried out at room temperature on a
Bruker Smart CCD diffractometer using graphite-monochromated
Mo-K,, radiation (1 = 0.71073 A) operating at 50 kV for all com-
pounds and 20 mA for 1:4H,0 and 2-4H,0 and 30 mA for 3-H,O,
3-4H,0 and 4-4H,O0. In all cases, data were collected over a hemi-
sphere of the reciprocal space by combination of three exposure
sets. Each exposure of 20 s covered 0.3 in w. Cell parameters were
determined and refined by a least-squares fit of all reflections. The
first 100 frames were recollected at the end of the data collection
to monitor crystal decay, and no appreciable decay was observed.
A semi-empirical adsorption correction was applied for all cases.
The crystal structure of complex 1-4H,O has not been refined satis-
factorily due to the low quality of the crystal. However, as com-
pound 1-4H,0 is isostructural with 2-4H,0O, we have included the

structure of the former to explain the structure-properties rela-
tonship in this compound.

A summary of the fundamental crystal and refinement data is given
in Table 4.

The structures were solved by direct methods and refined by full-
matrix least-square procedures on F> (SHELXL-97).3¢ All non-
hydrogen atoms were refined anisotropically. For all compounds
the Fourier difference map showed, in the last cycles of refinement,
residual electronic density, that was assigned to the oxygen atoms
of solvent water molecules. However, the corresponding hydrogen
atoms could not be located and were not included in the model.
The rest of the hydrogen atoms were included in their calculated
positions and refined riding on the respective carbon atoms.

CCDC-775468 (for 1-4H,0), -775469 (for 2-4H,0), -775470 (for
3-H,0), -775471 (for 3-4H,0), -775472 (for 4-4H,0) contain the
supplementary crystallographic data for this paper. These data can
be obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Atomic Force Microscopy (AFM): Atomic Force Microscopy
images were acquired in dynamic mode using a Nanoscope Illa
Multimode Veeco Electronica System. Veeco cantilevers were used
with a nominal force constant of 0.75 N/m operating at room tem-
perature under ambient air conditions. The images were processed
using  WSxMB7 (freely downloadable SPM software from
www.nanotec.es).

Preparation of the Surfaces: To obtain reproducible results, very flat
surfaces with precisely controlled chemical functionalities, freshly
prepared just before the chemical deposition, were used. The com-
mercially available (Telstar) support used was Muscovite Mica. Be-
fore the chemical deposition, the mica surfaces were cleaved with
an adhesive tape.

Sample Preparation: 3 mg of K, [Rh,X(O,CCH3)4],4xH,O (X =
Br and I), were suspended in 1 mL of H,O and sonicated in a

Table 4. Crystal and refinement data for: 1-4H,0, 2-4H,0, 3-H,0, 3-4H,0, and 4-4H,O0.

1-4H,0 2-4H,0 3H,O 3-4H,0 44H,0
Formula CgHzoBrKol 2Rh2 CgHz()IKO] thz CgH 1 4C109Rh2 CgHzoClO] 2Rh2 CgHzoIzO 1 2Rh2.
Mr 625.01 672.00 493.45 585.54 887.80
Crystal system triclinic triclinic monoclinic triclinic orthorhombic
Space group P1 P1 C2le P1 Ibam
a Al 7.9837(8) 8.080(4) 9.291(1) 7.4465(9) 14.7511(8)
b A 8.0129(8) 8.1072(4) 12.437(1) 8.057(1) 12.2791(7)
c[A] 14.068(1) 14.2736(7) 12.326(1) 8.965(2) 13.7736(8)
a[] 83.838(4) 83.705(1) - 85.907(2) -
N 89.265(4) 89.355(1) 97.069(2) 82.655(2) -
7 [°] 87.135(4) 87.096(1) - 67.652(2) -
VA% 893.6(2) 928.21(8) 1413.4(3) 493.2(1) 2494.8(2)
Z 2 2 4 1 4
F(000) 600 636 956 291 1664
D(calcd.) [gem ) 2323 2.404 2.319 1.972 2364
1 [mm ] 4.369 3.717 2.561 1.869 3.878
Scan technique w and ¢ w and ¢ w and ¢ w and ¢ w and ¢
Data collected (-9, -9, -16) (-9, -9, -16) (~11, -15,-12) (-8, -7, -10) (~18, —15,-17)
to (9,8,16) to (8,8,16) to (11,15,15) to (8,9,10) to (17,15,17)
o 1.46 to 25.00 1.44 to 25.01 2.75 to 27.00 2.29 to 25.01 2.16 to 26.98
Reflections collected 13576 7167 6126 3809 10714
Independent reflections 3090 (R;,, = 0.0417) 3178 (R = 0.0215) 1539 (Ry, = 0.0429) 1693 (R;, = 0.0261) 1423 (R, = 0.0285)
Data/restraints/parameters 3090/0/217 3178/0/217 1539/0/93 1693/0/115 1423/0/78
Obsd. reflections [/>20(1)] 2919 2846 1171 1413 1284
R 0.0664 0.0766 0.0403 0.0324 0.0376
Rwgl®! 0.1852 0.2490 0.1149 0.0845 0.1347

[a] R = X||Fo| — [F/ZIF,|. [b] Rwe = {Z[w(Fo? - FPVEW(F)]}.
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ultrasounds probe at 680 W for 2 h at 40 °C Then, the dispersions
of 1-4H,0 and 2-4H,0 in water were obtained and diluted to a
concentration of 310® mg/mL and 20 pL of the diluted solutions
were deposited on mica upon different standing times. Fibre forma-
tion was observed for 1:4H,0 and 2-4H,O after a period of 4 and
6 d, respectively.

K,[Rh,Br(O,CCHj3)4-4xH,O (1-4H,0): To a water solution
(15mL) of tetraacetatodirhodium(Il) (0.100 g, 0.226 mmol),
0.027 g, (0.226 mmol) of KBr was added (pH = 6.5). The suspen-
sion was stirred for 12 h at 25 °C and then filtered off.

Clear green crystals were obtained by slow evaporation at room
temperature; yield 31 mg (22.3%). The compound can be manipu-
lated in air without appreciable decomposition for a long period of
time. CgH,(BrKO,Rh, (633.06): calcd. C 15.35, H 3.20; found C
15.62, H 2.95. IR: ¥ = 3539 (m), 3489 (m), 3413 (m), 3276 (m),
1646 (m), 1577 (s), 1412 (vs), 1354 (m), 1042 (m), 700 (s) cm .

K, [Rh,I(O,CCH3)4),4xH,O (2:4H,0): To a water solution
(I5mL.) of tetraacetatodirhodium(Il) (0.100 g, 0.226 mmol),
0.037 g, (0.226 mmol) of KI was added (pH = 6.7). The suspension
was stirred for 12 h at 25 °C and then filtered off. Clear green crys-
tals were obtained by slow evaporation at room temperature; yield
35 mg (23.3%). The compound can be manipulated in air without
appreciable decomposition for a long period of time. CgHyol-
KO>Rh; (680.06): caled. C 14.28, H 2.98; found C 14.64, H 2.71.
IR: ¥ = 3412 (br. m), 1637 (m), 1579 (s), 1411 (vs), 1350 (m), 1080
(br. s), 1046 (br. s) 700(s) cm .

[Rh,(0,CCH;)4Cl]-xH,0 (3-H,0): To a water solution (15 mL) of
tetraacetatodirhodium(II) (0.085 g, 0.192 mmol) saturated with O,,
0.015 g, (0.171 mmol) of HBF4 and 0.008 g, (0.171 mmol) of KCl
were added (pH = 1.5). The suspension was stirred for 24 h at 25 °C
and then filtered off. Clear green crystals were obtained by slow
evaporation at room temperature; yield 4 mg (4 %). The compound
can be manipulated in air without appreciable decomposition for
a long period of time. CgH,4ClOgRh, (495.46): calcd. C 19.45, H
2.84; found C 19.41, H 2.79. IR: ¥ = 3464 (br. m), 1631 (w), 1577
(s), 1439 (sh), 1412 (vs), 1348 (m), 1046 (w), 1029 (w) 702(s) cm .

[Rh,(0,CCH;)4Cl]-4xH,0 (3-4H,0): To a water solution (15 mL)
of tetraacetatodirhodium(II) (0.05 g, 0.113 mmol) saturated with
0,, 0.006 g, (0.113 mmol) of NH4CI and 0.003 g (0.018 mmol) of
CuCl,2H,0 were added (pH = 4.6). The suspension was stirred
for 24 h at 25°C and then filtered off. Clear green crystals were
obtained by slow evaporation at room temperature; yield 6 mg
(10%). The compound can be manipulated in air without appreci-
able decomposition for a long period of time. CgH,yClO;Rh,
(549.50): calcd. C 16.39, H 3.41; found C 16.41, H 2.79. IR: v =
3466 (br. m), 1631 (w), 1578 (s), 1436 (sh), 1408 (vs), 1348 (m),
1044 (w), 700 (s) cm™!.

[Rhy(O,CCH3)415]-4H,0 (4-4H,0): To a water solution (15 mL.)
of tetraacetatodirhodium(II) (0.100 g, 0.226 mmol) saturated with
O, (pH = 6.7), 0.075 g, (0.452 mmol) of KI was added. The suspen-
sion was stirred for 12 h at 25 °C and then filtered off. Clear green
crystals were obtained by slow evaporation of the filtrate at room
temperature; yield 30 mg (17.3%). The compound can be manipu-
lated in air without appreciable decomposition for a long period of
time. CgH,ol,O,Rh, (767.86): calcd. C 10.82, H 1.36; found C
10.64, H 1.83. IR: ¥ = 3554 (m), 3497 (m), 3407 (m), 1644 (m),
1574 (s), 1413 (s), 1350 (m), 1046 (m), 703 (s) cm™'.

Supporting Information (see also the footnote on the first page of
this article) collects an ORTEP view of the binuclear unit of com-
plex 3-4H,0, the hydrogen bond interactions in the 4-4H,O com-
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pound, and potential of the halide oxidation by oxygen at different
pH values.
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