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IR, UV-vis, and EPR spectroelectrochemistry at variable temperatures and in different solvents were applied to
investigate in situ the formation of electroactive molecular chains with a nonbridged Os—Os backbone, in particular,
the polymer [Os°(bpy)(CO).], (bpy = 2,2'-hipyridine), from a mononuclear Os(1l) carbonyl precursor, [Os'(bpy)(CO)-
Cly). The one-electron-reduced form, [Os'(bpy~)(CO),Cl,]~, has heen characterized spectroscopically at low
temperatures. This radical anion is the key intermediate in the electrochemical propagation process responsible for
the metal—metal bond formation. Unambiguous spectroscopic evidence has been gained also for the formation of
[{0s°(bpy*~)(CO),} 1., the electron-rich electrocatalyst of CO, reduction. The polymer species are fairly well soluble
in butyronitrile, which is important for their potential utilization in nanoscience, for example, as conducting molecular
wires. We have also shown that complete solubility is accomplished for the monocarbonyl-acetonitrile derivative of
the polymer, [0s%(bpy)(CO)(MeCN),Cl],.

Introduction based on [B{NHz)g(CsHsNO)4]*" (CsHeNO = a-pyridone)?

The strongly increasing demand for nanoscale molecular 2"d some rhodium and iridium analogdesnly very rare
devices for electronic application has given rise to the €x@mples of infinite metaimetal-based chains have been

renaissance of research in the area of low-dimensionalePorted so far. This kind of material is considered to be
molecular solids. Recently, some new one-dimensional (1D) More promising as conducting molecular wires as compared
systems have been explored. Among them, those based ofi© the short-chain oligomeric systef3hus far, only two
linear chains of transition metal atoms appear to be very different representatives, demonstrating the validity of this
promising, in particular, those involving unsupported metal ~ concept, have been introduced. The more recent type involves
metal interactiond However, apart from oligomeric mixed- an infinite 1D mixed-valence rhodium chain prepared by
valence metal chains such as platinum blue derivatives, forreduction of precursor binuclear complexes. The mixed-
example, mixed-valence tetranuclear platinum compoundsvalence compoundgRh(MeCN)](BF4)1.5tn* and{[Rhy(u-
O,CMe)(L)2](BX4)*H20}n (L = 2,2-bipyridine (bpy) or
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Redox-Actve Polymers with Nonbridged MetalMetal Bonds

1,10-phenanthroline (phen) derivatives=XF, Ph} are the
most relevant examples of these materials.
The second type of metametal-bonded materials, pre-

pared and investigated since 1993, has been based on

electroactive polymeric chains of nonbridged ruthenium or
osmium atoms having the general formula®{M)(CO),]..6

For instance, for M= Ru and L= 2,2-bipyridine (bpy),
the average RuRu bond distance in the chain is 2.95 A
and the estimated average chain length isé€aA % The
low metal oxidation state and the two vacant coordination
sites needed for the metal chain formation are achicfeed

example, by electrochemical reduction of a precursor mono-

nuclear ruthenium complex such as [RL)(CO).Cly]. The
reduction is associated with decoordination of both chloride
ligands. The overall process is summarized in eq 1.

n[Ru"(L)(CO),Cl,] + 2ne” — [RU(L)(CO),], + 2nCI~ (1)

This type of polymer proved to be highly selective and
efficient as catalysts for the wategas shift reaction
(WGSRY) and, most importantly, for electroreduction of
carbon dioxide in aqueous medialn addition, these
polymers also exhibit interesting photochemical propefties.
It is noteworthy that photoelectrochemical systems for
catalytic production of oxygen (and other species) from CO
currently receive attention with regard to the intended
manned missions to Maf8.

Combined experimental data suggest that the polymeri-
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i

2:L=CO;4:L=MeCN
Figure 1. Schematic representation of the complexes [Os(bpy){Clk])
(1) and [Os(bpy)(CO)(MeCN)G] (3) and the polymers [Os(bpy)(C&y)
(2) and [Os(bpy)(CO)(MeCN)](4).

anion with the singly reduced ligand*L (eq 2) that
concomitantly loses one Clligand and transforms to a
coordinatively unsaturated species (egs 3 and 4). The reactive
17-electron transient readily dimerizes, and the resulting
dimer is concomitantly rapidly reduced at the applied
reduction potential of the [RIGL)(CO).Cly] precursor to
promote further chain extension (eq 5; the added electrons
and decoordinated Clligands have been omitted).

zation occurs by an electrochemical propagation process, with

the transient formation of a dimer, tetramer, and higher
oligomers (eqgs 25).1* The polymerization process should

involve, as the first step, the formation of an unstable radical
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Stanislawek, K.; Oro, L. A.; Tejel, C.; Ciriano, M. Anorg. Chem.
Commun200% 4, 19-22.
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[RU"(L)(CO),Cl,] + e — [Ru"(L)(CO)LCL]™ (2)

[RU"(L7)(CO)CL] ™ — [RU"(L"7)(CO)CI + CI™ (3)

[Ru'(L™)(CO)CI] = [RU(L)(CO),CI] (4)

2[RU(L)(CO),Cl] — dimer— —
tetramer— — [RU%(L)(CO),],, (5)

In this paper, we demonstrate the polymerization process
for a closely related dichloride complex in which the Ru(ll)
center has been replaced by Os(lfyans(Cl)-[Os(bpy)-
(COXCI] (1). Preliminary information on the corresponding
electrogenerated G€s-bonded polymer [Os(bpy)(C&y)

(2), depicted in Figure 1, has been communicated elsevhere.

Hereinafter, we will also show that the polymerization can
be inhibited at sufficiently low temperatures, where the
radical anionic intermediate [®&py)(CO)XCl]~ (1) is
stable enough to be characterized by a combination of IR,
UV —vis, and EPR spectroelectrochemical techniques (Tables
1 and 2). The stability of this anionic species is the
consequence of the strong-@Ds o/z-bonding that makes
the axial Os-Cl bonds in compleA less prone to cleavage
upon reduction as compared toR@l in the corresponding
Ru(ll) complex (egs 35). This property makes the osmium
compounds convenient candidates for mechanistic and
spectroscopic studies. For the first time, we have succeeded
in characterizing spectroscopically the different redox states
of polymer 2, in particular, its one-electron-reduced form
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Table 1. Electrochemical Data for Precursor Complexes
trans(Cl)-[Os(bpy)(CO)(L)C}] (1, L = CO; 3, L = MeCN) and
Polymers [Os(bpy)(CO)(L)](2, L = CO; 4, L = MeCN)

redox couple

reduction potential

Hartl et al.

ferrocenium (Fc/F¢) redox couple as an internal reference system.
All potentials reported here are relative to Ag/A¢LO2 M in
MeCN/101 M TBAP) and can be converted to the standérd
Fc/Fc scale by adding-0.087 V, and to other reference systefns.

11 —15P Bulk electrolyses were carried out in the drybox on a Pt sheet (2
1712 -2.16 cn?) placed in the cell; they were interrupted after the predetermined
2{?"27 -179 number of Coulombs had passed.

2/3{2 :i;‘g Spectroelectrochemistry.Electronic absorption spectra of the
3—/32- —255 electrogenerated polymers were recorded in the drybox with a HP
414+~ —2.08 8452A diode array spectrophotometer connected to the sample via

aElectrode potentials in volts versus Ag/Ag10-2 M in MeCN/101
M TBAP); electrolyte, PrCN/10* M TBAP for 1 and2, and MeCN/10*
M TBAP for 3 and4; working electrode, Pt disk; scan rate, 100 m;s
temperature, 293 K2 Reversible systenEy . ¢ Irreversible systemEg .

Table 2. IR CO-Stretching Frequencies for Precursor Complexes
trans(Cl)-[Os(bpy)(CO)(L)C}] (1, L = CO; 3, L = MeCN), Polymers
[Os(bpy)(CO)(L)} (2, L = CO; 4, L = MeCN), and Their One-Electron

Reduction Products

an optical fiber.

IR and UV-vis spectral changes during spectroelectrochemical
experiments at variable temperatures were monitored with optically
transparent thin-layer electrochemical (OTTLE) ¢é&li¥ equipped
with Pt minigrid working electrodes and CaRvindows. IR
spectroelectrochemical investigations of the polymer films were
performed at room temperature exclusively in the drybox, with the
OTTLE cell*® positioned in a built-in sample compartment of an

complex ¥(CO) FTIR spectrometer. EPR spectroelectrochemical experiments at low
1 2035, 1968 temperatures were conducted with an airtight three-electrode version
1 2003, 1928 of the Allendoerfer-type cell equipped with Au-helix working, Pt-
2 1967, 18920 helix auxiliary, and Ag-wire pseudoreference electrot¥eBhin-
2 1939, 1858° layer cyclic voltammograms were recorded in the course of each
g._ iggg’c spectroelectrochemical run for a precise potential control and for
4 1889 monitoring of the progress of electrolysis by the decrease of faradaic
4 1858¢ current. The spectroelectrochemical samples typically contained

aln PrCN at 248 KPIn PrCN at 293 K In MeCN at 293 K.

that is a highly reactive electron-rich catalyst of the carbon
dioxide reductiorf¢ For comparison, a similar spectroelec-

trochemical study was also conducted withns-(Cl)-[Os-
(bpy)(CO)(MeCN)CJ] (3) prepareéf by photosubstitution
of dicarbonyl complext in acetonitrile.

Experimental Section

1074 M (EPR)/103 M (UV —Vvis)/3 x 1072 M (IR) osmium complex

and 3x 101 M supporting electrolyte. The potential of the minigrid
working electrode was controlled by EG&G PAR 173 or PA4
(EKOM, Czech Republic) potentiostats. IR spectra of the electro-
lyzed solutions were recorded with Perkin-Elmer GX FTIR or Bio-
Rad FTS 7 spectrometers, UVis spectra were recorded with
Hewlett-Packard 8452A and 8453 diode-array or software-updated
Perkin-Elmer Lambda 5 spectrophotometers, and X-band EPR
spectra were recorded with a Varian Century E-104A spectrometer.
The g-factors were determined against the polycrystalline 2,2-

Materials and Preparations. Analytical-grade tetrahydrofuran  diphenyl-1-picrylhydrazyl (DPPH) standargd € 2.0036(2)%°
(THF), acetonitrile (MeCN), and butyronitrile (PrCN), all purchased
from Acros, were dried by conventional proceddfeand freshly
distilled prior to use. HPLC-grade acetonitrile (Rathburn) was used ) ) »
as received. The supporting electrolytesBGIO, (TBAP; Fluka) Electrochemical Behavior of Complex 1In the positive
and BuNPFR; (TBAH; Aldrich) were recrystallized from ethyl ~ potential region, the cyclic voltammogram of compléx
acetate and absolute ethanol, respectively, and dried under vacuunshows a reversible one-electron redox system at moderate
at 80°C for 3 days. The parent complexdsns-(Cl)-[Os(bpy)- scan rates. However, it should be emphasized that the
(CO)(X)Cl] (X = CO or MeCN), were prepared according to  exhaustive oxidation of is irreversible. The discussion of
literature procedure®:*2All measurements were performed under this anodic process is out of place here and has been
an atmosphere of dry nitrogen or argon, in a drybox (Jaram) or gescribed in detail elsewhet®.
using standard Schienk techniques. In the cathodic region, the cyclic voltammogram of

Electrochemistry. Cyclic voltammograms were recorded with . L - .

EG&G PAR model 283 or 173 potentiostats, using airtight three- complex1 in Me_CN exhibits an irreversible, nearly two-
electrode cells. In (a) Grenoble and (b) Amsterdam, the following €lectron cathodic peak d,c = —1.61 V vs Ag/Ad,
electrode sets were employed: working electrodes, a platinum disk@ssociated with small anodic peaks betwe€h80 and 0 V
with an apparent surface area of (a) 7.0 fend (b) 0.42 mrj
polished carefully with a diamond paste containing (Mecaprex (14) Gritzner, G.; Kta, J.Pure Appl. Chem1984 56, 461-466.

Presi) and 0.25m (Oberflzhentechnologien Ziesmer, Kempen, (1) gf_"ﬁgﬂwk* V. V.; Addison, A. Winorg. Chim. Acta2000 298

Germany) grains, respectively; auxiliary electrodes, (a) Pt wire in (16) Hartl, F.: Luyten, H.: Nieuwenhuis, H. A.; Schoemaker, GA@pl.
MeCN/10t M TBAP, separated from the bulk solution by a frit, Spectrosc1994 48, 1522-1528.
and (b) Pt gauze; reference electrodes, (a) Ag/ALO2 M in (17) Mahabiersing, T.; Luyten, H.; Nieuwendam, R. C.; HartiCellect.
MeCN/101! M TBAP), and (b) Ag wire, using the ferrocene/ Czech. Chem. CommuP003 68, 16871709, :

' g ' 9 (18) Krejdk, M.; Dan&, M.; Hartl, F. J. Electroanal. Chem. Interfacial
Electrochem199], 317, 179-187.
(12) Chardon-Noblat, S.; Da Costa, P.; Deronzier, A.; Mahabiersing, T.; (19) Hartl, F.; Groenestein, R. P.; MahabiersingCbllect. Czech. Chem.

Hartl, F. Eur. J. Inorg. Chem2002 2850-2856. Commun2001, 66, 52—66.

Results and Discussion

(13) Perrin, D. D.; Armarego, W. L. FPurification of Laboratory
Chemicals 3rd ed.; Pergamon Press: Exeter, UK, 1988.
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Redox-Actve Polymers with Nonbridged MetalMetal Bonds
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E (V) vs. Ag/Ag*

Figure 3. Cyclic voltammogram of complekin MeCN. Conditions: 10!
M TBAP, Pt disk electroder(= 0.5 mm),T = 253 K, v = 100 mV s'L.

A'Q
7

When the modified cathode covered by the polymer layer
is transferred into a fresh electrolyte solution in the absence
of precursorl, the polymer electroactivity persists and
remains unaffected, provided the potential scan is limited to

(b) —0.60 V (Figure 2b). In the CV of polyme, we attribute
the reversible anodic system to oxidation of the osmium
IBOHA centers 29+: eq 7), and the reversible cathodic system to
reduction of the bpy ligands2f*~; eq 8)% A third, less
57005 o> reversible cathodic step is observedsgt = —2.10 V (not
E (V) vs. Ag/Ag* shown here) corresponding to tBe/22~ redox system (eq
9).

Figure 2. (a) Cyclic voltammograms of complek (2.2 x 1072 M) in
MeCN. Conditions: 10' M TBAP, Pt disk electroder(= 2.5 mm), 1st to

40th successive scans betweed.60 and—1.75 V,v = 100 mV s, (b) o< (b CO)].— [{O<(b COWT + nde” (7
Cyclic voltammogram of polyme2 recorded with the modified Pt working [Os (bpy)(COY, — [{ Os(bpy)(COY} )

electrode after the 40th reductive scan, transferred into the MeCNKMO

TBAP electrolyte. [0S’ (bpy)(COY], + nd'e” — [{OS(bpy ")(CO)}* 1, (8)

observed on the reverse scan. This behavior is typical of an ,
electrodeposition-redissolution phenomenon, as reported[{Oso(bpy‘f)(CO)z}é’]n+ né'e —
earlier for the corresponding mononuclear Ru(ll) comSfex. [{ Oso(bpyz_)(CO)z} (é'+a")—] 9)
The negative potential shift observed for the reductiof of "
as compared to the corresponding Ru(ll) complEx.(=
—1.50 V}! under the same experimental conditions is in
agreement with the stronger-©Ds bonding reflected in the
increased OsCO z-back-donation and smaller IRCO)
wavenumber§y

The reductive electrochemical polymerizationlgfnoni-
tored by iterative cyclic voltammetry (Figure 2a) or by
controlled-potential electrolysis, produces a dark-blue colored
electroactive polymer [Os(bpy)(Cé&)) (2; Figure 1) adherent
to the working electrode surface. Equation 6 summarizes the
overall process.

The doping levelsd, ¢', andd") for the metal- and bpy-
based redox systems, respectively, have been estimated in
the film as the ratio between electrical charge recorded in
the course of the oxidation (eq 7) and/or reduction (eqs 8
and 9) of the film and the charge consumed during its
electrosynthesis, considering the electropolymerization yield
to be quantitative. Comparable to the analogous-Ru
polymer?? the doping levels are lower than 0.1 peDs-
(bpy)(CO}} polymer unit.

The complete electropolymerization (2 mM) can be
achieved by exhaustive controlled-potential electrolysis of

N[0S (bpv)(COLCL] + 2ne — [O0<L(bpy)(CO. + 2nCl™ the complex at a large-surface working electrode-t60
[Os (bpy)(COLC] [Os (bPY)(CO, 6 V. A quantitative faradaic yield is obtained: two moles of
®) electron per one mole of the precursor complex (eq 6). The

The cathodic electroactivity ot resulting in the elec-  physicochemical characterization of polyn® is in line
tropolymerization is consistent with the behavior of the with the molecular structure presented in Figure 1.
correspondingrans-(Cl)-Ru(bpy) complex in acetonitrile The irreversible two-electron reduction processloin
(egs 2-5). The electroreduction of produces ultimately  acetonitrile observed by cyclic voltammetry at 293 K (Figure
polymer2, most likely by a similar electrochemical propaga- 24, first scan) becomes a fully reversible one-electron system
tion process. During the iterative voltammetric scans (Figure (lpdlpe = 1, Exp = —1.56 V; AE, = 0.06 V) by lowering
2a), two clear reversible redox systems, characteristic of thehe electrolyte temperature to 253 K (Figure 3) or by using
polymer electroactivity, appear &, = —0.80 V (anodic) 3 different solvent such as less dissociating and coordinating
andEy, = —1.55 V (cathodic) vs Ag/Ag, increasing in size  tetrahydrofuran (THFY or butyronitrile (PrCN; mp 161 K).

continuously as the potential is repeatedly scanned fromThe |atter solvent is also more convenient than acetonitrile
—0.60 to—1.75 V.

(22) Caix-Cecillon, C.; Chardon-Noblat, S.; Deronzier, A.; Haukka, M.;
(21) Chardon-Noblat, S.; Da Costa, P.; Deronzier, A.; Pakkanen, T. A;; Pakkanen, T. A,; Ziessel, R.; Zsoldos, D Electroanal. Cheni999
Ziessel, RJ. Electroanal. Chem200Q 490, 62—69. 466, 187-196.
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1 l 1 ] 1 Ly
-25 -20 -15 -10 -05 O
b ! | L E (V) vs. Ag/Ag*
.23 -1.8 13 -0.8 ~ Figure 5. Cyclic voltammograms of complek (1.0 x 1073 M) in PrCN.
. Conditions: 101 M TBAP, Pt disk electroder(= 2.5 mm), scans between
E (V) vs. AgiAg 0 and—1.70 V (a),—1.90 V (b),—2.35 V (c), and—2.65 V (d),T = 298
Figure 4. Cyclic voltammograms of complekin PrCN. Conditions: 10 K, v=100mV s,
M TBAP, Pt disk electroder(= 0.5 mm), scans between 0 ar@.00 V
(a) and—2.35 V (b), T = 248 K,» = 100 mV s'*, = 0.93; AE, = 0.07 V; Eip = —1.57 V; curve a). The

subsequent cathodic step corresponding to the redox couple
1--/1%" is again irreversible and slightly positively shifted

to Ep,c = —2.16 V as compared to 248 K (curve c). In
addition, a small reversible redox couple is observeld, at

= —1.75 V (AE, = 0.10 V; curve b), which increases on
the reverse scan initiated beyond the cathodic process at
—2.16 V. More negatively lies the irreversible reduction at
Epc= —2.48 V (curve d). The redox systems-at.75 and
—2.48 V correspond to the successive one-electron reductions
of polymer2, 2/2°~ and2:-/2%>~ (eqgs 8 and 9). The negative
shift of the reduction potential of polym& by 0.20 V as
compared to the valug;, = —1.55 V for the2/2*~ couple
obtained in acetonitrile (see above and Figure 2b) has been
attributed to the solubility o2 in PrCN. In addition, Figure

5 also reveals the presence of an anodic peak at ca. 0 V
corresponding to the polymer-based oxidation (eq 7). The
anodic current of this oxidation increases concomitantly with
that for the2~/2 system when the negative potential scan
limit is extended beyond the redox cougte/12~ (curve c).

This series of cyclic voltammograms again confirms that two-
electron-reduced?~ converts to the singly reduced form of
the Os-Os-bonded polymer2(™), following egs 11 and 8.
Differently from the scans at 248 K, the polymerization is
already initiated by the formation df~ (curve b).

At lower scan rates, the cyclic voltammograms in PrCN
change in shape. At 10 mV'} the reduction of compleg
becomes a completely irreversible two-electron process at
| Epc= —1.60 V and the current intensity of the polymer redox

couple29/2:~ at —1.75 V reaches its maximum. We may

(mp= 227 K) for spectroelectrochemical experiments at low
temperatures (LT) with a thin-layer spectroelectrochemical
cell 16:17

In THF electrolyte, the cyclic voltammogram exhibits at
298 K a nearly reversible one-electron coupl&gt= —1.64
V (AE, = 0.17 V; lpdlpc = 0.93) aty = 100 mV s1.59
However, as the scan rate decreased to 20 mY the
reduction ofl becomes almost totally irreversible. Again,
the bulk electrolysis ofl conducted in THF at room
temperature results in the formation of completely insoluble
Os—0s-based polymeZ (eq 6) covering the cathode surface,
with a quantitative faradaic yield of two mol of electrons
consumed per one mol df

The cyclic voltammograms of compléxin PrCN are most
informative, as in this solvent the reduction products remain
fairly well soluble and clearly detectable. At 248 K, the
primary cathodic step producirg is reversible at 100 mV
s ! (Figure 4, curve aEy, = —1.57 V; lpdlpc = 1; AE, =
0.08 V). Radical aniori*~ is further one-electron-reduced
atEp .= —2.25 V to dianionl®~ (eq 10; Figure 4, curve b).
The irreversible nature of the latter redox reaction and the
appearance of a new anodic procesgai= —1.68 V on
the reverse scan reveal tHat is highly unstable. The new
anodic wave corresponds to one-electron oxidation of the
reduced form of polymeR (see below). The shape and the
current intensity of the cathodic peakbf are in agreement
with partial electropolymerization df?~ producing directly
2~ (egs 11 and 8) at the applied negative electrode potentia

[08'(bpy ")(CO),Cl,]~ + e — [0s' (bpy* )(CO),Cl,]*~ conclude the polymerization of*~ is a relatively slow
(10) process in PrCN. It should be emphasized that continuous
| 5 o 0 B cycling of the reduction potential betweer0.85 and—1.90
n[Os' (bpy*")(CO),Cl,]*” — [0S’ (bpy)(CO)], + 2nCl V does not induce under these experimental conditions any
(11) film deposition on the cathodic surface, mainly as the

At 293 K, the process remains reversible using a scan rateconsequence of the fairly good solubility of polynmiin
>500 mV s (Eyp = — 1.54 V; I, dlpc = 1; AE, = 0.12  PrCN (see below).
V), whereas at = 10 mV s* no reverse oxidation of*~ The bulk electrolysis of complek at —1.60 V in PrCN
can be detected. The cyclic voltammograms recorded in at room temperature confirmed the instability of radical anion
PrCN at 293 K and 100 mV$ are shown in Figure 5. The  1°~. The exhaustive reduction consumed two electrons per
formation of 1~ is markedly more reversible than in mol of the parent complex and produced a dark green
acetonitrile under the same experimental conditiopgl,c solution with absorption maxima at 425 and 720 nm, which
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contained a voluminous precipitate. The YVis spectrum
resembles that of the [Ru(dmbpy)(CR)(dmbpy= 4,4 di-
methyl-2,2-bipyridine) polymer film strongly absorbing at
ca. 790 nnf2 Also in this case, no deposit was observed on
the working electrode surface. A comparison of the current
intensities of the CI/CI* redox systems at 0.7 V vs Ag/Ag

in the electrolyzed and standard chloride solii@onfirmed

the overall +2e/—2Cl~ stoichiometry of the reduction
process converting complelxto polymer2 (eq 6).

The cyclic voltammogram of the electrolyzed solution,
recorded after the removal of the precipitate, showed that
the initial cathodic peak of complekx was strongly sup-
pressed. The quasi-reversible procedsat= —1.78 V (AE,
= 0.11 V) remained observable, associated with the anodic
system ag;, = —0.08 V (AE, = 0.16 V) corresponding to
the oxidation of the soluble polymer. By comparison of the

current intensities of the redox systems, we have estimated

the portion of the soluble polymer to ca. 30% of the total
amount produced.

The structure of the soluble polymer has not been fully
characterized yet. However, the low-lying charge-transfer
absorption at 720 nm indicates the presence of Os(bpy}CO)
units and metatmetal bonds in the chain structure, similar
to eclipsed-to-staggered structures of dimers [Mn({CB¥)-
DAB)]»** and [Ru(Me)(CO)'Pr-DAB)],*%2> (Pr-DAB =
N,N'-diisopropyl-1,4-diaza-1,3-butadiene), both strongly ab-
sorbing at 745 nm.

Spectroelectrochemical Studies of Electropolymeriza-
tion of Complex 1. Spectroelectrochemistry in PrCNAs
described above, the exhaustive-reduction product of com-
plex 1 in PrCN at room temperature is obtained as a
nonadherent precipitate and as a limpid solution. We have
taken advantage of the fairly good solubility in PrCN to
study the formation of polyme2 in situ by spectroelectro-
chemical methods and to characterize its different redox
states.

The electrochemical reduction of compl&éxn PrCN at
room temperature was performed within an optically trans-
parent thin-layer spectroelectrochemical (OTTLE) é&&ll.
Electrolysis ofl was conducted under an argon atmosphere
in a drybox, with the OTTLE cell positioned in the sample
compartment of an FTIR spectrometer. In the course of the
reduction, complexl (»(CO) at 2035 and 1965 crh
converted into green polyme@rabsorbing at 1967 and 1892

<— Transmittance

T 1 T 1
1900 1800

T 1
2000
Wavenumbers (cm-")

Figure 6. In-situ IR spectral changes in the CO-stretching region,
accompanying the reduction of compl&in PrCN/101 M TBAP at T =
293 K within an OTTLE cell8 (a) parent comples (), (b) polymer2

(m) after two-electron reduction df, and (c) partial one-electron reduction
of polymer2 into 2°~ (a).

neutral redox state, that i&, because the potential of its
reduction E;, = —1.75 V) is more negative than that needed
for its formation from complexX (ca.—1.60 V). This result
is different as compared to the electrolysis in THF where
polymer2 is completely insoluble and more easily reducible
(E12 = —1.55 V). In accordance with the CV responses
shown in Figure 5, the subsequent one-electron reduction
of 2 produced corresponding radical anigmn absorbing at
1940 and 1855 cmi (Av about 30 cm?; Figure 6, spectrum
c). According to the/(CO) shift, the added electron is largely
localized on the bpy ligand. Importantly, the reduction proved
to be a reversible process because the back oxidatian of
regenerated smoothly the neutral polyrnzer

In PrCN at 253 K, the spectroelectrochemical study of
complex1 was conducted in an airtight cryostated thin-layer
cell. The reduction of compleg led to the appearance of
new intense IR/(CO) bands at 2003 and 1928 chi{Figure
7a). Notably, ther(CO) wavenumbers of the dicarbonyl
product are smaller by about 30 chras compared to those
of the parent compleX, which can be expected for one-
electron reduction predominantly localized on the bpy
ligand1?2¢ They can be therefore assigned to radical anion
1, in agreement with the reversible redox couglé:~
observed at this temperature by cyclic voltammetry (Figure
4). The stability of 1*~ at 248 K was, however, still
incomplete, and partial polymerization took place, as was
indicated by the parallel growth of smalCO) bands at ca.
1967 and 1892 cnt attributable to polyme@. When the

cmt (Figure 6, spectra a and b, respectively). This fairly thin solution layer in the spectroelectrochemical cell was
large wavenumber shift is in accordance with the decreasedwarmed from 248 to 293 K while having maintained the
oxidation state of the metal. Importantly, the precipitate of applied reduction potential, the thermal instability of radical
polymer2 obtained by the bulk electrolysis of compl&n anion1*~ strongly increased, and its gradual conversion into
PrCN at room temperature (see above) shows #@O) largely soluble polyme® (¥(CO) at 1967 and 1892 crh)
bands at 1964 and 1906/1877 Tinthe latter band being  was observed.

split. As expected from the corresponding cyclic voltam-  The cyclic voltammogram of complekshown in Figure
mogram (Figure 5), the soluble polymer was obtained in the 4 indicates that subsequent reduction of radical afiorin
PrCN at 248 K produces soluble negatively charged polymer
2~. Monitoring this process by IR spectroscopy revealed
that thev(CO) bands ofl*~ were indeed replaced by the

(23) Cauquis, G.; Deronzier, A.; Sillion, B.; Damin, J.; Garapon,.J.
Electroanal. Chem1981, 117, 139-146.

(24) Rossenaar, B. D.; Hartl, F.; Stufkens, D. J.; Amatore, C.; Maisonhaute,
E.; Verpeaux, J.-NOrganometallics1997, 16, 4675-4685.

(25) tom Dieck, H.; Rohde, W.; Behrens, Z. Naturforsch.1989 44B
158-168.

(26) Hartl, F.; Aarnts, M. P.; Nieuwenhuis, H. A.; van SlagererCdord.
Chem. Re. 2002 230, 107—-125.
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Figure 7. IR spectra in the CO-stretching region showing the changes
during the exhaustive one-electron reduction of (a) comgléx) into
radical anionl*~ (O) and (b) radical aniori*~ into reduced polymeg*—

(a). The symboll denotes a small amount of neutral polyn2eformed
during the first cathodic step. Conditions: PrCNs= 248 K, electrolysis
within a cryostated OTTLE cel:1?

characteristio’(CO) doublet of2~ at 1939 and 1855 cm
(Figure 7b). Importantly, oxidation &~ at 248 K generated
exclusively neutral polyme? absorbing at 1967 and 1892
cmt

To complete the description of the IR spectroelectrochemi-
cal experiments in PrCN, it is important to note that reduced
polymer2:~ proved to be sensitive to temperature variation

Hartl et al.
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Figure 8. In-situ UV—vis spectral changes accompanying the reduc-

tion of complex1 into 1~ (top) and of radical anionl*~ into 2~
(bottom). Conditions: PrCN/TBAH electrolyte] = 248 K, within an
OTTLE cell16:17

aniort”? arose at 369 nm (intraligandrz* transition), at
461 and 501 nm (intraligane** transitions), and be-
tween 550 and>800 nm (structured broad band extended
to the NIR region; intraligand™* z* transitions), see Figure
8a.

Importantly, the U\~vis spectra recorded in PrCN at 253
K during the second cathodic step show that all of thebpy
intraligand transitions have remained, merely shifting to
longer wavelengths: 380 nmg*), 499 and 527 nms* %),
and between 650 and800 nm @**) (Figure 8b).

The IR spectrum of this radical species shows the two
»(CO) bands (1939 and 1855 c#y attributed above to
reduced polymep'~. We can therefore conclude again that

and partly converted at 293 K to another species absorbingthe reduction of radical aniott™ gives rise to the formation

at 1955 and 1873 cm. Thesev(CO) wavenumbers are very
close to 1958 and 1870 crj the maxima of two dominant
CO-stretching bands of the solid polymer film formed by
the reduction of compleg in THF at room temperature (see
below).

UV —vis spectral changes recorded during the reversible
one-electron reduction of compléxn PrCN at 253 K have
confirmed the localization of the electron transfer on the bpy
ligand. The characteristic absorptions of the tpsadical
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of the reduced polyme2:~ (eq 8).

To complete the spectroelectrochemical experiments, radi-
cal anionl*~ has also been characterized by EPR spectros-
copy. In this case, the electrochemical reduction of parent
complex 1 was conducted in PrCN at 223 K. The EPR
spectrum recorded after the electrolysis displayed an unre-

(27) Krejak, M.; Vicek, A. A. J. Electroanal. Chem199], 313 243
257.

Vichova J.; Hartl, F.; Viek, A., Jr.J. Am. Chem. Sod.992 114,
10903-10910.

(28)
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solved singlet signalAH = 1.5 mT) atg = 1.9992. The
g-value also agrees with the bpy-localized unpaired electron
in 1*~. The absence of hyperfine splitting could be attribfted

to intramolecular electron-hopping between ligands. It should
be noted that the same EPR spectroelectrochemical experi-
ment conducted with complekat room temperature led to

a soluble EPR-silent green species corresponding to neutral
polymer 2. During this experiment, a small amount of
polymer?2 precipitated at the bottom of the tubular EPR cell,
similarly to the exhaustive electrolysis in the conventional
electrochemical cell.

Spectroelectrochemistry in THF.In THF at 253 K, the
reduction of compled again produced mainly radical anion
1°~ with its characteristic IR/(CO) absorption at 2003 and [
1926 cmil. Partial polymerization still occurred at this | |

| | |
temperature, and a smaiCO) band belonging to polymer -20 -15 -1.0 -05 0

2 grew up at 1895 crt. E (V) vs. AgiAg*

At room temperature, however, th€CO) bands of parent  Figure 9. Cyclic voltammograms of (a) compleX (1.2 x 10-% M) and
complex1 at 2032 and 1962 cm were replaced progres-  (b) soluble polyme# after exhaustive bulk electrolysis of compléxat

Ny,
>

—1.9 V. Conditions: MeCN/10' M TBAP, T = 293 K, v = 100 mV/s, Pt
disk working electroder(= 2.5 mm).

sively during the reduction by new bands at 1979(sh), 1958-

(m), 1901(w), and 1870(m) cm. As expected from cyclic

voltammetry, there was no evidence for the formation of temperature. The photo- and electrochemical syntheses, and

radical anionl*~. Instead, a dark-blue deposit was observed the physicochemical and redox properties of comﬂd’)ave

on the surface of the Pt minigrid working electrode. We peen published recently.

should recall that in the course of the electropolymerization, The new monocarbonyl complex is of interest, as the

solid product2 is also effectively reducible during its preliminary electrochemical data obtained in MeCN have

deposition at the applied cathodic potential of complex  shown that its reduction is more reversible as compared to

(see Figure 2), which contributes to the complexity of the that of dicarbonyl complex in the same electrolyte and

system as compared to the situation in solution. that the reduction products are soluble. With this type of
After the electrolysis, the original electrolyte containing precursor complex, two different ligands may dissociate

the liberated chloride ligands was replaced inside the drybox during the electropolymerization process, as shown in egs

by a fresh solution. The IR spectrum showed again the 14 and 15. Indeed, we have previously shown that chlétide

presence of the dominam(CO) bands at 1958 and 1870 and acetonitril® ligands in analogous Ru carbonyl com-

cm* and minor bands at 1979(sh) and 1901~énirhis plexes are good leaving groups for the electrosynthesis of

observation allows us to attribute them unequivocally to Ru—Ru-bonded polymers.

polymer species forming the persistent dark-blue layer

deposited at the minigrid working electrode and in its n[Os'(bpy)(CO)(MeCN)CJ] + 2ne” —

close vicinity. Interestingly, the electrochemical reduction 0 -

of the washed polymer film led gradually to the appear- [0s (bpy)(CO)(MeCN)} +2nCl (14)

ance of two newy(CO) bands at 1930 and 1859 cth [ -

This shift to smaller wavenumbers is consistent with the nOs' (bpy)(CO)(MeCN)CYl + ?ne B

assumed one-electron reduction of the bpy ligands in the [{Os(bpy)(CO)C} ], + nCI™ + nMeCN (15)

solid material [Os(bpy)(CQ),, producing the radical . ) )

species2 (eq 8). As shown above, the latter product is ~ Replacing one CO ligand in complexby MeCN causes

fairly well soluble in PrCN, absorbing at 1939 and 1855 2 significant change in the cathodic behavior. The cyclic
omL voltammogram of comple8 in MeCN resembles closely

Electrochemical Behavior of Complex 3Photoirradia- ~ that of 1 recorded in PrCN at room temperature (Figure 5).
tion of complexl in acetonitrile withlexc = 320 nminduces ~ Similarly, complex 3 undergoes nearly reversible one-
decoordination of a CO ligand, giving rise to the formation €l€ctron reduction into corresponding radical anign
of the complestrans-(Cl)-[Os(bpy)(CO)(MeCN)G] (3) (eq  (Figure 9aiEiz = —1.79 Vil dlpc = 0.85,AE, = 0.06 V)

13; Figure 1). followed by a small reversible redox systenEap = —2.06
V (Ipdlpc = 0.83; AE, = 0.08 V). In addition, an intense
[0S (bpy)(CO)CL,] + MeCN - irreversible wave was observedit. = —2.55 V, probably

encompassing reduction &f. The higher stability of radical
anion 3~ in acetonitrile as compared tb~ in this solvent
(Figure 2) most likely has its origin in the delocalized

[0S (bpy)(CO)(MeCN)CJ] + CO (13)

This complex, in its oxidized form3(), is also formed as
the major product during eIECtrOChe_mlcal ong-glectron oxida- (29) Collomb-Dunand-Sauthier, M.-N.; Deronzier,JAElectroanal. Chem.
tion of the complexl conducted in acetonitrile at room 1993 350, 43-55.
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bonding situation in parent comple as reported in our  Conlusions
recent study? ) )
Bulk electrolysis of comple® at —1.90 V, conducted in The presented spectroelectrochemical data are important

MeCN at room temperature, revealed, however, that complexfOr the general understanding of the mechanism of the
3 is irreversibly reduced under these conditions and trans- Metai-metal bond formation to prepare extended metal atom
forms to a completely soluble green species absorbing in chains.
the visible spectral region at,.«= 408 and 646 nm, similar The formation of polymers containing ©€s chains,
to polymer2. The IR spectrum of the electrolyzed solution [Os(bpy)(CO)}-n(MeCN)y], (m = 0 (2) and 1 @)), by
showed in ther(CO) region a single band at 1889 thn electrochemical reduction of parent mononuclear dichloro
The cyclic voltammogram of the reduction product displayed complexesl and3, respectively, was followed conveniently
two reversible one-electron systems: one cathodkg; at= by spectroelectrochemical methods (IR, BMs, EPR) under
—2.06 V (pdlpc=1; AE,= 0.12 V) and one anodic &/, strictly inert conditions. For the first time, we were able to
= —0.40V (pdlpc = 1; AE, = 0.11 V) (Figure 9b). The  stabilize at low temperatures and spectroscopically character-
exhaustive reduction consumed two electrons and liberatedize the radical aniond*~ and 3*~, the primary reduction
slightly less than two moles of Clper mole of3. There products in the mechanism of the electrosynthesis of the
was no insoluble species observed as a precipitate in thepolymers. The thermal reactivity d¢f~ and3'~ at elevated
electrolytic cell or as a film on the working-electrode surface. temperatures triggers the polymerization process, resulting
All of these results and comparison with the electrochemical in the formation of2 and 4, respectively, by the electro-
reduction of complex in PrCN electrolyte are in favor of  chemical propagation reactions described by egs fr M
the conversion of comple3 by the exhaustive two-electron = Os. Importantly, subsequent electrochemical reduction of
electrolysis into a polymeric structure containing-€13s 1~ and 3~ at low temperatures produces the polymers in
bonds, [Os(bpy)(CO)(MeCN)k4). More details about this  their reduced forms, that i€~ and4:~, respectively. This
process have been obtained from a spectroelectrochemicalype of highly reactive electron-rich compound has been
investigation. previously proposed to be the catalyst in carbon dioxide
Spectroelectrochemical Studies of Electropolymeriza-  activation. Among the most important results of this study
tion of Complex 3.Reduction of comple8 (v(CO) at 1932 js the unambiguous spectroscopic evidence for the localiza-
cm) in PrCN at 248 K in the OTTLE cell, monitored by  tion of the unpaired electrons izt~ on the bpy ligands,
IR spectroscopy, led to the appearance of a single productipgether with the observation of the reversible electrochemi-
absorbing at 1895 cm (Av = 35 cni?). The EPR spectrum  ca) interconversion between the neutral and reduced forms
of this species, recorded in situ under the same conditions,qf the polymers. The conclusions can be applied for the
showed an unresolved singlethl = 1.5 mT) atlg = 1.9850.  yidely studied analogous ruthenium compounds that, due
This product can, therefore, be assigned as stable radicatg their higher reactivity, are less suited for mechanistic
anion3, in agreement with the reversible cathodic cyclic inyestigations. Valuable information has been obtained about
voltammetric response of the parent complex (see above).ihe solubility of polymers2 and4. The good solubility o
For comparison, an unresolved EPR spectrum has also beefy, pytyronitrile and of the CO-substituted derivatidein
observed for the radical complex [Os(bpyl), with isotropic - ommon polar organic solvents facilitates their characteriza-
g = 1.989 typical for the presence of the 5d Os center, much o, |t 4150 provides access to the potential utilization of
below the free-electron (2.0023) and free-bpy2.0030)  this type of materials, for example, as molecular witels:
values. this regard, also the reversible oxidation of the metal centers

In MeCN at room ten}pzrqtu[]e,freduct.ion cf)f compllliax to Os(l) (eq 7 and Figure 2) may be of importance. The
(v(CO) at 1932 cm’) resulted in the formation of EPR-silent o 0sion of this approach to develop and characterize new

polymer4 (»(CO) at 1889 cm’), identical to the course of 1D materials based on other metals is underway.

the two-electron bulk electrolysis. The subsequent cathodic

step converted polymérinto a new species showing asingle  Acknowledgment. The Ministee des Affaires Etranges
CO-stretch at 1858 cm. The same product was obtained (MAE, Project 00096TJ) and The Netherlands Organization
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possibly replaced by PrCN when the latter is used as the

solvent 1C049216I
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