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would also give an A2X pattern; however, the NMR data for 
the mixed-anion complexes and conductance data (vide supra) 
rule this out. Hypothetically, upon addition of excess ligand 
L to L2PtC12 and to L2PtBr2, we could possibly observe L3- 
PtC12, L3PtBr2, [L3PtCl]+C1-, or [L3PtBr]+Br-. Similarly, we 
would expect the addition of L to L2PtClBr to give L3PtC1Br, 
[L3PtC1]+Br-, or [L3PtBr]+C1-. These last two forms would 
give 31P{1H) and ls5Pt(lH) NMR spectra essentially identical 
with those for the dichloro and dibromo species, if ionic com- 
pounds were being formed in these cases. The results in Table 
VI1 exclude the possibility of ionic complexes as the NMR 
spectra of L2PtClBr + L are substantially different from those 
of either L2PtC12 + L or L2PtBr, + L. NMR spectroscopy 
alone cannot unambiguously determine the geometry of 
L3MX2 species in solution, since the same A2X pattern is 
expected for each of the four configurations (Figure 8). The 
solution geometries of the complexes are most likely distorted 
between SBP and TBP, consistent with the limited amount 
of structural data44 for L3MX2 complexes. 
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Registry No. cis-L2PtX,, R = CH3, X = C1, 81011-50-9; cis- 
L2PtX2, R = n-Bu, X = C1, 81011-51-0; cis-LzPtX2, R = 1-Bu, X 
= C1, 81011-52-1; cis-L,PtX,, R = Bzl, X = Cl, 81011-53-2; cis- 
L,PtX,, R = Ph, X = C1, 81011-54-3; cis-L2PtX2, R = CH3, X = 
Br, 81011-55-4; cis-L2PtX,, R = a-Bu, X = Br, 81011-56-5; cis- 
L,PtX,, R = t-Bu, X = Br, 8101 1-57-6; cis-L2PtX2, R = Bzl, X = 
Br, 81011-58-7; cis-L,PtX2, R = Ph, X = Br, 81027-52-3; cis-L2PtX2, 
R = CH3, X = I, 81011-59-8; trans-LzPtX,, R = CH3, X = I, 
81075-66-3; cis-L2PtX2, R = n-Bu, X = I, 8101 1-60-1; tram-L2PtX2, 
R = n-Bu, X = I, 81011-61-2; cis-L,PtX2, R = 1-Bu, X = I, 
81075-67-4; cis-L2PtX2, R = Bzl, X = I, 8101 1-62-3; trans-LzPtX2, 
R = Bzl, X = I, 81075-68-5; cis-L2PtX2, R = Ph, X = I, 81011-63-4; 
cis-L2PtBrC1, R = CH3, 81011-64-5; cis-L2PtBrC1, R = n-Bu, 
81011-65-6; cis-LzPtBrC1, R = t-Bu, 8101 1-66-7; cis-LzPtBrC1, R 
= Ph, 81011-67-8; cis-L,PtBrCl, R = Bzl, 81011-68-9; L3PtBrCl, 
R = CH3, 81011-69-0; L3PtBrC1, R = n-Bu, 81011-70-3; L3PtBrCl, 
R = 1-Bu, 81011-71-4; L,PtBrCl, R = Ph, 81011-72-5; L3PtBrC1, 
R = Bzl, 81011-73-6; L3PtCl,, R = t-Bu, 81011-74-7; cis-LzPtX2, 
L = Bz13P, X = C1, 81075-69-6; trans-L,PtX2, L = Bzl,P, X = C1, 
63902-66-9; trans-L,PtX,, L = Bzl,PhP, X = C1, 63848-36-2; cis- 
L2PtX,, L = BzlPh2P, X = C1,61586-06-9; cis-L2PtX2, L = Bu3P, 
X = C1, 15390-92-8; cis-L2PtX2, L = Et3P, X = C1, 15692-07-6; 
tranr-LzPtX2, L = Et3P, X = Cl, 13965-02-1; cis-LzPtX2, L = Me3P, 
X = C1, 15630-86-1; cis-L,PtX,, L = Me2PhP, X = C1, 15393-14-3; 
cis-L2PtX2, L = Me,PhP, X = Br, 15616-81-6; cis-L2PtX2, L = 
Me2PhP, X = I, 41119-52-2; tram-L2PtX,, L = Me2PhP, X = I, 
41 19-53-3; cis-LzptX2, L = MePhzP, X = Cl, 16633-72-0; cis-L2PtX2, 
L = MePh2P, X = Br, 52613-13-5; cis-L2PtXz, L = MePh,P, X = 
I, 28425-03-8; trans-L2PtX2, L = MePh2P, X = I, 28425-02-7. 
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Electroreductive polymerizations of the vinyl-substituted monomer complexes [Ru(~bpy)~]~+, [ Fe(vbpy),lZ+, [R~(bpy)~(vpy)~]~+, 
[R~(bpy)~(vpy)Cl]+, [Ru(vbpy),C12], [R~(bpy)~(vpy)NO,]+, and [Ru(bpy),(vbpy)l2+ are described, where vbpy = 4- 
vinyl-4’-methyl-2,2’-bipyridine and vpy = 4-vinylpyridine, The polymers form stable, adherent, electrochemically reactive 
films on the reducing electrode, which can be Pt, Au, vitreous carbon, SnO,, or Ti02. Complexes with only one vinyl substituent 
are difficult to polymerize but can be copolymerized with divinyl- and trivinyl-substituted monomers. The possibility that 
the polymers are in part metal macroclusters with bridging ligands is discussed. Films containing from 4 to ca. 1500 monolayers 
of metal complex can be formed depending on the potential control conditions employed during polymerization. Charge 
transport through poly-[Ru(vbpy),12+ films occurs with D,, = 2 X cm2/s, which corresponds to an apparent [Ru- 
(~bpy)~]’+/~+ electron-self-exchange rate in the film of 1.7 X lo5 M-’ s-’. Quantitative reactivity of ruthenium centers 
in this film was demonstrated with use of spectrophotometry of films on SnO, electrodes, and composition was evaluated 
by X-ray photoelectron spectroscopy. The cross-linked, polycationic films are poorly permeable to cations and bulky, neutral 
molecules dissolved in the contacting solution but readily incorporate small anions. Chemical reactivity of poly-[Ru- 
(bpy)2(~py)N02]+ is somewhat altered by the polymeric environment as compared to that of prior monolayer studies. 

Binding of transition-metal complexes to preformed, lig- 
and-containing polymers’s2 typically results, for steric and/or 
electrostatic reasons, in incomplete metalation of the polymeric 
ligand sites. This has been the case in recent studies involving 
the coating of electrodes with cobalt and ruthenium complexes 
bound to p~lyvinylpyridine.~~,~-’ 
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(a) Oyama, N.; Anson, F. C. J. Am. Chem. SOC. 1979,101,739. (b) 
Ibid. 1979, 101, 3450. 
Oyama, N.; Anson, F. C. J. Electrochem. SOC. 1980, 127, 247. 
Oyama, N.; Shimomura, T.; Shigehara, K.; Anson, F. C. J.  Electroanal. 
Chem. Interfacial Electrochem. 1980, 11 2, 27 1. 
Haas, 0.; Vos, J. G.  J .  EIectroanaL Chem. Inferfacial Electrochem. 

We recently described* the coating of electrodes by the 
reductive, electrochemical polymerization of several vinyl- 
pyridine and vinylbipyridine complexes of iron and ruthenium. 
The use of vinyl-substituted metal complexes as monomers 
offers the possibility of preparing polymeric films with es- 
sentially complete metalation of ligand sites and a well-defined 
coordination environment for the metal. Since the monomer 
metal complex approach to electroactive polymer films is 
uncommon, we have carried out studies aimed a t  better un- 
derstanding the ruthenium vinylpyridine and vinylbipyridine 
electropolymerizations and the possible generality of the 
chemistry involved. These studies have included relative ease 
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of polymerization of monomers with different numbers of vinyl 
groups, the analytical composition of the polymer films, their 
electrochemistry, and the rate at which electrochemical charge 
diffuses through one of the films. The metal complex mo- 
nomers used in this paper are [Ru(vbpy),12+, [Fe(vbpy),12+, 

is 4-vinyl-4'-methyl-2,2'-bipyridine, vpy is Cvinylpyridine, and 
bpy is 2,2'-bipyridine. Results are presented to suggest that 
the polymer structure may in part be composed of metal 
macroclusters with bridging ligands as opposed to simply long 
strands of polymeric ligands chains with metal complexes 
dangling therefrom. 
Experimental Section 

Chemicals. The ligand 4-vinyl-4/-methyl-2,2'-bipyridine (vbpy) 
and the ruthenium and iron complexes [Ru(~bpy)~](PF~)~,  [Fe- 
(VbPY)d(PF6)2, [ R ~ ( ~ P Y ) ~ ( v P Y ) ~ ~  (C104)2, and [ R ~ ( ~ P Y ) ~ ( V P Y ) C ~ I -  
(C10,) were prepared as previously described.* 

[R~(bpy)~(vpy)NO~] (PF,) was prepared by a different procedure 
than that reported9 for the corresponding pyridine complex. A 
deaerated 1/1 (v/v) water/ethanol solution of ci~-Ru(bpy)~Cl~.2H~O 
containing a 20% molar excess of vinylpyridine was heated at reflux 
for 45 min under N2. A 20% molar excess of NaN02 was added to 
the cooled reaction mixture, which was then heated further at reflux 
for 3 h. After cooling, the reaction mixture was reduced to half the 
initial volume and refrigerated overnight. The cooled solution was 
filtered to remove a red precipitate, presumably Ru(bpy)z(NO& and 
the desired complex was precipitated from the filtrate by addition 
of 2 mL of saturated aqueous NH4PF6. The precipitate was collected, 
washed with water and ether, and dried in vacuo at 50 OC overnight. 
The solid was purified by dissolving in a minimum quantity of ace- 
tonitrile and reprecipitating with ether. 

Electrochemical solvents were obtained from Burdick and Jackson 
and were stored over 4A molecular sieves. Tetraethylammonium 
perchlorate supporting electrolyte was thrice recrystallized from water. 

Electrochemical Polymerization. A clean electrode was placed in 
a dilute (0.14.5 mM) solution of the appropriate monomer containing, 
typically, 0.1 M supporting electrolyte. After the solution was degassed 
with a nitrogen stream, the electrode potential was repetitively swept 
between 0 and, except as noted elsewhere, -1.8 V vs. SSCE. Progress 
of the deposition was monitored by the growth of the bpy reduction 
waves of the complexes in the polymer film, between -1.3 and -1.8 
V. 

The more difficulty polymerized monomers (see text) were generally 
deposited potentiostatically in unstirred solution. The use of higher 
monomer concentrations or of stirred solutions resulted in more rapid 
polymerization and, generally, in formation of thick, fragile films. 

Cells and Equipment. Conventional three-electrode cells and po- 
tential control circuits were employed throughout. NaC1-saturated 
SCE (SSCE) was used as reference electrode. X-ray photoelectron 
spectroscopy was carried out with use of Du Pont Model 650B and 
PHI Model 548AR electron spectrometers. 
Results and Discussion 

Polymerization and Electrochemistry of [Ru(vbpy),12+, 
[Fe(vbpy),12+, and [R~(bpy)~(vpy)~]~+.  When a clean Pt 
electrode is placed in a degassed solution of [Ru(vbpy),]*+ in 
0.1 M Et4NC104/CH3CN and the potential scanned repeat- 
edly between 0 or -1.0 and -1.8 V vs SSCE, the electro- 
chemical waves for the [Ru(~bpy) , ]~+/~+ and [Ru(vbpy)J '+Io 
couples appearing at -1.45 and -1.54 V respectively, gradually 
and continually increase in size (Figure 1A). Currents on 
the first potential cycle are quite small since the concentration 
of [Ru(vbpy),12+, 0.1 mM, diffusing to the electrode surface 
is small but subsequently become much larger than ac- 
countable by diffusion-controlled electrochemistry. Deposition 
of a film of a polymeric, electroactive form of the complex, 
poly-[Ru(vbpy),12+, on the electrode surface, which gives rise 
to the larger currents, is demonstrated by transferring the Pt 

[WvbPY),C121, [Ru(bPY)2(vPY)z12+, [WbPY)2(VbPY)12+, 
[ R ~ ( ~ P Y ) ~ ( V P Y ) ~ ~ I ~ + ,  and [ R u ( b p ~ ) ~ ( ~ p y ) N 0 ~ 1 + ,  where V ~ P Y  

2 0  

la 
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(9) Abwfia, H. D. Ph.D. Thesis, The University of North Carolina, Chapel 
Hill, NC, 1980. 
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Figure 2. Cyclic voltammetry in 0.1 M Et4NC104/CH3CN in the 
Rurrl/" region for films on Pt of the following: curve A, 1.2 X lo-* 
mol/" poly-[R~(bpy)~(vpy)~]~+, 200 mV/s; curve B, 1.2 X 
mol/cm2 poly-[Fe(vbpy)J*+, 200 mV/s; curve C, 6.1 X mol/cm2 
poly-[R~(vbpy)~]~+, 200 mV/s; curve D: 1.3 X lo-' mol/cm2 
poly-[R~(vbpy),]~+, 5 mV/s. S = 250, 25, 1, and 50 pA/cm2 for 
curves A-D, respectively. 

electrode, after thorough rinsing, to clean supporting electrolyte 
solution, whereupon the [R~(vbpy)~]~+/"  and [Ru(vbpy),] l+/O 
reduction waves and the [R~(vbpy) , ]~+/~+ oxidation wave 
(Figure 1B) remain observable. Similar results are obtained 
with the complexes [ R ~ ( b p y ) ~ ( v p y ) ~ ] ~ +  and [Fe(vbpy)J2'; 
Figure 2A and B shows the MrIrIrr waves for their polymeric 
films in clean supporting electrolyte (0.1 M Et,NClO,/ 
CH3CN). In these and other cases discussed below, the formal 
potentials Eo'surf for the polymeric films are close to those for 



vpy and vbpy Complexes of Fe and Ru 

Table I. Electrochemical Data (Volts) for Ruthenium Complexes Bearing Vinylpyridine or Vinylbipyridine Ligands (in 0.1 M 
Et NC10, /CH CN) 
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soh polymer films 

complex EO'ox Ea'red(i) E"'red(z) E"',, E''red(l) E"'red(z) 
l R u ( b p y ) , ( v ~ ~ ) ,  1'" 1.24 -1 .35 ,  - 1.55 1.22, -1.36 -1.52 

[ R ~ ( ~ P Y ) , ( ~ P Y ) N O ,  I' 1.03 ,b  -1.45, -1.69 1 .03b 
[Ru(bpy), (vPY)C~I" 0.76 -1.49 -1.74" 0.76 - 1.48 ... 

IRuCbPY), (vPY)NO, I" 0.96' . . I  ... 0.91 ... ... 
IRu(bpy), (vPY)NOI~+ 0.5 3' ... ... 0.47 ... ... 

IRu(vbpy), I,+ 0.925e ... ... 
lRuCbpy),(vpy), I,+ ... ... ... 1.045e ... ... 
lRu(vbpy),C4 1 0.30  ... ... 0.36 ... ... 
[Ru(b~y) , (MeCN)vp~ 1'" 1.36' 1.29 ... 
[Ru(vbpy),(MeCN), 1'" 1.41d 1.35 ... 

[Ru(vbpy), 1,: 1.16 -1.43 -1.54 1.16 -1.43 -1.54 
[ F ~ ( v ~ P Y ) ,  1 0.93, -1.42 -1.58 0.93 -1 .44  -1.57 

... ... ... 

... ... ... 

... ... ... 
" E p c .  Ep, .  ' Value for the py complex in solution. Value for the bpy complex in solution. e In 1 M HC10,. 

the dissolved complexes (Table I). 
Formation of these adherent films requires* the presence 

of the vinyl groups on the ligands (no accumulation occurs for 
reduction of [Ru(bpy),I2+) as well as reduction of the complex. 
Films can be prepared on Au, vitreous carbon, Sn02, and Ti02 
electrodes with use of much the same procedure as above. 

Many more electroactive sites are present in the films 
(coverage r mol/cm2 measured by integrating the charge 
under the M"'/" waves) than in a monomolecular layerlo (ca. 
8 X lo-" mol/cm2) of these complexes. The coverage of 
deposited polymer can be readily and reproducibly adjusted 
by varying the number of cyclical potential scans and sweep 
rate. For example, three 0 - -1.8 - 0 V potential cycles (at 
0.1 V/s) suffice to deposit 5 X lO-'O mol/cm2 of electroactive 
polymer from a 0.5 mM [Ru(vbpy),12+ solution whereas 90 
min of scanning (150 scans) yields a coverage of 5 X lo-' 
mol/cm2. Under fixed conditions, the increment of polymer 
per scan is approximately constant as shown by Figure 1C. 

Polymerization also proceeds by using potential scans 
through only the first [Ru(vbpy),I2+ reduction wave, but films 
accumulate more slowly (by ca. 10 times). Higher concen- 
trations of monomer or stirring of the solution accelerates 
buildup of the film. If the deposition is carried out too rapidly 
or for too long, very thick films (>lo" mol/cm2) are formed 
that are visibly rough and mechanically fragile and can be 
dislodged by a stream of solvent (wash bottle). (The thinner 
films are in contrast very adherent and stable to vigorous 
washing.) Finally, while film growth is most conveniently 
monitored by repeatedly scanning the electrode potential, 
deposition can also be carried out potentiostatically. While 
we have not detected substantive differences in the electro- 
chemistry of potential scanning and potentiostatically deposited 
films, in view of the repeated halting of the polymerization, 
which presumably occurs with the scanning procedure, some 
structural differences in the polymer may nonetheless exist. 

Films of poly-[Ru(vbpy)J2+, poly-[Fe(vbpy)J2+, and 
poly-[R~(bpy)~(vpy)~]~+ deposited on mirror-smooth Pt vary 
in appearance depending on coverage. For r I lo-* mol/cm2, 
the electrode surface retains its metallic luster and ranges in 
color from very pale yellow to bright orange (for Ru) and from 
pale pink to violet (for Fe). The colorations are due to optical 
absorbances and not to interference phenomena. Thicker films 
gradually become opaque and have a roughened surface. On 
electrodes with thick coatings, some of the orange polymer 
often extends beyond the edge of the R disk onto the Teflon 
collar for 1-2 mm. This could result from adsorption of 
oligomers onto the Teflon from the solution around the elec- 
trode or from an extension of polymer chains from the Pt edge. 

The former possibility is considered more plausible, and if so, 
proper flow and electrode arrangements may permit controlled 
deposition of polymer films on nonconducting surfaces. (The 
edge buildup possibility is mentioned because the sensitivity 
of polymer growth rate to concentration might couple with 
the high electrode-edge mass-transport rate (nonlinear diffu- 
sion) to accelerate polymer growth there. Additionally, 
uniformity of deposition is best when the cell geometry favors 
uniform current distribution. If the reference and auxilary 
electrodes are displaced to one side of the Pt disk, film buildup 
on Pt and Teflon collar tends to become accentuated on that 
side.) In view of the estimated rates of charge transport 
through these films (vide infra) and the physical distances 
involved (1-2 mm), it is unlikely that polymer deposited on 
the Teflon collar is significantly involved in electrochemical 
experiments on the cyclic voltammetric time scale. 

A sample of [p~ly-[Ru(bpy)~(vpy)~]] (C104)2, mechanically 
dislodged from a film grown to excessive thickness, gaves an 
elemental analysis close to that anticipated for maintenance 
of the original monomer coordination sphere. This supports 
our view of these films as polymeric forms of intact metal 
complex monomers. The polymers are intractably insoluble 
in all media tested (water, acids, concentrated HNO,, acetone, 
DMF, Me2S0, CH2C12), so other analytical characterizations 
have been limited to the intact films. These include the fol- 
lowing: (i) Formal potentials of the surface waves for the 
polymeric complexes are consistently close to those of the 
dissolved complexes (Table I). In view of the sensitivity of 
Ru"'/" formal potentials to the ligands,'' this is significant 
evidence for integrity of the monomer coordination following 
polymerization. For some monomers, coordinative changes 
do occur upon polymerization, which can be detected through 
the Ru"'/" formal potentials (vide infra). (ii) X-ray photo- 
electron spectroscopy (XPS) of films of [poly-[Ru(bpy)Z- 
(~py)~]](ClO,), shows bands at binding energies Ru 3d5,, 
(280.5 eV), N 1s (398.6 eV), and C1 2p (206.9 eV). The 
relative (integrated) intensities indicate Ru/N/Cl atom ratios 
of 1/8.3/2.9. The high ratios of N and C1 to Ru may result 
from two factors: possible Et4NC104 electrolyte trapped in 
the polymer and/or low accuracy in measuring the intensity 
of the Ru 3d5/2 band, which slightly overlaps the C 1s band. 
(iii) Evidence of the anion-exchange character expected for 
a fixed-cation-site film comes from experiments on dissolved 
redox couple permeation (vide infra). (iv) Resonance Raman 
spectra of poly- [Ru(vbpy),12+ films showI2 the expected 
pattern of bipyridine vibrations. (v) A visible spectrum of a 
p~ly-[Ru(bpy),(vpy)~]~+ film deposited* on n-Sn02 has a 

(10) Abrufia, H. D.; Meyer, T. J.; Murray, R. W. Inorg. Chem. 1979, 18, 
3233. 

( 1 1 )  Salmon, D. Ph.D. Thesis, The University of North Carolina, Chapel 
Hill, NC, 1977. 

(12) Pemberton, J.; The University of North Carolina, unpublished results. 
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similar shape, and A,,, (438 nm) is only slightly red shifted 
from that observed for an acetonitrile solution of the monomer 
(432 nm). (vi).A spectrum of a p~ly-[Ru(vbpy)~]~+ film on 
Sn02  had13 an absorbance of 0.21 A at A,,, = 470 nm (mo- 
nomer A,,, = 468 nm). With the assumption that for the 
monomer (1.42 X lo4) and for the polymer are the same, this 
absorbance corresponds to a coverage of 1.5 X lo-* mol/cm2, 
which agrees with the coverage 1.3 X lo-* mol/cm2 obtained 
from the cyclic voltammetry of this electrode over the same 
area. Most if not all of the ruthenium sites present on the 
electrode thus participate in electrochemical reactions of the 
film, a somewhat remarkable result considering that this film 
contains ca. 162 monomolecular layers of monomer sites. 

The above results are consistent with a polymer composed 
of predominantly intact units having the original monomer 
coordination sphere. There is however charge-trapping evi- 
dence (vide infra) that repeated reduction of the film leads 
to a small (5-10%) population of reductively altered complex. 
Some of this impurity is probably formed during the reductive 
polymerization procedure and thus is present even in freshly 
prepared films. Also, we have examined14 thin films (2 X 10-lo 
and 5 X mol/cm2) of p~ly-Ru(vbpy),~+ deposited on 
smooth Pt foil by variable-angle XPS in an attempt to measure 
the film thickness. On the basis of a bulk [poly-[Ru- 
(~bpy)~]](ClO,)~ density of 1.35 g cm3, the XPS results gave 
thicknesses of dm = 34 and 77 d, considerably larger than 
those calculated from electrochemical coverage data, d, = 3 
and 33 A. Inasmuch as d,  depends inversely on the density 
used in the calculation, while dxps is relatively insensitive to 
density,15 and since we considered it possible that the density 
of a very thin film of this polymer might be lower than that 
of a comparatively massive sample, calculations were per- 
formed with the assumption of lower densities for the film. 
If a value of 0.3 g/cm3 is assumed, d ,  (59 and 148 A) and 
dXps (58 and 132 A) come into good agreement. Other 
possible explanations, besides film density, did not seem via- 
ble.', This low density may not, however, persist in polymer 
buildup more remote from the Pt surface, and so film densities 
of the higher coverage electrodes used in this paper are 
probably much closer to that of the 1.35 g/cm3 bulk sample 
(made by growing an excessively thick, mechanically dislodged 
film). 

Electrodes coated with films of po ly - [Ru(~bpy)~]~+ ,  
po1y-[Fe(vbpy),l2+, and p~ly-[Ru(bpy)~(vpy),]~+ are quite 
stable. In CH3CN solvent, there is little or no change in the 
M"'/" wave after several hours of continuous potential cycling 
between 0 and +1.6 V vs SSCE at 100 mV/s (e.g., for 5 h 
of cycling this is > 550 turnovers and -94 min as the MI1' 
complex). Degradation occurs more rapidly if the potential 
is extended into the MI1/' and M'/O reduction waves. Coated 
electrodes can be stored for several weeks in air provided care 
is taken to avoid mechanical injury to the thin films. Except 
for the very thick deposits, the films easily tolerate vigorous 
solvent flow and prolonged soaking in common solvents. They 
are not effectively removed by chemical treatments, and 
electrodes are best cleaned for reuse by mechanical polishing. 

In aqueous acid (1 M HClO,), electrodes coated with 
poly-[Ru(~bpy)~]~+ and poly-[R~(bpy)~(vpy)~]~+ films are 
stable to prolonged soaking and to repeated potential cycling 
through the Rut''/" wave (no change after 60 min between 
0 and +1.35 V at 0.1 V/s). As shown in Figure 3 (by a solid 
line), cyclic voltammograms of Pt/poly- [Ru(vbpy),12+ elec- 
trodes in 1 M HC104 are roughly additive overlays of the 
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Figure 3. Cyclic voltammetry at 100 mV/s in 1 M HCIO, of a film 
of 2 X 10-8 moI/cm2 p~ly-[Ru(vbpy)~]~' on Pt (solid line) and of naked 
Pt (dashed line). S = 100 rA/cm2. 

Ru"'/" wave and the platinum oxide forming and stripping 
waves (shown by a dashed line), but the hydrogen adsorption 
waves of the Pt are blocked by the polymer film. The con- 
tinued presence of the platinum oxide waves on the coated 
electrode suggests that interactions between the polymers and 
the Pt are relatively weak and that the films adhere to the 
electrode primarily by their insolubility plus perhaps topo- 
logical molding to the microscopic contours of the Pt surface. 
Cyclic voltammograms of Pt/poly- [ R u ( v b ~ y ) ~ ] ~ +  electrodes 
in 1 M H2S04 have an initial appearance8 similar to that of 
Figure 3. Cycling between 0 and +1.3 V vs. SSCE in this case 
or in pH 5 Na2S04 electrolyte causes a slow decrease in the 
size of the wave. This decay is associated with the Ru'" 
state and is first order with rate constant ca. 5 X 10" s-l. 
(Decay of Ru"' electrodes in 1 M HClO, has not been mea- 
sured but is at least 100 times slower.) Decay in sulfate 
medium for [ R u ( b p ~ ) ~ ] ~ +  electrostatically trapped in Nafion 
membranes is reported to be partially reversed by overnight 
soaking.16 We have also found that soaking or prolonged 
potential cycling of Pt/p~ly-[Ru(vbpy)~]~+ electrodes that have 
decayed (5 30%), in HC104 electrolyte, restores most of the 
original electroactivity. More extensively degraded (>go%) 
electrodes could not be rejuvenated in this way. It seems 
possible that incorporation of sulfate counterion into these films 
by repeated poly-[R~(vbpy)~]~+ - poly-[Ru(vbpy),13+ con- 
versions may, in the subsequent, repeated rereductions, be 
accompanied by more supporting electrolyte cation (Et4N+) 
ingress than sulfate egress. This would cause buildup of excess 
electrolyte in the film, which could retard the transport of 
electrochemical charge. 

Charge-Transport Rates in P~ly-[Ru(vbpy),]~+ Films. A 
poly-[R~(vbpy)~]~+ film at, e.g., 1 X mol/cm2 coverage 
is ca. 600 A thick and contains the equivalent of ca. 125 
monomolecular layers of [Ru(vbpy),l2+ units. (With the 
assumption of a density of 1.35 g/cm3, this corresponds to a 
site concentration of 1.6 M.) The manner and rate at which 
the multiple layers of redox sites become oxidized and reduced 
by the electrode in such a film are of considerable interest. 
Kaufman and Engler''J* have proposed that electrons can 
migrate through redox polymers by successive electron-self- 
exchange reactions between neighbor oxidized and reduced 
sites (a hopping process, or electron "bucket brigade"). A flow 
of counterions also occurs to compensate alternations in the 
electrical charges of the fixed redox sites. The combination 

(1 3) This result generously supplied by K. Willman, The University of North 

(14) Urnah, M.; Dtniscvich, P.; Rolison, D. R.; Nakahama, S.; Murray, R. 

(IS) Penn, D. R. J .  Electron Spectrosc. Relat. Phenom. 1976, 9, 29. 

Carolina, 1980. 

W. Anal. Chem. 1981, 53, 1170. 

(16) (a) Rubenstein, I.; Bard, A. J. J.  Am. Chem. Soc. 1980,102,6641. (b) 
Ibid. 1981, 103, 5007. 

(17) Kaufman, F. B.; Engler, E. M. J .  Am. Chem. Soc. 1979, 101, 547. 
(18) Kaufman, F. B.; Schroeder, A. H.; Engler, E. M.; Kramer, S. R.; 

Chambers, J. Q. J .  Am. Chem. SOC. 1980, 102, 483. 
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Table 11. Exemplary Electrochemical Data for Various Polymers 
and Copolymers (in 0.1 M Et,NClO,/CH,CN) 
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-~ 
fwhm, 

electrode r, mol/cm' AE,, mV mV V, mV/s 

[RNvbpy), l a +  
1 6.1 X lo-'' 15 160 100 
2 1.5 x 10-9 40 175 200 
3 5 x 10-9 30 140 100 
4 5 x lo-8 80 170 50 
5 1.3 x 10-7 80 190 5 
6 1.3 X lo-'" ... ... 100 

[Fe(vbpy), 1'+ 
I 1.2 x 10- 30 175 20 
8 2 x 10- 70 160 100 
9 2 x 10P 40 150 50 

[Ru(bpy), (VPY ), 1 '+ 

i o  1.8 x 10-9 20 140 50 
11 3.1 x 10-9 40 150 100 
12 1.6 X lo-' 110 200 200 

copoly-[ [RWbpy) ,  l ' ' , [Fe(vb~~),  la+]  
13 5 x 10-9 (RU) 50 ... 100 

5 x lo-' (Fe) 65 ... 
copolY-[ [ R u ( ~ P Y ) , ( ~ P Y ) ,  l'+, [Ru(bPY), (VPY)C~I~I  

14 6.3 X l O - "  10 140 100 
3.2 x lo-" (RuCl) 15 115 

Optically transparent SnO, electrode. r = 1.5 X mol/cm' 
by visible spectroscopy, Amax = 470 nm. 

of ion and electron motions is termed electrochemical charge 
transport. It has been e ~ t a b l i s h e d ~ v ' ~ ~ ~  (and confirmed by a 
theoretical that charge transport through redox 
polymers during their oxidation or reduction obeys electro- 
chemical equations based on Fick's diffusion law. Quantitative 
charge-transport-rate data in redox polymers are not plentiful 
and except for poly(vinylferrocene)1g~o~3 include no instance 
of a metal complex polymer undiluted by large quantities of 
dangling uncoordinated ligand. 

Cyclic voltammograms of S mol/cm2 Pt/poly- [Ru- 
(vbpy),] ?+ electrodes in CH3CN solvent exhibit Ru"'/" cur- 
rents that vary linearly with potential sweep rate up to 0.2 V/s, 
the behavior expected when essentially all the poly-[Ru- 
(vbpy),12+ sites in the film are oxidized and reduced so rapidly 
as to remain in Nernstian equilibrium with the electrode at 
each applied potential. With higher coverage films, peak 
current increases at  a less than linear fashion with potential 
sweep rate, especially at  high sweep rates, and additionally 
the Ru"'/" wave develops "tails" reminiscent of cyclic volt- 
ammograms of dissolved reactants2% (compare the low- and 
highaverage electrodes, Figure 2C and D, respectively). The 
peak potential separation hE also increases in comparison 
to the small values observed at !ow coverage (Table 11). Thm 
phenomena are also observed for thick films of poly-[Fe- 
(vbpy),I2+ and poly-[R~(bpy)~(vpy),]~+ (Table 11) and rep- 
resent incipient control of the rate of the films' electrochemical 
reactions by the rate of diffusion of electrochemical charge 
through the film. 

(19) Daum, P.; Murray, R. W. J.  Electroana!. Chem. Interfacial Electro- 
chem. 1979, 103,289. 

(20) (a) Daum, P.; Lenhard, J. R.; R o l i n ,  D. R.; Murray, R. W. J .  Am. 
Chem. Soc. 1980,202,4649. (b) Nowak, R. J.; Schultz, F. A,; Umaha, 
M.; Lam, R.; Murray, R. W. Anal. Chem. 1980 52, 315. (c) Daum, 
P.; Murray, R. W. J.  Phys. Chem. 1981, 85, 389. 

(21) Oyama, N.; Anson, F. C. J .  Elecfrochem. Soc. 1980, 127, 640. 
(22) Laviron, E. J.  Elecrroanal. Chem. Interfacial Electrochem. 1980, 112, 

1. 
(23) Peerce. P. J.; Bard, A. J. J. ElecrroanaI. Chem. Inferfacial Electrochem. 

1980,114, 89. 
(24) Fa&, J.; Murray, R. W. J .  Electroanal. Chem. Interfacial Electrochem. 

1981, 124, 339. 
(251 Kuo, K. N.; Murray, R. W. J.  Electroanal. Chem. Inferfacial Elec- 

trochem. 1982, 131-37. 
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Figwe 4. Cottrell plot of current-time curve for 0 - + 1.7 V us. SSCE 
potential step in saturated LiC104/CH3CN at a 7 X lo4 mol/cm2 
poly-[R~(vbpy)~]~+ film on Pt. The slope of the plot, nFADu112C/d12, 
gives Du1l2C = 2.4 X 10". Open circles are values calculated from 
finite-diffusion theory" for this D, l / zC .  

Potential step chronoamperometry- was used to measure 
the effective diffusion coefficient Da for electrochemical charge 
in the oxidation of a poly-[R~(vbpy),]~+ film. Current-time 
responses for potential steps from 0 to + 1.7 V vs. SSCE decay 
smoothly27 and give linear, short-time Cottrell plots as shown 
in Figure 4. The drop-off in current at longer times is ex- 
pected for diffusion in a film of finite thickness and is accu- 
rately represented (by open circles on the curve) by finite- 
diffusion theory previously described.2h The Cottrell slope 
gives the product Da'/2C = 2.4 X 10" mol/(cm2 d2), where 
Cis  the concentration in mol/cm3 of [Ru(vbpy),12+ sites in 
the film. Taking C = 1.6 X lo-' mol/cm3 gives Da = 2.2 X 

cm2/s. A similar determination on a different Pt/ 
poly-[R~(vbpy)~]~+ electrode with r = 6 X 10- mollcm' gave 
Dct1/2 C = 2.1 X 
cm2/s. It is worth noting that while D,'12C is thought to be 
fairly reliable, derived Da values have an uncertainty associated 
with the film density. Thus, if film density is assumedI4 to 
be 0.3 g/cm3, Dct is 4.5 X lo4 and 3.5 X lo9 cm2/s, re- 
spectively. 

When the electron-exchange mechanism of Kaufman and 
Engler is f ~ l l o w e d , ' ~ J ~  electrons are removed from [Ru- 
(vbpy),12+ sites that are remote from the Pt electrode by 
successive electron transfers between neighbor [Ru(vbpy),12+ 
and [Ru(vbpy),13+ sites in the film. The rate at  which these 
electron transfers occur and the rate at which counterions enter 
the film for charge compensation influence Da. Translation 
of Da into an electron-transfer rate constant is of obvious 
interest. Da will be determined by the slowest process limiting 
charge transport, which may be the intrinsic electron-transfer 
rate between adjacent sites, which is dictated by the usual 
vibrational barrier, the rate of charge compensating counterion 
hopping, which is necessarily coupled to electron transfer, or 
perhaps the rate of segmental motions of the polymer lattice. 
The latter could enter the problem through the value of in- 
creased orbital overlap in nonequilibrium polymer orientations 
and/or in structural changes associated with the gain or loss 
of counterions into the film. We have measured28 the rate at 
which bromide ions permeate through poly-[Ru(vbpy),12+ 
films; it is > lo3 times larger than 0,. Making the reasonable 
assumption that perchlorate (the counterion in the present 

mol/(cm2 s'/~) and Da = 1.6 X 

~ ~~~~~ 

(26) This method is preferredm over potential swcep voltammetry since 
compensation for effects of film resistance and possible slow heteroge- 
neous charge transfer" is more readily accomplished. 

(27) Distorted, humped current-time curves result, as seen previously?& 
when the potential step is insufficiently large to overcome the film's 
ohmic resistnace or the supporting electrolyte concentration is too low. 
High concentrations of electrolyte apparently drive additional ambient 
ions into the film to lower its ohmic resistance. 

(28) Ikeda, T.; Schmehl, R.; Deniscvich, P.; William, K.; Murray, R. W. J .  
Am. Chem. Soc., in press. 
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Figure 5. Curve A: rotated Pt-disk electrode voltammetry (2500 rpm) 
of a 1 mM [Fe(bp~)~(CN)2] solution at a naked Pt and at a 6 X lo4 
mol/cmz poly-[Ru(~bpy),]~+ electrode. S = 25 and 200 pA/cm2 for 
curves A and B, respectively. Curve B: cyclic voltammetry at 100 
mV/s in 0.1 M Et4NC104/CH3CN of a 0.5 mM methylviologen 
solution at a naked Pt (---) and at a Pt/poly-[Ru(~bpy),]~+ (-) 
electrode. 

experiment) has a mobility similar to bromide, we can rule 
out control of DCt by perchlorate counterion hopping. 

The value of Da represents the rate of fruitful "collisions" 
between neighbor [R~(vbpy),]~+ and [Ru(vbpy),13+ sites. If 
every "collision" in fact results in electron self-exchange, then 
the reaction is truly diffusion controlled, Dct represents the 
diffusion rate, and Da can be converted to an effective elec- 
tron-transfer rate constant, k,,"PP, by using a conventionaltg 
formula for collision-controlled reaction rates. For Da = 2.2 
X cm2/s, 6.9-1( [ R ~ ( v b p y ) ~ ] ~ +  collision radius,30 and a 
neglect of electrostatic terms, kaa* = 2.3 X 105 M-I s-l (k,"* 
= 4.7 X lo6 M-' s-l if film density is assumedI4 equal to 0.3 
g/cm3). This calculation implicity assumes that the intrinsic 
electron-self-exchange rate in the poly-[R~(vbpy)~]*+ film 
exceeds that at which sites collide or otherwise by segmental 
polymer lattice motions come into proper juxtaposition for 
electron transfer. It is therefore very interesting that the values 
for k," in the film are not very distant from (36- and 1.7-fold, 
respectively) but are in fact smaller than the self-exchange 
constant k, = 8.3 X lo6 M-I s-' reported30 for freely diffusing 
[Ru(vbpy),] (C104)2 dissolved in acetonitrile. The comparison 
suggests that polymer lattice mobility, in this polymer, dom- 
inates the rate of charge transport. The difference between 
kcxaPP and k ,  in this comparison is not sufficiently large, 
however, for the comparison to be completely definitive;,l 
additionally, electrolyte effects in the polymer may differ from 
those in solution. In a previouszoa collision-formula conversion 
of Da to kexaPP for a plasma-polymerized vinylferrocene film, 
kaaP was clearly <<k,, and control by the electron-transfer 
barrier could be more clearly ruled out. 

Finally, it is worth noting that Da in a redox polymer film 
imposes an upper limit on the rate at which it can oxidize or 
reduce a chemical substrate in the solution in an electroca- 
talytic s ~ h e m e . ~ ~ * ~ ~  With the assumption that the poly- 
[R~(vbpy),]~+ film is poorly permeable toward the substrate, 
which is demonstrably28 appropriate for bulky, positively 
charged metal complex substrates, the maximum flux for a 
1 X 10-8 mol/cmz film can be calculated for Da = 2.2 X 
cm2/s to be DCt@/rT = 6 X mol/(cm2 s). We have 
detected the influence of the charge-transport rate on (rapid) 
cross-electron-exchange reactions involving the poly-[Ru- 
(vbpy),12+ film in a recently completed study;28 analysis of that 
data produced a value of Da1/2C = 3.4 X lo4 mol/(cm2 s ' / ~ ) ,  

(29) Hammes, G. G. "Principles of Chemical Kinetics"; Academic Press: 
New York, 1978; p 62. 

(30) Chan, M. S.; Wahl, A. C. J.  Phys. Chem. 1978,82, 2543. 
(31) (a) Also, if we assume that the electron transfer is itself the slow step, 

then De = rk,'W2C/4, kra'm ss 6.6 X 106 M-I a-I. This is also 
close to the solution value. (b) Ruff, I.; Friedrich, V. G. J .  Phys. Chem. 
1971, 75, 3297. 

(32) Rocklin, R. D.; Murray, R. W. J.  Phys. Chem. 1981, 85, 2104. 
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Figure 6. Cyclic voltammetry at 100 mV/s in 0.1 M Et4NC1O4/ 
CH3CN of copolymers on Pt: curve A, 5 X IO4, 5 X 1 O4 mol/cm2 
copoly-[Ru(~bpy)~]~+,[Fe(vbpy),]~+] polymerized from a mixture of 
0.5 mM [R~(vbpy)~]~+ and 1 mM [Fe(vbpy),12+; curve B, 6 X 
3 X lo-'' mol/cm2 copoly- [Ru(bpy)z(vpy)d2+, [Ru(bpy)~(vpy)C11+] 
polymerized from a mixture of 0.5 mM [R~(bpy)~(vpy)~]~+ and 2 
mM [Ru(~PY)z(vPY)C~I+; curve C, (50 m v / d  poly-[[Ru(bpyh- 
(VPY)Z~~+, [Ru(vbpy)~(CH,CN)Cll', [R~(V~PY)~CI~I  I polymerized from 
a mixture of 0.3 mM [R~(bpy)~(vpy)~]~+ and 0.3 mM [Ru(vbpy),C12]. 
S = 50, 5, and 8 pA/cmz, respectively, for curves A-C. 

in excellent agreement with the experiment of Figure 4. 
Polymer Films as Polyelectrolytes and Barriers. Since these 

polymers are composed of cationic species, they should behave 
as polyelectrolytes and display ion-exchange properties. Thus, 
cations in the contacting solution should tend to be excluded 
from the films whereas anions should be incorporated in them. 
As shown in Figure 5B, reduction of the methylviolgen dication 
is completely suppressed at R/poly-[R~(vbpy),]~+ electrodes. 
Conversely, a Pt/poly- [ R ~ ( b p y ) ~ ( v p y ) ~ ] ~ +  electrode soaked 
in aqueous ferricyanide solution and transferred to clean 
electrolyte then exhibits a persistent response typical of elec- 
trostatically bound ferri~yanide.,~ 

The probably highly cross-linked films of poly-[Ru(~bpy)~]~+ 
also display size exclusion properties. Both the dication 
[ F e ( b ~ y ) ~ ] ~ +  and the neutral [(bpy),Fe(CN),] are excluded, 
whereas the smaller ferrocene molecule readily diffuses 
through albeit at  a slower, membrane-controlled rate. Ex- 
clusion of [ (bpy)2Fe(CN)2] is illustrated by the rotated- 
disk-electrode voltammetry of Figure 5A; oxidation of the 
complex does not occur until potentials generating Ru"'-film 
states are attained, whereupon it is catalytically oxidized. Such 
size discrimination could provide the basis for selective ana- 
lytical detection procedures. The exclusion of cations and of 
relatively large neutral species additionally indicates that the 
films are free of gross pinhole defects. 

Copolymers and Reactive Films. Electropolymerization of 
these vinyl complexes is readily extended to the preparation 
of copolymer electrodes. Negative-potential scanning in a 
solution containing 0.2 mM [Ru(vbpy),lz+ and 0.4 mM 
[Fe(vbpy),lz+ yields a polymer film containing both the ru- 
thenium and iron species (Figure 6A). The two cyclic 
voltammetric waves occur at the same potentials as for in- 
dividual homopolymer films of these monomers, and the co- 
polymer response is a simple addition of the electrochemical 
responses of monomers. This copolymer furthermore has been 
shown by angular emission XPS to be randomly mixed.8 

(33) Oyama, N.; Anson, F. C. J .  Electrochem. SOC. 1980, 127, 247. 
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Similarly, reduction of a mixture of [ R ~ ( b p y ) ~ ( v p y ) ~ ] ~ +  and 
[R~(bpy)~(vpy)Cl]+ gives a copolymer (Figure 6B) with 

waves at potentials expected for the individual mo- 
nomers (Table I). Analogous additive responses have been 
reported by Oyama and AnsonZb for a polymer-mixture film. 
In general, one can probably expect such behavior whenever 
the individual copolymer components are reasonably randomly 
mixed and have sufficient populations of nearby, like neighbors 
to permit efficient charge transport to the Pt electrode by the 
usual electron-self-exchange process. If the neighbor popu- 
lation of one component is too low, however, it can conceivably 
react slowly enough that electron mediation by the majority 
host complex becomes important (vide infra). 

It has not been possible to form significantly thick homo- 
polymer films of poly- [R~(bpy)~(vpy)Cl]+. Reducing this 
monomer at a potential (-1.64 V vs. SSCE) beyond its first 
(reversible) reduction wave (Table I) yields very low coverage 
films (- 10-lo mol/cm-), with a somewhat broad Ru'"/" wave 
at +0.76 V. Reduction beyond the second, irreversible (ip" 
== 0) wave of the monomer deposits more polymer (- 10+ 
mol/cmz), but in the process an acetonitrile ligand is appar- 
ently substituted for the chloride, giving a well-formed Ru"'/" 
wave at +1.29 V vs. SSCE. A similar reactivity pattern is 
observed for [R~(bpy)~(py)Cl]+ solutions in acetonitrile. 

Polymerization of the monomer cis-Ru(vbpy)zC1z is of in- 
terest because its films might be useful synthetic precursors 
to other films. However, reduction of its solutions at -1.5 V 
gave a polymer film with three Ru"'/" waves, at ca. +0.3 
(small), +0.83 (predominant), and +1.35 V vs. SSCE, with 
small overall coverage ( - mol/cmz), whereas reduction 
at -1.7 V produced a film with only the last two Run1/I1 waves, 
that at + 1.35 V now predominating. Tentatively, we assign 
these waves to copolymer constituents [Ru(~bpy)~Cl,], [Ru- 
( V ~ ~ ~ ) ~ ( C H ~ C N ) C ~ ] + ,  and [ R U ( V ~ ~ ~ ) ~ ( C H ~ C N ) ~ ] ~ + ,  re- 
spectively, the latter two resulting from ligand replacement 
as above. 

As with [Ru(bpy),(vpy)Cl]+, it is easier to obtain intact 
poly-[Ru(~bpy)~Cl~]  sites in a copolymer with [Ru(bpy)z- 
(vpy),l2+. Reduction of a mixture of these complexes at -1.35 
V vs. SSCE produced in one trial a film with two Ru1I1/'I 
waves, at +0.30 and +1.26 V, as expected for poly-[Ru- 
(vbpy),Clz] and poly-[Ru(bpy),(vpy),12+ sites, respectively, 
and in another trial, illustrated in Figure 6C, some substitutiion 
occurred to produce also a third wave at +0.84 V, for 
poly-[Ru(vbpy),(CH3CN)C1]+. This Pt/poly-[Ru- 

polymer film electrode exemplifies a modified electrode surface 
bearing more than two electrochemically distinct redox con- 
stituents. Copolymerization is a promising approach for 
preparing modified electrodes with bandlike surface states and 
thus potentially generalized outer-sphere electrocatalytic 
properties. For example, the electrode in Figure 6C could in 
principle, by choice of electrode potential, mediate the elec- 
trooxidation of one, two , or three (or more) substrate con- 
stituents of the solution. 

Ruthenium nitro complexes have been of interest to us both 
in solutions34 and as immobilized  monolayer^^^ on electrodes, 
owing to their reactivity in a disproportionation reaction, their 
acid-base chemistry, and, as Ru"'NOZ their usefulness as 
oxygen-transfer catalysts toward triphenylphosphine. A de- 
tailed mechanistic study of immobilized [Ru(bpy)(i-nic)NOz]+ 
(i-nic I isonicotinic acid) that the oxidized complex 
linkage isomerizes rapidly and reversibly, to the O-bound 

~ ~ ~ P Y ~ z ~ ~ z l - ~ ~ ~ ~ ~ ~ P Y ~ z ~ ~ ~ 3 ~ ~ ~ ~ ~ + l - ~ ~ ~ ~ ~ P Y ~ z ~ ~ P Y ~ 2 2 + l  
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(34) Keene, F. R.; Salmon, D. J.; Meyer, T. J. J .  Am. Chem. SOC. 1977,99, 
2384. 

(35) (a) Abrufia, H. D.; Walsh, J. L.; Meyer, T. J.; Murray, R. W. Inorg. 
Chem. 1981, 20, 1481. Abrufia, H. D.; Walsh, J. L.; Meyer, T. J.; 
Murray, R. W. J.  Am. Chem. Soc. 1980, 102, 3272. 
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Figure 7. Cyclic voltammetry at 200 mV/s in 0.1 M Et4NC104/ 
CH3CN of high-coverage (curve A) and low-coverage (curve B) 
F%/poly-[Ru(bpy)(vpy)N02]+ electrodes after extensive cycling leading 
to decay of the RuN02 function; curves C and D are similarly decayed 
high and low coverage, respectively, Pt/copoly-[ [Ru(bpy)z- 
(vpy)~]~',[Ru(bpy)z(vpy)NOz]+]. S = 2.5, 0.25, 2.5, and 0.5 rA for 
curves A-D, respectively. 

(nitrito) Ru"' complex, and on a much longer time scale reacts 
irreversibly by two competing reactions paths to yield a mixture 
of nitrosyl and nitrato complexes, with the latter predomi- 
nating. We were interested in whether the latter reactivity 
pattern would be altered in a polymeric form of the ruthenium 
nitro complex. 

[R~(bpy)~(vpy)NO~]+ could be polymerized to films with 
modest coverages by potentiostating past either the first (-1.45 
V) or the second (1.69 V) reduction waves. (In the latter case, 
some ligand substitution by acetonitrile occurs.) When the 
Pt/poly-[R~(bpy)~(vpy)NO~]+ electrodes are placed in clean 
supporting electrolyte and the potential is repeatedly cycled 
between 0 and + 1.4 V, the wave for the RuIn/ll NOz couple 
(Eo'surf = + 1.02 V vs. SSCE) gradually decreases while waves 
at potentials characteristic of the nitrato (+0.92 V) and nitrosyl 
(+0.47 V) complexes grow in. This pattern, in which the 
nitrato complex is the predominant (Figure 7A) ultimate 
product, is very reminiscent of that observed35 for alkyl- 
aminesilane-immobilized [Ru(bpy),(i-nic)NO,]+. Lower 
coverage Pt/p~ly-[Ru(bpy)~(vpy)NO~]+ electrodes, on the 
other hand, consistently produce, after decay to products, more 
nearly equal amounts of the nitrosyl and nitrato complexes 
(Figure 7B). Furthermore, at high coverages, careful in- 
spection shows that the nitrosyl wave reaches its maximum 
size before the nitrato and nitro waves cease changing. These 
results show that Ru"'N02 reactivity is changed by the 
polymeric environment. Since the nitrosyl complex is bimo- 
lecularly produced, probably by a Ru"'NO2 + Ru'I'ONO 
reaction, the results suggest that only a small fraction of pairs 
of camplex sites are able to rapidly achieve proper relative 
orientation for disproportionation to equal amounts of nitrosyl 
and nitrato products. The other sites are competitively con- 
verted by an as yet nonunderstood reaction directly to the 
nitrato complex. 

Homogeneous  experiment^^^ have suggested that the pres- 
ence of excess oxidant (e.g., [ R ~ ( b p y ) ~ ] ~ + )  can enhance pro- 
duction of the nitrato complex from Ru"'N0,. We accord- 
ingly copolymerized R~(bpy)~(bpy)NO~+ with Ru(bpy),- 
(vpy)?+. As shown in Figure 7C and D (the former complex 
is in excess in the copolymer), the nitrato nitrosyl mixture 

Ru1"N02 reaction remains - 1 at low coverages and is >>1 
at higher coverage. 

Scope and Mechanism of the Polymerization. Our original 
hypothesis* for electropolymerization of these complexes was 
based on the known anionic polymerization of vinylpyridine 
and the nature of the [ R u ( b ~ y ) ~ ] ~ '  reductions (ligand local- 
ized), that the transfer of negative charge to a vinyl substituent 

obtained after cycling through the Ru"'/ I I waves to allow 
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on a reduced ruthenium vinylpyridine or bipyridine complex 
might lead to polymerization. Operationally, polymerization 
occurs; the available data are qualitatively consistent with the 
hypothesis. The vinyl-substituted complexes listed in Table 
I all form polymeric, electroactive films. Polymerization is 
aided (where comparison is possible without other interfering 
chemistry) by two-electron as opposed to one-electron re- 
duction. The complex [Ru(bpy),(a~rylonitrile)~]~+ can be 
polymerized, albeit poorly, by potentiostating at -1.77 V, 
whereas the related complex [R~(bpy),(allylamine)~]~+, which 
has interrupted conjugation between the metal center and the 
vinyl group, forms no polymeric film even upon prolonged 
electrolysis. The polymerization of [Ru(vbpy),12+ or [Ru- 
(bpy)z(vpy2)]2+ is not peculiar to acetonitrile solvent (it can 
be effected in 1,2dimethoxyethane and CH2C12), the electrode 
substrate (Pt, carbon, SnO,, and Ti02 all work), or the com- 
plexed metal ([Fe(vbpy),12+ can be polymerized). Reductive 
polymerizations of [Co(vbpy),13+ and [Cr(vbpy),J3+ have been 
attempted; a film forms on the electrode, but it is not elec- 
troactive. These reduced complexes are apparently too labile, 
and the metal is lost. Finally, the closely related vinyl mo- 
nomer "vinyl-diquat", VDQ2+ 

Z +  
H 3c MC H= 

/ 
CHz-CHz 

is readily polymeri~ed~~ by two-electron reduction at ca. -1 .OO 
V vs. SSCE. This polymerization is patently a "ligand- 
centered" case. 

There is also evidence that the polymerization involves, at 
least in part, a chain-propagating step. As we have reported5, 
[Ru(bpy),(vpy)Cl]+ is not reduced nor does it form a polymer 
at -1.37 V, but reduction of [R~(bpy)~(vpy)~]~+ in the presence 
of [R~(bpy)~(vpy)Cl]+ nonetheless incorporates the latter 
complex into the copolymer film. The copolymer film of 
Figure 6B was in fact formed in such as experiment. We have 
now found a similar result in copolymerizing [Ru(~bpy)~Cl2] 
with [ R ~ ( b p y ) ~ ( v p y ) ~ ] ~ + ,  where reduction at -1.35 V incor- 
porates the former complex into the copolymer although it is 
not reduced at that potential. The terpolymer in Figure 6C 
was produced in this manner. On the other hand, this is not 
a completely general effect since reduction of VDQ2+ monomer 
at -1.0 V in the presence of [Ru(vbpy),12+ monomer (the latter 
is not reduced) incorporates no [Ru(vbpy),I2+ copolymer into 
the film formed.36 

It is difficult to obtain meaningful quantitative information 
on the polymerization efficiency. For example, a Pt electrode 
was briefly held at -1.3m V in a solution of [Ru(bpy),- 
( v ~ y ) ~ ] ~ + ,  the charge passed was measured and the electrode 
was disconnected and allowed to stand quietly in the solution 
for 20 min. The subsequently measured polymer film coverage 
accounted for only 5-10% of the original cathodic charge 
passed. In an efficient chain mechanism, coverage could 
greatly exceed the polymerization initiating charge. The 
situation is complex, however, in that the rate of the polym- 
erization reaction is coupled to the rates of mass transfer of 
monomer to the electrode and of reduced monomer away from 
the electrode, of conproportionation of (two-electron) reduced 
monomer with fresh monomer in the diffusion layer, and of 
eventual oxidation of the electrode film (by electron exchange 
with monomer or with impurities like trace dioxygen), which 
terminates polymerization. Furthermore we measure only the 
polymer that remains on the electrode, and the Teflon collar 
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Figure 8. Tescale schematic drawing of p~ly-[Ru(vbpy)~]*+ assuming 
linear (A) vinyl coupling and dimer-bridge (B) vinyl coupling. In 
curve A, steric crowding should cause spiraling of Ru(vbpy)?+ units 
around the chain axis. 

coloration shows that this is an incomplete measure. Soluble 
oligomers may also form in the solution as evidenced by a 
slightly red-shifted A,,,, and with long deposition times or 
stirred solutions, particulate polymer can be observed in the 
cell. For these reasons, the low percentage of charge passed 
that results in film formaion is not interpretable in a simple 
fashion. 

Relative film-forming efficiencies for polymerization of 
different monomers suffer less from the above caveats and 
provide some meaningful insights. As a general rule, ruthe- 
nium complexes bearing only one vinyl substituent deposit 
poorly. This, the complex [Ru(bpy),(vbpy)12+ yields low- 
coverage electrodes (-5 x mol/cm2) even upon pro- 
longed electrolysis, as does the complex [R~(bpy)~(vpy)Cl]+. 
Polymer films deposited from [Ru(bpy),(vpy)NO,]+ are only 
about 2 times thicker, whereas films from [Ru(vbpy),12+, 
[Fe(~bpy),]~+, and [R~(bpy),(vpy)~]~+ are > l@ times thicker. 
Much larger quantities of monovinyl monomers can be de- 
posited by the copolymer method described above. Signifi- 
cantly, in copolymerizations of [ R ~ ( b p y ) ~ ( v p y ) ~ ] ~ +  with 

Fe- 

NO2]+, the monovinyl monomer never comprises more than 
50% of the copolymer film even though the reaction mixture 
contains a great deficiency of the other constituent (by as much 
as 1/10). 

In view of the above results, we suggest that the reluctance 
of monovinyl complexes to polymerize is steric in origin. The 
repeated addition of monomer units to a growing polyvinyl 
backbone requires the close approach of the very bulky bi- 
pyridine complexes as illustrated in the schematic, to-scale 
diagram in Figure 8A. Linear chain growth requires (ste- 
rically) a helical spiral with little flexibility. The monovinyl 
analogue VDQ2+ (vide supra) is sterically much less bulky and 
can be polymerized to larger co~erages.,~ If two or more vinyl 
groups are present in the metal complex monomer, on the other 
hand, a polymerization need in the limit involve only the 
coupling of two vinyl groups in a chain with subsequent units 
attaching themselves to the other vinyl groups of the monomer 
(Figure 8B). In this manner the monovinyl [ R ~ ( b p y ) ~ -  
(vbpy)] 2+ would self-propagate poorly but could readily in a 
mixture add to the "dangling" vinyl groups in a poly-[Ru- 
(vbpy),J2+ network. The possibility that polymerization in the 
manner of Figure 8B represents a significant fraction of the 
total polymer coupling makes it inappropriate to refer to these 
polymers as "fully metalated poly(viny1pyridine) or poly(vi- 
nylbipyridine)" polymers, since many vinylbipyridine units may 
actually exist as dimers. A more accurate structural de- 
scription of such sites in the polymer would be as ruthenium 
cluster complexes held together with bridging ligands. Finally, 
we should note that if ligands on reduced [Ru(vbpy)J0 have 
radical anion character, their dimer coupling as activated 

should be tail-to-tail as drawn in Figure 8B. 

[RU(bPY) 2(VPY)ClI +, or [ W b P Y  )2(vbpy) 1 2+ with 
(VbPY)3I2+, and of [RU(bPY)2(VPY)2I2+ with [RU(bPY)2(VPY)- 
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The magnitude of these spikes depends on electrode history. 
If, during the deposition process, the potential is cycled between 
MII1/ll and bipyridine reduction regions (instead of only be- 
tween 0 V and the bipyridine reductions), the prewaves become 
much more prominent. When conventionally prepared elec- 
trodes are cycled in clean supporting electrolyte over the entire 
potential range, the prewaves also gradually increase. The 
presence of these features is not the result of impurities in 
solvent or supporting electrolyte nor does it depend on the 
nature of the electrode substrate: the prewaves are seen in 
CH3CN/Et4NC104, CH2C12/Bu4NC104, and CH,CN/Li- 
C104 and on Pt, C, Au, and SnOz electrodes. Moreover, since 
the [ R ~ ( b p y ) ~ ( v p y ) ~ ] ~ +  and [Fe(vbpy),12+ complexes have no 
common precursors, the prewaves cannot reflect a contaminant 
from their preparation. It appears that these spikes are as- 
sociated with a chemical degradation of the reduced polymer, 
perhaps by traces of oxygen or its reduction products. 

The cyclic voltammetric behavior of the prewaves is strik- 
ingly similar to that of bilayer electrodes described else- 
~ h e r e . 8 . ~ ~  The potentials of the current spikes shift with scan 
rate, moving closer to the main waves at  faster sweep rates. 
As the magnitudes of the prewaves increase during "abnormal" 
deposition conditions, they also shift toward the main waves. 
As with bilayer electrodes, the spikes behave as trapped ox- 
idation states: if after a spike and its associated main wave 
have been scanned through and back, the potential sweep is 
reversed before the other spike is reached, the original spike 
is greatly attenuated (Figure 9B). Thus the pair of prewaves 
seem to represent the anodic and cathodic branches of the same 
redox couple. We suggest, therefore, that they are associated 
with isolated sites of damaged polymer. Such sites apparently 
are too immobile and/or too dilute to react with the platinum 
surface and can undergo electron transfer only by mediation 
via poly-[R~(vbpy)~]~+ sites in the bulk of the polymer. This 
is similar to the process operating in deliberately physically 
segregated bilayer electrodes. 

Although the identity of the species involved in these pre- 
waves remains unknown at this point, the use of mobile solution 
redox species provides some information. For example, the 
cyclic voltammogram of a Pt/poly-[Ru(vbpy),] 2+ electrode 
immersed in a solution of ferrocene is shown in Figure 9C. 
Here after an initial negative-potential excursion (curve C), 
the electrode potential is held briefly at  +0.42 V, near the 
leading edge of the ferrocene oxidation. Then, when a second 
negative scan (Figure 9D) is conducted, the cathodic prewave 
is restored to nearly its original height, without the potential 
ever having been scanned into the anodic prewave. Thus 
ferrocenium ions generated within the film at  +0.35 V have 
chemically oxidized the reduced trapped sites. This result 
shows that the Eo of whatever species is responsible for this 
prewave is more negative than ca. +0.4 V ( E o  for the ferro- 
cenium/ferrocene couple). Further efforts of this sort to es- 
tablish the approximate redox potential and identity of the 
prewave species are in progress. 
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Figure 9. Cyclic voltammetry at 100 mV/s in 0.1 M Et,NC104/ 
CH3CN of a Pt/poly-[R~(vbpy)~]*+ electrode: curve A, potential 
scans between + 1.5 and -1.8 V vs. SSCE; curve B, potential scans 
between +O and +1.5 V and between +0.75 and -1.8 V showing 
absence of trapping/untrapping peaks after initial scans through only 
the anodic M"/In and the cathodic waves, respectively; curve 
C, scan between +0.42 and -1.8 V showing absence of trapping/ 
untrapping peaks, curve D, 1 mM added ferrocene (gives anodic peak 
at + O S  V), with potential held 30 s at +0.42 V and then scanned 
to -1.8 V, making trapping/untrapping peaks appear at ca. -1.2 V. 

Coupling of this nature is known for vinylpyridine radical 
a n i ~ n s @ ~ ~ *  and can in the absence of proton sources be followed 
by chain growth." Further structural work is needed to assess 
the merits of the above analogy. 

It is important to note that the polymerizations described 
here do not result in electrode passivation as is typical of most 
electropolymerizations. That is, reduction of a Pt/poly- [Ru- 
(vbpy),l2' film electrode to Pt/poly-[R~(vbpy),]~ provides an 
electron-rich surface4, that is just as effective at reducing fresh 
[Ru(vbpy),12+ monomer as is a naked Pt electrode. This of 
course must be the mechanism by which thick films of 
poly- [Ru(vbpy),] 2+ are produced since evidence presented 
above shows that large cations do not penetrate the polymer 
films. Additionally, unreacted vinyl substituents of the out- 
ermost poly-[R~(vbpy)~]~+ sites are viewed as capable of 
coupling with fresh monomer so that even though previous 
polymerization was halted by oxidizing the film (as by scan- 
ning electrode potential positively), polymerization can be 
reinitiated by rereducing the film, which reduces and binds 
further monomer sites to thicken the film. Many of these 
nonpassivating characteristics are also found in the electro- 
polymerization of pyrroles described by Diaz and co-workers4 
although the polymerization chemistry and polymers formed 
are quite different from those described here. 

Charge-Trapping Features of the Film. Cyclic voltammo- 
grams of poly-[Ru(vbpy)3I2+, poly-[Ru(bpy)2(vpy)2lZ+, and 
poly-[Fe(vbpy),12+ electrodes show sharp prewaves near the 
M3+/2+ couples and the bipyridine reductions (Figure 9A). 
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