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The electrochcmical copolymerization of three pairs of metal complexes was investigated for utility of the copolymers for elec- 
tron-transport studies. The ligands within each pair are the same, in order that polymer sites for the electron-transport-active 
osmium metal complexes can be isostructurally diluted with the other complex, which is based on Ru or Zn centers. The ligands 
include the clectropolymeriza ble groups N-(4-pyridyl)cinnamamide, 4-vinylpyridine. and 4-methyl-4'-vinyl-2,2'-bipyridine. A kinetic 
.inalysis *as uscd to cstimate the degree of random copolymer formation properties of the three metal complex pairs. The pairs 
[Os( b~y)~(p-cinn),]  2+/ [ R~(bpy)~(p -c inn )~]~+  and [ O ~ ( v b p y ) ~ ] ~ + /  [ Z n ( ~ b p y ) ~ ] ~ +  formed ideal and near-ideal random copolymers, 
irhilc the behavior of the [O~(bpy)~(vpy)~]~~/[Ru(bpy)~(vpy)~]~+ pair indicated a greater relative reactivity of the osmium monomer. 
A prcliniinarq sandwich electrode measurement of electron transport in a [O~(vbpy),]~+/[Zn(vbpy),]~+ copolymer is given. 

Polymer films that contain electron-transfer-active metal 
complexes affixed to the polymeric lattice exhibit changes in 
oxidation stutcs' in clcctrochemical reactions when (a) the elec- 
tron-hopping reactions between metal complex sites are reasonably 
rapid on thc cxpcrimcntal time scale and (b) the films contain 
diffusivcly mobilc charge-compensating counterions. The  elec- 
trochcmical behavior provides a convenient avenue to study the 
electron self-cxchange dynamics of the immobilized metal complex, 
which is intcrcsting for its own sake and for its relevance to 
elcctrocatalytic applications of the films.' The  electron self-ex- 
changc rutc is oftcn (phenomenologically) expressed as the 
"elcctron diffusion cocfficient", De, which is translatable into a 
biniolccular ratc constant k,x .2  

The clcctron sclf-exchange reaction in the polymer phase differs 
from that familiar in homogeneous solution i n  that the metal 
complex sites a re  diffusively immobile (or only slowly mobile), 
being affixed to the polymer lattice. The  rate constant k,, may, 
accordingly, depend on the concentration of metal complex sites 
(donor/acceptor sites) within the polymer film. In particular, the 
elcctron-hopping ratc constant may decrease as the sites a re  di- 
luted, because of decreased populations of nearest neighbor D/A 
pairs. slow polymer-controlled translational modes of the sites, 
and/or increased distances of electron transfer.js4 Detecting and 
undcrstanding site concentration depedencies of k,, values is crucial 
to a basic appreciation of electron dynamics in  electroactive 
polymer films. 

The literature on the electrochemistry of site-dilutable polymer 
films5 and their electron-transport  rate^^.^ remains sparse. A 
difficulty is in the synthesis of polymeric films with the desired 
properties: (i) a sufficiently large ionic conductivity that the 
electron-hopping rate is a property of the chemistry of the sites 
and not of the mobility of the charge-compensating counterion, 
( i i )  metal complexes substitutionally inert in both oxidation states 
(or stable organic donor/acceptor pair), (iii) a combination of k,, 
and metal complex site concentration values that gives a readily 
measurable D, value (i.e., De between and IO-' cm2/s), and 
(iv) an ability to alter the site concentration without changing 
details of the polymer structure (and thus any polymer-related 
kinetic factors). As for factor i, theory is evolving that potentially 
allows accounting for clectron hopping driven by bulk potential 
gradients that a re  consequences of low ionic mobility;'** other 
theoretical and experimental approaches9 rely on negligible ionic 
motions. Factors i i  and i i i  can be anticipated on the basis of an 
analogy bctwecn solution- and polymer-phase chemistry.I0 
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Factor iv is, on the other hand, an  important constraint on 
polymer design. Our  approach3 to the problem has been based 
on forming polymeric metal polypyridine films by electrochemical 
copolymerization" of two metal complexes, having the same 
coordination shell and polymerization linkages but differing metals. 
One  of the metal complexes has a redox couple suitable for an  
electron-hopping study, while the other is electrochemically silent 
(does not form a mixed-valent state) a t  electrode potentials where 
the first is active. Because their coordinations a re  identical, 
copolymerization from solutions containing the two complexes in 
different proportions yields copolymers in which electron-trans- 
fer-active complexes a re  controllably diluted by nonactive but 
s t ruc tura l l y  equioalent  sites of the other complex. By change in 
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Osmium Polypyridine Complexes 

the copolymer composition, the  concentration of the active sites 
can thus be systematically altered without changing any dynamics 
of the  polymer lattice tha t  might be important in the electron- 
transfcr chcmistry. The objective is that site concentration is the 
solc varicd paranictcr. 

This scheme depends on identifying copolymerizable pairs of 
metal complexes that exhibit easily measured metal ratios in the 
resulting polymer film. Further, the metal ratios must be relatable 
to the composition of the feed electropolymerization solution. In 
particular, if the population of the two metal complexes in  the 
polymer film is equal to that in the feed solution, we have a random 
copolymerization reaction forming an ideal solid "solution" of one 
metal complex i n  the other. 

This paper deals with an analysis of the  copolymerization 
charactcristics of thrcc pairs of metal polypyridine complexes. An 
osmium complcx scrvcs as the electron-transfer-active metal 
complex in each case; R u  and Zn complexes serve as the inactive 
diluents. 

Thc thrcc mctul complex pairs are based on the electropolym- 
erizable ligands: N-(4-pyridyl)cinnamamide (p-cinn), 4-vinyl- 
pyridine (vpy), and 4-vinyl-4'-methyl-2,2'-bipyridine (vbpy), bound 
in the following pairs: [O~(bpy) , (p -c inn )~]~+  and [Ru(bpy),(p- 
~ i n n ) ~ ] ~ + ~  [ O ~ ( b p y ) , ( v p y ) ~ ] ~ +  and [ R u ( b p y ) ~ ( ~ p y ) ~ 1 ~ + ,  and [Os- 
(vbpy),12+ and [ Zn(vbpy)J2+. Polymerization properties of all 
of thcsc complcxcs, taken singly, and the ability to form copolymers 
during electropolymerization have been previously described." 
Additionally. the electron-hopping properties of the poly-[Os- 
(bpy) ,~-~inn) , ]~+/pooly-  [ R~(bpy) , (p-c inn)~]~+ pair were published 
earlier . 

W e  will show that copolymerization of [O~(bpy),(p-cinn),]~+ 
with [R~(bpy) , (p-cinn) , ]~+,  and of [ O ~ ( v b p y ) ~ ] ~ +  with [Zn- 
(vbpy)J2+. a re  nearly ideal as  to randomness of osmium complex 
sitcs in thc product film. Wc have previously presented3 results 
for De i n  thc poly- [Os( bpy),(p-cinn),12+/poly- [ Ru(bpy),(p- 
cinn),12+ pair and present here a preliminary result for electron 
transfer in the newer poly-[O~(vbpy)~]~+/poly-[Zn(vbpy)~]~+ pair. 
The  [O~(vbpy),]~+/[Zn(vbpy),]~+ pair is especially promising for 
solid state electron transfer studies of the kind recently described 
for 1 : I  poly-[O~(bpy),(vpy)~]~+/~+ mixed valent films.9 

Experimental Section 
Chemicals. Acetonitrile (CH,CN, Burdick and Jackson) was stored 

over molecular sieves. Tetraethylammonium perchlorate (Et,NCIO,) 
electrolyte was recryst;illi7ed twice from water; tetraethylammonium 
tetrafluoroborate (Et,NBF,. Fluka) was used as received. 

Electrochemistry. Experiments were performed with conventional 
potentiostats in three-electrode cells employing Pt auxiliary and either 
saturated (sodium chloride) calomel (SSCE), Ag/Ag+ (0.01 M in 
CH,CN) reference. or Ag-wire quasi-reference electrodes. Potentials are 
corrected to and reported vs SSCE. The copolymerizations were per- 
formed undcr N,. either in an inert (dry N2) atmosphere enclosure or in 
cells under N2 purge. The former technique is more reliable. 

Ligand. Preparation of thc vbpy ligand was based on a literature 
method, where n.4-dichloroanisole was substituted for (chloromethyl) 
mcthyl ether." 

Monomers. Preparations of [(Os or Ru)(bpy)?(vpy),I2+, [Os- 
( ~ b p y ) ~ ] ~ ' ,  [Zn(~bpy) , ]~+~,and  ((Os or R u ) ( b p y ) , ~ - c ~ n n ) ~ ] ~ + .  were as 
reported in the literature. 

Copolymerizations of Films. Copolymeric films composed of the 
p ~ l y - [ O s ( b p y ) ~ ( ~ - c i n n ) ~ ] ~ + / p o l y - ( R u ( b p y ) ~ ~ - c i n n ) ~ ] ~ ~  and poly-[Os- 
(bpy)2(~py)~]~'/poIy-[ Ru(bpy),(~py)~]~+ monomer pairs were prepared 
from 0. I M Et4NCI0,/CH3CN solutions of  the complexes at concen- 
trations in the 1-2 mM range. by cycling the Pt electrode potential at 
100 mV/s between - I  .O and - I  .75 V vs SSCE for the first pair" and 
between - I  .O and -1.70 V vs SSCE for the latter pair." The total surface 
cover;ige of metal centers (Os plus Ru) varied between 2 X and 9 
X mol c w 2  as determined by integrations of the charges under the 
Os( 111/1 I )  and Ru( 1 1 1 / 1 1 )  cyclic voltammograms. 

Copolymeric films containing p~ly-[Os(vbpy),]~+ and poly-[Zn- 
(~bpy),)~'  were deposited on Pt electrodes (0.002 cm2 for electrochemical 
measurements and 0.19 cm2 for XPS experiments) by cycling the elec- 
trode potential between - 1  .O and =-I .75 V vs SSCE at 150 or 200 mV/s 
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Figure 1.  Cyclic voltammogram of p~ly-[Os(bpy)~(vpy)~]~~/poly-[Ru- 
( b ~ y ) ~ ( v p y ) ~ ] ~ +  copolymer in 0.1 M Et,NCIO,/CH,CN. Scan rate = 
20 mV/s, rToTAL - 8.6 X 

in 0.1 M Et,NBF,/CH,CN. The typical concentration of Os plus Zn 
complexes in the polymerizing feed solution was 0.2-0.5 mM. The 
surface coverage of poIy-[Os(~bpy),]~+ sites was determined by Os- 
( 1 1 1 / 1 1 )  cyclic voltammetry, with that of the poly-[Zn(vbpy),12+ sites 
determined by replacement of the metal with Fe as described in the 
following section. 

Substitution of Zn by Fe in [ O ~ ( v b p y ) , ] ~ ~ / [ Z n ( v b p y ) ~ ] ~ ~  Copolymer 
Films. The copolymer-coated electrode was soaked in a degassed solution 
of FeCI, (==50 mM, recrystallized from CH,CN) in  0.1 M Et,NBF,/ 
CHJN for 1 h (overnight gave equivalent results),IIc rinsed with 
CH,CN, and transferred to an electrochemical cell. The film was 
"conditioned"" by potential cycling at 200 mV/s between +1.5 V and 
the initial rising current for the first bipyridine reduction (usually ca. -1.4 
V )  until there was no further change in the voltammogram. The film 
surface coverage was then assessed by 5-10 mV/s potential scans be- 
tween 0 and + I S  V vs SSCE to observe voltammograms for the poly- 
[O~(vbpy),]~+/'+ and p~ ly - [Fe (vbpy) , ]~~ /~+  couples. The Os/Fe ratio 
thus derived has error estimated at ca. f207c owing to the overlap of the 
two voltammetric waves (E°Fs(ll,lll) = 0.92 V, Eoa(l,/l,l) = 0.74 V). The 
Os/Fe ratio is taken as the same as the original Os/Zn ratio, assuming 
complete replacement of Zn by Fe. This assumption is investigated as 
described in the text. 

Removing Copolymer Films from Electrodes. The copolymer films 
were lifted off the Pt electrode by overcasting of a film of poly(viny1 
a l~ohol ) . '~  A casting solution was prepared by adding 0.5 g of Aldrich 
Low MW PVA (average MW = 14000; 99% hydrolyzed) to 15 mL of 
Nanopure water, heating (50 "C) with stirring until the solution cleared, 
and adding a further 0.5 g of PVA with stirring again until clear. Two 
or three drops of the warm solution were cast carefully onto the co- 
polymer film surface so as to give a high-profile droplet spreading 
somewhat onto the Teflon shroud surrounding the Pt-disk electrode. The 
solution was allowed to dry for 6 h and the PVA film peeled from the 
electrode surface with tweezers, in most cases taking the electropolym- 
erized film nearly quantitatively with it (vide infra). Drying the PVA 
film for longer periods results in a brittle film, not easily removed. 

XPS Analysis of Films. Survey (BE = 0-1000 eV) and higher reso- 
lution spectra for Os, Zn, Fe, C, F, and N were obtained for the exterior 
surfaces of copolymer films by placing the entire electrode/film assembly 
in a Perkin-Elmer Physical Electronics Model 5400 XPS instrument. Mg 
Ka X-rays, anode energy 1253.6 eV, 300 W, were typically used with 
collection from an area of = I  mm2 on the film surface. Binding energies 
are charge corrected to C Is at 284.6 eV. The interior copolymer film 
surface (the side originally next to the electrode surface) was analyzed, 
with similar results, by observing the underside of peeled-off PVA films 
or, on occasion, the remnants of copolymer that sometimes remained on 
the Pt electrode after PVA peeling. 

D Measurements. A preliminary measurement of electron transport 
in a p~ly-[Os(vbpy)~]~+/poly-[Zn(vbpy),]~~ copolymer film was per- 
formed with a "sandwich" cell, made by growing the copolymer on a Pt 
wire tip electrode (glass shrouded, 0.002 cm2) and overcoating with a 
porous Au (ca. 300 A) film as previously de~cr ibed .~  Immersing the 
"sandwich" in 0.1 M Et,NBF4/CH2Cl2 and applying 0.0 V to the Au side 
and + I  .2 V vs SSCE to the Pt side gave a limiting current for hopping 
electron transport via the Os(lll / l l)  couple. The Zn(l1) couple is elec- 
trochemically inactive and acts only as a diluent of osmium sites. 
Results 

Copolymer Films Based on p-cinn and vpy Ligands. As objects 
of electron-exchange dynamics studies, it is desirable that the active 
metal sites be randomly dispersed within the  copolymer film. 
Criteria for randomness a re  available from comparing the com- 
position of a two-monomer polymerization feed solution to that 

mol/cm2,fo, - 0.4, FOB - 0.74. 

(13) Westmoreland, T. D.; Johnson, C.; Murray, R. W. Unpublished results. 
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Figure 2. Plot of mole fraction of osmium in the copolymer, Fa, vs that 
in the feed solution. fo,, for copolymers containing poly-[Os(bpy),- 
( ~ P ~ ) ~ I ~ + / P o ~ Y - I R ~ ( ~ P ~ ~ ~ ( v ~ Y ) ~ I ~ ~  (Oh and pol~- [Os(bpy)~(p-  
cinn)J ,+/poly- [ Ru( bpy)2(p-c~nn)z]2t (0). 
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Figure 3. ( A )  Elcctrochcmical conditioning of poIy-[Os(~bpy),]~+/ 
poly-[Zn(vbpy),12+ copolymer, in  0.1 M Et4NBF4/CH,CN after expo- 
sure to a -50 m M  solution of FeCI2 for ca. I h .  Scan rate = 200 mV/s.  
(B) Cyclic voltammogram in 0.1 M Et,NBF,, scan rate 10 mV/s .  of the 
copolymer in  part A after substitution of the Zn with Fe. fo ,  = 0.5; Fos - 0.46. 

of the resulting ~ o p o l y m e r . ' ~  Figure 1 exemplifies cyclic vol- 
tammetry of a poly- [ O ~ ( ~ P Y ) ~ ( ~ P Y ) ~ I  2 + / p o l ~ -  [ R ~ ( ~ P Y ) , ( ~ P Y ) ~ I  2+ 
copolymer film; that  for a p~Iy-[Os(bpy)~(p-cinn),l~+/poly- 
[ R ~ ( b p y ) ~ ( p - c i n n ) ~ ] ~ +  copolymer has nearly the same appearance. 
The mole fractionfo, of the [ O ~ ( b p y ) ~ ( v p y ) ~ ] ~ +  complex in the 
feed solution producing the film of Figure 1 was 0.4; that (F0J 
in the film, measured from the voltammogram charges, was 0.74. 
Repeating the analysis of Figure 1 for a series offos values in the 
feed solution produced the results for Fo, vsfo, shown in Figure 
2 .  I t  is clear that Fo5 vsf& is linear for the p ~ l y - [ O s ( b p y ) ~ ( p -  
~ i n n ) ~ ] ~ + / p o l y -  [ Ru( bpy)2(p-cinn)2]2+ copolymers but decidedly 
nonlinear for those based on copolymerization of [Os(bpy),- 
( ~ p y ) ~ ] ~ '  with [ R ~ ( b p y ) 2 ( v p y ) ~ ] ~ + .  The latter result shows that 
the poly- [O~(~PY)~(~PY)~I~+/P~~Y-[R~(~PY)~(~PY )212+ copolymer 
film contains a greater proportion of [ O ~ ( b p y ) ~ ( v p y ) ~ ] ~ +  sites than 
does the feed solution: the polymerization is more selective for 
the Os monomer. 

Copolymer Films Based on vbpy Ligands. I n  the previous de- 
scription1Ic of [Zn(vbpy),12+ copolymerization, i t  was observed 
that the subbtitution of Fe for Zn  by soaking in FeC12 solution 
required a subsequent "electrochemical cycling period of 10-20 
min" to dcvclop thc rcdox response of the poly-[ F e ( ~ b p y ) ~ ] ~ + / ~ +  

The voltammetric behavior during this "conditioning", 
conducted L I ~  in thc Expcrimental Section, is shown in Figure 3A; 
initially. only the Os(lll/ll) response is observed (at  the left), 

(14) ( a )  Ham, G. E. Copolymers. I n  High Polymers Series; Wiley-lnter- 
sciencc Publishers: New York, 1964: Vol. 18. Chapter 1 .  (b) Hiemenz, 
P. C. Polymer Chemistry: Marcel Dekker: New York. 1984. Chapter 
7 .  
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Figure 4. Plot of Fo, vs yo, for p~ly-[Os(bpy),]~~/poly-[Zn(bpy)~]~* 
copolymer. 

but with time peaks for the more positive Fe(III/II) couple grow 
in. The current a t  the right is for the reduction of bipyridine rings 
in copolymer sites; partial reduction of the bipyridine rings is 
essential for obtaining maximum incorporation of electroactive 
[ F e ( ~ b p y ) ~ ] ~ +  into the copolymer. 

Figure 3 8  shows the voltammetry of the copolymer film pre- 
pared in Figure 3A. The Os(IlI/lI) and Fe(III/II) voltammetric 
waves are not well separated a t  the relatively fast potential scan 
rate used in Figure 3A, but are well-defined a t  the slow potential 
scan rates in Figure 3B. However, the moderate overlap of the 
Os(III/II) and Fe( I l l / I l )  waves is still troublesome during de- 
termination of the electrochemical charges under the two waves: 
this was done by assuming the Os wave to be symmetric about 
its E,,, reflecting the negative side of the wave about E,,, and 
using the resultant wave as  the background current to be sub- 
tracted in order to measure the charge under the Fe(IIl/Il) wave. 
Cyclic voltammograms of an  undiluted p o I y - [ O s ( ~ b p y ) ~ ] ~ +  film 
are  slightly asymmetric with the wave being slightly broader on 
the positive side,Is so if this asymmetry occurs also in the co- 
polymer the above procedure slightly underestimates the mole 
fraction Fo, of Os complex in the film. 

For the film undergoing Zn/Fe  replacement in Figure 3A, the 
Os mole fractionfo, was 0.50 in the [O~(vbpy)~]~+/[Zn(vbpy)~]~+ 
feed solution producing the film, whereas the mole fraction Fos 
of Os sites measured from the voltammogram of Figure 3B was 
0.46. Repeating this procedure for a series of films produced the 
F,  vs.fa results of Figure 4. The data are mainly i n  the middle 
range; although p o I y - [ O s ( ~ b p y ) ~ ]  2+/poly- [ Zn(vbpy),12+ co- 
polymers are readily made a t  large and smallf, feed ratios, the 
analysis of Fos outside the range 0.3-0.7 is difficult owing to the 
Os(III / l I ) -Fe( l I I / l l )  wave overlap noted above. It should be 
stressed, however, that the points atfos = 0 andf, = 1 are known 
limits of the plot. The scatter in the Fa results obtained for the 
five films grown atfa - 0.5 is suspected more to reflect variability 
in the Z n / F e  replacement and in quantifying the overlapping 
Os/Fe  voltammetry of Figure 3B, rather than variability in the 
actual Fos. 

Analysis of the Copolymerization. Plots analogous to Figures 
2 and 4 are commonly used in kinetic studies of monomer addition 
to growing polymer chains in free-radical polymerizations of two 
 monomer^.'^ Applying this theory to the present circumstance 
(an approximation since cross-linking may also occur), we define 
four propagation rate constants (where M = Os or Ru,  or Os or 
Zn, and -M-M-Os'- indicates a chain terminating in an activated 
Os complex site): 

k i i  

kl2 

k l l  

k22  

-M-M-Os'- + OS - - M-M-OS-0s'- 

-M-M-Os*- + R U  - - M-M-Os-RuO- 

-M-M-Ru'- + OS - - M-M-Ru-Os'. 

-M-M-Ru'- + R U  -+ -M-M-Ru-Ru'- 

( 1 5 )  Surridge. N .  A.; Keene, F. R.; Zvanut, M. E.; Silver, M.; Murray, R. 
W .  Manuscript in  preparation. 
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Figure 5. Analysis of data  in Figures 2 and 4 according to eq 3, showing 
linear fits t o  the data .  Copolymer: poly-[Os(bpy),(~py),]~~/poly-[Ru- 
(bpy ) Z ( V P Y  hI2' (0) :  poly- [Os(b~y)~(p-cinn)21~+/pol~- [ R u ( b p ~ ) ~ ( p -  
cinn),12' (0); p~ly-[Os(vbpy)~]~+/poly-[Zn(vbpy)~]~~ (A). 

Writing kinetic equations for the ratio of the rate of incorporation 
of thc two monomcrs M I  and M2, applying steady-state approx- 
imations for the concentrations of radical species during polym- 
erization, and defining the reactivity ratios r ,  = k l l / k I 2  and r2 
= k z 2 /  k 2 , ,  gives 

d [ M , I  [ M , l ( r l [ M I l  + [MZI) 1 + r l [M,l / [M21 
( 1 )  

d[M2I [MzI(rz[MzI + [ M i l )  1 + rz[MzI/[MiI 

Accordingly, thc mole fraction F ,  of M I  (the Os complex) in- 
corporatcd into thc polymer can be expressed in terms of the mole 
fraction in thc solution f i  and of the reactivity ratios r ,  and r2: 

- - --  - 

.LfI2 +fd2 
rLf-i2 + 2fLf2 + 

F ,  = 

W e  scc that i f  thc reactivity ratios are equal, Le., r l  = r2 = I ,  then 
F ,  =fi: i.e.. the polymer and feed solution compositions are equal. 
This satisfies the criterion r lr2 = 1 required for forming a random 
c o p o l ~ w c r ; ~ ~  i t . .  tbe reactivities of Os and Ru (or Zn) monomers 
arc idcntical whcthcr they encounter an activated Os or a Ru site 
on thc polymcr chain (film surface). On the other hand, i f  r, and 
rz arc  both < I ,  thcn Os and Ru monomers are  (relatively) un- 
reactive toward Os and Ru polymer sites, respectively, which is 
thc condition for an  alternatitzg copolymer. I f  r, and r2 are  > 
I ,  thcn Os and Ru monomers prefer to react with Os and Ru 
polynicr sitcs, rcspcctivcly, which indicates a tendency for the 
monomcrs to homopolymerize. When rlr2 > 1 with r, > 1 r2. the 
formation of :I block copolynier is indicated. 

Equation 2 can bc rearranged to a form suitable for analysis 
of F ,  V S ~ I  da ta  

where a plot of the expression on the left-hand side vs the coef- 
ficient of r, should be linear and give r2 and rl from the intercept 
and slope. 

Figure 5 shows such plots and regression lines for the three 
copolymer systems. The results for the poly- [O~(vbpy) , ]~+/  
poly-[Zn(vbpy),12+ copolymer (A) atfos i= 0.5 in Figure 4 are  
averaged as  a single point in Figure 5. This does not distort the 
obtained values of r ,  and r2; a separate nonlinear least-squares 
fit of the raw unaveraged data  in Figure 4 gave the same results. 

Figure 5 shows that  all three copolymers follow the form of 
eq 3, producing linear plots. The  results for r l  and r2, and their 
in t c rp rc t a l ion ,  arc a b  follows. 

( 1 )  For thc poly-[Os(bpy)2(p-cinn)2]Z+/poly-[Ru(bpy),(p- 
cinn),12+ copolymer, r l  = 1.01 and r2 = 1.04 (rlr2 = 1.06). The 
poly- [ O ~ ( b p y ) ~ ( p - c i n n ) ~ ]  2'/poly- [ R ~ ( b p y ) ~ ( p - c i n n ) ~ ]  2+ pair ap- 
pears to form ideal random copolymers, i.e., r lr2 = I .  The  
elcctrochcmical polymerization relies on reduction of the ligand 
system and activation of the reactivity of the vinyl-containing 
ligand (p-cinn) as  a pseudo-radical anion, i n  head-to-head hy- 
drodimerimtion-type couplings that  would produce a linear 
polymers and/or in the recently describedI6 "living polymerization" 

Table I .  Fraction of Os Sites Occurring in  Blocks of u Sites for the 
Os(vbpy),:Zn(vbpy), System" 

fraction of sites 

fn. u = l  v = 2  v = 3  u = 4  u = 5  

0.00 0.00 0.00 0.00 0.00 0.00 
0.10 0.94 0.06 0.00 0.00 0.00 
0.20 0.87 0.1 I 0.0 1 0.00 0.00 
0.30 0.80 0.16 0.03 0.01 0.00 
0.40 0.72 0.20 0.06 0.02 0.00 
0.50 0.63 0.23 0.09 0.03 0.01 
0.60 0.53 0.25 0.12 0.05 0.03 
0.70 0.42 0.24 0.14 0.08 0.05 
0.80 0.30 0.21 0.15 0.10 0.07 
0.90 0.16 0.13 0.1 1 0.10 0.08 
1.00 0.00 0.00 0.00 0.00 0.00 

" Fraction of sites for each value of u calculated by using values for rl - 0.58 and r2 - 0.87, obtained from fit in Figure 5 .  

metal complex chain reaction, which would allow for cross-linking 
steps. The ideal behavior of the [O~(bpy)~(p-cinn),]~+/[Ru- 
( b p y ) , ( p - ~ i n n ) ~ ] ~ +  metal complex pair demonstrates the absence 
of any significant metal-related difference in the coupling reactivity 
of the p-cinn ligand complexes or in their lifetimes as end-units 
on active polymer chains. 

(2) For the poly-[O~(vbpy),]~+/poly-[Zn(vbpy),]~+ copolymer, 
r, = 0.58 h 0.04 and r2 = 0.87 f 0.06 ( r l r2  = 0.51). These results, 
while not far from the ideal r1r2 = 1, suggest a tendency toward 
forming an alternating copolymer, or preferred heterocoupling. 
Given the uncertainties in the assay of copolymer composition 
(noted above, Figures 3-5), and results from XPS (vide infra), 
we are  inclined to accept the [Os(~bpy),]~+/poly-[Zn(vbpy),]~+ 
copolymerization as  "near-ideal", and as suitable for site dilution 
purposes in electron transport studies. 

(3) For the P~~Y-[O~(~PY)~(~PY)ZI~+/PO~Y-[R~(~PY)~(VPY)~~~+ 
copolymer, r l  = 4.84 f 0.36 and r2 = 0.26 f 0.05 ( r l r 2  = 1.28). 
By examination of the definitions of r ,  and r2, this somewhat 
nonideal result suggests that the [ O ~ ( b p y ) ~ ( v p y ) ~ ] ~ +  monomer has 
a greater reactivity toward electropolymerization than does the 
[ R ~ ( b p y ) ~ ( v p y ) ~ ] ~ +  monomer. This is surprising given the ideal 
and near-ideal copolymerization behavior of the two structurally 
related metal complex pairs based on p-cinn and vbpy ligands. 
The possible reasons for this variance in behavior are  as follows: 
(i) There may be a difference in coupling reactivity of a vpy ligand 
attached to Os vs Ru metals or in its lifetime as  an end-unit on 
active polymer chains. It is potentially significant that, of the three 
vinyl-substituted ligands, the least ideally behaved (vpy) is also 
the least extensive aromatic system, whose electronic structure 
can be expected to be most sensitive to the influence of coordinated 
metal., ' Note that  the most ideally behaved (p-cinn) involves 
a coupling unit more electronically remote from the metal. (ii) 
T o  some extent, films grow by precipitation of polymer formed 
in the diffusion layer around the electrode (as opposed to  direct 
grafting of monomers to the polymer film surface). Thus, differing 
solubility properties of Os- vs Ru-containing oligomers could alter 
the apparent values of r, and r2 by promoting incorporation of 
less-soluble oligomer into the film. (iii) A related factor influencing 
the [ O ~ ( b p y ) ~ ( v p y ) ~ ] ~ + /  [ R ~ ( b p y ) ~ ( v p y ) ~ ] ~ +  copolymerization may 
be the presence, in the particular samples of [ O ~ ( b p y ) ~ ( v p y ) ~ ] ~ +  
employed, of oligomeric p ~ l y - [ O s ( b p y ) ~ ( v p y ) ~ ] ~ +  impurities 
(preblocks) arising from the relatively harsh reaction conditions 
of the [ O ~ ( b p y ) ~ ( v p y ) ~ ] ~ +  synthesis. W e  have independent evi- 
dencei8 that solutions of oligomeric forms of poly-[Os(bpy),- 

~~ ~~ ~ 

(16) (a) A recent study'6b showed that the related complex [Fe(4-methyl- 
4'-~inyl-2,2'-bipyridine),]~+ undergoes efficient electropolymerization 
and produces films containing average coupled ligand chain lengths of 
seven. (b) Elliott, C. M.; Baldy, C. J. ;  Nuwaysir, L. M.; Wilkins, C. 
L. Inorg. Chem. 1990, 29, 389. 

(17) (a) Kober, E. M. Ph.D. Dissertation, Universit of North Carolina, 

metal complex pair, a greater degree of spin-orbit coupling i n  the Os 
monomer may yield greater stability of its reduced and or chain end-unit 
form and preferential incorporation of Os. 

Chapel Hill. 1982. (b) In the [ O S ( ~ P Y ) ~ ( V P Y ) ~ ~ ~  1 / [RU(~PY)Z{VPY)~I~ '  
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( ~ p y ) ~ ] ~ +  form polymer films more efficiently during electropo- 
lymerization, but no attempt was made in the present study to 
furthcr clucidatc this problem. 

The reactivity ratios r l  and r2 can be used, with a probability 
analysib,l4 to calculate the expected distribution of site neighbors, 
Le., the fraction of Os sites (on a chain) that exist in a block length 
of one Os (i.e. are  isolated Os sites. i n  the chain) or that exist in 
a block lcngth of two or three or four Os sites etc. Table I shows 
such calculations using the r l  and r2 values for the nonideal 
[Os(~bpj)~]*~/poIy-[Zn(vbpy)~]~+ pair, where, for example, in 
a polymer made from a growth solution withf,, = 0.5, ca. 6 3 4  
of thc Os sites in a chain arc bounded by Zn sites whereas ca .  
23'k are  bounded by one Os and one Zn. 

The r l  and rz dctcrminations and Table I calculations are  
instructive, but it  is important to realize that they refer to the 
pattern 01' site distributions on a gicen poljnzer chain. I n  the 
context of electron-hopping events i n  a polymer film assembled 
from Os complexca, the chains of metal complexes are quite 
concentrated (total metal complex concentration > 1 M). Electron 
self-exchanges undoubtedly occur between Os(I1I) and Os(1l) sites 
on the same chain (intrachain exchange), but they will also occur 
between sites that are adjacent but are on different polymer chaim 
(iritm-hain). The literature of electron transport in redox polymers 
as yct offers no experimental way to distinguish between interchain 
and intrachnin clcctron hopping in concentrated polymers. The 
analysis i n  Table I ,  strictly spzaking, best applies to a dilute, 
soluble copolymer chain. As a consequence, it is possible that 
the effects of compositional irregularities in copolymer formation 
(i.c.. blocking or alternation of sites) may be diminished by 
randomness i n  hou adjacent chains pack together and thus ran- 
domness i n  thc identity of nearest neighbors on adjacent chains. 
That is. interchain electron hops should relax to some extent the 
requiremcnt that r l r 2  = 1 for a useful, dilutable copolymer 
electron-transfer system. In  the absence of a way to estimate the 
importancc of interchain electron transfers and the randomness 
of intcrchain pocking (potentially oligomer solubility-sensitive), 
thc ,election of copoljnicr systems with r I  and r z  near unity is, 
a t  prescnt, thc lcast ambiguous course. 

XPS Experiments. The analysis of r l  and r 2  for the poly- 
[Os(~bpj)~]~+/poIy-[Zn(vbpy)~]~+ copolymer depends on the 
efficacy of replacing p ~ l y - [ Z n ( v b p y ) ~ ] ~ ~  sites with voltammet- 
rically active poly-[ Fe(vbpy)J2+ sites. Sullivan et al.'IC indicate 
> 9 5 8  site replacement in this chemistry; we explored this question 
furthcr wi th  XPS measurements of the exterior and interior 
surl'aces of cupolyiiicr films deposited on Pt  electrode^.'^ A PVA 
ovcrcasting/pccling technique was employed to  expose the film 
intcrior hurfucc (scc Experimental Section). The metal complex 
surface coverages (p~ly- [Os(vbpy) , ]~+ plus poly-[Zn(vbpy)J2+) 
i n  the films used for XPS studies, measured as in Figure 3. were 
typicall) bctwccn 5 X 

XPS Spectra of poly-(Os( vbpy ) 312+/ poly-[ Zn( vbpy)J2+ Co- 
polymers. Survey spectra of typical poly-[O~(vbpy)~]~+/poly- 
[Zn(vbp))J*+ copolymers (Figure 6A, fo, = 0.5) exhibit the 
expected peaks for Os 4f (4f, 2. 4f512 doublet, -52 eV), Zn 3p 
( 2 8 6  cV). Zn 3s ( = I  36 eV). i n  Auger (-263 eV). N Is ( ~ 3 9 7  
eV). C Is (-284 eV). F Is ( ~ 6 8 2  eV). and F Auger (-596 eV). 
The observed F 1 s peak is consistentZo with the BF,- counterion 
becoming incorporated into the film during electropolymerization. 
A pcak a t  cn. 196 eV appears with highly variable intensity; this 
may be a CI 2p impurity that could have arisen from the CHzC12 
rinsc of the films prior to X P S  analysis. Peaks associated with 
thc Pt substratc wcrc ncver observed, w3hich means that the 50-200 

and 2 X lo-* mol/cm2. 

Surr idge  e t  al. 

( 1 8 )  McCarley. R .  L.;  Thomas. R. E.; Irene, E.  A,; Murray ,  R .  W.  J .  
Elertrorheni. Sor. 1990. 137. 1485. 

(19) The initial experiments used copolymer films grown on Au-coated Si 
wafers. This procedure was satisfactory for XPS examination of the 
exterior film wrface. but  subsequent peeling of the copolymer with 
overcasl PVA films stripped off the  Au layer as well. The PVA strip- 
ping of copolymer is successful for non X-ray irradiated films, so X-ray 
irradiation apparently improves adhesion at the copolymer-Au interface. 

(20) Hondbook ofX-ray Phoroelectron Spectroscopy: G. E. Muilenburg. G. 
E , Ed : Perkin-Elmer: Minneapolis, M N .  1979. 
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Figure 6. XPS spectra of the exterior surface of a poly-[Os- 
(~bpy) , ]~+ /po ly - [Zn(vbpy) , l~+  copolymer grown on a Pt electrode from 
a solution where fa  = 0.5: ( A )  survey spectra: (B) Os 4f region: ( C )  Zn 
2p region. 

nm thick films were free of macroscopic pinhole defects. 
Spectral expansions showing the Os 4fTj2, 4f5,* and Zn 2p 

regions (Figure 6B,C) reveal only one chemical form of the two 
elements, as expected. 

XPS Spectra of p~ly-[Os(vbpy)~]~+/poly-[Fe(vbpy)~]~+ Co- 
polymers. Survey spectra of films like that in Figure 6, using fa 
= 0.5 in the feed solution, and following exposure to FeCI, so- 
lutions, "conditioning" (vide supra), and rinsing, are  completely 
free of Zn peaks and exhibit Fe 2p, 3p, and Auger peaks. 
Qualitatively, the signals for C ,  N, 0, and F were unchanged. 

Similar results were obtained in spectra of exterior and interior 
surfaces of the film. Figure 7 compares spectra of the film exterior 
(Figure 7A)  and interior (Figure 7B) surfaces in the Os 4f/Fe 
3p region. The two lower BE bands represent Os 4f and the solid 
lines are Gaussian fits using a linear baseline correction. Again 
there is no obvious multiplicity of Os and Fe chemical forms. 
Figure 7C shows for the same film the Zn 2p region for the interior 
surface; the exterior spectrum is the same. Exposure to FeCI, 
solution and electrochemical "conditioning" clearly completely 
removes Zn from the interior surface and thus presumably 
throughout the film. On the other hand, if  the film is exposed 
to FeCI, but not conditioned, residual Zn is found at  the interior 
film/electrode interface, as  shown by Figure 7D. This demon- 
strates that the conditioning potential cycling is required for 
complete removal of Zn and presumably its substitution by Fe. 
The reduction of bipyridine rings in the films may facilitate Zn/Fe  
substitution both by labilizing the Zn2+ and by facilitating Fe2+ 
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Fc serves as  a reservoir for incorporation into the Zn sites that  
remain after soaking and are  labilized by the bipyridine reduction 
part of the electrochemical conditioning. The  ultimate fate of 
any excess Fe following conditioning is unknown. 

The relative areas of the Os 4f and Fe 3p bands in spectra like 
Figure 7A,B, accounting for elemental sensitivities,2i yield the 
mole fractions of Fe on the film exterior and interior surfaces. 
For the example of Figure 7A,B, the X P S  result for FFe was 0.54 
and 0.35 for the exterior and interior, respectively. While this 
suggests that  Fe incorporation a t  the film's interior may not be 
quantitative, we note that the reliability of the XPS quantitation 
is actually not very good. For example, determinations of the 
relative Fe and Os band intensities on a series of films polymerized 
in a single run from the same feed solution, which gave similar 
values of F ,  based on the O s ( ~ ~ ~ / I I ) - F e ( ~ ~ I / l l )  voltammetry, 
unfortunately varied as  much as 3X. The X P S  results therefore 
are qualitatively consistent with the voltammetric results, but the 
latter a re  quantitatively more reliable. 

Determination of D i n  an Os-Zn Copolymer. T o  preliminarily 
test electron transport in the p~ly-[Os(vbpy)~]~+/poly-[Zn- 
(vbpy),12+ copolymer, two copolymer films were grown under 
identical conditions on the polished tips of two Pt wire electrodes 
set in an insulating shroud from a solution of [ O ~ ( v b p y ) ~ ] ~ +  and 
[ Z n ( ~ b p y ) , ] ~ +  in 0.1 M Et,NBF,/CH,CN wherefa = 0.61. One 
of the films was assayed for F a  by Fe replacement and 
"conditioning"; the voltammetric results were similar to  those 
shown in Figure 3, and values of ros+Zn = 9.2 X mol/cm2 
and Fos = 0.69 were obtained. These values correspond to an 
approximate film thickness of 71 nm and an osmium complex site 
concentration of 0.9 X IO-, mol/cm3, taking total film concen- 
tration as  1.3 M. 

A thin, porous Au film was evaporated over the other copolymer 
film, forming a "sandwich" e l e ~ t r o d e . ~  Application of 0.0 V to 
the Au electrode and + I  .2 V vs S S C E  to the Pt electrode, in a 
Et,NBF4/CH2C12 solution, gave a limiting current of 0.88 
mA/cm2.  Assuming that  the films were identical, this current 
corresponds to a value of De = 5 X IO-" cm2/s. I f  this result is 
compared to that '5 for undiluted poly-[O~(vbpy) , ]~+ sites, where 
De = 3.4 X cm2/s, a substantially attenuated rate of electron 
transport through the film is indicated. The  main value of the 
preliminary result is in showing that sandwich electrodes can be 
fashioned from copolymers based on these monomers for use in 
conductivity studies, which a re  on-going. 

One  further consideration in choosing a system for electron- 
transport measurements is potential interference by the diluent 
through its own electron self-exchange. The  Zn complex used 
above is completely silent in terms of electron transport a t  po- 
tentials near that  of the Os complex. The  potentials of the Ru 
complexes are ca. 600 mV away from the Os potential, which in 
most circumstances ensures that  Ru-Ru or Os-Ru electron- 
hopping activity will not contribute to the electron transport of 
Os(llI/lI) mixed-valent films. On the other hand, i f  the ratio 
of Os(111)/Os(ll) sites is made quite large, and large AG driving 
energy is applied (as with a large dE/dX),9 participation by the 
diluent Ru sites might become noticeable. That is, under particular 
circumstances, there will be constraints in Ru-Os pairs, such as  
in doping the Os polymer to large Os(lli)/Os(II) mixed valent 
ratios, whereas Os-Zn pairs have no such constraints. I n  the 
present experiments, this is not a major limitation since working 
with large Os(III)/Os(II) ratios is experimentally difficult on other 
grounds, namely their large oxidizing potential. 
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Figure 7. XPS spectra of poly-[Os(~bpy)~]~~/poly-[Fe(vbpy)~]~~ co- 
polymer grown from a [O~(vbpy),]~+/[Zn(vbpy),]~+ solution wheref ,  
= 0.5. ( A )  Extcrior surfxc of fi lm, supported on Pt electrode, after 
exposurc to a FcCI, solution and electrochemically "conditioned". Also 
shown is a least-squares fit using three Gaussian curves of the Os 4f and 
Fe 3p peaks. (B) Interior surface of the film in part A after removal from 
Pt. supportcd on P V A .  (C and D) Zn 2p region of interior surface of 
PVA-supported film similar to that in part A wherefa - 0.5. which was 
then exposed IO a FeCI, solution and (C) electrochemically conditioned 
or (D) not clcctrochcmically conditioned. 

diffusion in thc less positively charged film. Also, XPS (not shown) 
of the exterior surface of a [Os(~bpy),]~+/poly-[Zn(vbpy)~]~+ 
copolyincr f i lm that  has been soaked in Fe(I1) solution but nor 
conditioncd, reveals a very large Fe 3p signal (obscuring that due 
to Os 4f). This observation shows that  a large residue of unco- 
ordinated Fe remains on the film surface, and probably within 
it, prior to the conditioning potential cycling. Presumably this 

(21) The atom fraction, C,, of a species x can be expressed by: C, = n , / x n ,  
= (fJSx)/(~f, /S,) ,  where n is the number of atoms per cubic centim- 
eter, S is theinstrument-dependent atomic sensitivity factor, and I is 
the signal intensity. 


