. 0 704 L
\lllllllll

OFFICE OF NAVAL RESEARCH

Accesion For

TECHNICAL REPORT NTIS CRA&I }8
DTIC TAB 0
FOR Unannounced |
Justification |
Grant N00O14 91 J 1035 By
R & T Code 4133028 Distribution|

Availability Coces

Technical Report No. 20

Avail and|or
Dist Special

4=

Ion Modulated Electroactivity in Thin-film Polymers Derived from
Bipyridyl and Phenanthroline Complexes of Iron

DT\C

LECTE
1934
prepared for publication in J. Phys. Chem. JUN 24

G

L. Andrew Lyon, Mark A. Ratner and Joseph T. Hupp
Department of Chemistry and Materials Research Center
Northwestern University
Evanston, IL 60208.

94-19350
L DTIC QUALITY INsPECTED &

Reproduction in whole, or in part, is permitted for any purpose of the United States
Government. L o

o (
T 6 23 148




REPORT DOCUMENTATION PAGE | o e omecras

R At e Ry Dy L g X Y e G Fordy o
‘a‘.'?."-?‘.'.?'?.'.:'ﬂ'u uw&"!l"a'i"{o‘n'fm"':-ﬁ: :'" o Monegroant snd Svinel. P100rwirt Ardurtion Pruect (070441081 Wangion, 0 N0
1. AGENCY USE ONLY (Leave dlank) [2. REPORT OATE ' . REPOR ?§ AND DA tAID
June 10, 1994 Technical Report, #20
&, ITLE AND SUSTITUL $. FUNDING NUMBIRS
ted Electroactivity i1 [hin-film Polymers G.N00014=91-J-1035
5231533"%30- Bipyridyl and PZenanthroline Complexes
of Iron
6. AUTHON(S)

L. Andrew Lyon, Mark A. Ratner and Joseph T. Hupp

7. 7ERFORMING ORGANIZATION NAME(S) AND AODRESS(ES) Q. PERFORMING QRGAMIZATION

REPORT NUMBER
Department of Chemistry
Northwestern University
2145 Sheridan Road 20
Evanston, IL 60208

3. SPONSORING  MONITORING AGENCY NAME(S) AND ADORESS{ES) 10. :P&:sceag%mo:‘?'g:gs
Office of Naval Research
Chemistry Division
800 North Quincy Ave.
Arlington, VA 22217-500

11. SUPPLEMENTARY NOTES
prepared for publication in J. Phys. Chenm.

122. OISTRIBUTION  AVAILABILITY STATEMENT 125. OISTRISUTION COODE

13. ASSTRACT (Maximum 200 words)

Profound changes in the metal-centered electroactivity of thin-film redox polymer/electrolyt
systems accompany the replacement of a conventional electrolyte solution (aqueou:
tetraethylammonium perchlorate) by any of several aq. CH,(CH,),SO,Na* solutions. For exampl
for a poly-Fe(4-met yl-4'-vinyl-2,2'-bif)yridine)3"“ film in contact with an aq. sodi
decanesulfonate solution: a) the overall redox capacity decreases by roughly half an order o
mafnitude, b) the rate of hopping-based electron transport during charging decreases by 20-fol
and c) the thermodynamic potential for metallopolymer oxidation moves to a significantly les
positive value, in comparison to films equilibrated with conventional solutions. Furthe
experiments show that the modulation behavior is associated with the uptake and release o
charge-compensating anions during film oxidation and reduction (i.e. cations are excluded), tha
the degree of modulation increases with increasing counter anion size, and that the modulatior
ghenomenon is chemically reversible. These unusual effects are tentatively attributed to olymer
ased steric constraints on large alkanesulfonate ion incorporation, together with hy ophobné
partitioning effects. These factors %pparently conspire to couple film-based electron motio
stronély to counter-anion motion. Finally, spectroelectrochemical measurements show tha

CH,(CH,) -containing films are reversibly confined to a predominantly mixed-valent fo

(FellD) + e(ﬂl))_, even at electrochemical potentials far removed from the formal potential fo
"'r:‘cl(’)!xagaoxssses in the film. TRORTOF FACTS

13
16. PRICE COOE
UL

. FICAT 18, SECURITY CLASSIFICATION J19. SECURITY QLASSIFICATION [ 20. LIMITATION OF ABSTRACT
Y %‘5‘}'33'.7‘“”' CATION 118 3: THIS PAGE OF ABSTRACT

unclassified unclassified unclassified UL
NN 754001.780-5500 ' Standard Form 298 (Rev 2-89;

Pre - oy ANY W10 1098
9




.Introduction

Uses (or potential uses) of polymeric redox conductors’ in such areas as
electrochromics,” diagnostic and analytical sensing,’ and electrocatalysis* suggest a need
for a detailed understanding of mechanisms of conductivity. While it is generally
acknowledged that electrons diffuse through redox polymers via a series of hopping
events,’ the exact role of charge compensating counter ions is unclear. Available theory
implies that intrapolymer ionic and electronic motion should be strongly correlated® yet
there are only a handful of experimental observations to support this contention.” In the
current study, some unusual and apparently unprecedented electrochemical effects,
indicative of strong electron-ion coupling, have been uncovered. These effects are

described below, together with preliminary explanations.

Experimental

Polymer films were prepared on glassy carbon surfaces via electropolymerization
of either [Fe'(vbpy),J(PF,), (vbpy = 4-methyl-4'-vinyl-2,2"-bipyridine)® or [Fe(NH,-phen),]
(NH,-phen = 5-amino-1,10-phenanthroline).? Continuous cycling between -0.5 V and -2.0
V, or +0.3 V and +1.9 V (vs. s.s.c.e.), in acetonitrile solutions containing 0.1 M
tetraethylammonium perchlorate (TEAP) and approximately 2 mM monomer, produced
adherent red films."® To achieve electrolyte solubility, subsequent measurements were
made in water as solvent. These measurements, as well as the initial electrochemical
syntheses, were performed with a PAR 273 potentiostat by using a standard three

electrode arrangement (glassy carbon working electrode (0.07 or 0.008 cm? disk),




‘platinum wire counter electrode and saturated (NaCl) calomel reference electrode).
Spectroelectrochemical measurements were made with an HP Model 8452A diode array
spectrophotometer by using indium-tin oxide coated glass (Delta Technologies) as the
working electrode. All alkanesulfonates were purchased from Aldrich and used as
received. TEAP (GFS Chemicals) was recrystallized from purified distilled water
(Millipore system) and dried in vacuo. Acetonitrile (Fisher) was distilled in glass and

stored over molecular sieves.

Results and Discussion

Metal centered oxidation and reduction of thin-film polymers necessarily involves
the uptake and release of charge-compensating ions from the external electrolyte
solution, e.g.:

poly-Fe(vbpy);>* + nX' = poly-Fe(vbpy),;3+, X', + ne (electrode) (1)

We have observed that replacement of TEAP by 1-decanesulfonic acid, sodium salt (DSA)
as the electrolyte has enormous effects upon thin film (i.e., poly-Fe(vbpy),m and poly -
Fe(NH,-phen),™) electroactivity. As shown by Figure 1, electrolyte replacement leads to
a reversible — roughly factor of four — decrease in film redox capacity or electrochemical
accessibility. Related mixed electrolyte studies show that the full modulation effect can
be induced by as little as 5 mM of the decanesulfonate in a 95 mM TEAP solution. We
interpret the results as strong evidence for prefereatial partitioning of the DSA anion
into the polycationic film framework — where presumably the preference reflects

differential hydrophobic interactions.




The magnitude of the electroactivity attenuation effect is significantly dependent
upon film thickness. For example, a polymer film that is grown exhaustively from a 2
mM solution (>50 electrochemical scans; limiting coverage of ca. 500 monolayer
equivalents) exhibits a much greater change in current response than a film grown for
only 10 scans (coverage of ca. 100 monolayer equivalents). On the other hand, thinner
films exhibit fewer memory and time effects than the thicker (and presumably more
cross-linked) assemblies. The extent of modulation also depends upon the alkyl chain
length. A series of voltammetry studies with poly-Fe(vbpy),m and CH,(CH,),SO,Na*
electrolytes (n = 0-11; see Figure 2) shows a systematic decrease in electroactivity with
increasing chain length (where relative magnitude of the electroactivity decrease is
essentially unaffected by factor of 10 changes in voltammetry sweep rate).

These experiments, as well as the mixed electrolyte measurements, are obviously
suggestive of a film reaction that involves anion uptake during metal oxidation (eq. 1),
with uptake driven, in part, by hydrophobic interactions. The unusual film-based redox
effects are then reasonably ascribed to steric phenomena. Conceivably, however, if the
initial hydrophobic partitioning of CH,(CH,) SO, were sufficiently strong, subsequent ion
release (during film reduction) would not occur. Electroneutrality would instead be

achieved by electrolyte cation incorporation:
poly-Fe(vbpy),?* + nX' + nM* — poly-Fe(vbpy),**, X', + nM* + ne’(electrode) =
poly-Fe(vbpy),2*M*X' (2)

To evaluate this possibility, we measured film redox potentials as a function of

electrolyte concentration in each of several electrolytes (including TEAP and DSA). After
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correction for small liquid junction potentials associated with the s.s.c.e. reference,'' we
found that the poly-Fe(vbpy);*¥* potential shifted in the negative direction by 58 to 68
mV per decade increase of electrolyte concentration (independent of electrolyte
identity).'? If the metallopolymer behaved as a perfect cation-exclusion membrane (i.e.
anion uptake only), rigorous Donnan behavior (-59.2 mV per decade) would have been
seen.'”? Our results clearly are sufficiently close to the ideal that only anions can be
participating significantly in the film charging and conduction processes.

With the identity of the charge compensating ion now more satisfactorily
established, it is appropriate to consider the dynamics of eq. 1. For all but the first
"monolayer” of the metallopolymeric film, oxidation and reduction must occur by a site-
to-site hopping process, such that the interior of the film mediates the electrochemical

transformation of the exterior lavers:
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With fixed redox sites, the hopping-based film oxidation (or reduction) process can be

viewed as an electron diffusion process. The hopping dynamics can then be described

18514 Transient

phenomenologically by a charge transfer diffusion coefficient, D,,.
measurements (chronoamperometry) of electron diffusion reveal a substantial electrolyte
anion dependence. For example, in aqueous .05M TEAP solutions D is ~3 x 10® cm? sec

!, but only ~1.5 x 10® cm? sec! in .05M aq. DSA." (It should be noted that dynamic

electrolyte effects of this magnitude generally are not seen when the identity of the




.charge compensating ion is varied.'®) Further studies with other CH,(CH,) SO, species
show that D, systematically decreases as the alkyl chain length increases (with the most
pronounced effects found for n > 4). While a detailed mechanistic explanation is lacking,
it seems reasonable to ascribe the diminution of apparent electron transport rates with
increasing anion size to polymer-based steric constraints on coupled anion motion. In any
case, counter anions clearly are modulating the overall kinetics of electron transport
within the thin-film environment.

. Figure 3 shows that the ion modulation effects extend to the polymer-film redox
thermodynamics. The apparent formal potential (E,) for (metal-based) polymer oxidation
(determined from cyclic voltammetry peak potentials at limiting low sweep rates)
exhibits a systematic negative shift with increasing n, for n = 5 to 11 - but essentially no
dependence for n = 0 to 4. The shifts imply an increasing preference for alkanesulfonate
incorporation: in film (Fe) oxidation state III versus II, with increasing alkane size.
(There is, of course, a compelling electrostatic basis for enhanced partitioning of counter
anions into poly-Fe''(vbpy),®* versus poly-Fe'(vbpy),?*; the formal potential shifts simply
indicate that the extent of the enhancement increases as n increases.) While these types
of effect= appear to be largely unprecedented for fixed-cation frameworks, they have been
encountered previously with a fixed-anion system (specifically, the nickel/ferrocyanide
polymer developed by Bocarsly and co-workers(7b, c)). In the anionic system, E; was
found to be tremendously sensitive to the size of the charge-compensating cation
(typically an alkali metal ion). The sensitivity was attributed, in part, to the potentially

extreme lattice structural demands associated with cation incorporation in the




'semicrystalline film assembly.(7b, c¢) In view of the greater linkage lengths, enhanced
linkage flexibility and apparently greatly decreased crystallinity of poly-Fe(vbpy),™
films, a similar explanation is probably not applicable here. As an (admittedly
speculative) alternative, we propose that uptake of longer chain alkanesulfonates by
poly-Fe(vbpy),?* creates an increasingly lipophilic film environment (perhaps, in part, by
physical displacement of water molecules). The increased lipophilicity then offers a
progressively more inviting environment for an additional (hydrophobic) anion when the
framework is oxidized. Presumably, systematic studies of solvent swelling would offer at
least qualitative indication of the validity of the explanation.

Finally, spectroelectrochemical experiments provide compelling evidence that the
observed ion-induced losses of film electroactivity are related to reversible trapping of
the polymer in a mixed valence form. Spectral interrogation of polymer metal-center
oxidation-state distribution is possible when film growth is carried out with a conductive
glass electrode. Particularly instructive are optical measurements at 520nm, where
Fe''L,2* (but not Fe'"L,3+) absorbs strongly. As expected, the absorbance at 520nm (in
TEAP as electrolyte) is maximized (see Figure 4a) when the film is held at potentials
significantly negative of the formal potential (i.e. at strongly reducing potentials), but is
minimized - and indeed, completely bleached - when the film is subjected to oxidizing
potentials. In striking contrast, the bleaching process as well as subsequent recovery, is
substantially inhibited (Figure 4b) for a film equilibrated in a DSA-containing solution
(2.5 mM DSA + 47.5 mM TEAP). (Equilibration, as indicated by an unchanging spectral

response, was achieved after four oxidation/reduction cycles.) Thus, the metallopolymer




becomes trapped in a largely mixed-valent form - with changes in the external
electrochemical potential causing only modest excursions away from mixed-valency. (It is
worth noting that mixed valency persists even when the film is held at net oxidizing (or
reducing) potentials for 30 minutes or more.) Nevertheless, the full
spectroelectrochemical response (Fig. 4a) can be restored (or nearly restored) by re-
equilibrating the film with a DSA-free solution.

The observation of nearly complete mixed-valence confinement in DSA-containing
solutions is consistent with the almost complete loss of cyclic voltammetric response in
the same solutions (Fig. 1). Furthermore, the observation indicates that the
voltammetry effect is not merely the result of a short timescale kinetic phenomenon.
Indeed, the persistence of the mixed-valence state suggests that it may be related in a
fundamental way to the overall steric limitations presumably imposed by the cationic
polymer film on the anion uptake process.!” Perhaps more intriguing are the implications
of mixed valency for steady-state film conductivity. The presence of both donor (Fe (II))
and acceptor (Fe(IIl)) sites at potentials far removed from E, suggests that DSA-
containing films may be conductive over a very wide potential window and that it may
be possible to drive conduction by electric field gradients (as in many organic conducting
polymers), rather than by chemical potential gradients (i.e. donor and acceptor
concentration gradients) as in conventional redox polymers.'**!®* Experiments designed to

evaluate these unusual possibilities are currently underway.




Conclusions

The substantial changes in polymer film electroactivity (i.e. redox capacity,
charging kinetics, and electrochemical thermodynamics) induced by counter-ion size
manipulation are unusual and, apparently, largely unprecedented. The microscopic
origin of the changes may lie in ion-gated electron hopping effects,
hydrophobic/hydrophilic effects, ion trapping effects or, perhaps more likely, some
combination of the above. Further studies, including steady state conductivity
assessment, electrochemical quartz crystal microbalance measurements and Auger
spectroscopy studies, are planned, and should eventually resolve the remaining

mechanistic questions.
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radical generation and propylene linkage formation. (8b) The chemical basis for
polymer formation following Fe(NH,-phen),;?* electrooxidation is amine radical
cation generation, followed by proton loss and diazo linkage formation.(9)

The magnitude of the correction was -13 mV per decade of electrolyte
concentration (J. Redepenning, Personal communication).

Control experiments with monomeric Fe(vbpy),3*?* in solution revealed almost no
dependence of E; on electrolyte concentration and only a marginal dependence on
electrolyte identity (i.e., slight shifts toward more positive values with increasing
alkanesulfonate anion size).
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D, diminution is also observed in mixed electrolytes (TEAP + DSA).

An exception is the nickel-containing prussian blue system developed by Bocarsly
and co-workers.™*

This explanation is perhaps sufficient to account for incomplete Fe(III) formation
at potentials positive of E,. At potentials negative of E,, however, mixed-valence
confinement (rather than exclusive Fe(II) formation) implies the existence of a

very large driving force (hydrophobic phenomena?) for "excess” alkanesulfonate
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retention.

Electric field driven conductivity has been observed previously with redox
polymers at very low temperatures (in the absence of solvent)’® and under unusual
circumstances where counter cations were physically excluded from a formally
mixed-valent assembly (Elliott, C. M.; Redepenning, J. G.; Balk, E. M. J. Am.

Chem. Soc. 1985, 107, 8302).

Figure Captions

1.

Poly-Fe(vbpy),3+2+ film voltammetry (100 mV/sec): (a) in 0.05 M TEAP (solid line),
followed by 0.05 M DSA (dashed line), and (b) in 0.05 M DSA, followed by 0.05 M
TEAP. Electrode area: 0.008 cm?.

Charge passed during poly-Fe(vbpy),?* film electroreduction as a function of
electrolyte composition: filled circle = 0.05 M TEAP; open circles = 0.05 M
CH,(CH,),SO,Na*. Electrode area: 0.07 cm®. Sweep rate = 100 mV/sec.
Dependence of E, for poly-Fe(vbpy),*?* films on electrolyte composition: filled
circle = 0.05 M TEAP; open circles = 0.05 M CH,(CH,), SO, Na* (except 0.01 M for
n = 11, due to solubility limitations). Electrode area: 0.07 cm?. Sweep rate = 100
mV/sec. Limiting slow sweep rates (1 mV/sec) produce nearly identical results.
Spectroelectrochemical response of a poly-Fe(NH,-phen),?+2?* film at 0 V (solid line)
and 1.5 V (dashed line) in: (a) 0.05 M TEAP, and (b) 0.05 M TEAP + 0.0025 M

DSA electrolyte solutions.
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